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Introduction: For patients with locally advanced pancreatic cancer (LAPC), who are candidates for radiation therapy, dose-escalated
radiation therapy (RT) offers unique benefits over traditional radiation techniques. In this review, we present a historical perspective of
dose-escalated RT for LAPC. We also outline advances in SBRT delivery, one form of dose escalation and a framework for selecting
patients for treatment with SBRT.

Results: Techniques for delivering SBRT to patients with LAPC have evolved considerably, now allowing for dose-escalation and
superior respiratory motion management. At the same time, advancements in systemic therapy, particularly the use of induction
multiagent chemotherapy, have called into question which patients would benefit most from radiation therapy. Multidisciplinary
assessment of patients with LAPC is critical to guide management and select patients for local therapy. Results from ongoing trials will
establish if there is a role of dose-escalated SBRT after induction chemotherapy for carefully selected patients.

Conclusion: Patients with LAPC have more therapeutic options than ever before. Careful selection for SBRT may enhance patient
outcomes, pending the maturation of pivotal clinical trials.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) was estimated to affect more than 62,000 patients in 2022." Margin-negative
surgical resection is generally considered the only curative treatment for PDAC; however, due to the infiltrating nature of
the disease and relatively high proportion of patients who have distant metastasis at initial diagnosis, only 20% are
considered suitable for an up-front curative-intent operation. Furthermore, approximately 30% have locally advanced
PDAC (LAPC), a highly heterogeneous disease entity, anatomically characterized by locoregionally confined disease but
extensive arterial and/or venous involvement generally precluding an operation.” There is a need for innovation and
investigation to advance outcomes for this population.

American Society of Clinical Oncology (ASCO) and American Society for Radiation Oncology (ASTRO) consensus
guidelines suggest that there is limited evidence to support just one optimal treatment regimen for patients with LAPC;
patients should be offered trial participation.®* Both organizations suggest that treatment for most patients should begin with
systemic multiagent chemotherapy such as fluorouracil, leucovorin, irinotecan and oxaliplatin (FOLFIRINOX) or gemcita-
bine and nanoparticle albumin-bound paclitaxel (Gem/nab-Paclitaxel). After systemic therapy, there are conditional recom-
mendations for radiation therapy (RT) in patients who do not develop metastatic disease.* The lack of consensus
management stems from the nature of PDAC as a highly heterogeneous disease, competing evidence from large randomized
clinical trials and dynamic changes in the treatment landscape.”® Taking that into consideration, current evidence suggests
that RT can improve locoregional control, extend the systemic treatment-free interval, aid in the treatment and/or selection of
potential operative candidates, and palliate local symptoms.>®'° More recently, data has suggested favorable local control and
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overall survival (OS) in well-selected patients treated with RT to high biologically effective doses (BED), compared with
historical series utilizing conventional RT dose and fractionation schemes of 45-54 Gy in 1.8-2.0 Gy fractions.'' '3

Stereotactic body RT (SBRT) is a promising RT technique which leverages a combination of highly precise patient
immobilization, accurate image guidance, and respiratory motion management techniques to deliver a highly conformal-
dose distribution, enabling the safe delivery of higher doses per fraction while minimizing dose to adjacent structures.
SBRT is delivered in 5 fractions or less, over 1-2 weeks, thus providing the added advantage of improved patient
convenience and less time off of systemic therapy.'*

In this review, we present a historical perspective on the role of SBRT for LAPC, outline advances in SBRT delivery

and present a framework for selecting patients for treatment with SBRT.

Conventionally Fractionated (Chemo)Radiation for LAPC

Early clinical trials evaluating the role of conventionally fractionated chemoradiation (CRT) for LAPC suggested
improved OS with the use of RT.%”'> For example, the early Gastrointestinal Tumor Study Group (GITSG) trials,
which utilized a range of 40-60 Gy split course RT regimens, suggested improved OS with the use of CRT vs RT alone
or chemotherapy alone.”* Similarly, the Eastern Cooperative Oncology Group 4201 trial found a modest, 2-month,
median OS benefit for patients treated with CRT vs gemcitabine-based chemotherapy.'® Despite these improvements in
OS, most patients developed distant metastasis and ultimately died from PDAC.

The relevance of these findings in contemporary clinical practice is debatable, however, as current practice generally
involves the use of initial systemic therapy and interval re-assessment to help select for patients with a more favorable
disease biology who may then benefit from locally consolidative RT.>'” The initial The Groupe Coopérateur
Multidisciplinaire en Oncologie (GERCOR) trials supported this hypothesis and ultimately led to the development of the
LAPO7 trial, which randomized patients who did not progress after an initial 4-months of gemcitabine-based chemotherapy
to chemotherapy alone vs the addition of capecitabine-based CRT to a dose of 54 Gy in 30 fractions.™'® CRT was shown to
be associated with improved locoregional control and prolonged systemic therapy-free interval, but no improvement in OS.

