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W N e

Simple Summary: Pancreatic cancers are highly aggressive tumors that carry a poor prognosis. With
recent advances in radiation therapy techniques and systemic therapy, there is hope that the treatment
landscape for pancreatic cancers will improve in the near future. This review summarizes radiation
dose escalation strategies to improve outcomes in locally advanced pancreatic cancer as well as
novel neoadjuvant therapy strategies to improve outcomes in resectable and borderline resectable

pancreatic cancers.

Abstract: This review aims to summarize the recent advances in radiation oncology for pancreatic can-
cer. A systematic search of the MEDLINE /PubMed database and Clinicaltrials.gov was performed,
focusing on studies published within the last 10 years. Our search queried “locally advanced pancre-
atic cancer [AND] stereotactic body radiation therapy (SBRT) [OR] hypofractionation [OR] magnetic
resonance guidance radiation therapy (MRgRT) [OR] proton” and “borderline resectable pancreatic
cancer [AND] neoadjuvant radiation” and was limited only to prospective and retrospective studies
and metanalyses. For locally advanced pancreatic cancers (LAPC), retrospective evidence supports
the notion of radiation dose escalation to improve overall survival (OS). Novel methods for increasing
the dose to high risk areas while avoiding dose to organs at risk (OARs) include SBRT or ablative
hypofractionation using a simultaneous integrated boost (SIB) technique, MRgRT, or charged particle
therapy. The use of molecularly targeted agents with radiation to improve radiosensitization has also
shown promise in several prospective studies. For resectable and borderline resectable pancreatic
cancers (RPC and BRPC), several randomized trials are currently underway to study whether current
neoadjuvant regimens using radiation may be improved with the use of the multi-drug regimen
FOLFIRINOX or immune checkpoint inhibitors.

Keywords: radiotherapy; pancreatic cancer; locally advanced; borderline resectable; resectable

1. Introduction

Pancreatic cancer accounts for only 3% of cancer cases but is the 3rd leading cause
of cancer mortality in the United States [1]. Notable improvements have been made over
the past decade, particularly in regard to systemic therapy and radiation delivery tech-
nique. Generally, the treatment approach for pancreatic cancer depends on resectability
status, with the National Comprehensive Cancer Network (NCCN) guidelines [2] defin-
ing three categories based on extent of invasion into the vasculature: resectable (RPC),
borderline resectable (BRPC), and locally advanced (LAPC) disease. An effective multidis-
ciplinary approach is the optimal strategy for achieving the best outcomes in patients with
pancreatic cancer.

The purpose of this narrative review is to summarize recent advances in radiation on-
cology in pancreatic cancer. Contrary to other recently published reviews [3-5] on this topic
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(which have focused more on radiotherapy timing and modality selection, genomic testing
and targeted therapy selection, and novel preclinical model development, respectively), our
focus is on advancements in radiotherapy techniques allowing for dose escalation in LAPC,
advancements in novel radiosensitizers to pair with radiation in LAPC, and advancements
in neoadjuvant strategies using radiation for RPC and BRPC. While many of these advances
are still investigational and have yet to be widely adopted, it is important to be aware of
them as they may soon change the treatment landscape for pancreatic cancer.

2. Materials and Methods

A systematic search of the MEDLINE/PubMed database (accessed on 1 July 2022)
was performed, focusing on studies published within the last 10 years. Our search queried
“locally advanced pancreatic cancer [AND] stereotactic body radiation therapy (SBRT) [OR]
hypofractionation [OR] magnetic resonance guidance radiation therapy (MRgRT) [OR]
proton” as well as “resectable pancreatic cancer [AND] neoadjuvant radiation” and was
limited only to prospective and retrospective studies and metanalyses, omitting abstracts,
books, documents, and reviews. Our search resulted in 349 total references. These were
manually reviewed, and only 43 references were within our scope of interest ranging from
2014-2022. Prospective randomized studies were prioritized as having the highest level
of evidence, followed by prospective single-arm studies, followed by meta-analyses of
retrospective studies, followed by retrospective studies.

3. Results
3.1. Locally Advanced Pancreatic Cancer
3.1.1. Advances in Radiation Therapy Technique to Allow for Dose Escalation

A standard chemoradiation regimen using conventional fractionation for LAPC has
been 54 Gy in 30 fractions. This dose fractionation was established by the LAP07 trial [6],
which compared induction chemotherapy to chemoradiation after induction chemotherapy
(capecitabine), showing a local control (LC) benefit with the addition of chemoradiation, but
no overall survival (OS) benefit compared to induction chemotherapy alone. After a median
follow up of 3 years, the LC rate in the chemoradiation arm was 68% (compared to 54%
in the chemotherapy alone arm, p = 0.04), and the median OS was 15.2 months (compared
to 16.5 months in the chemotherapy alone arm, p = 0.83). The recent presentation of the
CONKO-007 trial [7] interim results using a dose of 50.4 Gy in 28 fractions similarly found no
OS benefit with the addition of chemoradiation after induction chemotherapy, although there
was a higher rate of pathologic complete response (pCR) and negative circumferential margin
resection with the addition of chemoradiation compared to induction chemotherapy alone.

The reason why the LC benefit gained from chemoradiation did not translate into
an OS benefit in the LAP07 trial is likely multifactorial, but it is believed in part that the
improvements in LC were not substantial enough to impact OS [8]. It is hypothesized
that dose escalation may further improve LC and ultimately improve OS in patients with
LAPC, although this has yet to be demonstrated in several prospective studies. There
is retrospective evidence to support the notion of dose escalation based on a study by
Krishnan et al. [9], which found that escalating the chemoradiation dose to a biologically
effective dose (BED) > 70 Gy resulted in improved OS (median 17.8 vs. 15.0 months,
p = 0.03) and freedom from local progression (FFLP) (10.2 vs. 6.2 months, p = 0.05) com-
pared to the standard chemoradiation dose of 54 Gy in 30 fractions. The median OS was
17.8 months in the high dose chemoradiation arm vs. 15.0 months in the standard dose
chemoradiation arm (p = 0.03) and no additional toxicity was observed in the high dose
group compared to the standard dose group.

Recent advances in radiation therapy technique have allowed for dose escalation in the
form of SBRT. The standard SBRT dose used today for LAPC is 25-33 Gy in 5 fractions [2],
but evidence suggests that dose escalation beyond 25-33 Gy is needed in order to achieve
better outcomes compared to standard dose chemoradiation. A prospective phase II study
by Herman et al. [10] using SBRT to a dose of 33 Gy in 5 fractions found similar outcomes
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to those seen when using standard dose chemoradiation. The 1-year FFLP was 78%, and
the median OS was 13.9 months. Another retrospective study by Park et al. [11] also found
similar outcomes when using SBRT to a dose of 33 Gy in 5 fractions compared to standard
dose chemoradiation. The 1-year OS was 56.2% for SBRT and 59.6% for chemoradiation
(p = 0.75). While SBRT in the 25-33 Gy range may still be a reasonable option, studies
in other diseases, such as lung cancer, have shown that a total dose of 50 Gy or more in
5 fractions (or biological effective dose (BED) of >100 Gy with alpha/beta of 10) is needed
for effective tumor control and is more akin to an ablative dose [12].

Dose escalation beyond 33 Gy in 5 fractions poses a challenge due to nearby or-
gans at risk (OARs), including stomach and bowel. These viscous hollow structures are
particularly sensitive to higher radiation doses. One method to dose escalate while re-
specting OARs and normal tissue constraints is to increase the number of fractions and
use an ablative hypofractionation technique. Indeed, ultra-hypofractionation of the radi-
ation dose has been proved highly effective and safe in other critical challenging cancer
scenarios [13], being feasible also among older patients [14]. A retrospective study by
Reyngold et al. [15] established the safety and efficacy of an ablative hypofractionation
technique (BED ~98 Gy) in 119 patients with LAPC. Patients with tumors >1 cm from
stomach or intestines received 67.5 Gy in 15 fractions, and patients with tumors <1 cm
from stomach or intestines received 75 Gy in 25 fractions with concurrent fluoropyrimidine.
All patients were treated using intensity-modulated radiation therapy (IMRT) technique.
Elective nodal coverage included peripancreatic nodes within 1 cm of tumor, celiac, and
superior mesenteric artery (SMA) nodes. Planning treatment volumes (PTVs) specified ex-
clusion of OARs from high dose treatment volumes, which resulted in incomplete coverage
of the gross tumor volume (GTV) by the ablative prescription dose along any direct tumor-
OAR interface. Using this technique, the median OS was 18.4 months, and the 1-year FFLP
was 82.4%, both of which were improved compared to historic controls of standard dose
chemoradiation. The rate of grade 3 toxicities was 13%, with 8% of patients experiencing
upper gastrointestinal (GI) bleeding, 2% of patients experiencing gastric outlet obstruction,
and 3% of patients experiencing bile duct stenosis. A secondary analysis found improved
toxicity using this technique compared to standard doses of 3D conformal radiation therapy
(3D-CRT) [16]. Larger prospective studies are needed before this technique is performed
outside of experienced centers.

