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ABSTRACT

Despite ongoing efforts, patients with locally advanced pancreatic cancer (LAPC) continue to have a dismal
prognosis. Such tumors are unresectable, and optimal treatment with chemotherapy and/or radiation ther-
apy is still not established. While chemotherapy is conventionally aimed at preventing metastatic spread of
disease, radiation therapy acts locally, improving local control which can potentially improve overall sur-
vival and most importantly quality of life. Here, we aim to review the primary literature assessing the role
of diverse radiation therapy strategies for patients with LAPC.

Many radiation regimens can be considered, and no standard treatment has demonstrated a clear improve-
ment in clinical outcomes. We advise that the modality of choice be dependent on the availability of equip-
ment, the dose and fractionation of treatment, as well as the dose received by normal tissue. Moreover, a
candid discussion with the patient concerning treatment goals is equally as essential. Three notable strate-
gies for LAPC are intensity-modulated radiation therapy, volumetric modulated arc therapy, and proton.
These radiation modalities tend to have improved dose distribution to the target volumes, while mini-
mizing the radiation dose to surrounding normal tissues. Stereotactic body radiation therapy can also be
considered in LAPC patients in cases where the tumor does not invade the duodenum or other neighboring
structures. Because of the high doses delivered by stereotactic body radiation therapy, proper respiratory
and tumor motion management should be implemented to reduce collateral radiation dosing. Despite im-
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proved clinical outcomes with modern radiation modalities, evolving techniques, and more accurate plan-
ning, future studies remain essential to elucidate the optimal role for radiation therapy among patients
with LAPC.

© 2020 Elsevier Inc. All rights reserved.
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Introduction

Pancreatic cancer is known to be one of the most aggressive forms of cancers, with an esti-
mated 5-year overall survival of around 9%.! Recent statistics from the American Cancer Society
show that the incidences of pancreatic cancer, along with pancreatic cancer mortality are in-
creasing.! Moreover, around one third of patients with pancreatic cancer are diagnosed with lo-
cally advanced disease at presentation.? Locally advanced pancreatic cancer (LAPC) is defined as
any pancreatic cancer that is neither surgically resectable nor metastatic. LAPC carries a strik-
ingly poor prognosis, with a median overall survival of 9-11 months*4. In addition to poor
survival, patients with LAPC often suffer from severe disease- and treatment-related morbid-
ity that further impairs quality of life. Ongoing debate regarding treatment strategy, sequencing
of chemotherapy and radiation therapy, and even choice of radiation therapy modality, dosage,
and fractionation has resulted gap in standard of care for LAPC patients. The main goals of treat-
ment are to improve local and distant progression of disease, in the hopes of improving overall
survival while preserving quality of life. Since surgical resection is not an option, the prognosis
of these patients remains poor, and depends highly on optimal chemotherapy and radiotherapy
combinations. In that regard, while chemotherapy addresses the issue of distant spread, radia-
tion therapy focuses mainly on controlling local or locoregional disease. Local control is particu-
larly important in LAPC as around 30% of patients with pancreatic cancer die from local disease
without developing distant metastases.” In this article, we aim to review the literature for the
main studies addressing different radiation therapy options in patients with LAPC. In particular,
we expand on the potential effectiveness of chemoradiotherapy before expounding upon 4 dif-
ferent treatment strategies: chemoradiation, intensity-modulated radiation therapy, stereotactic
body radiation therapy, magnetic resonance linear accelerators (MR Linac), and particle therapy.

Radiation therapy treatment strategies
Chemoradiation

Patients with LAPC are commonly treated with a combination of chemotherapy and radiation
therapy. However, clinical outcomes remain suboptimal, and improved combinations are still re-
quired. The 2 most common chemotherapy regimens adopted are FOLFIRINOX or gemcitabine
and/or nab-paclitaxel. There is no consensus on which regimen is superior, but FOLFIRINOX is
typically the first choice for patients with good performance status and no contraindications.
After sufficient stabilization of the tumor size and CA19-9 with chemotherapy, definitive concur-
rent chemoradiation is often considered. A commonly used approach is the use of concurrent
chemotherapy and hypofractionated intensity-modulated radiation therapy (IMRT).S One of the
early studies on chemoradiation was published by Shinchi et al in 2002. The study conducted
was a prospective randomized trial that showed better overall survival and quality of life in pa-
tients who received chemoradiotherapy when compared to best supportive care alone.” Some
evidence also shows that the use of concurrent chemoradiotherapy might be superior to the use
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of radiotherapy alone. A study by the Gastrointestinal Tumor Study Group in the 1980s evalu-
ated patients with LAPC who received concurrent chemoradiotherapy with 5-FU at either low
(4000 rads) or high (6000 rads) dose radiation therapy and patients that received only high
dose radiation therapy (6000 rads).® Radiation therapy was delivered using supervoltage equip-
ment with anterior-posterior, and posterior-anterior fields. The study showed improved overall
survival in the group that received concurrent chemoradiotherapy (60 Gy + 5-FU 1-year overall
survival: 46%) vs those who received high dose radiotherapy alone (60 Gy 1-year overall sur-
vival: 10%).8 Similarly, a more recent phase III trial conducted by the Eastern Cooperative Oncol-
ogy Group in 2005 compared patients receiving high dose external beam radiotherapy (59.4 Gy
over 33 fractions) alone to patients receiving radiation therapy with additional 5-FU and mito-
mycin chemotherapy. Surprisingly, they observed an astonishingly different result. Their patients
exhibited increased toxicity in the chemoradiation arm and did not show any improvement in
overall and disease-free survival.’