It is notable, however, that even after careful “selection” of patients using an initial phase of gemcitabine chemother-
apy, 44-60% experienced distant metastatic progression. This led many to hypothesize that if systemic therapy could be
further optimized to gain better control of gross and/or occult distant disease, then the relative competing risks of
locoregional progression would increase and thereby further support the role of locoregional therapies.

In 2011, Conroy et al demonstrated that FOLFIRINOX was associated with improved objective response and OS when
compared with gemcitabine-alone for patients with metastatic PDAC."” Similarly, von Hoff et al demonstrated improved
objective response and OS with the use of Gem/nab-Paclitaxel compared with gemcitabine alone.?® These regimens were
then incorporated into the care of patients with LAPC and more recently have been demonstrated to improve PFS, objective
response, and OS, when compared to gemcitabine alone, amongst patients with locoregional disease.”' >

For patients with LAPC, the Chemoradiation Compared With Chemotherapy Alone After Induction Chemotherapy
(CONKO-007) trial utilized a regimen of initial FOLFIRINOX (77%) or gemcitabine (23%) and subsequently rando-
mized patients who did not have interval progression to continued chemotherapy or consolidative gemcitabine-based
conventionally fractioned CRT (50.4 Gy in 28 fractions).”* CRT was not associated with improved OS in the overall
cohort; however, it was associated with a higher rate of RO resection (50% versus 69%) in patients who ultimately
underwent a curative-intent operation. R0 resection and R0 circumferential resection margin of greater than 1 mm were
independently associated with improved survival. Subset analysis of the patients who proceeded with surgical resection
demonstrated that CRT was associated with notable improvement in 5-year survival, 13% versus 27%. Improvements in
these surgical surrogate outcomes, which are associated with survival, support consideration of consolidative CRT in
patients who do not progress after intensive induction chemotherapy.

Evolving Role of SBRT for LAPC

Contemporary application of SBRT or dose-escalated fractionated RT for this population provide benefits over the
LAPO7 and CONKO-007 approaches. Improvements in patient immobilization, respiratory motion management, image
guidance, and ultra-conformal radiotherapy delivery with intensity modulated RT or SBRT have enabled the safe delivery
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of higher total doses and dose per fraction of radiation, which are associated with improved local control while
maintaining safety. SBRT also has the benefit of improved patient convenience and decreasing time off of systemic
therapy by compressing the RT regimen from what used to be 5—6 weeks of daily RT to </= 5 fractions over 1-2 weeks.
Appreciation of the current role of SBRT for patients with LAPC, necessitates reflecting on the historical experiences,
evolution in systemic therapy, and advancements in treatment delivery.

Early SBRT Experience

Koong et al pioneered the initial studies of SBRT in PDAC. Their initial Phase I trial, which utilized a regimen of 25 Gy
in 1 fraction, garnered much enthusiasm for the possible applications of SBRT in treating various GI malignancies.*” The
study included 6 patients and at relatively short follow-up of 4.5 months; there was an early signal of efficacy with 100%
local control. Late toxicities that became evident with further follow-up and in subsequent trials ultimately tempered
enthusiasm for single fraction SBRT.?®

Early investigation of fractioned SBRT for LAPC was conducted by Hoyer et al, who treated 22 patients with 45 Gy
in 3 fractions.”” Delivering a lower dose per fraction, but higher overall dose, was thought to improve toxicity rates
(particularly late toxicity) without sacrificing local control. However, with several local failures and unacceptable
toxicity, the authors concluded that SBRT was not feasible for LAPC. This early skepticism about implementing
SBRT was likely colored by the limitations with intrafraction motion management and a more limited understanding
of dose-volume predictors of toxicity for organs at risk at that time.

Despite the initial suboptimal results, the early trials and cohorts of patients treated with SBRT for LAPC developed
a strong foundation of data to inform our understanding of PDAC dose response and tolerance of organs at risk with
respect to acute and late toxicity.’*® Mahadevan et al built upon these data and reported a risk-adapted approach to
delivering SBRT for LAPC.>'**> They delivered 24 Gy in 3 fractions to tumors abutting one-third or more of the
duodenum, 30 Gy in 3 fractions to tumors abutting the bowel in only one area, and 36 Gy in 3 fractions to tumors >3 mm
from the duodenum. They found that this approach (with or without induction chemotherapy) was safe with reasonable
efficacy compared to the contemporary data of conventional chemoradiotherapy.