An alternative way to dose escalate is to use a simultaneous integrated boost (SIB)
approach. The advantage of an SIB approach is that the total tumor volume may receive one
dose, while a particular high risk area far away from OARs may receive a higher dose in the
same number of fractions. The tumor-vessel interface is a particularly high risk area that
has been recommended to receive a SIB [17,18]. Koay et al. [19] described a method of using
an SIB approach for both an ablative hypofractionation and SBRT. For both techniques,
computed tomography (CT) simulation with intravenous (IV) contrast is recommended
to be performed using end-expiratory breath hold. For SBRT, gold fiducial markers are
recommended to be placed prior to CT simulation to help with daily image guidance.
Regarding the dose and volumes for ablative hypofractionation, it is recommended that a
1 cm uniform expansion from the GTV, celiac artery, SMA, and superior mesenteric vein
(SMYV) should receive a dose of 37.5 Gy in 15 fractions while the GTV between the celiac
artery and SMA receives a dose of 67.5 Gy. Regarding the dose and volumes for SBRT, it is
recommended that a 3 mm uniform expansion from the GTV and tumor-vessel interface
receives a dose of 33 Gy in 5 fractions while the GTV between the celiac artery and SMA
receives a dose of 50 Gy. During plan evaluation, protection of surrounding OARs should
take precedence over maximizing coverage for the high dose volume. Outcomes have not
yet been reported using this technique.

Yet another way to dose escalate is to include an SBRT boost after chemoradiation.
There is currently one prospective study by Parisi et al. [20] that included 13 patients with
LAPC who were planned to be receive induction chemotherapy followed by standard dose
chemoradiation followed by SBRT boost. Ultimately, only 8/13 patients were treated with
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this approach, with 3 patients having early hepatic progression disease, 1 patient having
cardiovascular complications, and 1 patient having surgical radicalization. Among the
8 patients treated with this approach, the median SBRT dose was 12 Gy (range 10-21 Gy) in
1-3 fractions. None of the patients developed grade 3 acute or late toxicities. The median
OS was 21.5 months, with a 2-year LC rate of 73%, both of which were improved compared
to historic controls of standard dose chemoradiation alone. While the results of this study
are promising, further prospective studies are needed to validate this approach.

Another method to dose escalate while respecting nearby OARs is to improve image
guidance, particularly in the form of magnetic resonance guided radiation therapy (MRgRT).
MRgRT affords superior soft tissue delineation, which is particularly important when the
bowel/stomach (or other OARs) and tumor target are in close proximity and obviates the
need for fiducial placement. Additionally, MRgRT platforms may allow advanced motion
management and on-table, near real-time adaptive radiation capabilities. Two prospective
and three retrospective studies have evaluated this method of dose escalation, with one
study [21] showing a possible toxicity benefit and another study [22] showing a possible
OS benefit with the use of MR guided dose escalation.

Regarding the three retrospective studies examining MRgRT, the first by
Rudra et al. [21] treated 44 patients with LAPC with various types of MRgRT, i.e., SBRT
alone or hypofractionated chemoradiation. Patients were stratified into high dose
(BED > 70 Gy, n = 24) and standard dose (BED < 70 Gy, n = 20) groups. With a me-
dian follow-up of 17 months, patients in the high dose arm had significantly improved
2-year OS (49% vs. 30%, p = 0.03), but no difference in 2-year FFLP (77% vs. 57%, p = 0.15)
compared to patients in the standard dose arm. There were no grade 3+ toxicities in the
high dose arm, while there were three toxicities in the standard dose arm, leading to a
hypothesis that using on-table adaptive planning in the higher dose arm led to reduction
in grade 3+ events. Another study by Hassanzadeh et al. [23] treated 44 patients with
MRI-guided adaptive SBRT to a dose of 50 Gy in 5 fractions. Tumor abutted OARs in
79.5% of patients, and tumor invaded OARs in 11.1% of patients. Reoptimization was
performed for 93% of all fractions. Median OS was 15.7 months, and 1-year LC was 84.3%,
comparable to historic controls of SBRT to 25-33 Gy. The rate of late grade 2 GI toxicities
(duodenal perforation, antral ulcer, and gastric bleed) was 6.8%, and the rate of late grade
3 Gl toxicities (gastrointestinal ulcers) was 4.6%. A third study by Chuong et al. [24] treated
35 patients with MRI-guided adaptive SBRT to a dose of 50 Gy in 5 fractions. Elective nodal
radiation was delivered to 20 (57.1%) patients to a dose of 50 Gy in 5 fractions, although
any portion overlapping with planning organs at risk volumes (PRVs) received a lower
dose of 35 Gy. No patient had fiducial markers placed, and all were treated with continu-
ous intrafraction reoptimization. With a median follow-up of 10.3 months, the 1-year OS
rate was 58.9%, and the 1-year LC rate was 87.8%, similar to historic controls of SBRT to
25-33 Gy. Acute grade 2 nausea and anorexia occurred in 8.6% of patients, and acute grade
3 diarrhea was reported in 2.9% of patients. Late grade 3 bile duct stenosis occurred in 2.9%
of patients, and no grade 4-5 toxicities were observed.

Of the two prospective MRgRT studies, the first by Kim et al. [25] was a single arm
phase I study using a TITE-CRM design to determine the maximum tolerated dose of abla-
tive hypofractionated chemoradiation in 26 patients with BRPC and LAPC. The radiation
dose was escalated from 40-45 Gy in 25 fractions up to 60—-67.5 Gy in 15 fractions. There
was only 1 dose limiting toxicity observed, with the maximum tolerated dose being 67.5 Gy
in 15 fractions. After a median follow up of 40.6 months, the median OS was 14.5 months,
similar to historic controls of standard dose chemoradiation. The 2-year local progression
free survival (LPFS) and distant metastasis free survival (DMFS) were 85% and 57%, respec-
tively. Authors concluded that ablative hypofractionated chemoradiation up to 67.5 Gy in
15 fractions is safe with promising LPFS and DMFS. The second prospective MRgRT study
called SMART [26] was an international phase II study assessing the safety and efficacy
of MRI-guided adaptive SBRT in 136 patients with LAPC or BRPC,. Interim analysis [22]
presented at ASTRO 2022 showed promising results, with no patients experiencing grade 3
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or higher gastrointestinal toxicity in the first 90 days after SMART treatment. The 1-year
OS rate was 94%, the 1-year LC rate was 83%, and the distant progression-free survival rate
was 51%, all of which were improved compared to historic controls of standard dose SBRT.
There is a planned phase III trial called LAP-ABLATE [27] sponsored by ViewRay that
aims to compare induction chemotherapy & SMART 50 Gy in 5 fractions in 267 patients
with LAPC.

One final method of dose escalation is to use charged particle therapy (e.g., protons,
carbon ions), which has a steep dose falloff outside the target due to the Bragg peak
and may better spare surrounding OARs (although there is still range uncertainty at the
edge of the beam). There are currently three retrospective studies examining the safety
and efficacy of proton beam therapy (PBT). The first study by Takatori et al. [28] was a
retrospective review of a prospective database and found favorable OS (77% at 1 year) and
FFLP (82% at 1 year) in 91 patients treated with PBT to a dose of 67.5 GyE in 25 fractions
with concurrent gemcitabine. However, there was an unacceptably high rate of radiation-
induced ulcers, occurring in 45/91 (49.4%) of patients treated with this technique. The
two other retrospective studies [29,30] similarly found favorable OS and FFLP with PBT.
The first by Hiroshima et al. [29] found a median OS of 25.6 months and a 1-year LC rate
of 83% in 42 patients using a dose of 54-67.5 GyE in 25-33 fractions. The other by Kim
et al. [30] found a median OS of 26.1 months and a 1-year LC rate of 79% in 44 patients using
a dose of 45-50 Gy in 10 fractions. Both studies showed minimal to no late grade 3+ GI
toxicities using this technique. Regarding carbon ion therapy, there is one retrospective
study by Kawashiro et al. [31] that treated 72 patients with LAPC to a dose of 52.8 Gy in
12 fractions. After a median follow up of 13.6 months, the median OS was 21.5 months,
and the 1-year LC rate was 84%. The primary grade 3+ toxicity was hematologic (26% of
patients), and only 1 patient developed late grade 3 GI toxicity (ascites). Further prospective
studies are needed to better assess the safety and efficacy of proton therapy and carbon ion
therapy. A summary of studies discussing recent advances in radiation therapy for LAPC
can be seen in Table 1.

Table 1. Advances in radiation technique to allow for dose escalation in LAPC.

Study Design Patients Intervention (O] FFLP Toxicity
Standard dose chemoradiation Medi 6% d
LAP07 [6]  Phase III 133 (54 Gy in 30 fractions 155 inéirt‘hs 68% 3 +°nga’ij‘se‘ji
plus capecitabine) ’
. 2% grade
Herman Standard dose SBRT (33 Gy Median o oy
etal. [10] Phase Il 9 in 5 fractions) 139 months /87 at1year 2+ gastritis
and ulcers
. Dose escalated chemoradiation . . o
Igl;{lrig? Retrospective 47 (BED > 70 Gy plus gemcitabine 17%?;1%?3}15 101\51?;1%1?}15 32 +/ Ongaﬁ;dez
’ or capecitabine) ‘ ’
13% grade 3+
. . . toxicity
Ablative hypofractionation .
. . . 8% GI bleedin,
Reyngold . (67.5 Gy in 15 fractions or 75 Gy Median o ( o . &
etal. [15] Retrospective 119 in 25 fractions plus 18.4 months 83%at1year 2% l%atstrlct'outlet
fluoropyrimidine) g)%sblillzcéﬁg
stenosis)
Induction chemotherapy
. followed by standard dose .
Parisi et al. 2. Median 0 No grade
[20] Phase I/11 8 chemoradiation followed by 215 months /3% at2years 3 tonicitios

SBRT boost to a median dose of
12 Gy in 1-3 fractions
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Table 1. Cont.

