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Introduction

Borderline resectable pancreatic cancer (BRPC) is defined 
as pancreatic ductal adenocarcinoma (PDAC) in contact 
with vascular structures, unfavorable tumor biology 
including subclinical metastatic disease, or in a patient 
with poor performance status (1). The role of radiation 
therapy (RT) for BRPC continues to evolve. As advances in 
chemotherapy have improved control of systemic disease in 
BRPC, there is an increased need to control local disease 

through the use of RT in conjunction with surgery. Further, 
a proportion of patients die of local disease recurrence, 
which can be mitigated by incorporating radiation into 
the treatment regimen. Surgery remains the only cure for 
pancreatic cancer. Thus, in BRPC patients, every effort 
should be made to achieve a margin negative resection. 
Neoadjuvant therapy (NAT) has the advantage of treating 
micrometastatic disease upfront to allow for better patient 
selection prior to radical surgery, as well as to downstage 
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patients and improve margin-negative resections, which 
are associated with superior outcomes for patients. In this 
paper, we explore the evolution of treatment approaches for 
BRPC (Figure 1).

Adjuvant radiation for pancreatic cancer

Since surgery is considered the only cure for PDAC, 
early investigations into pancreatic cancer treatments 
focused on the delivery of adjuvant therapy after upfront 
surgical resection for all patients with PDAC. Several trials 
clearly established a benefit to adjuvant chemotherapy 
over surgery alone for these patients, while the role of 
chemoradiotherapy (CRT) is less clear (2-6). It should be 
noted, however, that the early studies of CRT for pancreatic 
cancer used outdated techniques, varying dose schemas, and 
failed to employ strict quality assurance, which has been 
shown to impact patient outcomes (5,7). 

Studies have shown that adequate systemic therapy to 
control metastatic disease is critical to improving survival of 

patients with pancreatic cancer and recent trials have clearly 
demonstrated the superiority of multi-agent systemic 
therapy for patients over single-agent chemotherapy 
alone, as was used in early trials of CRT (4,5). The GI-
PRODIGE trial established mFOLFIRINOX as the 
standard of care chemotherapy regimen given a superior 
median overall survival (OS) of 53.5 vs. 35.5 months 
and 5-year OS of 43.2% vs. 31.4% when compared to 
gemcitabine plus capecitabine (8,9). However, up to one-
third of patients develop local recurrence (LR) following 
adjuvant chemotherapy alone and thus there may also be a 
role for RT in the adjuvant setting with modern radiation 
therapy techniques and adequate systemic therapy (8). Once 
published, the two-step randomization trial NRG/RTOG 
0848 may shed further light on the question of adjuvant 
RT using modern techniques with intensity-modulated 
radiation therapy (IMRT), although the trial notably does 
not employ mFOLFIRINOX (10). In step 1 of NRG/
RTOG 0848 randomization, the addition of erlotinib to 
gemcitabine did not provide an OS benefit with a median 

Figure 1 Timeline depicting the past, present and future trials in the management of borderline resectable pancreatic cancer. GISTG, 
Gastrointestinal Tumor Study Group; CRT, chemoradiotherapy; PC, pancreatic cancer; RT, radiation therapy; 5-FU, 5-fluorouracil; 
EORTC, European Organization for Research and Treatment of Cancer; RTOG, Radiation Therapy Oncology Group; OS, overall survival; 
QA, quality assurance; ESPAC, The European Study Group for Pancreatic Cancer; IMRT,  intensity-modulated radiation therapy; BRPC, 
borderline resectable pancreatic cancer; SBRT, stereotactic body radiation therapy; CHT, chemotherapy; LAPC, locally advanced pancreatic 
cancer; NAT, neoadjuvant therapy.
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survival of 29.9 months using gemcitabine and 28.1 months 
with the addition of erlotinib (P=0.62) (10).