A meta-analysis reported a pooled percentage of locoregional control at 1 year after SBRT of 72% (95% confidence
interval: 59-79%).* This estimate, along with other non-randomized studies, demonstrated comparable locoregional
control in patients treated with conventionally fractionated IMRT and SBRT.”'***37 Additionally, one meta-analysis
presented by Tchelebi et al demonstrated superior 2-year overall survival for patients receiving SBRT vs CRT (26.9% vs
13.7%) and lower risk of grade 3/4 toxicity (5.6% vs 37.7%).>” These results, however, should be interpreted with caution
because it is likely that selection criteria for SBRT trials favored patients with lower volume of disease and fewer involved
lymph nodes.

There has been a growing body of evidence supporting the use of SBRT and further guiding us on dose-response and
organ-at-risk dose-volume thresholds. Select prospective studies of SBRT from 2015 to 2023 are presented in Table 1.

SBRT Following Induction Chemotherapy

While there is still limited evidence to support the widespread use of RT, including SBRT, for patients with LAPC, there
is a consensus that multiagent chemotherapy should precede locoregional treatment with RT for the majority of
patients.** Induction chemotherapy allows for systemic disease control, tumor downstaging, and selection of patients
who might have a disease phenotype that may benefit from locoregional treatment (eg, those who do not develop early
metastatic disease). Some of the first series of SBRT for LAPC assessed upfront chemotherapy before selecting patients
for local therapy.*>*® These initial studies found that 17-30% of patients who are locally advanced at enrollment end up
developing metastases while on chemotherapy before receiving SBRT, matching the estimate (29.3%) from the GERCOR
Phase II and III studies.'” These patients are unlikely to have benefitted from locoregional treatment given their distant
progression while on systemic therapy. Induction gemcitabine prior to SBRT was also assessed in a Phase II trial of 60
patients (49 patients analyzed).*' The investigators did not explicitly require restaging after 3 weeks of gemcitabine, but
2 (4.1%) patients were excluded due to “rapid tumor progression”. One would expect that with planned restaging, more
patients would have been found to have progressed.

Clinical and Experimental Gastroenterology 2024:17 https: 215
Dove


https://www.dovepress.com
https://www.dovepress.com

Neibart et al Dove

Table | Select Prospective Studies of Stereotactic Body Radiation Therapy for Locally Advanced Pancreatic Cancer, 2015-2023

Publication Patients Dose, 12-Month Median Overall Toxicity Induction Chemotherapy Technology
Treated or Fractionation | Local Survival (95% CI)
Enrolled Control
Herman et al®>* 49 33 Gy, 78% (60-89) 13.9 months Acute: 2% Gemcitabine Variable
5 Fractions (10.2-16.7) Grade 2 2
Late: 11%
Grade 2 2
Comito et al*®® 45 45 Gy, 87% (NR) 13.0 months Acute: 29% | Variable IMRT
6 Fractions® (10.5-15.5) Grade 2 2
Late: 3%
Grade 2 2
Quan et al’’? 35 (16 LAPC, 19 | 36 Gy, 78% (53-95) 14.3 months Acute: 0% Gemcitabine + Capecitabine IMRT
BRPC) 3 Fractions for LAPC (10.8-16.9) for LAPC | Late: 0%
Liauw et al,>*® 15 3045 Gy, 80% (NR) 12.8 months (NR) Acute: 53% | Variable Variable
3 Fractions Grade 2 2
Late: 27%
Grade 2 2
Suker et al, 39 40 Gy, 80% (NR)? 18.0 months Acute: 10% | FOLFIRINOX Variable
Teriaca et al,>>38¢ 5 Fractions (13.2-21.5) Grade 2 3
Late: 3%
Grade 2 3
Parikh et al,**® 136 (77 LAPC, 50 Gy, 83% (NR) Not Reached Acute: 2% | FOLFIRINOX, Gemcitabine- SMART
59 BRPC) 5 Fractions Grade 2 3 based Doublet
Late: NR
Reyngold et al,**® | 24 33-37 Gy, 75% (NR)? 11.0 months (NR)? | Acute: 0% | Variable, mainly FOLFIRINOX, | IMRT
3 Fractions Grade 23 Gemcitabine-based Doublet
Late: 0%
Grade 23

Notes: *Time-to-event endpoints calculated from date of diagnosis or enrollment. ®Time-to-event endpoints calculated from date of end of SBRT. “Fraction (instead of <5
fraction) stereotactic treatment is not considered SBRT in the United States. “Estimated from Kaplan-Meier Curves. *Time-to-event endpoints calculated from date of start
of systemic therapy.  Reported an additional 7% “possibly related” Grade 23 toxicity.

Abbreviations: IMRT, Intensity-Modulated Radiation Therapy; NR, Not Reported; LAPC, Locally Advanced Pancreatic Cancer; BRPC, Borderline Resectable Pancreatic
Cancer; SMART, Stereotactic Magnetic Resonance-Guided Radiation Therapy.