Furthermore, comparing concurrent chemoradiotherapy to chemotherapy alone still presents
mixed results. While data from the Gastrointestinal Tumor Study Group offers some survival
benefit with the addition of radiation therapy to 5-FU chemotherapy, other studies report no
significant changes in outcome between these groups.'%-'? The 2000-01 FFCC and/or SFRO (FFCC,
Federation Francophone de Cancerologie Digestive; SFRO, Societe Francophone de Radiotherapie
Oncologique) study randomized patients to either receive initial chemoradiotherapy in conjunc-
tion with 5-FU and cisplatin or the induction of gemcitabine alone."® Radiation therapy was
given with conformational radiotherapy (60 Gy over 30 fractions). Both treatment arms were
subsequently treated with gemcitabine maintenance chemotherapy until disease progression or
severe toxicity. Results from this study actually showed better outcomes in the gemcitabine
alone arm with improved survival rates and reduced toxicities.'> On the other hand, the East-
ern Cooperative Oncology Group compared the use of gemcitabine alone or in combination with
3D-conformal radiotherapy to a dose of 50.4 Gy over 28 fractions. The study showed that the
use of chemoradiotherapy was associated with better survival rates (Chemoradiotherapy: me-
dian survival of 11.1 months vs Chemotherapy: median survival of 9.2 months)."* The LAP 07
trial, another recent study, compared chemoradiotherapy (3D-conformal radiotherapy, 54Gy/30
fractions + Capecitabine) vs chemotherapy alone (gemcitabine or gemcitabine and erlotinib) in
patients that already received prior chemotherapy (either gemcitabine or gemcitabine and er-
lotinib)."> The results show improved local control in the chemoradiotherapy arm, but no sur-
vival benefit after addition of radiation therapy. Nevertheless, this study used gemcitabine-based
chemotherapy, rather than FOLFIRINOX which might limit the applicability of the results to the
current FOLFIRINOX-based regimens. !>

The conflicting findings of these clinical trials has made it difficult to establish an ideal
chemoradiation protocol for patients with LAPC. It is important to note that the results of these
trials should be interpreted with caution as the limited sample sizes and recent advances in ra-
diation delivery and chemotherapeutics do not recapitulate the critical role of radiotherapy in
LAPC.

Intensity-modulated radiation therapy

IMRT is an advanced radiation therapy modality that utilizes photon energy, and allows for
radiation delivery using multiple radiation beams at varying intensities and varying angles.!6
IMRT is particularly useful when treating targets with complex concave shapes, which makes it
well suited for pancreatic tumors.'” Table 1 presents the major studies addressing the role of
IMRT in LAPC. A retrospective analysis by Wang et al in 2015 included 63 patients with pancre-
atic cancer, of which 31 had LAPC.'® All patients were treated with IMRT to a median dose of
46 Gy. The subgroup of patients with LAPC had a median overall survival (OS) of 15.7 months,
and 1-year OS rate of 62.4%. Treatment was well tolerated, with around 14.0% of grade 3 hemato-
logical toxicities, and no severe non-hematological toxicities.'8 Furthermore, a prospective study
by Nakamura et al in 2018 showed excellent clinical outcomes with IMRT.! The study showed a
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Summary of the literature on the use of IMRT in LAPC.

Study ID Study design Number of Overall survival Progression free survival
patients
Wang, Retrospective ~ LAPC=31 Median OS LAPC = 15.7 months N/A
20158 Metastatic = 32 1-year OS LAPC = 62.4%
2-year OS LAPC=32.2%
Huguet, Retrospective 134 0S =23 months after 20-month ~ N/A
2017% follow-up
1-year OS: 85%
2-year OS: 47%
Goto, Prospective 1 Median follow-up of 22.9 1-year LRPFSI=90.9%
2018°° months DMFS =70.7%
0S=100% at 23.6 months
Goto, Retrospective 107 Overall OS=17.5 months, 3DCRT: 1-year LRPFS =63.2%,
20187 1-year 0S =74.3% 1-year DMFS = 48.4%
3DCRT: 1-year OS=68.2% IMRT: 1-year LRPFS =73.1%,
IMRT: 1-year OS=92.3% 1-year DMFS =49.3%
Nakamura,  Prospective 10 1-year 0S: 100% 2-year: 30%
2018" 2-year OS: 50% Median: 14.6 months
Median OS: 25.9 months
Oh, 2018°®  Prospective 47 0S = 14.2 months LRPFS = 18.1 months
DMFS = 10.3 months
Felice, Prospective 10 1-year OS=283.3% DMFS = 68.6%
2019%°

3DCRT, 3D conformal radiation therapy; DMFS, distant metastasis free survival; IMRT, intensity-modulated radiation
therapy; LAPC, locally advanced pancreatic cancer; LRPFS, locoregional progression free survival; OS, overall survival;
PFS, progression free survival.