Studies of upfront surgery alone for pancreatic 
cancer demonstrate relatively high rates of margin 
positive resections, mostly due to the retroperitoneal 
margin, which is challenging to clear surgically due to 
the presence of vasculature in this area (11,12). Margin-
positive resections have been associated with poorer 
outcomes for patients, even when adjuvant treatments 
such as those discussed above are delivered. Gnerlich et al. 
reported median OS of 16.4 months for margin positive 
resections vs. 21.7 months for margin negative (P=0.01) 
and Fatima et al. reported similar findings with median 
OS of 19 vs. 15 vs. 10 months for margin negative (R0), 
margin positive (R1), and gross tumor left (R2) resections 
(11,12). In an effort to improve resectability for patients, 
there has been an emphasis on increased scrutiny in 
determining which patients are at elevated risk of having 
incomplete resections, so that this risk can be addressed 
preoperatively. In 2006, a distinct subgroup of patients 
with BRPC was identified by the National Comprehensive 
Cancer Network (NCCN) Guidelines as a distinct 
entity and a consensus was reached on its definition in  
2017 (1). The definition of BRPC is predicated on three 
distinct entities: (I) anatomy (tumors in contact with 
vascular structures including arterial and venous specific 
definitions: celiac axis, superior mesenteric artery less than 
180 degrees and common hepatic artery contact allowing for 
safe resection and reconstruction; superior mesenteric vein 
and portal vein >180 degrees); (II) tumor biology (suspicion 
of metastatic disease that cannot be clinically proven); or (III) 
patient condition (those with poor functional status) (1). 

Since the identification of this subgroup of patients, there 
has been a shift from adjuvant to neoadjuvant therapies for 
BRPC patients. 

Neoadjuvant radiation for BRPC

There are a number of advantages to NAT over adjuvant 
therapy. These include treatment of micrometastatic disease, 
potential tumor downstaging, use of smaller radiation 
field size, clearance of surgical margins, and adherence/
maximization of chemotherapy (13-16). Neoadjuvant 
treatment provides a window for occult metastases to 
declare themselves, sparing patients with unfavorable disease 
from high-risk surgery. Further, only 40–60% of patients 
who undergo resection ultimately receive needed adjuvant 
therapy, which can be improved if treatment is delivered 

prior to surgery (17-20). Additionally, at least one quarter of 
patients undergoing upfront resection have positive margins 
(11,12). Neoadjuvant treatment can help decrease the rate of 
margin-positive resections, which are known to be associated 
with inferior outcomes. Taken together, the benefits of NAT 
may potentially improve OS for BRPC patients (15,21-25).  
Of note, identification of which patients would benefit 
most from neoadjuvant approaches is best determined in a 
multi-disciplinary setting given the challenges of adequately 
identifying BRPC patients using imaging alone. The optimal 
neoadjuvant regimen remains under active investigation and 
thus should also be discussed in a multi-disciplinary setting 
(Figure 2) (19,23,24,26,27). 

Early data to support neoadjuvant approaches for patients 
with BRPC were largely retrospective (28-30) and included 
a mixture of patients with resectable, borderline, and 
unresectable disease. A meta-analysis of trials comparing 
upfront surgery with neoadjuvant treatment for resectable 
and BRPC showed that NAT improved R0 resection, 
decreased the pathological nodal stage, and potentially 
improved OS (24). The only randomized controlled trials 
included in this meta-analysis were conducted in patients 
with resectable pancreatic cancer and failed to accrue (26,27).

More recently, prospective investigations into the role of 
NAT for patients with BRPC have shown better outcomes 
with careful patient selection and more intensive systemic 
regimens. A phase II prospective trial of 48 patients with 
BRPC underwent tailored RT following an initial course 
of FOLFIRINOX. Patients with complete response at the 
vasculature received short course RT (25 Gy in 5 fractions) 
and those with persistent vascular involvement underwent 
long course RT (50.4 Gy in 28 fractions with the vascular 
margin given 58.8 Gy in 28 fractions), both with concurrent 
chemotherapy (31). The R0 resection rate was high (97%) 
among patients undergoing resection. The 2-year PFS was 
also excellent at 43%, suggesting a benefit to neoadjuvant 
chemotherapy followed by CRT in patients with BRPC. 

A multi-institutional phase II/III South Korean study 
compared outcomes for BRPC patients given neoadjuvant 
CRT followed by surgery to surgery with adjuvant CRT (32). 
The trial aimed to enroll 110 patients but was terminated 
early. Of the 58 patients enrolled, 27 were included in the 
neoadjuvant CRT arm treated to 54 Gy with concurrent 
Gemcitabine followed by surgery, and 23 patients were in 
the upfront resection followed by adjuvant CRT arm. The 
trial was terminated early due to improved efficacy of the 
neoadjuvant approach compared to the adjuvant approach 
on interim analysis, in terms of rate of R0 resection 51.8% 
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vs. 26.1% (P=0.004), 2-year OS 40.7% vs. 26.1% (P=0.028) 
and median survival 21 vs. 12 months (P=0.028) (32). 
Additionally, the trial documents very poor adherence to 
post operative therapy with 13 out of 18 patients resected 
starting adjuvant therapy and only 6 patients completing 
adjuvant chemotherapy compared to 26 out of 27 completing 
neoadjuvant CRT prior to surgery (32).