Study Design Patients Intervention (O] FFLP Toxicity
High dose MRgRT (BED > 70 Gy,
SBRT alone or hypofractionated . o
etlzlififzal] Retrospective 20 RT plus Eggggl;g%r:; ge(r)rl}citabine, 20%?3(133}15 77% at 2 years 0% t%rxai(élﬁi?é; GI
gemcitabine—nab—p,aclitaxel)
Hassan- MR guided SBRT (50 Gy in . o
zadeh Retrospective 44 5 fractions) with Median 84% at 1 year 5% grade
: LY 15.7 months 3+ ulcers
etal. [23] adaptive reoptimization
: . 6% grade
MR guided SBRT (50 Gy in g
Chuong Retrospective 35 5 fractions) with 59% at1year  88% at 1 year 3+ diarrhea and
etal. [24] adaptive reoptimization chlee;cl)lsli(;t
MR guided radiation therapy
TITE-CRM (40-45 Gy in 25 fractions up to . 14% dose
Y p Median
(Kimetal)  Phase I/II 26 60-67.5 Gy in 15 fractions) with 85% at 2 years  limiting toxicity
[25] full-dose 14.5 months (cholecystitis)
gemcitabine /nab-paclitaxel
SMART MR guided SBRT (50 Gy in 5 No erad
(Parikh Phase I 136 fractions) with 94% at1year  83% at 1 year 3 tgx%citi:s
etal.) [22] adaptive reoptimization
Retrospective
Takatori review of Proton beam therapy (67.5 GyE o N 50% grade
etal. [28]  prospective ol in 25 fractions plus gemcitabine) 77%at1year  82%at1year 3+ ulcers
database
. . Proton beam therapy .
Hiroshima . : . Median o 0% grade
etal. [29] Retrospective 42 (54-67.5 GyE in 25—33 fractions 25.6 months 83% at 1 year 3+ GI toxicities
plus gemcitabine or S-1)
Proton beam therapy (45-50 GyE
Kim et al. . in 10 fractions plus gemcitabine, Median o 0% grade
[30] Retrospective U capecitabine, or 26.1 months 79% at 1 year 3+ GI toxicities
gemcitabine-nab-paclitaxel)
Kawashiro . Carbon ion therapy (52.8 Gy in Median N 0% grade
etal. [31] Retrospective 72 12 fractions plus gemcitabine) 21.5 months 84%at1 year 3+ GI toxicities

FFLP = freedom from local progression; OS = overall survival; SBRT = stereotactic body radiation therapy;
MRgRT = MR-guided radiation therapy.

3.1.2. Advances in Systemic Therapy for Improved Radiosensitization

Despite recent advancements in radiation therapy techniques, many patients with
LAPC are not candidates for dose escalation due to tumor size, location, invasion into
adjacent bowel, inability to control internal motion, and insufficient access to on-board
imaging or adaptive radiation technology. Radiosensitizing agents offer a novel way to
preferentially potentiate response to radiation in tumor cells while having less effect on
normal tissues, thereby widening the therapeutic window. Several molecular agents have
shown promise in pairing with radiation in preclinical and clinical studies, including ep-
ithelial growth factor (EGFR) inhibitors, cell cycle checkpoint inhibitors (Weel, Chk1/2),
DNA-dependent protein kinase (DNA-PK) inhibitors, ataxia telangiectasia mutated and
Rad3-related (ATR) inhibitors, receptor tyrosine kinase (RTK) inhibitors, and KRAS path-
way effector (MEK, ERK, PI3K, AKT, mTOR) inhibitors, among several others [32]. A low
cost, animal free model has recently been developed, enabling the possibility of long-term
in vitro hypoxic 3D cell culture for pancreatic cancer [33]. This novel platform for radiation
treatment screening can be used for long-term in vitro post-treatment observations as well
as for fractionated radiotherapy treatment.

Several clinical studies have examined the safety and efficacy of EGFR inhibitors
paired with chemoradiation for LAPC. Results have generally shown that this combination
therapy is safe and well tolerated, although it is unclear whether combination therapy
improves outcomes. A prospective phase I dose escalation study by Jiang et al. [34] sought
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to define the dose-limiting toxicity and maximum tolerated dose of erlotinib concurrent
with standard dose chemoradiation in 15 patients with LAPC. A total of four dose levels
were designed, and it was found that treatment was well tolerated at the highest dose
level of capecitabine 925 mg/m? twice daily and erlotinib 100 mg daily. The median
OS was favorable at 13.2 months, and the most frequent side effects were lymphopenia,
nausea, vomiting, diarrhea, electrolyte imbalances, and skin rash, most of which were
grade 1-2. A prospective phase II study by Crane et al. [35] examined the safety and efficacy
of induction cetuximab, gemcitabine, and oxaliplatin followed by concurrent standard dose
chemoradiation with cetuximab in 69 patients with LAPC. With a median follow-up time
of 20.9 months, the median OS was 19.2 months, and 1-year FFLP was 77.2%, slightly better
than historic controls of standard dose chemoradiation alone. The most common toxicities
were GI (32% grade 2, 10% grade 3), fatigue (26% grade 2, 6% grade 3), and acneiform rash
(54% grade 2, 3% grade 3). The recent PARC trial [36] was the first randomized study to
show no improvement in outcomes with the addition of cetuximab to maintenance therapy.
A total of 68 patients with LAPC were randomized to receive standard dose radiation
(54 Gy in 30 fractions) with gemcitabine and cetuximab administered weekly, followed
by either maintenance gemcitabine plus cetuximab vs. gemcitabine alone. Compared
to historic controls, the addition of cetuximab to gemcitabine-based chemoradiation and
maintenance chemotherapy did not improve OS or LC. The median OS was 13.1 months,
and the 1-year LC rate was 76.6%. Grade 3+ nausea and GI hemorrhage were the most
common non-hematologic toxicities seen in 13% and 7% of patients respectively. Further
studies are needed to better potentiate the radiosensitizing effect of EGFR inhibitors when
combined with chemoradiation.

The Weel checkpoint inhibitor adavosertib (AZD1775) has shown promise in improv-
ing outcomes in patients with LAPC when combined with chemoradiation. A prospective
phase I dose escalation study by Cuneo et al. [37] sought to define the dose-limiting toxicity
and maximum tolerated dose of adavosertib concurrent with standard dose chemoradia-
tion in 34 patients with LAPC. Four dose levels were included, and it was found that the
optimal dose was at the second highest dose level of 150 mg/day. Eight (24%) patients
experienced a dose-limiting toxicity, half of which occurred at the highest dose level of
175 mg/day, with the most common dose-limiting toxicities being anorexia, nausea, and
fatigue. The median OS was 21.7 months, and the 1-year FFLP was 84% in patients who
received a dose level of 150 mg/day or above, which was numerically higher than historic
controls of standard dose chemoradiation alone. Further Phase Il studies are warranted with
this approach.

Encouraging results have also been shown using the poly(ADP-ribose) polymerase-1/2
(PARP) inhibitor veliparib in combination with chemoradiation, especially in a particular
subset of patients with alterations in the expression of DNA damage repair proteins. A
prospective phase I dose escalation study by Tuli et al. [38] sought to define the dose-
limiting toxicity and maximum tolerated dose of veliparib concurrent with chemoradiation
to a dose of 36 Gy in 15 fractions in 30 patients with LAPC. Six dose levels were included,
and it was found that the second highest dose level of veliparib 40 mg twice daily and
gemcitabine 400 mg/m? was best tolerated. Dose limiting toxicities occurred in 12 (40%)
of patients, with 7 occurring at the highest dose level, the most common being grade 3+
lymphopenia and anemia. The rate of grade 3+ toxicities (nausea, vomiting, diarrhea,
abdominal pain, and colitis) was 34%. Median OS was 15 months for all patients and
19 months for patients with alterations in DNA damage repair proteins PARP3 and RBX1.
Integration of genomic, transcriptomic, and protein based-biomarkers of response is likely
to be important in maximizing the effect of this PARP inhibitor. Validation in larger
prospective phase Il trials is warranted.

Molecularly targeted agents have also been tested in combination with SBRT to im-
prove radiosensitization. A prospective phase I dose escalation study by Lin et al. [39]
sought to define the dose-limiting toxicity and maximum tolerated dose of nelfinavir (HIV
protease inhibitor and AKT inhibitor) concurrent with SBRT to a dose of 2540 Gy in
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5 fractions in 46 patients with BRPC and LAPC. A total of six dose levels were designed,
and it was found that treatment was well tolerated at the highest dose level of nelfinavir
1250 mg twice daily with SBRT to 40 Gy in 5 fractions. The rate of grade 3+ GI bleeding
was 10.8%. The median OS was 14.4 months, and the LC rate was 85% at 1 year. A total of
13 patients were considered resectable after chemoradiation, of which 9 had initially BRPC
and 4 had initially LAPC. All but 1 patient underwent surgery, and 11/12 (91.7%) achieved
negative margins. This treatment regimen appears to be safe and effective, although careful
attention to treatment planning parameters is recommended to reduce the incidence of GI
bleeding. Another molecularly targeted agent currently being studied in combination with
SBRT is the small molecule dismutase mimetic avasopasem (GC4419), which is supposed
to function as a radioprotector to protect normal tissues surrounding the irradiated area.
A randomized trial [40] of 47 patients with LAPC treated with SBRT in combination with
avasopasem vs. placebo was recently completed January 2022, although results have yet to
be published.