1-year OS of 100%, a 2-year OS of 50%, and a median OS of 25.9 months. Those outcomes were
probably the result of an excellent local disease control in this study, as the 2-year local-disease
free survival was around 74.0%. While the results of this study seem promising, the study is
mainly limited by its small sample size of 10 patients, which might speculate the validity of the
results.’ A recent prospective pilot study by Felice et al enrolled 10 patients with unresectable
LAPC that were subsequently treated with IMRT.2? The study shows a 1-year OS of 83.3%, and
a 1-year DFS of 68.3%. No severe toxicity was noted in this cohort.2? In light of decreased toxi-
cities from IMRT treatment, the concept of dose escalation evolves. Despite some success from
previous studies, pancreatic cancer still led to modest local control and survival rates, and thus
increased radiation doses might offer improved local control. Escalated dose radiation - defined
as a biological equivalent dose of 70 Gy or higher - with IMRT planning shows improved locore-
gional control and overall survival when compared to standard dose radiation with concurrent
chemotherapy.?!*2 Moreover, hypofractionated IMRT allows for the delivery of similar radiation
doses over a shorter number of fractions. Minimizing radiation treatment duration is particu-
larly important in patients with LAPC, where prolonged radiation treatments might negatively
impact quality of life furthermore.2° Hypofractionated IMRT is well tolerated by patients, with
minimal gastrointestinal and overall toxicities.>! Another promising regimen is the use of IMRT
to a total dose of 75 Gy in 25 fractions, along with concurrent capecitabine, in cases where
surgery cannot be guaranteed.?> The use of higher radiation doses might be able to achieve lo-
cal control rates that are comparable to those achieved with resection. Additionally, volumetric
modulated arc therapy (VMAT), has also shown good clinical outcomes in patients with LAPC.
VMAT radiotherapy also utilizes photon energy, and focuses on the delivery of a high number
of radiation beams in a relatively short period. A dosimetric study comparing VMAT, IMRT and
3D conformal radiation therapy, showed that VMAT planning could be achieved with less radia-
tion dose to organs at risk, mainly the duodenum when compared to the 2 other modalities.2*
Furthermore, VMAT treatment was associated with less severe gastrointestinal toxicities when
compared to IMRT or 3D conformal radiation therapy?* As such, limited data on VMAT shows
promising clinical results, and future studies should be encouraged to focus more on the role of
VMAT in patients with LAPC.
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Table 2

Summary of the literature on the use of SBRT in LAPC.

Study ID Study design Number of Overall survival Progression free
patients survival
Koong, 2004%° Prospective 15 Median OS =11 months Median PFS =2 months
15 Gy =3
20 Gy=5
25 Gy=7
Hoyer, 2005*° Prospective 22 Median OS = 5.4 months Median PFS=4.8
1-year OS=5% months
1-year PFS=9%
Mahdevan, 2011%7 Retrospective 47 Median OS =20 months Median PFS=15
months
Shellenberg, Prospective 20 Median OS = 11.8 months Median PFS=9.2
2011%6 months
1-year OS =50%
2-year 0S=20%
Chuong, 2013%° Retrospective 73 0S =22.5 months Median PFS = 14.9
months
Herman, 2014%° Prospective 49 Median OS = 13.9 months Median PFS=7.8
months
1-year 0S=59% 1-year PFS=32%
2-year OS=18% 2-year PFS=10%
Lin, 2015 Retrospective 41 0S =22.5 months N/A
SBRT =20 SBRT =20 months
IMRT =21 IMRT= 13.5 months
Pollom, 201428 Retrospective 167 Median OS = 13.6 months N/A
Mellon, 2015%% Retrospective 159 Median OS=18.1 months Median PFS=12.7
months
Comito, 2016°° Prospective 45 Median OS =13 months Median PFS =8 months
1-year 0S =59%
2-year OS=18% 1-year PFS=39%
2-year PFS=15%
Gurka, 20175 Retrospective 15 Median OS = 14.3 months Median PFS=9.2
15 Gy =31 months
25 Gy=13
30 Gy=24

IMRT, intensity-modulated radiation therapy; OS, overall survival; PDAC, pancreatic ductal adenocarcinoma; PFS, pro-
gression free survival; SBRT, stereotactic body radiation therapy.

Stereotactic body radiation therapy (SBRT)

SBRT is an advanced modality in radiation therapy that delivers highly conformal radiation.
SBRT treatment allows for the delivery of higher doses per fraction, and thus is typically de-
livered in fewer fractions when compared to conventional radiotherapy (typically 1-5 fractions).
This is crucial for limiting exposure of organs at risk that are found in close proximity to the
radiation site in pancreatic cancer.

Table 2 presents the major studies addressing the role of SBRT in LAPC. SBRT was initially
studied in a phase I dose escalation trial by Koong et al using CyberKnife technology.>> The
trial included 15 patients with LAPC who were treated with a single fraction of 15 Gy, 20 Gy,
or 25 Gy. Single fraction SBRT treatment was well tolerated, and no patients developed severe
gastrointestinal toxicities.>> A subsequent Phase II study from the same group at Stanford in-
cluded patients treated with single 25Gy-fraction SBRT and gemcitabine.?® Results showed an
overall mean survival of 11.8 months, a 1-year overall survival of 50%, a 2-year overall survival
of 20% and a 94% local progression-free disease at 1 year. Similar to the original phase I trial by
Koong et al, no patients developed acute grade 3 or more toxicity, and only 1 patient developed
long term grade 4 duodenal perforation.?: 26 These results were replicated by Mahadevan et al,
who reported on 39 patients with LAPC who received 3 fractions of SBRT. These patients exhib-
ited excellent local control at 21 months (85%), with a median OS of 20 months, and a median
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disease-free survival of 15 months.2” Late grade 3 toxicities were observed in less than 10% of
patients.?” Moreover, Pollom et al performed a single-center retrospective analysis comparing
the clinical outcomes of patients with unresectable pancreatic adenocarcinoma receiving either
single or 5 fractions SBRT.2® Results showed that multi-fraction SBRT was associated with less
toxicity, and did not compromise local control and survival rates.?®