The PREOPANC-1 trial randomized 246 patients 
with resectable or BRPC to three cycles of neoadjuvant 
gemcitabine CRT and four cycles adjuvant gemcitabine vs. 
surgery followed by six cycles of adjuvant gemcitabine (13).  

RT was delivered to 36 Gy in 15 fx with concurrent 
gemcitabine. This trial reported significantly improved 
R0 rate (71% vs. 40%) using the neoadjuvant approach 
and the updated report revealed a statistically significant 
improvement in OS in patients treated with NAT (13,14). 
In the predefined subgroup of patients with BRPC, OS, 
DFS, and locoregional failure-free survival, were all 
improved with neoadjuvant CRT with the subset of BRPC 
showing a hazard ratio (HR) of 0.67 (95% CI: 0.45–0.99, 
P=0.045) in favor of CRT. 

The PREOPANC-2 trial continues to explore neoadjuvant 

Figure 2 Example of a neoadjuvant treatment pathway with chemotherapy followed by consideration of radiation prior to surgery. 
Chemotherapy for 4 months with interval imaging to ensure no change in therapy needed. BRPC, borderline resectable pancreatic 
cancer; ECOG, Eastern Cooperative Oncology Group; MDR, multidisciplinary review with CT imaging prior; NAT, neoadjuvant 
therapy; RT, radiation therapy. 
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approaches for BRPC, using intensified chemotherapy. 
This trial compares neoadjuvant chemotherapy alone 
using FOLFIRINOX vs. neoadjuvant CRT and adjuvant 
chemotherapy (with single agent gemcitabine) (33). 
Unfortunately, since the systemic therapy used in the 
radiation arm is single-agent gemcitabine alone and not 
multi-agent chemotherapy, which is known to improve 
outcomes, the question regarding the optimal neoadjuvant 
approach may remain unanswered. The four-arm prospective 
multicenter phase II ESPAC-5F trial has also attempted to 
address the question of the optimal neoadjuvant approach for 
patients with BRPC. The trial compared upfront surgery to 
one of three neoadjuvant treatment arms (gemcitabine plus 
capecitabine vs. FOLFIRINOX vs. CRT to 50.4 Gy with 
concurrent capecitabine) (15). Again, given the lack of multi-
agent neoadjuvant systemic therapy in the CRT arm, the final 
results of this study when reported are unlikely to answer the 
question as to the optimal neoadjuvant approach. On interim 
analysis, the results overall favor a neoadjuvant approach over 
immediate surgery with 1-year OS 77% with NAT vs. 40% 
with immediate surgery (P<0.001). 

Stereotactic body radiation therapy (SBRT) is a safe 
alternative to conventionally fractionated RT for patients 
with pancreatic cancer and offers advantages including short 
treatment times, a higher biological effective dose (BED), 
reduced risk of lymphopenia, and minimal delays to starting 
chemotherapy (34). Early studies on SBRT were primarily 
for patients with locally advanced pancreatic cancer (LAPC) 
(35-39). Results from some of these early studies exploring 
the role of SBRT for LAPC showed that a subset of 
patients were ultimately able to undergo surgery following 
SBRT leading to investigations on the role of SBRT for 
patients with BRPC (40,41). In a study by Chuong et al., 
56% of BRPC ultimately were able to undergo resection 
and 96.9% of these were R0 resections (41). Patients who 
underwent surgery and were able to achieve an R0 resection 
had improved OS as compared to the patients who did not 
get surgery. A study from the group at Moffitt delivered 
SBRT to patients with LAPC and BRPC following systemic 
chemotherapy (40). Fifty-one percent of patients with 
BRPC who completed NAT were able to undergo surgery 
and of these, 96% achieved an R0 resection. Median OS was 
34.2 months for surgically resected patients vs. 14 months 
for unresected patients. Results from these early studies 
of SBRT for BRPC showed that about half of the patients 
who completed NAT without distant disease progression 
were able to ultimately undergo surgery and most of these 
resections were to negative margins. Survival was improved 

in patients undergoing surgery vs. those who did not have 
their cancers removed. 