The role of immunotherapy in combination with radiation therapy is also an active area
of investigation in LAPC. Currently, no studies exist showing a benefit with immunotherapy
in LAPC, although a recent phase II randomized trial by Zhu et al. [41] in locally recurrent
pancreatic cancer after resection showed an OS benefit in patients treated with SBRT,
pembrolizumab and trametinib as compared to SBRT plus gemcitabine. The median
OS was 14.9 months vs. 12.8 months (p = 0.02). Toxicity appeared to be similar between
treatment arms, with grade 3+ hepatotoxicity occurring in 12% vs. 7%, grade 3+ neutropenia
occurring in 1% vs. 11%, and serious adverse events occurring in 22% vs. 14% of patients,
respectively. Results of ongoing clinical trials [42—44] examining the safety and efficacy of
combination immunotherapy with radiation in LAPC are eagerly awaited. A summary of
studies discussing recent advances in systemic therapy for radiosensitization for LAPC can
be seen in Table 2.

Table 2. Advances in systemic therapy for improved radiosensitization in LAPC.

Study Phase Patients Intervention (O 1] FFLP Toxicity
LAP07 I 133 Standard dose chemoradiatilon (_54 Gy in Median 68% 6% grade
[6] 30 fractions plus capecitabine) 15.2 months 3+ nausea
Herman 1 49 Standard dose SBRT (33 Gy in 5 fracti Median o kit
etal. [10] y in 5 fractions) 13.9 months 78% at 1 year 2+ galfltcr;lss and

Erlotinib (EGER inhibitor) plus

et];?n[g’% 4] I 15 chemoradiation (50.4 Gy in 28 fractions 131\2/[$rclléar11r’:hs Not reported 3+ (g/f t%)l;igieties
e plus capecitabine) ’
Cetuximab (EGFR inhibitor) plus . o
etcaliar[l%] I 69 chemoradiation (50.4 Gy in 28 fractions 191\2/I$r(11<1)?1r’:hs 77% at 1 year 3 +1(%I/Ot§>l;?cc}teies
o plus capecitabine) ’
Cetuximab (EGFR inhibitor) plus . 13% grade
P?iIg]C I 34 chemoradiation (54 Gy in 30 fractions 1 31\1/[(;%?&15 77% at 1 year 3+ nausea and GI
i plus gemcitabine) ' bleeding
C Adavosertib (Weel inhibitor) plus Medi 324% grade
ot alin[e%] I 34 chemoradiation (54 Gy in 30 fractions 217 ;é?ﬂhs 84% at 1 year n;fsrg;reaﬁg’
o plus gemcitabine) ) fatigile
Median
15 months for 34% grade
Tuli et al Veliparib (PARP inhibitor) plus 1o 2L but 3+ nausea,
u[lgg] ak I 30 chemoradiation (36 Gy in 15 fractions patients with Not reported diarrhe?
plus gemcitabine) PARP3 and abdominal
RBX1 pain, colitis
alterations
Lin et al. Nelfinavir (AKT inhibitor) plus SBRT (40 Gy Median o 11% grade
[39] 1 46 in 5 fractions) 14.4 months 85% at 1 year 3+ GI bleeding

FFLP = freedom from local progression; OS = overall survival; GI = gastrointestinal; EGFR = epidermal growth
factor; PARP = poly (ADP-ribose) polymerase.
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3.2. Resectable and Borderline Resectable Pancreatic Cancer
Advances in Neoadjuvant Strategies Using Radiation

Upfront surgery followed by adjuvant chemotherapy has long been the standard of
care in patients with resectable pancreatic cancer. Unfortunately, less than half of patients
with localized pancreatic cancer will receive the intended therapy, with up to 20% having
metastatic or unresectable disease at the time of surgery [45] and up to 50% will not be able
to recover from surgery sufficiently or in time to tolerate adjuvant chemotherapy, leading to
local or distant recurrence [46]. Neoadjuvant therapy has been proposed as a way to allow
more patients to receive systemic therapy and avoid futile surgeries. Two recent phase II /111
randomized trials have suggested a benefit with neoadjuvant chemoradiation over upfront
surgery. The first was a Korean study by Jang et al. [47] that closed early after finding an
OS benefit in patients with BRPC who received neoadjuvant vs. adjuvant chemoradiation
(21 months vs. 12 months, p = 0.03). The resection rate was 71% vs. 78%, and the RO
resection rate was 52% vs. 26% in the neoadjuvant chemoradiation vs. upfront surgery arm.
The second was the PREOPANC-1 trial [48], which found an improvement in RO resection
rate (71% vs. 40%), disease free survival (DFS), and FFLP with the use of neoadjuvant
gemcitabine followed by chemoradiation (36 Gy in 15 fractions) before surgery, but not OS
(16 months vs. 14.3 months, p = 0.10). A subset analysis did show an OS benefit in patients
with pre-specified BRPC (17.6 months vs. 13.2 months, p = 0.03) but not in patients with
pre-specified RPC (14.6 months vs. 15.6 months, p = 0.83). A French retrospective study [49]
and a metanalysis by Cloyd et al. [50] similarly found improvements in OS with the use of
neoadjuvant therapy vs. upfront surgery in patients with RPC and BRPC. Building upon
these successful neoadjuvant regimens and enhancing the effect of radiation are ongoing
areas of investigation.

One area of active study is whether the multi-drug regimen FOLFIRINOX may im-
prove outcomes and better sensitize tumors to radiation in the neoadjuvant setting. In
metastatic pancreatic cancer, FOLFIRINOX has been shown to improve OS compared to
gemcitabine based on a landmark study by Conroy et al. [51], but very few studies have
tested its use in the neoadjuvant setting. Alliance A021501 [52] is one study that prospec-
tively examined the safety and efficacy of neoadjuvant mFOLFIRINOX with or without
subsequent radiation in 126 patients with BRPC. Patients were randomized to receive
either neoadjuvant mFOLFIRINOX X 8 cycles (arm A) or neoadjuvant mFOLFIRINOX
x 7 cycles followed by SBRT to a dose of 33-40 Gy in 5 fractions or 25 Gy in 5 fractions
(arm B). The 18-month OS rate for arm A was 66.7%, improved compared to historic data
using a cutoff of >63%, while the 18-month OS rate for arm B was 47.3%, not improved
compared to historic data. The rate of grade 3+ toxicity was 57% in arm A vs. 64% in arm
B. It is unclear why patients who received radiation had worse outcomes compared to
patients who received mFOLFIRINOX alone, although there are several concerns with the
study. One concern is that so few patients in the SBRT arm eventually underwent surgery
(51%) compared to historic controls (68% in Alliance A021101 [53], 71% in Jang et al. [47],
and 61% in PREOPANC-1 [48]). In addition, the trial design used RO rate as the stopping
point and this caused arm B to close early. There were also imbalances in the treatment of
arm A and B, with arm B having a higher rate of mFOLFIRINOX treatment delays (49%
vs. 60%) and dose reductions (60% vs. 75%) compared to arm A. The aforementioned
French retrospective study [49] had actually found opposite results, with the addition
of radiation after FOLFIRINOX being associated with better OS and other pathological
outcomes. Further study is needed to better clarify the interaction between FOLFIRINOX
and radiation in the neoadjuvant setting.

To assess whether neoadjuvant FOLFIRINOX may be better than the current stan-
dard of care using chemoradiation, two highly anticipated randomized clinical trials are
currently underway. The first, known as PREOPANC-2 [54], is a phase III trial that ran-
domizes patients with RPC and BRPC to receive neoadjuvant FOLFIRINOX x 8 cycles
followed by surgery without adjuvant treatment (arm A) vs. neoadjuvant gemcitabine
x 3 cycles followed by hypofractionated chemoradiation to a dose of 36 Gy in 15 fractions
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(PREOPANC-1-like regimen) followed by surgery and adjuvant gemcitabine x 4 cycles
(arm B). The primary endpoint is OS, and the secondary endpoints include DFS, quality
of life, resection rate, and RO resection rate. The second known as ESPAC-5F [55] is a
four-arm phase II trial that randomizes patients with BRPC to receive immediate surgery
(arm 1) or neoadjuvant therapy of either gemcitabine and capecitabine x 2 cycles (arm
2), FOLFIRINOX x 4 cycles (arm 3), or capecitabine-based chemoradiation to a dose of
50.4 Gy in 28 fractions (arm 4). The primary endpoint is the resection rate. Secondary
endpoints include OS and toxicity. An interim analysis was recently published in ab-
stract form, which found an improvement in the 1-year OS rate with neoadjuvant ther-
apy vs. immediate surgery (77% vs. 40%, p < 0.01), but no difference in resection rate
(62% vs. 55%, p = 0.67) or RO resection rate (15% vs. 23%, p = 0.72) between the two
groups [55]. The interim analysis did not include results comparing outcomes between the
various neoadjuvant therapy arms. The results of both of these ongoing clinical trials are
eagerly awaited.