More recently, Herman et al performed a multi-center phase II trial investigating fraction-
ated SBRT (33 Gy/5 fractions) with gemcitabine. The study showed a 1-year OS of 59% and a
1-year local progression-free survival of 78%.2° SBRT was again well tolerated by patients (acute
grade 2 or more GI toxicities: 2%; Late grade 2 or more GI toxicities: 11%).2° Another phase II
trial published by Comito et al in 2017 showed that SBRT with 45Gy in 6 fractions achieved
excellent local control in patients with LAPC (90% local-progression free at 2 years) and had a
median OS of approximately 19 months.>° No patient developed any severe toxicity.>? In light of
improved clinical outcomes with SBRT treatment, current trials are investigating the incorpora-
tion of concurrent intestinal radioprotection. Radioprotective agents could potentially allow for
further dose escalation, with the hope of better local control, overall survival, and toxicity rates
(NCT03340974).3!

Magnetic resonance linac-based treatment

Proper tumor visualization and respiratory motion monitoring is essential while delivering
radiation therapy in order to ensure proper tumor targeting, and decrease collateral radiation
doses. Some of the most commonly used techniques are fiducial markers, or CT-on-rails, which
both allow proper tumor visualization during treatment, and help guide radiation therapy. MR
LINAC use MR imaging to properly visualize and target the tumor during treatment.>> The MR-
LINAC is a hybrid linear accelerator combined with a magnetic resonance imaging scanner.>>
This set-up enables real-time tumor visualization, and better tumor targeting despite the mul-
tiple organ shifts due to respiratory motions. As such, comparing four-dimensional computed
tomography (4DCT) and MR-guided radiation therapy shows favorable outcomes with MR real-
time monitoring, especially when dealing with tumors susceptible to respiratory motion.>*

The pancreas has a particularly complex anatomical environment, with many surrounding
critical organs at risk, and an extensive tumor motion with respiration. Furthermore, pancreatic
radiation therapy treatment typically utilizes high doses of radiation to ensure proper response.
For the following reasons, pancreatic cancer is considered an ideal candidate for MR-LINAC treat-
ment.3> Retrospective data from 44 patients with inoperable pancreatic cancer treated with MR-
guided radiation therapy showed a 2-year OS of 49%.3% Despite high radiation dosing (biological
effect dose > 70 Gy), no grade 3+ GI toxicity was noted.>S Currently, more trials are evaluating
the role of MR-guided radiation therapy in LAPC (NCT03621644).>’

Particle therapy: Proton and carbon ion therapy

Proton therapy is based on the use of proton beam radiation to deliver high doses of radia-
tion to the tumor. Protons are charged particles that deliver higher relative biological effective-
ness when compared to proton therapy, even under the same dosage and fractionation.>® Hence,
proton therapy allows for the delivery of the radiation dose in the beam path with minimal or
no exit dose.?® This feature of proton therapy enables proper therapeutic dosing to the tumors,
while minimizing radiation side effects to normal tissue beyond the target. By minimizing tox-
icity to normal tissues, proton therapy allows dose escalation to the target tumor, which may
provide stronger local control.

Terashima et al performed a phase I/II trial to assess the efficacy and safety of proton ther-
apy in LAPC.*0 Patients were treated with 50 Gy in 25 fractions, 67.5 Gy in 25 fractions, or 70.2
Gy in 26 fractions. All patients received concurrent gemcitabine. The results of this trial show
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comparable 1-year local-progression, progression-free and overall survival rates to historical data
(81.7%, 64.3%, and 76.8%, respectively). Additionally, proton therapy treatment was well tolerated
by the patients, with less than 10% grade 3 toxicities.?” Patients were subsequently assessed by
endoscopy, and around half of the patients had radiation-induced gastric or duodenal ulcers, but
only 3% exhibited grade 3 or higher ulceration, and no patients developed GI hemorrhage or per-
forations.*! Another prospective study of 11 patients was published by Sachsman et al in 2014,
and showed that proton therapy with concomitant capecitabine was well tolerated by patients,
with no grade 2 or higher gastrointestinal toxicities.*? The results also showed a median overall
survival of 18.4 months, with a 69% local-progression free rate at 2 years.*?

Carbon ion therapy is based on a novel radiotherapy technique that utilizes heavy and
charged particles.*> The use of carbon ions has a few advantages over protons.** First, car-
bon ions tend to have a higher relative biological effectiveness, with less lateral scattering, and
hence may provide a better radiation delivery. Furthermore, carbon ion therapy has a lower oxy-
gen enhancement ratio than proton beam therapy.*”> The decreased oxygen enhancement ratio,
which suggests that the tumor-killing effect of carbon ions is increasingly independent of tumor
oxygenation, is particularly desirable for the eradication of hypoxic radioresistant tumor envi-
ronments (such as those in LAPC).*® As such, carbon therapy brings a new treatment potential
for cancers that have been historically resistant to conventional X-Ray-based radiation*3. The 1
major limitation to the introduction of carbon therapy its limited availability in cancer centers
around the world, with no operational carbon ion therapy centers in the Americas.