While the initial results with induction gemcitabine were promising, there were other contemporary trials showing the
superiority of multiagent chemotherapy in the metastatic setting.'*?° With these data, practice patterns and prospective
studies began to shift in the LAPC setting, favoring aggressive induction chemotherapy before consideration of
RT.!34%42745 Importantly, intensification of chemotherapy was also paired with dose escalated SBRT, confounding
whether patient selection, chemotherapy advancements, or radiation doses were improving outcomes.

Suker et al presented the single-arm Phase II study of SBRT (40 Gy in 5 fractions) after induction FOLFIRINOX
(The LAPC-1 trial).*? They found a 1-year overall survival rate of 64% in the whole cohort (50 patients) vs 79% for
patients who received SBRT after induction chemotherapy (39 patients). When these data were updated in 2021, they
reported a median overall survival of 18 months for patients who received SBRT and 5 months in patients who did not.*®
The reason for forgoing SBRT after induction chemotherapy was toxicity on chemotherapy (5 of 11 patients) and
progression (6 of 11 patients).

Comito et al presented a Phase II study from Italy of 45 patients with LAPC who received 45 Gy in 6 fractions.*’
Freedom from local progression was 90% at 2 years, and median overall survival for the cohort was 13 months after
SBRT (19 months from the date of diagnosis). Thirty-two (72%) patients had received chemotherapy before enrollment;
while induction therapy was not part of the trial design, these patients had not progressed while on systematic therapy
because they still qualified as locally advanced at the time of enrollment.

Reyngold et al presented data from two parallel phase I studies of three fraction SBRT for LAPC.*® All 24 patients
had histologically confirmed LAPC that did not progress after 2 months of induction chemotherapy. Following a 3+3
design they allocated patients to receive 3 fraction SBRT at doses of 27, 30, and 33 Gy. They did not detect any grade >3
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toxicity or any reductions in quality-of-life scores at 3 and 6 months. The efficacy outcomes were also promising; the
two-year local failure rate and overall survival were 31.7% and 29.2%, respectively.

Dose-Escalated and Adaptive SBRT

Similar to the trends seen with fractionated RT, dose-response relationships have also been demonstrated for SBRT. After
the first studies of pancreatic SBRT had relatively high rates of acute and late toxicities, there was an understandable
caution in pursuing dose—escalation studies.””*® With improvements in tumor targeting through image-guidance,
ablative doses can now be delivered to gross disease without compromising tolerability.*” Zhu et al performed
a propensity-matched retrospective cohort study and identified that patients who received SBRT with a BED10 >70
Gy had a lower risk of solitary in-field and marginal progression compared to patients treated with BED10 between 60
and 70 Gy.”° While Zaorsky et al systematic review and meta-analysis failed to confirm this association between ablative
doses of SBRT and improved local control, there are other retrospective studies demonstrating this effect.>*-' Further,
a more contemporary meta-analysis by Mahadevan et al suggested a dose-response with 1-year local control of 79-86%
for doses of 30-36 Gy versus 70% for doses below 24 Gy (each in 3-fraction equivalent doses).>?

There has been a growing body of evidence suggesting that achieving an “ablative” biologic effective dose may be
associated with comparatively favorable outcomes regardless of fractionation scheme. In a pooled analysis of patients
treated with ablative doses of RT, there was no difference in outcomes in patients treated with SBRT (<5 fractions) vs
15-25 fraction regimens.'” Given emerging evidence of the benefit of dose-escalation, one might not necessarily
advocate for SBRT in patients whose anatomy precludes delivery of ablative doses.™

The proximity of PDAC to gastrointestinal luminal organs makes the safe delivery of dose-escalated RT challenging.
Recent advances such as MRI-guided SBRT with adaptive planning represent one intriguing approach to overcome this
challenge. Hassanzadeh et al reported a retrospective study of 44 patients treated with stereotactic magnetic resonance-
guided adaptive radiation therapy (SMART) to a target dose of 50 Gy in 5 fractions.”® Gross tumor abutted
a gastrointestinal luminal organ in 80% of patients, and 11% had gross tumor invasion. Despite this, they demonstrated
a 1-year local control rate of 84% and favorably low grade 2 and 3 adverse event rates of 7% and 5%, respectively.

Chuong et al presented the Miami Cancer Institute experience of induction chemotherapy before SMART.*® The vast
majority of patients received multiagent chemotherapy (93.6%). Then, patients received 40—50 Gy in 5 fractions (96.8%
of the cohort received 50 Gy). They reported impressive 1- and 2-year local control (93.8% and 87.7%, respectively) and
1- and 2-year overall survival (90.2% and 45.5%, respectively).