Another area of active study is whether the addition of immune checkpoint inhibitors
to neoadjuvant chemoradiation may improve outcomes. A phase II study by Rahma
et al. [56] randomized 37 patients with RPC and BRPC to receive pembrolizumab concur-
rently with chemoradiation (50.4 Gy in 28 fractions plus capecitabine) vs. chemoradiation
alone prior to resection. The primary endpoints were safety and differences in tumor-
infiltrating lymphocyte (TIL) density assessed using multiplexed immunofluorescence
on resected tumor specimens. After neoadjuvant therapy, 9/24 (37.5%) patients in the
experimental arm had unresectable disease compared to 4/13 (30.8%) patients in the con-
trol arm. A total of 24 patients eventually underwent surgery and were evaluable for the
primary endpoint. The mean difference in TIL density between the two treatment arms was
36 cells/mm2 (95% confidence interval —85-157, p = 0.48). Additional analysis did not show
any difference in the density of activated cytotoxic T cells, regulatory T cells, macrophages,
or granulocytes. With a median follow-up time of 26.4 months, the median OS was
27.8 months in the experimental arm vs. 24.3 months in the control arm (p = 0.68). The
most common grade 3+ toxicities were lymphopenia (29% vs. 31%) and diarrhea (8% vs.
0%). While preliminary results did not show any improvement in clinical outcomes or
TIL density with the addition of pembrolizumab to neoadjuvant chemoradiation, more
evidence is needed before any conclusions are drawn. Larger prospective phase Il trials [57]
are currently underway to better understand the benefit of immunotherapy paired with
chemotherapy and radiation in the neoadjuvant setting. In addition, radiation and PD-1
inhibitors have been combined with other immunomodulatory agents, including cancer
vaccines such as GVAX, which is a cancer vaccine composed of whole tumor cells genet-
ically modified to secrete granulocyte-monocyte colony-stimulating factor (GM-CSF). A
phase II study [58] is currently underway testing this treatment combination. A summary
of studies discussing recent advances in neoadjuvant therapies for RPC and BRPC can be
seen in Table 3.

Table 3. Advances in neoadjuvant strategies using radiation in RPC and BRPC.

Study Phase Patients Intervention (08} Resection Rate RO Rate
fl\{leoadg\l;anthgemcitzl?in_e Xé 6C}écle_s Median
ollowed by chemoradiation y in 14.6 months
PREO,PANC_l 111 119, RPC 15 fractions plus gemcitabine) for RPC and 61% 71%
[48] and BRPC
followed by surgery followed by 17.6 months
adjuvant gemcitabine x 6 cycles for BRPC
Neoadjuvant mFOLFIRINOX x 8 cycles )
(arm A) vs. mFOLFIRINOX x 7 cycles Mechanh
Alliance I 126, BRPC followed by radiation (33-40 Gy in f20 %i;&ogtvz 58% for arm A 88% for arm A
A021501 [52] ’ 5 fractions or 25 Gy in 5 fractions) (arm 17.1 months 51% for arm B 74% for arm B

B) followed by surgery followed by for arm B
adjuvant mFOLFOX x 6 cycles
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Table 3. Cont.

Study Phase Patients Intervention 0sS Resection Rate RO Rate
Neoadjuvant FOLFIRINOX x 8 cycles
followed by surgery followed by no
Lof adjuvant treatment (arm A) vs.
PREOPANC-2 Goal of 368, gemcitabine x 3 cycles followed by . . .
y I RPC . . . Pending Pending Pending
[54] and BRPC chemoradiation (36 Gy in 15 fractions

plus gemcitabine) followed by surgery
followed by adjuvant
gemcitabine x 4 cycles (arm B)

ESPAC-5F [55]

II

88, BRPC neoadjuvant FOLFIRINOX x 4 cycles

Immediate surgery (arm 1) vs.
neoadjuvant gemcitabine and

capecitabine x 2 cycles (arm 2) vs. 40%at 1 year

for arm 1 62% for arm 1 15% for arm 1
77% at 1 year 55% for arms 24 23% for arms 2—4

(arm 3) vs. chemoradiation (50.4 Gy in for arms 2—4

28 fractions plus capecitabine) (arm 4)

followed by surgery
Neoadjuvant pembrolizumab (arm A) Median
plus chemoradiation (50.4 Gy in 27.8 months in 9
Rahr[r;z]et al. il aﬁg ]IE'.{II{)IgC 28 fractions plus capecitabine) vs. arm A and ggé‘; ffgi 211:1; ’g‘ Not reported
) chemoradiation alone (arm B) 24.3 months in
followed by surgery arm B

RPC = resectable pancreatic cancer; BRPC = borderline resectable pancreatic cancer; OS = overall survival.

4. Limitations

While this review provides a semi-comprehensive overview of recent advances in
radiation oncology for pancreatic cancer, there are several limitations. First, there is the
inability to discern a true treatment effect if there are differing results based on various
studies. We have attempted to explain why some studies may show a positive result while
others show a negative result based on differing eligibility criteria or treatment details;
however, this is ultimately prone to bias, as we authors may inherently favor a positive
treatment effect over a negative treatment effect. Secondly, the level of evidence available
for analysis is not the strongest, with only a limited number of phase I/1I studies published
in the literature. Should larger phase III trials be published in the future, the results of
those findings should supersede any conclusions drawn from a review of phase I/1I studies.
Lastly, there is the possibility of selection bias, information bias, and confounding bias
common in all reviews.

5. Conclusions

Pancreatic cancer is a highly aggressive disease that has a historically dismal prog-
nosis. Notable improvements have been made over the past decade, particularly in re-
gard to radiation therapy technique and systemic therapy. For LAPC, the current recom-
mended treatment is still standard dose chemoradiation to 54 Gy in 30 fractions or SBRT to
25-33 Gy in 5 fractions. However, anticipated changes within the next several years may
include dose escalation in the form of SBRT to 50 Gy in 5 fractions or ablative hypofraction-
ation to 67.5 Gy in 15 fractions using an SIB technique, MRgRT, or charged particle therapy
(such as proton therapy or carbon ion therapy). These techniques should only be used at
experienced centers currently. The use of molecularly targeted agents with radiation to
improve radiosensitization and widen the therapeutic window has also shown promise in
several prospective phase I/1I studies, but larger phase III studies are needed before they
become implemented in everyday practice. For BRPC, the current recommended treatment
is neoadjuvant chemotherapy =+ radiation followed by surgery. Several randomized trials
are currently underway to study whether current neoadjuvant regimens may be improved
with the use of the multi-drug regimen FOLFIRINOX or immune checkpoint inhibitors with
or without radiation. The optimal neoadjuvant regimen may possibly be identified within
the next several years. Additional work is needed to further improve optimal radiation
and chemoradiation strategies to improve outcomes for patients with pancreatic cancer.



Cancers 2022, 14, 5725 12 of 15

Author Contributions: Conceptualization, J.L. and TM.W.; methodology, J.L. and TM.W.,; software,
J.L,; validation, J.L., PL.,, HM.M., V.C,, LM,, GS, M.R,, A.A,, Y.-].C. and TM.W.,; formal analysis, J.L.
and TM.W,; investigation, ].L. and TM.W.; resources, ].L. and TM.W.,; data curation, J.L. and TM.W.;
writing—original draft preparation, J.L. and TM.W.,; writing—review and editing, J.L., PL., HM.M.,,
V.C,LM., GS, MR, AA,Y-].C. and TM.W,; visualization, ].L. and TM.W.; supervision, TM.W.;
project administration, ]J.L. and TM.W.,; funding acquisition, not applicable. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by NIH/NCI grant number R01CA198128.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

17.

Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA. Cancer J. Clin. 2022, 72, 7-33. [CrossRef] [PubMed]
Tempero, M.; Malafa, M.; Al-Hawary, M. Pancreatic Adenocarcinoma. NCCN Guidel. 2022, 1. [CrossRef]

Salamekh, S.; Gottumukkala, S.; Park, C.; Lin, M.; Sanford, N.N. Radiotherapy for Pancreatic Adenocarcinoma: Recent Develop-
ments and Advances on the Horizon. Hematol. Oncol. Clin. 2022, 36, 995-1009. [CrossRef] [PubMed]

Kolbeinsson, H.M.; Chandana, S.; Wright, G.P; Chung, M. Pancreatic Cancer: A Review of Current Treatment and Novel
Therapies. J. Investig. Surg. 2022, 1-11. [CrossRef] [PubMed]

Wishart, G.; Gupta, P,; Schettino, G.; Nisbet, A.; Velliou, E. 3d tissue models as tools for radiotherapy screening for pancreatic
cancer. Br. J. Radiol. 2021, 94, 20201397. [CrossRef] [PubMed]

Hammel, P; Huguet, F; van Laethem, J.L.; Goldstein, D.; Glimelius, B.; Artru, P.; Borbath, I.; Bouché, O.; Shannon, J;
André, T,; 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. [CrossRef]

Wittel, U.A.; Jacobasch, L.; Fietkau, R.; Ghadimi, M.; Gr, R.; Croner, R.S.; Bechstein, W.O.; Neumann, U.P.; Waldschmidt, D.;
Hubert, S.; et al. Oral Abstract Session Randomized phase III trial of induction chemotherapy followed by chemoradiotherapy or
chemotherapy alone for nonresectable locally advanced pancreatic cancer: First results of the CONKO-007 trial. p. 4008. 2022.
Reyngold, M.; Parikh, P.; Crane, C.H. Ablative radiation therapy for locally advanced pancreatic cancer: Techniques and results.
Radiat. Oncol. 2019, 14, 95. [CrossRef]