Despite the limited availability of carbon ion therapy, we do have some clinical data evalu-
ating its effectiveness. A large study by a group in Japan presents novel information on the use
of carbon therapy.*’ The study included 353 patients with pancreatic cancer treated with car-
bon therapy. Patients with LAPC were treated in 2 phases. The first phase consisted of radiation
therapy with 43.2 Gy in 12 fractions and concurrent gemcitabine. Then, the gemcitabine and
radiation doses were increased by constant increments. This regimen resulted in a 2-year local
control rate of 58% and a 2-year overall survival of 54%.*7 Additionally, retrospective data from
the Japan Carbon-lon Radiation Oncology Study Group analyzed 72 patients with LAPC treated
with carbon ion therapy.*® The study showed a 1-year overall survival of 73%, along with a me-
dian overall survival of 21.5 months. Moreover, the study showed excellent local control rates at
1 and 2 years (84% and 76%, respectively). These remarkable clinical outcomes should be taken
with some caution, as most patients included in the Japan Carbon-Ion Radiation Oncology Study
Group series had tumors in either the body or tail of the pancreas (58%). The heterogeneity in
tumor location could result in a selection bias as those tumors might have a different innate
biology.*9-°0 Lastly, despite these promising clinical outcomes, around a quarter of the patients
experienced severe grade 3 or 4 hematological toxicities, which might potentially lead to further
increased morbidity in those patients.*® With the potential promising outcomes of carbon ther-
apy, the CIPHER phase III trial is currently comparing the use of IMRT to carbon ion therapy in
patients with LAPC (NCT03536182).%!

Recommendations and conclusions

In light of these studies and other data regarding systemic therapy for pancreatic cancer, our
approach relies on a multimodality treatment for most LAPC patients. We first treat patients
with LAPC with neoadjuvant chemotherapy for around 2 to 6 months. Chemotherapy is contin-
ued as long as the patient is responding by CA19-9 decrement or radiologic evidence. In cases
where the tumor stops responding to treatment, the chemotherapy regimen is often switched.”?
Although pancreatic tumors do not commonly downstage with chemotherapy alone, there are
a few cases reported in the literature of excellent responders, whose tumor became resectable
after chemotherapy alone.>3:>%

This approach would address the high risk of micrometastatic disease and subsequent devel-
opment of distant metastases. The following would also reduce over-treatment of patients who
will eventually develop distant progression, as those patients would only derive minimal clini-
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cal benefits from chemoradiation. Nevertheless, no gold standard for radiation therapy in LAPC
has been established despite overwhelming recent evidence that points to its beneficial role in
control local disease. It is imperative that future studies be done to not only compare differ-
ent treatment modalities but to also institute treatment plans that address quality of care in
unresectable pancreatic cancer patients.

In conclusion, different radiation regimens can be considered for patients with LAPC. IMRT,
VMAT, and proton therapy can be used in LAPC, and tend to have improved dose distribution
to the target volumes while minimizing radiation dosing to collateral normal tissues. Carbon
ion therapy might also provide improved clinical outcomes, but is still not widely available in
cancer centers around the world. Furthermore, carbon therapy prospective trials are required to
better assess its role in the management of LAPC. Lastly, SBRT can be considered in patients
with LAPC that does not invade the duodenum. Because of the high doses delivered by SBRT,
proper respiratory and tumor motion management should be implemented to reduce collateral
radiation dosing.

Acknowledgments

We would like to thank all the patients and families that were enrolled in the studies and
trials included in our review.

References

—_

. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin. 2019;69:7-34.

2. Gurusamy KS, Kumar S, Davidson BR, Fusai G. Resection versus other treatments for locally advanced pancreatic

cancer. Cochrane Database Syst Rev. 2014.

. Hidalgo M. Pancreatic cancer. N Engl | Med. 2010;362:1605-1617.

. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA Cancer J Clin. 2017;67:7-30.

. lacobuzio-Donahue CA, Fu B, Yachida S, et al. DPC4 gene status of the primary carcinoma correlates with patterns of

failure in patients with pancreatic cancer. J Clin Oncol. 2009;27:1806-1813.

6. Koay EJ, Hanania AN, Hall WA, et al. Dose-escalated radiation therapy for pancreatic cancer: a simultaneous inte-
grated boost approach. Pract Radiat Oncol. 2020. doi:10.1016/j.prr0.2020.01.012.

7. Shinchi H, Takao S, Noma H, et al. Length and quality of survival after external-beam radiotherapy with con-
current continuous 5-fluorouracil infusion for locally unresectable pancreatic cancer. Int J Radiat Oncol Biol Phys.
2002;53:146-150.

8. Moertel CG, Frytak S, Hahn RG, et al. Therapy of locally unresectable pancreatic carcinoma: a randomized compar-
ison of high dose (6000 rads) radiation alone, moderate dose radiation (4000 rads + 5-fluorouracil), and high dose
radiation + 5-fluorouracil: the Gastrointestinal Tumor Study Group. Cancer. 1981;48:1705-1710.

9. Cohen S], Dobelbower Jr R, Lipsitz S, et al. A randomized phase III study of radiotherapy alone or with 5-fluorouracil
and mitomycin-C in patients with locally advanced adenocarcinoma of the pancreas: Eastern Cooperative Oncology
Group study E8282. Int J Radiat Oncol Biol Phys. 2005;62:1345-1350.

10. Treatment of locally unresectable carcinoma of the pancreas: comparison of combined-modality therapy
(chemotherapy plus radiotherapy) to chemotherapy aloneGastrointestinal Tumor Study Group. J Natl Cancer Inst.
1988;80:751-755.