Parikh et al provided the first prospective evidence of SMART (delivering 50 Gy in 5 fractions) for LAPC and
BRPC.>** Across 13 sites, they recruited 136 patients (BRPC 59, LAPC 77) who were treated with at least 3 months of
induction chemotherapy. They demonstrated tolerability (2.2% grade 3+ toxicity probably related to SBRT) and
impressive 12-month and 18-month overall survival rates for the LAPC cohort (94.7% and 68.5%, respectively).
These data, consistent with others’ experiences, suggest that with careful patient selection, application of induction
chemotherapy, motion management, real-time image guidance, adaptive replanning, and prioritization of normal tissue

sparing, escalated RT doses may be safely delivered and are associated with favorable rates of local control. >0

SBRT to Bridge to Curative Intent Surgery
One proposed application of SBRT for LAPC, is the addition of SBRT to multiagent chemotherapy for patients who may be
potential operative candidates. One of the first studies to prospectively evaluate this strategy was conducted by Polistina
et al.*>® They treated patients with neoadjuvant gemcitabine followed by SBRT with a dose of 30 Gy in 3 fractions. After
SBRT patients continued gemecitabine until restaging 3 months later. They offered 5 (22%) patients exploratory surgery and
possible curative intent resection; 2 patients refused, and of the remaining 3 patients, 1 had evidence of disease on
peritoneal lavage. The 2 patients who underwent surgical resection successfully achieved an RO resection and survived 17
and 20 months, respectively, whereas the median survival for the whole cohort was 10.6 months.

There are mixed estimates of resection rates for patients with LAPC from prospective and retrospective studies. For
example, there were initially no resections reported in the Moffitt experience, but after it was updated in 2015, they found
a resection rate of 10%.°"-® Interestingly, these investigators found no difference in survival for patients with borderline
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resectable pancreatic cancer and LAPC, but they did demonstrate that patients who underwent surgical resection had
superior survival to those who did not. These data exemplify that while determining resectability upfront is critical to
patient counseling and treatment planning, restaging and reevaluating resectability after and during neoadjuvant therapy
is necessary to advance patient outcomes.

Another important trial that questions the role of SBRT for LAPC is the Alliance A021501 trial.>® The study
randomized patients with borderline resectable pancreatic cancer into two parallel arms: one group received 8 cycles
of FOLIFRINOX and the other received 7 cycles of FOLFIRINOX followed by SBRT. The study was designed to
independently assess the 18-month overall survival of each arm compared to a historical control of 50% (ie, median
survival 18 months). The study was closed early due to futility analysis, after only 10 of 30 patients in the FOLFIRINOX
followed by SBRT group underwent an RO resection. At final analysis, the 18-month overall survival was 66.7% in the
FOLFIRINOX group and 47.3% in the FOLFIRINOX followed by SBRT group. Based on the pre-specified overall
survival threshold, FOLFIRINOX alone was determined to represent the reference regimen for further study. While this
study was conducted on borderline resectable patients, it raised the question whether SBRT should be part of the LAPC
paradigm when surgery may be possible. One caveat of the study is that patients were randomized before receiving any
chemotherapy instead of after completion of 7 cycles. Randomization after completing the necessary cycles of che-
motherapy could have improved the balance of unmeasured confounders, which can easily bias estimates in a small
study. Another limitation of the study is that SBRT was only delivered to the gross disease with a small margin, in
contrast to the more contemporary preference to include a modest but more substantial elective volume encompassing
patterns of spread.®® Further, in a post-hoc radiation therapy quality assurance analysis, Tchelebi et al found that 59% of
cases were noted to have suboptimal contours or plan coverage.®' This study underscored the importance of rigorous
quality assurance of SBRT in clinical trials and the learning curve when designing SBRT plans.

SBRT for Palliation

SBRT is a great option for patients who may not be fit for surgery due to medical comorbidities and performance status.®?
Kim et al presented a series of 26 patients with ages >80, including a roughly equal proportion of patients with
unresectable disease (54%) and resectable but poor surgical candidates (46%).° Patients received either 24 Gy in 1
fraction or 30-36 Gy in 3 fractions. They reported reasonable local control (median 11.5 months), effective symptom
relief in 8 of 10 patients who presented with abdominal pain, and no acute or late grade 3+ toxicity. This series supports
the application of SBRT in elderly patients for disease control and palliation. Similarly, Moningi et al report the SBRT
experience from Johns Hopkins, including 50 (57%) patients with Eastern Cooperative Oncology Group (ECOGQG)
performance status >1.°* They found no significant difference in overall survival for patients with baseline or post-
SBRT ECOG performance status >1 vs 0. While performance status might preclude a patient from receiving multiagent
chemotherapy or proceeding with surgery, SBRT may be an effective option. Another series from the Medical College of
Wisconsin reported the outcomes of 20 patient ages >75 treated with SBRT for LAPC.® This cohort was particularly
frail; a multidisciplinary team determined that they would not tolerate surgery or chemoradiation before proceeding with
SBRT. While they reported reasonable efficacy (median overall survival of 6.4 months), 3 (15%) patients developed
grade 3—4 toxicity after treatment. These cohorts and consensus statements support the application of SBRT for elderly
and frail patients with pancreatic cancer who are unable to proceed to surgery.>*®