The promising results of early work on SBRT led to the 
multicenter Alliance A021501 phase II clinical trial exploring 
the role of SBRT for BRPC. This study randomized BRPC 
patients to eight cycles of mFOLFIRINOX or seven cycles 
of mFOLFIRINOX followed by five fractions of SBRT. 
Of note, the goal of the study was to define the standard of 
care regimen for future phase III trials, and outcomes were 
compared to historical controls of OS of 50% at 18 months. 
Unfortunately, the SBRT arm was terminated at interim 
analysis after not having met the goal of 12 or more of the 
first 30 resections being R0 resection with R0 rate noted 
57% for chemotherapy alone vs. 33% for the arm including 
SBRT. The final results showed 18-month OS was 66.7% 
with chemotherapy alone and 47.3% with chemotherapy 
and SBRT with median OS was 29.8 and 17.1 months 
respectively (42). Notably, the SBRT arm had higher 
Cancer Antigen 19-9 (CA 19-9) levels at baseline, and these 
patients were randomized before starting induction chemo, 
which could account for the higher levels of progression 
and metastasis in the SBRT arm. Of note, in patients 
who underwent surgery, 18-month OS was more similar 
(87.5%; 95% CI: 70.0–95.1%) in the chemotherapy alone 
arm and 78.9% (95% CI: 53.2–91.5%) in the SBRT arm. 
Also of note, surgical pathology from this trial reported 
pathological complete response (pCR) and near pCR rates 
favoring neoadjuvant SBRT (42). Given conflicting results 
of the PREOPANC, South Korean study, and ALLIANCE 
trial, further and better timed (43) studies are needed to 
elucidate how to best select which patients are likely to 
benefit from neoadjuvant RT and subsequent surgery.

Radiation techniques 

Advances in radiation techniques have allowed the 
delivery of ablative radiation doses with increased safety 
and provide hopes of improving future outcomes. These 
advances, however, can lead to variable patient outcomes 
across trials employing different RT techniques, resulting 
in considerable debate on best practices given the lack 
of randomized data on the optimal mode of RT delivery. 
The increasing number of treatment modalities including 
IMRT, SBRT, stereotactic magnetic resonance (MR)-guided 
adaptive radiation therapy (SMART), and intraoperative 
radiation therapy (IORT) have added to the controversy. 
Improvements in target accuracy, motion-mitigation 
techniques, and faster treatment delivery have increased 
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the safety and efficacy of RT. Randomized trials have not 
uniformly mandated the use of many of these delivery 
techniques, but single institutional data and dosimetric 
studies provide early insights.

Motion mitigation is critical for the delivery of high dose 
treatment to the abdomen, where organs are in constant 
motion. Respiratory gating is frequently used to decrease 
setup margins and reduce dose to surrounding tissues such 
as the bowel (44). One of the drawbacks of respiratory gating 
is the decreased duty cycle of delivery. Because the beam is 
on for a fraction of the respiratory cycle (typically near end-
expiration), treatment time is often increased by a factor of 
three. Intensity-modulated flattening filter free beams can 
offset this increase in treatment time by utilizing the higher 
dose rates possible when the attenuating flattening filter is 
removed from the beam (45). In a Varian linear accelerator, 
dose rates more than double from 600 to 1,400 MU/min for 
a 6 MV beam and quadruple from 600 to 2,400 MU/min 
for a 10 MV beam. This combination of technologies allows 
for better motion mitigation without long treatment times. 
The GRECO-2 trial (NCT04698915) for unresectable or 
borderline resectable nonmetastatic pancreatic cancer, for 
example, utilizes SBRT and requires all patients to have 
some form of respiratory motion mitigation.

Meanwhile, MR-guided radiation therapy utilizes on-
board MR imaging to provide excellent soft tissue contrast 
in imaging used for initial patient setup, real-time target 
tracking and respiratory gating (46), and monitoring of 
changes due to treatment which can be used to estimate 
tumor response or adapt the treatment to target malignant 
tissue more accurately. SMART uses technological 
advancements in MR-guided radiation therapy for 
improved soft tissue contrast compared to CT-guided 
therapy. SMART further allows for real time intrafraction 
assessment of tumor and organ at risk (OAR) structures 
with on-table re-planning and automatic beam gating (47). 
Early data has demonstrated the safety of SMART with 
doses up to 50 Gy. Hassanzadeh et al. reported a 4.6% grade 
3 GI toxicity (2 duodenal ulcers) with 1-year local control 
of 84.3% with 93% of radiation plans reoptimized during 
the course of treatment (48). Chuong et al. showed 2.6% 
late grade 3 toxicity (one bleed—not requiring transfusions) 
with 1-year local control of 87.8%. Of note, elective 
nodal irradiation was also completed to 57.1% of patients, 
highlighting the safety of MR guidance for both gross and 
regional nodal disease outside of OARs (49). Though the 
majority of patients were unresectable in early reports on 
the use of SMART, a multi-institutional abstract reported 

the safety of SMART in a cohort of almost 30% BRPC (50). 
The use of MR-guided radiation therapy brings promise 
for the future of radiation therapy including bringing daily 
adaptive therapy to the forefront.