11. Hazel JJ, Thirlwell MP, Huggins M, Maksymiuk A, MacFarlane JK. Multi-drug chemotherapy with and without radia-
tion for carcinoma of the stomach and pancreas: a prospective randomized trial. ] Can Assoc Radiol. 1981;32:164-165.

12. Klaassen DJ, Macintyre JM, Catton GE, Engstrom PF, Moertel CG. Treatment of locally unresectable cancer of the
stomach and pancreas: a randomized comparison of 5-fluorouracil alone with radiation plus concurrent and main-
tenance 5-fluorouracil-an Eastern Cooperative Oncology Group study. J Clin Oncol. 1985;3:373-378.

13. Chauffert B, Mornex F, Bonnetain F, et al. Phase III trial comparing intensive induction chemoradiotherapy (60
Gy, infusional 5-FU and intermittent cisplatin) followed by maintenance gemcitabine with gemcitabine alone for
locally advanced unresectable pancreatic cancer. definitive results of the 2000-01 FFCD/SFRO study. Ann Oncol.
2008;19:1592-1599.

14. Loehrer Sr PJ, Feng Y, Cardenes H, et al. Gemcitabine alone versus gemcitabine plus radiotherapy in patients with
locally advanced pancreatic cancer: an Eastern Cooperative Oncology Group trial. J Clin Oncol. 2011;29:4105-4112.

15. Hammel P, Huguet F, van Laethem ]L, et al. Effect of chemoradiotherapy vs chemotherapy on survival in patients
with locally advanced pancreatic cancer controlled after 4 months of gemcitabine with or without erlotinib: the
LAP07 randomized clinical trial. JAMA. 2016;315:1844-1853.

16. Taylor A, Powell ME. Intensity-modulated radiotherapy-what is it? Cancer Imaging. 2004;4:68-73.

17. Intensity Modulated Radiation Therapy Collaborative Working GIntensity-modulated radiotherapy: current status and
issues of interest. Int J Radiat Oncol Biol Phys. 2001;51:880-914.

18. Wang Z, Ren ZG, Ma NY, et al. Intensity modulated radiotherapy for locally advanced and metastatic pancreatic

cancer: a mono-institutional retrospective analysis. Radiat Oncol. 2015;10:14.

wu bW


http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0001
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0001
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0001
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0001
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0002
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0002
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0002
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0002
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0002
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0003
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0003
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0004
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0004
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0004
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0004
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0005
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0005
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0005
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0005
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0005
https://doi.org/10.1016/j.prro.2020.01.012
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0007
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0007
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0007
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0007
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0007
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0008
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0008
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0008
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0008
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0008
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0009
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0009
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0009
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0009
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0009
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0010
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0011
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0011
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0011
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0011
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0011
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0011
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0012
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0012
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0012
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0012
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0012
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0012
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0013
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0013
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0013
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0013
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0013
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0014
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0014
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0014
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0014
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0014
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0015
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0015
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0015
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0015
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0015
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0016
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0016
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0016
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0017
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0018
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0018
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0018
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0018
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0018

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.
44,

45.

46.

47.

48.

49.

50.

J. Abi Jaoude, R. Kouzy and N.D. Nguyen et al./Current Problems in Cancer 44 (2020) 100607 9

Nakamura A, Hiraoka M, Itasaka S, et al. Evaluation of dynamic tumor-tracking intensity-modulated radiotherapy for
locally advanced pancreatic cancer. Sci Rep. 2018;8:17096.

De Felice F, Benevento I, Bulzonetti N, et al. Hypofractionated intensity-modulated radiotherapy in locally advanced
unresectable pancreatic cancer: a pilot study. Curr Probl Cancer. 2019;43:495-503.

Colbert LE, Moningi S, Chadha A, et al. Dose escalation with an IMRT technique in 15 to 28 fractions is better
tolerated than standard doses of 3DCRT for LAPC. Adv Radiat Oncol. 2017;2:403-415.

Krishnan S, Chadha AS, Suh Y, et al. Focal radiation therapy dose escalation improves overall survival in locally
advanced pancreatic cancer patients receiving induction chemotherapy and consolidative chemoradiation. Int | Radiat
Oncol Biol Phys. 2016;94:755-765.

Crane CH. Hypofractionated radiation therapy with BED >100 Gy may rival surgical outcomes. Int | Radiat Oncol Biol
Phys. 2017;99:301.

Jin L, Wang R, Jiang S, et al. Dosimetric and clinical toxicity comparison of critical organ preservation with three-
-dimensional conformal radiotherapy, intensity-modulated radiotherapy, and RapidArc for the treatment of locally
advanced cancer of the pancreatic head. Curr Oncol. 2016;23:e41-e48.

Koong AC, Le QT, Ho A, et al. Phase I study of stereotactic radiosurgery in patients with locally advanced pancreatic
cancer. Int J Radiat Oncol Biol Phys. 2004;58:1017-1021.

Schellenberg D, Kim ], Christman-Skieller C, et al. Single-fraction stereotactic body radiation therapy and sequential
gemcitabine for the treatment of locally advanced pancreatic cancer. Int J Radiat Oncol Biol Phys. 2011;81:181-188.
Mahadevan A, Miksad R, Goldstein M, et al. Induction gemcitabine and stereotactic body radiotherapy for locally
advanced nonmetastatic pancreas cancer. Int | Radiat Oncol Biol Phys. 2011;81:e615-e622.

Pollom EL, Alagappan M, von Eyben R, et al. Single- versus multifraction stereotactic body radiation therapy for
pancreatic adenocarcinoma: outcomes and toxicity. Int J Radiat Oncol Biol Phys. 2014;90:918-925.