Even if patients are unable to proceed with resection after SBRT or achieve superior disease control with definitive
intent SBRT, SBRT can be utilized with palliative intent to control pain. SBRT has been shown to improve pain scores in
the weeks after treatment in multiple randomized trials.'® This treatment strategy is particularly effective for patients with
high baseline local symptoms and for patients not receiving multiagent chemotherapy due to age, frailty, or other
comorbidities.> PDAC has a propensity for aggressive locoregional spread that involves the nearby vasculature, nerve
plexi, and other organs.®® Its invasive properties can lead to neuropathic, visceral, and somatic pain.®” A systematic
review of SBRT for controlling pain was presented by Buwenge et al in 2018.'% Their review had several limitations
including the high level of heterogeneity and the lack of consistent standards for reporting pain relief in studies of LAPC,
however they found an 85% overall response rate (complete and partial responses) of pain after SBRT. Further, beyond
the conventional approach of treating the primary pancreatic mass to control pain symptoms, investigators from Israel
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have been exploring the role of celiac ablation in patients with PDAC.® With just a single treatment (25 Gy in 1 fraction)
delivered partially to the tumor but primarily to the anterolateral aorta from the twelfth thoracic to second lumbar
vertebra, they achieved meaningful pain relief (a decrease of >2 points on the Numerical Rating Scale) in 76% of
evaluable patients at 3 weeks. There was some loss to follow up their response rate, which increased to 92% at 6 weeks.
This approach was safe with no grade 3 toxicities reported, allowing for a convenient and safe single-visit approach for
improving PDAC-related pain.

Planning and Treatment Considerations

An example of the workflow for diagnosis and management of LAPC is shown in Figure 1. Patients diagnosed with PDAC
should routinely undergo multidisciplinary evaluation to determine the most appropriate treatment.®” If a patient is
diagnosed with LAPC, multiagent chemotherapy (eg, FOLFIRINOX or gemcitabine/nab-paclitaxel) is most frequently
offered as a frontline treatment.®> After several cycles of chemotherapy, patients are restaged with CT imaging and if their
disease has responded or is stable, a (re)consultation with a radiation oncologist is recommended to consider local therapy.

In patients planned for definitive RT, a CT and/or MRI simulation (preferably with intravenous contrast) should be
performed. Placement of peri-tumoral fiducial markers prior to simulation to assist with daily image guidance may be
considered because bony anatomy and biliary stents may be relatively poor surrogates for the gross pancreas tumor.’”"
Of note, fiducials are not needed with MR-guided SBRT because of the superior soft-tissue resolution with MRI. Patients
are instructed to fast at least 2-3 hours prior to CT simulation and treatment to restrict stomach/duodenum filling to
maintain reproducible anatomy and because it often retracts the stomach away from the target volume, thereby reducing
radiation exposure. Patient-specific respiratory motion assessment and management should be determined at the time of
simulation. Employing techniques such as breath-hold, phase-based gating, and abdominal compression are critical in
restricting the magnitude of tumor motion throughout the respiratory cycle.’>’*"* Intra-fraction motion assessment can
also be utilized to enhance the precision of treatment delivery.”* MRI and CT-based online adaptive radiation platforms
also enable the possibility of daily adjustments of treatment plans to account for variability in the position of the stomach
and small bowel during each fraction.

In terms of treatment planning, the proximity of gross tumor to GI luminal organs (eg, stomach, small bowel, and
duodenum) is a major concern as the GI luminal organs are highly sensitive to RT and increasingly susceptible to injury
with higher dose per fraction. Limiting high-dose RT exposure to such organs remains highest priority during RT plan
optimization. When attempting dose-escalation when gross tumor is in relatively close proximity to bowel, 2 predomi-
nant practices have emerged: 1) maintaining a 5-fraction SBRT regimen targeting escalated RT doses to the majority of
gross tumor while accepting under-coverage adjacent to GI luminal organs or 2) delivering a more protracted high BED
RT course over 15-25 fractions, at a lower dose per fraction, which may be more forgiving as it relates to risk of injury to
GI luminal organs. Each of these approaches uses a “dose-painting” strategy in which a heterogeneous radiation-dose
distribution is developed to allow maximal coverage of target while limiting GI luminal organ exposure within previously
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Figure | Diagnosis and Management Workflow for Patients with LAPC.
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Figure 2 Representative Stereotactic Body Radiation Therapy and Dose-Escalated Fractionated Radiation Therapy Plans. (A) A representative radiotherapy plan of a patient
with a locally advanced, unresectable, pancreatic head PDAC. The tumor has extensive arterial involvement with complete encasement of the common hepatic, celiac axis,
superior mesenteric artery, and portal vein. Received 8 cycles of mFOLFIRINOX followed by SBRT, 50 Gy in 5 fractions. The GTV is shown in red and the PTV in magenta.
(B) A representative radiotherapy plan for a patient with a locally advanced, unresectable, PDAC of the pancreas body with encasement of the left gastric, common hepatic,
splenic, celiac, and superior mesenteric arteries. There is Involvement of the portal, superior mesenteric, and splenic vein but no endoscopic evidence of stomach
involvement. The patient received 12 cycles of mMFOLFIRINOX with complete metabolic response and normalization of CA 19-9 and was subsequently treated with 60 Gy in
15 fractions (red contour) targeting the GTV, 45 Gy (cyan contour) targeting the gross disease plus a 0—-0.5 cm margin, and elective regional lymph nodes and perineural
tracks to 37.5 Gy (green contour) with concurrent chemotherapy.