Krishnan, S.; Chadha, A.S.; Suh, Y, Chen, H.C; Rao, A, Das, P; Minsky, B.D.; Mahmood, U.; Delclos, M.E,;
Sawakuchi, G.O.; et al. Focal radiation therapy dose escalation improves overall survival in locally advanced pancre-
atic cancer patients receiving induction chemotherapy and consolidative chemoradiation. Int. ]. Radiat. Oncol. Biol. Phys. 2016, 94,
755-765. [CrossRef]

Herman, J.M.; Chang, D.T.; Goodman, K.A.; Dholakia, A.S.; Raman, S.P.; Hacker-Prietz, A.; Iacobuzio-Donahue, C.A;
Griffith, M.E.; Pawlik, T.M.; Pai, J.S.; et al. Phase 2 multi-institutional trial evaluating gemcitabine and stereotactic body
radiotherapy for patients with locally advanced unresectable pancreatic adenocarcinoma. Cancer 2015, 121, 1128-1137. [CrossRef]
Park, J.J.; Hajj, C.; Reyngold, M.; Shi, W.; Zhang, Z.; Cuaron, J.J.; Crane, C.H.; O'Reilly, EM.; Lowery, M.A.; Yu, KH.; et al.
Stereotactic body radiation vs. intensity-modulated radiation for unresectable pancreatic cancer. Acta Oncol. 2017, 56, 1746-1753.
[CrossRef]

Onishi, H.; Shirato, H.; Nagata, Y.; Hiraoka, M.; Fujino, M.; Gomi, K.; Niibe, Y.; Karasawa, K.; Hayakawa, K.; Takai, Y.; et al.
Hypofractionated stereotactic radiotherapy (HypoFXSRT) for stage I non-small cell lung cancer: Updated results of 257 patients
in a Japanese multi-institutional study. J. Thorac. Oncol. 2007, 2 (Suppl. S3), S94-5100. [CrossRef] [PubMed]

Pontoriero, A.; Iati, G.; Cacciola, A.; Conti, A.; Brogna, A.; Siragusa, C.; Ferini, G.; Davi, V.; Tamburella, C.; Molino, L.; et al.
Stereotactic Body Radiation Therapy With Simultaneous Integrated Boost in Patients With Spinal Metastases. Technol. Cancer Res.
Treat. 2020, 9, 1533033820904447. [CrossRef] [PubMed]

Ferini, G.; Molino, L.; Bottalico, L.; de Lucia, P; Garofalo, F. A small case series about safety and effectiveness of a hypofractionated
electron beam radiotherapy schedule in five fractions for facial non melanoma skin cancer among frail and elderly patients. Rep.
Pract. Oncol. Radiother. 2021, 26, 66-72. [CrossRef]

Reyngold, M.; O'Reilly, E.M.; Varghese, A.M.; Fiasconaro, M.; Zinovoy, M.; Romesser, P.B.; Wu, A.; Hajj, C.; Cuaron, ].J;
Tuli, R.; et al. Association of ablative radiation therapy with survival among patients with inoperable pancreatic cancer. JAMA
Oncol. 2021, 7, 735-738. [CrossRef] [PubMed]

Colbert, L.E.; Moningi, S.; Chadha, A.; Amer, A.; Lee, Y.; Wolff, R.A.; Varadhachary, G.; Fleming, J.; Katz, M.; Das, P; 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. [CrossRef] [PubMed]

Zhu, X; Ju, X,; Cao, Y,; Shen, Y.; Cao, F; Qing, S.; Fang, F.; Jia, Z.; Zhang, H. Patterns of Local Failure after Stereotactic Body
Radjiation Therapy and Sequential Chemotherapy as Initial Treatment for Pancreatic Cancer: Implications of Target Volume
Design. Int. ]. Radiat. Oncol. Biol. Phys. 2019, 104, 101-110. [CrossRef]


http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.6004/jnccn.2010.0073
http://doi.org/10.1016/j.hoc.2022.06.002
http://www.ncbi.nlm.nih.gov/pubmed/36154787
http://doi.org/10.1080/08941939.2022.2129884
http://www.ncbi.nlm.nih.gov/pubmed/36191926
http://doi.org/10.1259/bjr.20201397
http://www.ncbi.nlm.nih.gov/pubmed/33684308
http://doi.org/10.1001/jama.2016.4324
http://doi.org/10.1186/s13014-019-1309-x
http://doi.org/10.1016/j.ijrobp.2015.12.003
http://doi.org/10.1002/cncr.29161
http://doi.org/10.1080/0284186X.2017.1342863
http://doi.org/10.1097/JTO.0b013e318074de34
http://www.ncbi.nlm.nih.gov/pubmed/17603311
http://doi.org/10.1177/1533033820904447
http://www.ncbi.nlm.nih.gov/pubmed/32336255
http://doi.org/10.5603/RPOR.a2021.0013
http://doi.org/10.1001/jamaoncol.2021.0057
http://www.ncbi.nlm.nih.gov/pubmed/33704353
http://doi.org/10.1016/j.adro.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29114609
http://doi.org/10.1016/j.ijrobp.2019.01.075

Cancers 2022, 14, 5725 13 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kharofa, J.; Mierzwa, M.; Olowokure, O.; Sussman, J.; Latif, T.; Gupta, A.; Xie, C.; Patel, S.; Esslinger, H.; McGill, B.; et al.
Pattern of Marginal Local Failure in a Phase II Trial of Neoadjuvant Chemotherapy and Stereotactic Body Radiation Therapy for
Resectable and Borderline Resectable Pancreas Cancer. Am. J. Clin. Oncol. 2019, 42, 247-252. [CrossRef]

Koay, E.J.; Hanania, A.N.; Hall, W.A.; Taniguchi, C.M.; Rebueno, N.; Myrehaug, S.; Aitken, K.L.; Dawson, L.A.; Crane, C.H.;
Herman, J.M.; et al. Dose-Escalated Radiation Therapy for Pancreatic Cancer: A Simultaneous Integrated Boost Approach. Pract.
Radiat. Oncol. 2020, 10, e495-e507. [CrossRef]

Parisi, S.; Ferini, G.; Cacciola, A.; Lillo, S.; Tamburella, C.; Santacaterina, A.; Bottari, A.; Brogna, A.; Ferrantelli, G,;
Pontoriero, A.; et al. A non-surgical COMBO-therapy approach for locally advanced unresectable pancreatic adenocarcinoma:
Preliminary results of a prospective study. Radiol. Med. 2022, 127, 214-219. [CrossRef]

Rudra, S.; Jiang, N.; Rosenberg, S.A.; Olsen, J.R.; Roach, M.C.; Wan, L.; Portelance, L.; Mellon, E.A.; Bruynzeel, A,
Lagerwaard, F; et al. Using adaptive magnetic resonance image-guided radiation therapy for treatment of inoperable pancreatic
cancer. Cancer Med. 2019, 8, 2123-2132. [CrossRef]

Parikh, M.D.C.P].,; Lee, P; Low, D.; Kim, J.; Mittauer, K.E.; Bassetti, M.E; Glide-Hurst, C.; Raldow, A.; Yang, Y,
Portelance, L.; et al. Stereotactic MR-Guided On-Table Adaptive Radiation Therapy (SMART) for Patients with Border-
line or Locally Advanced Pancreatic Cancer: Primary Endpoint Outcomes of a Prospective Phase II Multi-Center International
Trial. Int. ]. Radiat. Oncol. Biol. Phys. 2022, 114, 1062-1063. [CrossRef]

Hassanzadeh, C.; Rudra, S.; Bommireddy, A.; Hawkins, W.G.; Wang-Gillam, A.; Fields, R.C.; Cai, B.; Park, J.; Green, O;
Roach, M; et al. Ablative Five-Fraction Stereotactic Body Radiation Therapy for Inoperable Pancreatic Cancer Using Online
MR-Guided Adaptation. Adv. Radiat. Oncol. 2021, 6, 100506. [CrossRef]

Chuong, M.D.; Bryant, J.; Mittauer, K.E.; Hall, M.; Kotecha, R.; Alvarez, D.; Romaguera, T.; Rubens, M.; Adamson, S.;
Godley, A.; et al. Ablative 5-Fraction Stereotactic Magnetic Resonance-Guided Radiation Therapy With On-Table Adaptive
Replanning and Elective Nodal Irradiation for Inoperable Pancreas Cancer. Pract. Radiat. Oncol. 2021, 11, 134-147. [CrossRef]
Kim, H.; Olsen, J.R.; Green, O.L.; Chin, R.; Hawkins, W.G.; Fields, R.C.; Hammill, C.; Doyle, M.B.; Chapman, W.; Suresh, R.; et al.
MR-guided radiation therapy with concurrent gemcitabine/nab-paclitaxel chemotherapy in inoperable pancreatic cancer: A
TITE-CRM phase I trial. Int. ]. Radiat. Oncol. Biol. Phys. 2022. [CrossRef] [PubMed]

Parikh, P.; Low, D.; Green, O.L.; Lee, PP. Stereotactic MR-guided on-table adaptive radiation therapy (SMART) for locally
advanced pancreatic cancer. J. Clin. Oncol. 2020, 38 (Suppl. S4), TPS786. [CrossRef]

Locally Advanced Pancreatic Cancer Treated with ABLAtivE Stereotactic MRI- guided Adaptive Radiation Therapy (LAP-
ABLATE). Clinicaltrials.gov p. NCT05585554.