Herman JM, Chang DT, Goodman KA, et al. Phase 2 multi-institutional trial evaluating gemcitabine and stereo-
tactic body radiotherapy for patients with locally advanced unresectable pancreatic adenocarcinoma. Cancer.
2015;121:1128-1137.

Comito T, Cozzi L, Clerici E, et al. Can stereotactic body radiation therapy be a viable and efficient therapeutic option
for unresectable locally advanced pancreatic adenocarcinoma? Results of a phase 2 study. Technol Cancer Res Treat.
2017;16:295-301.

Dose escalation trial of stereotactic body radiation therapy (SBRT) in combination with GC4419 in pancreatic cancer,
https://clinicaltrials.gov/ct2/show/NCT03340974. 15 Feb. 2020.

Lagendijk JJ, Raaymakers BW, van Vulpen M. The magnetic resonance imaging-linac system. Semin Radiat Oncol.
2014;24:207-209.

Kerkmeijer LG, Fuller CD, Verkooijen HM, et al. The MRI-linear accelerator consortium: evidence-based clinical in-
troduction of an innovation in radiation oncology connecting researchers, methodology, data collection, quality as-
surance, and technical development. Front Oncol. 2016;6:215.

Cusumano D, Dhont ], Boldrini L, et al. Predicting tumour motion during the whole radiotherapy treatment: a sys-
tematic approach for thoracic and abdominal lesions based on real time MR. Radiother Oncol. 2018;129:456-462.
Corradini S, Alongi F, Andratschke N, et al. MR-guidance in clinical reality: current treatment challenges and future
perspectives. Radiat Oncol. 2019;14:92.

Rudra S, Jiang N, Rosenberg SA, et al. Using adaptive magnetic resonance image-guided radiation therapy for treat-
ment of inoperable pancreatic cancer. Cancer Med. 2019;8:2123-2132.

Available at: https://clinicaltrials.gov/ct2/show/NCT03621644. Stereotactic MRI-guided on-table adaptive radiation
therapy (SMART) for locally advanced pancreatic cancer, 15 Feb. 2020.

Paganetti H. Relative biological effectiveness (RBE) values for proton beam therapy. Variations as a function of bio-
logical endpoint, dose, and linear energy transfer. Phys Med Biol. 2014;59:R419-R472.

Mendenhall NP, Malyapa RS, Su Z, Yeung D, Mendenhall WM, Li Z. Proton therapy for head and neck cancer: ratio-
nale, potential indications, practical considerations, and current clinical evidence. Acta Oncol. 2011;50:763-771.
Terashima K, Demizu Y, Hashimoto N, et al. A phase I/l study of gemcitabine-concurrent proton radiotherapy for
locally advanced pancreatic cancer without distant metastasis. Radiother Oncol. 2012;103:25-31.

Takatori K, Terashima K, Yoshida R, et al. Upper gastrointestinal complications associated with gemcitabine-concur-
rent proton radiotherapy for inoperable pancreatic cancer. J Gastroenterol. 2014;49:1074-1080.

Sachsman S, Nichols RC, Morris CG, et al. Proton therapy and concomitant capecitabine for non-metastatic unre-
sectable pancreatic adenocarcinoma. Int J Part Ther. 2014;1:692-701.

Durante M, Loeffler JS. Charged particles in radiation oncology. Nat Rev Clin Oncol. 2010;7:37-43.

Schulz-Ertner D, Tsujii H. Particle radiation therapy using proton and heavier ion beams. J Clin Oncol.
2007;2:953-964.

Loeffler JS, Durante M. Charged particle therapy-optimization, challenges and future directions. Nat Rev Clin Oncol.
2013;10:411-424.

Erkan M, Kurtoglu M, Kleeff ]J. The role of hypoxia in pancreatic cancer: a potential therapeutic target? Expert Rev
Gastroenterol Hepatol. 2016;10:301-316.

Kamada T, Tsujii H, Blakely EA, et al. Carbon ion radiotherapy in Japan: an assessment of 20 years of clinical expe-
rience. Lancet Oncol. 2015;16:€93-e100.

Kawashiro S, Yamada S, Okamoto M, et al. Multi-institutional study of carbon-ion radiotherapy for locally advanced
pancreatic cancer: Japan Carbon-ion Radiation Oncology Study Group (J-CROS) Study 1403 pancreas. Int | Radiat
Oncol Biol Phys. 2018;101:1212-1221.

Birnbaum DJ, Bertucci F, Finetti P, Birnbaum D, Mamessier E. Head and body/tail pancreatic carcinomas are not the
same tumors. Cancers (Basel). 2019;11(4). doi:10.3390/cancers11040497.