established radiation-dose thresholds associated with toxicity. Such an approach inherently limits target coverage of
regions adjacent to bowel to more “conventional” radiation doses. This is generally preferred when weighing the risks
and benefits associated with marginal improvements in local control vs heightened risk of severe RT-associated adverse
effects. Similarly, in potentially operable patients with LAPC, a “dose-painting” strategy can also be utilized to deliver
escalated RT doses to regions at high-risk of compromised margins, such as the tumor—vessel interface.®® Example RT
treatment plans are shown in Figure 2.

Regarding RT target volumes, both the ASTRO and ESTRO/ACROP guidelines suggest targeting the gross tumor
volume through all stages of the respiratory cycle (iGTV) with a small volume expansion of 0.2-0.5 ¢cm to account for
variation in daily setup.*”®> Recognizing the infiltrative nature of PDAC with high rates of occult perineural invasion
(~90%) and regional lymph node involvement (>60—-70%) identified in surgical series for patients with anatomically
resectable disease, along with conventional imaging’s underestimation of gross tumor size, many clinicians advocate for
a lower RT dose elective target volume including expansions of approximately 0.5-1.5 cm upon the primary tumor and
elective regional lymph node regions.®® Retrospective data do suggest improved locoregional control and pathologic
surrogate outcomes (eg, pathologic lymph node involvement) amongst operable patients with such approaches; however,
no OS benefit has been demonstrated.”® " It is also recognized that with less conformal RT strategies (eg, 3D conformal
RT), incidental radiation exposure to these at risk-regions can approach 70-80% of prescription dose even when not
explicitly targeted.®® However, in the context of highly conformal SBRT, deliberately targeting elective nodes should be
considered as incidental exposure will be considerably less than with conventional RT techniques.®'

Future Directions

SBRT for LAPC has continued to evolve. One exciting area of development is using blood- and imaging-based
biomarkers for selecting patients for treatment intensification with SBRT. A study from MD Anderson Cancer Center
assessed predictors of a pathologic major response (pMR; <5% of residual viable cancer cells) in patients who received
neoadjuvant chemotherapy, (chemo)radiotherapy, or both before pancreatectomy.®” They found that low post-treatment
carbohydrate antigen 19-9 (CA 19-9) levels, partial response by Response Evaluation Criteria in Solid Tumors
(RECIST) 1.1, and reduction of tumor volume were associated with pMR. Integration of these metrics for the LAPC
population after induction chemotherapy may help stratify patients who need treatment intensification due to residual
disease or who may have the best chance to ultimately proceed to resection. A study by Lee et al evaluated the
association between FDG-PET-based parameters and clinical outcomes in patients with BRPC and LAPC.** They found
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that dynamics in PET-based metrics and post-neoadjuvant chemotherapy measurements of metabolic activity are
predictive of recurrence and overall survival. Similar to changes in restaging CT scan and CA 19-9 kinetics, PET-CT
or PET-MRI can improve prognostication and stratification prior to SBRT. There is also a growing interest in the use of
histological and blood-based biomarkers for stratification of patients with LAPC beyond measuring CA 19-9. One
example was born out of an autopsy series from Johns Hopkins University; lacobuzio-Donahue et al analyzed
histological 76 patients with pancreatic cancer.** They found that only 22% of patients with locally advanced PDAC
without metastatic disease at autopsy had loss of expression of Dpc4d/SMAD4. They also demonstrated that Dpc4/
SMADA4 loss was found in 78% of patients who had hundreds to thousands of metastases. When analyzing the patterns of
failure, they found that a metastatic phenotype, as opposed to a locally destructive phenotype, was more commonly
associated with Dpc4/SMAD4 loss. These findings led investigators to consider the possible utility of measuring Dpc4/
SMAD4 expression when selecting patients for locoregional treatment, hypothesizing that patients with intact Dpc4/
SMAD#4 expression might benefit most from RT.*> More recently, another study from Johns Hopkins evaluated the utility
of measuring circulating tumor cells in peripheral blood of patients with PDAC. They found that detection of CTCs
expressing vimentin and cytokeratin was associated with recurrence. One could envision future trials stratifying patients
who may be at higher risk of recurrence for chemotherapy only approaches as they would likely not benefit from superior
locoregional control.