Takatori, K.; Terashima, K.; Yoshida, R.; Horai, A.; Satake, S.; Ose, T.; Kitajima, N.; Kinoshita, Y.; Demizu, Y.; Fuwa, N. Upper
gastrointestinal complications associated with gemcitabine-concurrent proton radiotherapy for inoperable pancreatic cancer. J.
Gastroenterol. 2014, 49, 1074-1080. [CrossRef] [PubMed]

Hiroshima, Y.; Fukumitsu, N.; Saito, T.; Numajiri, H.; Murofushi, K.N.; Ohnishi, K.; Nonaka, T.; Ishikawa, H.; Okumura, T.;
Sakurai, H. Concurrent chemoradiotherapy using proton beams for unresectable locally advanced pancreatic cancer. Radiother.
Oncol. 2019, 136, 37-43. [CrossRef]

Kim, T.H.; Lee, W.J.; Woo, S.M.; Oh, E.S.; Youn, S.H.; Jang, H.Y,; Han, S.S.; Park, S.J.; Suh, Y.G.; Moon, S.H.; et al. Efficacy and
feasibility of proton beam radiotherapy using the simultaneous integrated boost technique for locally advanced pancreatic cancer.
Sci. Rep. 2020, 10, 21712. [CrossRef]

Kawashiro, S.; Yamada, S.; Okamoto, M.; Ohno, T.; Nakano, T.; Shinoto, M.; Shioyama, Y.; Nemoto, K.; Isozaki, Y.; Tsuji, H.; 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. J. Radiat. Oncol. Biol. Phys. 2018, 101, 1212-1221. [CrossRef]

Wolfe, A.R.; Williams, T.M. Altering the response to radiation: Radiosensitizers and targeted therapies in pancreatic ductal
adenocarcinoma: Preclinical and emerging clinical evidence. Ann. Pancreat. Cancer 2020, 1, 26. [CrossRef]

Wishart, G.; Gupta, P.; Nisbet, A.; Schettino, G.; Velliou, E. On the evaluation of a novel hypoxic 3d pancreatic cancer model as a
tool for radiotherapy treatment screening. Cancers 2021, 13, 6080. [CrossRef] [PubMed]

Jiang, Y.; Mackley, H.B.; Kimchi, E.T.; Zhu, ].; Gusani, N.; Kaifi, J.; Staveley-O’Carroll, K.F,; Belani, C.P. Phase I dose escalation
study of capecitabine and erlotinib concurrent with radiation in locally advanced pancreatic cancer. Cancer Chemother. Pharmacol.
2014, 74, 205-210. [CrossRef] [PubMed]

Crane, C.H.; Varadhachary, G.R; Yordy, ].S.; Staerkel, G.A.; Javle, M.M.; Safran, H.; Haque, W.; Hobbs, B.D.; Krishnan, S.; Fleming,
J.B.; et al. Phase II trial of cetuximab, gemcitabine, and oxaliplatin followed by chemoradiation with cetuximab for locally
advanced (T4) pancreatic adenocarcinoma: Correlation of Smad4(Dpc4) immunostaining with pattern of disease progression. J.
Clin. Oncol. 2011, 29, 3037-3043. [CrossRef] [PubMed]

Liermann, J.; Munter, M.; Naumann, P.; Abdollahi, A.; Krempien, R.; Debus, J. Cetuximab, gemcitabine and radiotherapy in
locally advanced pancreatic cancer: Long-term results of the randomized controlled phase II PARC trial. Clin. Transl. Radiat.
Oncol. 2022, 34, 15-22. [CrossRef] [PubMed]

Cuneo, K.C.; Morgan, M.A.; Sahai, V.; Schipper, M.].; Parsels, L.A.; Parsels, ].D.; Devasia, T.; Al-Hawaray, M.; Cho, C.S,;
Nathan, H.; et al. Dose escalation trial of the WEE1 inhibitor adavosertib (AZD1775) in combination with gemcitabine and
radiation for patients with locally advanced pancreatic cancer. J. Clin. Oncol. 2019, 37, 2643-2650. [CrossRef]


http://doi.org/10.1097/COC.0000000000000518
http://doi.org/10.1016/j.prro.2020.01.012
http://doi.org/10.1007/s11547-021-01441-w
http://doi.org/10.1002/cam4.2100
http://doi.org/10.1016/j.ijrobp.2022.09.010
http://doi.org/10.1016/j.adro.2020.06.010
http://doi.org/10.1016/j.prro.2020.09.005
http://doi.org/10.1016/j.ijrobp.2022.07.015
http://www.ncbi.nlm.nih.gov/pubmed/35878713
http://doi.org/10.1200/JCO.2020.38.4_suppl.TPS786
http://doi.org/10.1007/s00535-013-0857-3
http://www.ncbi.nlm.nih.gov/pubmed/23846547
http://doi.org/10.1016/j.radonc.2019.03.012
http://doi.org/10.1038/s41598-020-78875-1
http://doi.org/10.1016/j.ijrobp.2018.04.057
http://doi.org/10.21037/apc.2018.08.02
http://doi.org/10.3390/cancers13236080
http://www.ncbi.nlm.nih.gov/pubmed/34885188
http://doi.org/10.1007/s00280-014-2488-7
http://www.ncbi.nlm.nih.gov/pubmed/24908435
http://doi.org/10.1200/JCO.2010.33.8038
http://www.ncbi.nlm.nih.gov/pubmed/21709185
http://doi.org/10.1016/j.ctro.2022.03.003
http://www.ncbi.nlm.nih.gov/pubmed/35300246
http://doi.org/10.1200/JCO.19.00730

Cancers 2022, 14, 5725 14 of 15

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Tuli, R.; Shiao, S.L.; Nissen, N.; Tighiouart, M.; Kim, S.; Osipov, A.; Bryant, M.; Ristow, L.; Placencio-Hickok, V.; Hoffman, D.; et al.
A phase 1 study of veliparib, a PARP-1/2 inhibitor, with gemcitabine and radiotherapy in locally advanced pancreatic cancer.
EBioMedicine 2019, 40, 375-381. [CrossRef]

Lin, C; Verma, V,; Ly, Q.P,; Lazenby, A.; Sasson, A.; Schwarz, ].K.; Meza, ].L.; Are, C.; Li, S.; Wang, S.; et al. Phase I trial of concur-
rent stereotactic body radiotherapy and nelfinavir for locally advanced borderline or unresectable pancreatic adenocarcinoma.
Radiother. Oncol. 2019, 132, 55-62. [CrossRef]

Hoffe, S.; Frakes, ].M.; Aguilera, T.A.; Czito, B.; Palta, M.; Brookes, M.; Schweizer, C.; Colbert, L.; Moningi, S.; Bhutani, M.S.; et al.
Randomized, Double-Blinded, Placebo-controlled Multicenter Adaptive Phase 1-2 Trial of GC 4419, a Dismutase Mimetic, in
Combination with High Dose Stereotactic Body Radiation Therapy (SBRT) in Locally Advanced Pancreatic Cancer (PC). Int. ].
Radiat. Oncol. Biol. Phys. 2020, 108, 1399-1400. [CrossRef]

Zhu, X,; Cao, Y.; Liu, W.; Ju, X.; Zhao, X.; Jiang, L.; Ye, Y.; Jin, G.; Zhang, H. Stereotactic body radiotherapy plus pembrolizumab
and trametinib versus stereotactic body radiotherapy plus gemcitabine for locally recurrent pancreatic cancer after surgical
resection: An open-label, randomised, controlled, phase 2 trial. Lancet Oncol. 2022, 23, e105-e115. [CrossRef]

Zheng, L. Study with CY, Pembrolizumab, GVAX, and SBRT in Patients With Locally Advanced Pancreatic Cancer. Clinical-
Trials.gov NCT02648282. Available online: https://clinicaltrials.gov/ct2/show /NCT02648282?term=NCT02648282&rank=1
(accessed on 1 July 2022).

Bloomston, M. Neoadjuvant GMCI Plus mFOLFIRINOX and Chemoradiation for Non-Metastatic Pancreatic Adenocarcinoma.
Clinicaltrials.Gov, p. NCT02446093. Available online: https://clinicaltrials.gov/show /NCT02446093 (accessed on 1 July 2022).
Greten, T. Inmune Checkpoint Inhibition in Combination with Radiation Therapy in Pancreatic Cancer or Biliary Tract Cancer
Patients—Full Text View—ClinicalTrials.gov. Clinicaltrials.gov, p. NCT02311361. Available online: https:/ /clinicaltrials.gov /ct2
/show /NCT02866383?term=NCT02866383&draw=2&rank=1 (accessed on 1 July 2022).