Tomasello G, Ghidini M, Costanzo A, et al. Outcome of head compared to body and tail pancreatic cancer: a system-
atic review and meta-analysis of 93 studies. | Gastrointest Oncol. 2019;10:259-269.


http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0019
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0019
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0019
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0019
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0019
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0020
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0020
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0020
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0020
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0020
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0021
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0021
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0021
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0021
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0021
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0022
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0022
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0022
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0022
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0022
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0023
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0023
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0024
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0024
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0024
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0024
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0024
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0025
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0025
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0025
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0025
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0025
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0026
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0026
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0026
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0026
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0026
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0027
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0027
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0027
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0027
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0027
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0028
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0028
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0028
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0028
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0028
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0029
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0029
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0029
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0029
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0029
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0030
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0030
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0030
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0030
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0030
https://clinicaltrials.gov/ct2/show/NCT03340974
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0031
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0031
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0031
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0031
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0032
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0032
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0032
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0032
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0032
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0033
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0033
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0033
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0033
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0033
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0034
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0034
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0034
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0034
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0034
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0035
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0035
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0035
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0035
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0035
https://clinicaltrials.gov/ct2/show/NCT03621644
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0036
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0036
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0037
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0037
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0037
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0037
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0037
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0037
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0037
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0038
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0038
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0038
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0038
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0038
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0039
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0039
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0039
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0039
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0039
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0040
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0040
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0040
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0040
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0040
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0041
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0041
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0041
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0042
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0042
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0042
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0043
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0043
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0043
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0044
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0044
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0044
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0044
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0045
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0045
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0045
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0045
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0045
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0046
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0046
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0046
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0046
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0046
https://doi.org/10.3390/cancers11040497
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0048
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0048
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0048
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0048
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0048

10

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

J. Abi Jaoude, R. Kouzy and N.D. Nguyen et al./Current Problems in Cancer 44 (2020) 100607

Center UoTSMTrial of carbon ion versus photon radiotherapy for locally advanced. Unresectable Pancreatic Cancer
(CIPHER). 2020 https://clinicaltrials.gov/ct2/show/NCT03536182.

Tzeng CW, Balachandran A, Ahmad M, et al. Serum carbohydrate antigen 19-9 represents a marker of response to
neoadjuvant therapy in patients with borderline resectable pancreatic cancer. HPB (Oxford). 2014;16:430-438.
Gostimir M, Bennett S, Moyana T, Sekhon H, Martel G. Complete pathological response following neoadjuvant
FOLFIRINOX in borderline resectable pancreatic cancer - a case report and review. BMC Cancer. 2016;16:786.
Adhoute X, Smith D, Vendrely V, et al. Subsequent resection of locally advanced pancreatic carcinoma after chemora-
diotherapy. Gastroenterol Clin Biol. 2006;30:224-230.

Huguet F, Hajj C, Winston CB, et al. Chemotherapy and intensity-modulated radiation therapy for locally advanced
pancreatic cancer achieves a high rate of RO resection. Acta Oncol. 2017;56:384-390.

Goto Y, Ashida R, Nakamura A, et al. Clinical results of dynamic tumor tracking intensity-modulated radiotherapy
with real-time monitoring for pancreatic cancers using a gimbal mounted linac. Oncotarget. 2018;9:23628-23635.
Goto Y, Nakamura A, Ashida R, et al. Clinical evaluation of intensity-modulated radiotherapy for locally advanced
pancreatic cancer. Radiat Oncol. 2018;13:118.

Oh ES, Kim TH, Woo SM, et al. Effectiveness and feasibility of concurrent chemoradiotherapy using simultaneous
integrated boost-intensity modulated radiotherapy with and without induction chemotherapy for locally advanced
pancreatic cancer. Radiat Oncol J. 2018;36:200-209.

Hoyer M, Roed H, Sengelov L, et al. Phase-II study on stereotactic radiotherapy of locally advanced pancreatic carci-
noma. Radiother Oncol. 2005;76:48-53.

Chuong MD, Springett GM, Freilich JM, et al. Stereotactic body radiation therapy for locally advanced and borderline
resectable pancreatic cancer is effective and well tolerated. Int | Radiat Oncol Biol Phys. 2013;86:516-522.

Lin JC, Jen YM, Li MH, Chao HL, Tsai JT. Comparing outcomes of stereotactic body radiotherapy with intensity-mod-
ulated radiotherapy for patients with locally advanced unresectable pancreatic cancer. Eur | Gastroenterol Hepatol.
2015;27:259-264.

Mellon EA, Hoffe SE, Springett GM, et al. Long-term outcomes of induction chemotherapy and neoadjuvant stereo-
tactic body radiotherapy for borderline resectable and locally advanced pancreatic adenocarcinoma. Acta Oncol.
2015;54:979-985.

Gurka MK, Kim C, He AR, et al. Stereotactic body radiation therapy (SBRT) combined with chemotherapy for unre-
sected pancreatic adenocarcinoma. Am J Clin Oncol. 2017;40:152-157.


https://clinicaltrials.gov/ct2/show/NCT03536182
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0050
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0050
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0050
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0050
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0050
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0051
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0051
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0051
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0051
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0051
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0051
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0052
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0052
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0052
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0052
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0052
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0053
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0053
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0053
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0053
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0053
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0054
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0054
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0054
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0054
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0054
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0055
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0055
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0055
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0055
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0055
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0056
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0056
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0056
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0056
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0056
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0057
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0057
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0057
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0057
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0057
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0058
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0058
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0058
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0058
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0058
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0059
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0059
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0059
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0059
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0059
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0059
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0060
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0060
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0060
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0060
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0060
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0061
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0061
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0061
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0061
http://refhub.elsevier.com/S0147-0272(20)30094-5/sbref0061

	Radiation therapy for patients with locally advanced pancreatic cancer: Evolving techniques and treatment strategies
	Introduction
	Radiation therapy treatment strategies
	Chemoradiation
	Intensity-modulated radiation therapy
	Stereotactic body radiation therapy (SBRT)
	Magnetic resonance linac-based treatment
	Particle therapy: Proton and carbon ion therapy

	Recommendations and conclusions
	Acknowledgments
	References