Though advancements in MR guidance have captured the 
headlines, improvements in conventional CT-based image 
guidance hold significant promise as well. Iterative cone-
beam CT reconstruction, for example, has substantially 
improved low contrast resolution compared to traditional 
filtered backprojection (51) and several studies are utilizing 
CT to identify radiomic biomarkers for local control and 
survival (52,53). Additionally, one should not ignore the 
significant difference in cost between a dedicated MR-
LINAC and the traditional C-Arm LINAC with kilovoltage 
on-board imaging. For many clinics, MR-LINACS are 
simply unaffordable and improvements in CT guidance 
provide hope for improving pancreatic cancer outcomes. 

An area of debate in treating patients with pancreatic 
cancer, including those with borderline resectable disease, 
has been treatment volumes. Historically, with conventional 
CRT, treatment volumes have included large margins 
usually incorporating nodal stations which provided greater 
coverage at the expense of potential toxicity. Although 
historically SBRT or ablative dose volumes were limited to 
gross tumor, the early closure of the Alliance trial with the 
success of PREOPANC with larger target volumes have 
ignited controversy on best practice. Further, given data 
on the benefit of elective nodal irradiation, the ideal target 
volume remains to be determined (54). Miller et al. reported 
in a matched propensity study that SBRT to 40 Gy to gross 
tumor with elective nodal irradiation to 25 Gy improved 
locoregional progression with control rates of 22.6% vs. 
44.6% (P=0.021) in favor of elective nodal irradiation vs. 
SBRT to tumor alone at the expense of increased (60% vs. 
20%, P<0.001) acute grade 1–2 nausea (54). Meanwhile, 
Chuong et al. as discussed noted SMART safety in a cohort 
that included 20 elective nodal irradiation patients (49). 
Currently, guidelines advise against elective nodal irradiation 
when using SBRT until there is further prospective evidence 
to support expanding SBRT volumes (55). 

There is considerable discussion on dose escalation 
in pancreatic cancer with goal of ablative radiation dose 
[biologically effective dose (BED10 ≥100 Gy)]. However, 
delivery of actual ablative doses is limited by nearby 
allowance of gastrointestinal OARs of duodenum, stomach, 
and small bowel. Dose escalated IMRT (DE-IMRT), CT-
guided SBRT, SMART, and IORT all provide potential 
avenues for dose escalation to ablative doses. Dose escalation 
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provides a potential avenue to downstage patients for 
resection, improve locoregional control, and offer complete 
pathological response. Ablative radiation therapy using dose 
painted approaches (56) could combine high dose treatment 
with coverage of elective nodal volumes, combining the 
potential benefits of both approaches in the event the 
patient is not surgically resected or explored. Additionally, 
the use of IORT after preoperative radiation therapy may 
be an attractive option for the delivery of ablative doses 
of radiation, though its use is limited by institutions that 
offer it as a therapeutic option. A recent series on IORT by 
Sekigami et al. reported on 201 (80 BRPC and 121 LAPC)  
patients treated with neoadjuvant FOLFIRINOX and 
chemoradiation (median dose: 50.4 Gy in 28 fractions) 
followed by surgical resection with or without IORT to  
10 Gy in 1 fraction. No difference was seen in post operative 
toxicity, DFS or OS between patients who had R0 and R1 
resections, suggesting that IORT may reduce the negative 
effect of an R1 resection (57). 

Conclusions

BRPC is a distinct entity within the spectrum of patients 
with pancreatic cancer. As NAT for patients with pancreatic 
cancer becomes increasingly utilized, the role of radiation 
continues to evolve. Existing data suggest a benefit of 
neoadjuvant CRT in appropriately selected patients. 
Technological advances have created a number of treatment 
options for patients with pancreatic cancer, but future 
studies are needed to determine how to integrate these 
more novel approaches in a multidisciplinary setting. 
Ongoing trials such as PREOPANC2 (EudraCT: 2017–
002036-17) and PRODIGE44 (NCT02676349) continue to 
incorporate radiation therapy in the treatment paradigm for 
these patients as the optimal role of radiation continues to 
be defined. Importantly, this is not an easy task, as clinical 
resectability does not always correlate with imaging, and 
therefore due to this imaging bias, a multi-disciplinary 
approach is vital in defining which patients have BRPC and 
in selection for neoadjuvant treatment.
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