Versteijne, E.; Vogel, ]J.A.; Besselink, M.G.; Busch, O.R.C.; Wilmink, ].W.; Daams, J.G.; van Eijck, C.H.J.; Koerkamp, B.G;
Rasch, C.R.N.; van Tienhoven, G. Meta-analysis comparing upfront surgery with neoadjuvant treatment in patients with
resectable or borderline resectable pancreatic cancer. Br. ]. Surg. 2018, 105, 946-958. [CrossRef]

Merkow, R.P; Bilimoria, K.Y.; Tomlinson, J.S.; Paruch, J.L.; Fleming, J.B.; Talamonti, M.S.; Ko, C.Y.; Bentrem, D.J. Postoperative
complications reduce adjuvant chemotherapy use in resectable pancreatic cancer. Ann. Surg. 2014, 260, 372-377. [CrossRef]
[PubMed]

Jang, ].-Y.; Han, Y,; Lee, H.; Kim, S.-W.; Kwon, W.; Lee, K.-H.; Oh, D.-Y.; Chie, EK.; Lee, ] M.; Heo, ].S.; et al. Oncological Benefits
of Neoadjuvant Chemoradiation With Gemcitabine Versus Upfront Surgery in Patients With Borderline Resectable Pancreatic
Cancer: A Prospective, Randomized, Open-label, Multicenter Phase 2/3 Trial. Ann. Surg. 2018, 268, 215-222. [CrossRef] [PubMed]
Versteijne, E.; Suker, M.; Groothuis, K.; Akkermans-Vogelaar, ].M.; Besselink, M.G.; Bonsing, B.A.; Buijsen, J.; Busch, O.R,;
Creemers, G.J.M.; van Dam, R.M.; et al. Preoperative Chemoradiotherapy versus Immediate Surgery for Resectable and
Borderline Resectable Pancreatic Cancer: Results of the Dutch Randomized Phase IIIl PREOPANC Trial. J. Clin. Oncol. 2020, 38,
1763-1773. [CrossRef] [PubMed]

Pietrasz, D.; Turrini, O.; Vendrely, V.; Simon, ].M.; Hentic, O.; Coriat, R.; Portales, F.; le Roy, B.; Taieb, J.; Regenet, N.; et al. How
Does Chemoradiotherapy Following Induction FOLFIRINOX Improve the Results in Resected Borderline or Locally Advanced
Pancreatic Adenocarcinoma? An AGEO-FRENCH Multicentric Cohort. Ann. Surg. Oncol. 2019, 26, 109-117. [CrossRef] [PubMed]
Cloyd, ].M.; Heh, V,; Pawlik, TM.; Ejaz, A.; Dillhoff, M.; Tsung, A.; Williams, T.; Abushahin, L.; Bridges, J.EP,; Santry, H.
Neoadjuvant Therapy for Resectable and Borderline Resectable Pancreatic Cancer: A Meta-Analysis of Randomized Controlled
Trials. J. Clin. Med. 2020, 9, 1129. [CrossRef] [PubMed]

Conroy, T.; Desseigne, E.; Ychou, M.; Bouché, O.; Guimbaud, R.; Bécouarn, Y.; Adenis, A.; Raoul, J.-L.; Gourgou-Bourgade, S.;
de la Fouchardiere, C.; et al. FOLFIRINOX versus Gemcitabine for Metastatic Pancreatic Cancer. N. Engl. |. Med. 2011, 364,
1817-1825. [CrossRef]

Katz, M.H.G.; Shi, Q.; Meyers, J.; Herman, ].M.; Chuong, M.; Wolpin, B.M.; Ahmad, S.; Marsh, R.; Schwartz, L.; Behr, S.; et al.
Efficacy of Preoperative mFOLFIRINOX vs mFOLFIRINOX Plus Hypofractionated Radiotherapy for Borderline Resectable
Adenocarcinoma of the Pancreas: The A021501 Phase 2 Randomized Clinical Trial. JAMA Oncol. 2022, 8, 1263-1270. [CrossRef]
Katz, M.H.G.; Shi, Q.; Ahmad, S.A.; Herman, ].M.; Marsh, R.D.; Collisson, E.; Schwartz, L.; Frankel, W.; Martin, R.; Conway, W.;
et al. Preoperative Modified FOLFIRINOX Treatment Followed by Capecitabine-Based Chemoradiation for Borderline Resectable
Pancreatic Cancer: Alliance for Clinical Trials in Oncology Trial A021101. JAMA Surg. 2016, 151, e161137. [CrossRef]

Janssen, Q.P; van Dam, J.L.; Bonsing, B.A.; Bos, H.; Bosscha, K.P; Coene, PP.L.O.; van Eijck, C.H]J.; de Hingh, LH.J.T,;
Karsten, T.M.; van der Kolk, M.B.; et al. Total neoadjuvant FOLFIRINOX versus neoadjuvant gemcitabine-based chemoradiother-
apy and adjuvant gemcitabine for resectable and borderline resectable pancreatic cancer (PREOPANC-2 trial): Study protocol for
a nationwide multicenter randomized controlled trial. BMC Cancer 2021, 21, 7094. [CrossRef]

Ghaneh, P;; Palmer, D.; Cicconi, S. ESPAC-5F: Four-arm, prospective, multicenter, international randomized phase II trial of im-
mediate surgery compared with neoadjuvant gemcitabine plus capecitabime (GEMCAP) or FOLFIRINOX or chemoradiotherapy
(CRT) in patients with borderline resectable pan. J. Clin. Oncol. 2019, 38, 4505. [CrossRef]

Rahma, O.; Katz, M.; Bauer, T. Randomized Multicenter Study of Neoadjuvant Chemoradiation Therapy (CRT) Alone or in
Combination with Pembrolizumab in Patients with Resectable or Borderline Resectable Pancreatic Cancer. J. Immunother. Cancer
2021, 9 (Suppl. S2). [CrossRef]


http://doi.org/10.1016/j.ebiom.2018.12.060
http://doi.org/10.1016/j.radonc.2018.11.002
http://doi.org/10.1016/j.ijrobp.2020.09.022
http://doi.org/10.1016/S1470-2045(22)00066-3
https://clinicaltrials.gov/ct2/show/NCT02648282?term=NCT02648282&rank=1
https://clinicaltrials.gov/show/NCT02446093
https://clinicaltrials.gov/ct2/show/NCT02866383?term=NCT02866383&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT02866383?term=NCT02866383&draw=2&rank=1
http://doi.org/10.1002/bjs.10870
http://doi.org/10.1097/SLA.0000000000000378
http://www.ncbi.nlm.nih.gov/pubmed/24374509
http://doi.org/10.1097/SLA.0000000000002705
http://www.ncbi.nlm.nih.gov/pubmed/29462005
http://doi.org/10.1200/JCO.19.02274
http://www.ncbi.nlm.nih.gov/pubmed/32105518
http://doi.org/10.1245/s10434-018-6931-6
http://www.ncbi.nlm.nih.gov/pubmed/30362063
http://doi.org/10.3390/jcm9041129
http://www.ncbi.nlm.nih.gov/pubmed/32326559
http://doi.org/10.1056/NEJMoa1011923
http://doi.org/10.1001/jamaoncol.2022.2319
http://doi.org/10.1001/jamasurg.2016.1137
http://doi.org/10.1186/s12885-021-08031-z
http://doi.org/10.1200/JCO.2020.38.15_suppl.4505
http://doi.org/10.1136/jitc-2021-SITC2021.960

Cancers 2022, 14, 5725 15 of 15

57.

58.

Slinguff, C. Safety and Immunological Effect of Pembrolizumab in Resectable or Borderline Resectable Pancreatic Cancer.
Clinicaltrials.Gov, p. NCT02305186. Available online: https://clinicaltrials.gov/show /NCT02305186 (accessed on 1 July 2022).
Laheru, D. GVAX Pancreas Vaccine (with CY) in Combination With Nivolumab and SBRT for Patients With Borderline Resectable
Pancreatic Cancer Clinicaltrials.gov, p. NCT03161379. Available online: https://clinicaltrials.gov/ct2/show /NCT03161379?id=
NCT01072981+OR+NCT03778879+OR+NCT03114631+OR+NCT03165591+OR+NCT00795977+OR+NCT03180437+OR+NCTO0
2929797+0OR+NCT03891979+0OR+NCT03323944+OR+NCT04157127+OR+NCT03267173+OR+NCT00003780+OR+NCT0000302
5+OR+NCT000034 (accessed on 1 July 2022).


https://clinicaltrials.gov/show/NCT02305186
https://clinicaltrials.gov/ct2/show/NCT03161379?id=NCT01072981+OR+NCT03778879+OR+NCT03114631+OR+NCT03165591+OR+NCT00795977+OR+NCT03180437+OR+NCT02929797+OR+NCT03891979+OR+NCT03323944+OR+NCT04157127+OR+NCT03267173+OR+NCT00003780+OR+NCT00003025+OR+NCT000034
https://clinicaltrials.gov/ct2/show/NCT03161379?id=NCT01072981+OR+NCT03778879+OR+NCT03114631+OR+NCT03165591+OR+NCT00795977+OR+NCT03180437+OR+NCT02929797+OR+NCT03891979+OR+NCT03323944+OR+NCT04157127+OR+NCT03267173+OR+NCT00003780+OR+NCT00003025+OR+NCT000034
https://clinicaltrials.gov/ct2/show/NCT03161379?id=NCT01072981+OR+NCT03778879+OR+NCT03114631+OR+NCT03165591+OR+NCT00795977+OR+NCT03180437+OR+NCT02929797+OR+NCT03891979+OR+NCT03323944+OR+NCT04157127+OR+NCT03267173+OR+NCT00003780+OR+NCT00003025+OR+NCT000034
https://clinicaltrials.gov/ct2/show/NCT03161379?id=NCT01072981+OR+NCT03778879+OR+NCT03114631+OR+NCT03165591+OR+NCT00795977+OR+NCT03180437+OR+NCT02929797+OR+NCT03891979+OR+NCT03323944+OR+NCT04157127+OR+NCT03267173+OR+NCT00003780+OR+NCT00003025+OR+NCT000034

	Introduction 
	Materials and Methods 
	Results 
	Locally Advanced Pancreatic Cancer 
	Advances in Radiation Therapy Technique to Allow for Dose Escalation 
	Advances in Systemic Therapy for Improved Radiosensitization 

	Resectable and Borderline Resectable Pancreatic Cancer 

	Limitations 
	Conclusions 
	References