Beyond advancements in the delivery of treatment with adaptive technologies, investigators have also tested
combination treatments to widen the therapeutic window. One example is Rucosopasem Manganese (GC4711), an
investigational superoxide dismutase mimetic that converts superoxide to hydrogen peroxide. GC4711 is a second-
generation superoxide dismutase mimetic that is thought to improve upon the radioprotective qualities of Avasopasem
1.%° GC4711is hypothesized to increase the
tolerability and efficacy of SBRT as normal cells can metabolize hydrogen peroxide better than cancer cells. In a phase 1/

manganese (GC4419) that demonstrated favorable results in a phase Ib/II tria

ITa trial of patients with LAPC, there were no signs of unanticipated early or late toxicity from the combination of SBRT
and GC4711.% Interestingly, while there was only a non-significant increase in locoregional control with GC4711 (HR =
0.30, p = 0.06), there was a significant prolongation of distant metastases control (disease outside of RT field) with
GC4711 (HR = 0.39, p = 0.03). In this small study, there was a non-significant improvement in survival with GC4711
(HR = 0.48, p = 0.09), and many were waiting in anticipation for the maturation of the results of the confirmatory Phase
IIb trial, GRECO-2.%%° Unfortunately, the GRECO-2 study was halted early after a futility analysis of the first 177
patients.”’ That being said, there remains enthusiasm for adding therapeutic agents, such as gadolinium-based nanopar-
ticles, to improve the tolerability and efficacy of dose-escalated SBRT (NCT04789486).

While the GRECO-2 study was designed to test the utility of adding GC4711, the Locally Advanced Pancreatic Cancer
Treated With ABLAtivE Stereotactic MRI-guided Adaptive Radiation Therapy (LAP-ABLATE) trial was designed to
definitively test if there is any benefit in adding SMART to induction multiagent chemotherapy (NCT05585554). The study
planned to test the role of applying adaptive technology when delivering ablative doses of SBRT vs treatment with
chemotherapy alone. With a planned enrollment of 267 participants, the study was one of the largest of LAPC ever initiated.
Unfortunately, the trial was terminated due to industry sponsor financial concerns. Prospective evaluation of the benefit of
adding dose-escalated SBRT to multiagent chemotherapy remains an important question.

Another trial that may inform clinical practice is the randomized phase II study of FOLFIRINOX and Stereotactic
Radiotherapy (SBRT) for Pancreatic Cancer With High Risk and Locally Advanced Disease (MASTERPLAN).”? The study
is recruiting 120 patients, randomized between systemic therapy alone vs systemic therapy followed by SBRT (40 Gy in 5
fractions) delivered over two weeks. While the SBRT dose delivered has 25% lower biologically effective dose than the 50
Gy regimens used in other trials, the doses used are still technically ablative by some standards (BED;, > 70 Gy).

Beyond testing whether SBRT provides superior efficacy over systemic therapy alone, there are additional studies
investigating the optimal systemic therapy when combined with SBRT. The sequential treatment with GEMBRAX and
then FOLFIRINOX followed by stereotactic MRI-guided radiotherapy in patients with locally advanced pancreatic
cancer (GABRINOX-ART) trial will evaluate if sequential treatment with two highly effective systemic therapy regimens
prior to SMART will be feasible (NCT04570943).
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While there is a growing body of evidence supporting the role of dose-escalated SBRT for LAPC, there has not been
a randomized study proving benefit. Investigators from Changhai Hospital have proposed a randomized study comparing
SBRT with a biologically effective dose of 6070 Gy vs ablative doses (BED > 70 Gy) (NCT04603586).”

Conclusion

There is a growing body of evidence supporting the safety and efficacy of SBRT for LAPC. The field has evolved
considerably from the early 2000s; from single fraction SBRT to the utilization of MRI guidance and adaptation, SBRT
has come a long way. Advances in SBRT delivery have allowed for the safe delivery of ablative doses, which provides an
opportunity for advancing outcomes for this challenging to treat population. In practice, SBRT has a critical role in the
definitive and palliative treatment of patients with advanced pancreatic cancer. Even so, there is still a paucity of
randomized evidence supporting an overall survival benefit of SBRT. We wait anxiously for the maturation of several
Phase 3 studies clarifying the role of SBRT for LAPC.
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