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Abstract 

Background Local treatment options for locally recurrent pancreatic adenocarcinoma (LR‑PAC) are limited, 
with median survival time (MST) of 9–13 months (mos) following recurrence. MRI‑guided stereotactic body radia‑
tion therapy (MRgSBRT) provides the ability to dose escalate while sparing normal tissue. Here we report on the early 
outcomes of MRgSBRT for LR‑PAC.

Methods Patients with prior resection of pancreatic adenocarcinoma with local recurrence treated with MRgSBRT 
at a single tertiary referral center from 5‑2021 to 2‑2023 were identified from our prospective database. MRgSBRT 
was delivered to 40–50 Gy in 4–5 fractions with target and OAR delineation per institutional standards. Endpoints 
included local control per RECIST v1.1, distant failure, overall survival (OS), and acute and chronic toxicities per Com‑
mon Terminology Criteria for Adverse Events, v5.

Results Fifteen patients with LR‑PAC were identified with median follow‑up of 10.6 mos (2.8–26.5 mos) from MRgS‑
BRT. There were 8 females and 7 males, with a median age of 69 years (50–83). One patient underwent neoadjuvant 
radiation for 50.4 Gy in 28 fractions followed by resection, and one underwent adjuvant radiation for 45 Gy in 25 
fractions prior to recurrence. MRgSBRT was delivered a median of 18.8 mos (3.5–52.8 mos) following resection. OS fol‑
lowing recurrence at 6 and 12 mos were 87% and 51%, respectively, with a median survival time of 14.1 mos (3.2–27.4 
mos). Three patients experienced local failure at 5.9, 7.8, and 16.6 months from MgSBRT with local control of 92.3% 
and 83.9% at 6 and 12 months. 10 patients experienced distant failure at a median of 2.9 mos (0.3–6.7 mos). Grade 
1–2 acute GI toxicity was noted in 47% of patients, and chronic GI toxicity in 31% of patients. No grade > 3 toxicities 
were noted.

Conclusions This is the first report on toxicity and outcomes of MRgSBRT for LR‑PAC in the literature. MRgSBRT 
is a safe, feasible treatment modality with the potential for improved local control in this vulnerable population. Future 
research is necessary to better identify which patients yield the most benefit from MRgSBRT, which should continue 
to be used with systemic therapy as tolerated.
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Introduction
Pancreatic cancer is the fourth leading cause of cancer-
related deaths in the United States [1]. Its aggressive 
nature, and late-stage of diagnosis arising from a lack 
of screening tools pose serious challenges, with resect-
able pancreatic cancer accounting for about 15–20% 
of new cases [2]. Currently, surgical resection offers 
the only potential cure for pancreatic cancer. Unfortu-
nately, despite advancements in surgical techniques and 
improved adjuvant treatments, the recurrence rate of 
pancreatic cancer is still remarkably high, approaching 
80% following radical resection [3]. For recurrent cases, 
treatment options typically include re-resection, chemo-
therapy, radiation therapy, or a combination of both. In 
patients that do undergo resection and later present with 
local recurrence of disease, median survival is short, 
ranging from 9 to 13 months [4–6] on average.

There is a lack of prospective clinical trial data to deter-
mine optimal treatment modalities in locally recurrent 
pancreatic adenocarcinoma (LR-PAC), however re-resec-
tion (when feasible) appears to have the best outcomes 
with a significant survival benefit [3, 7, 8]. Unfortunately, 
LR-PAC amenable to re-resection is a small subset of the 
population and requires careful patient selection [7]. A 
majority of patients are unable to undergo re-resection in 
LR-PAC, necessitating other local or systemic treatment 
modalities. Stereotactic body radiotherapy (SBRT) pre-
sents an attractive treatment option, achieving a thera-
peutic benefit with minimal impact on patient quality of 
life compared to standard fractionated chemoradiation, 
and is commonly used in the locally advanced, unresect-
able setting [9, 10]. Meanwhile, reports describing SBRT 
for LR-PAC are sparse with mixed results on local control 
with a variety of radiation doses utilized [11–15].

Conventional radiation techniques, including SBRT, 
struggle to deliver curative doses while sparing nearby 
radiosensitive abdominal structure due to organ motion, 
respiratory movement, and limited visibility on CT scans 
[16]. MRI-guided adaptive stereotactic body radiotherapy 
(MRgSBRT) holds promise for improving the efficacy and 
safety of radiation treatment for abdominal malignancies 
like pancreatic cancer. MRgSBRT offers several advan-
tages over traditional methods. It utilizes pretreatment 
MRI scans with high soft-tissue resolution, ensuring pre-
cise organ and target delineation [17, 18]. Additionally, 
MRgSBRT enables daily adaptation of treatment plans 
based on changes in the patient’s internal anatomy, with 
prior retrospective studies demonstrating that adapta-
tion is performed for a majority of treatments and corre-
sponds to increased tumor coverage with down trending 
dose to organs at risk [17, 19]. Moreover, MRgSBRT uses 
continuous imaging and target tracking to account for 
changes in patient’s internal anatomy during treatment, 

allowing for real-time adjustments and treatment pauses 
if the tumor shifts outside of the planned treatment vol-
ume (intrafraction motion) [17, 20]. Breath-hold gating 
allows for smaller treatment margins without the need 
for fiducial marker placement. These factors allow for 
more confidence in treatment delivery and sparing of the 
normal organs resulting in dose escalation with MRgS-
BRT to more ablative radiation doses with a higher bio-
logically effective dose  (BED10) which has been suggested 
to improve local control and possibly overall survival 
(OS) in prior studies [21, 22].

The need for improved local therapy in this vulner-
able patient population with LR-PAC is evident. MRgS-
BRT is an ideal treatment modality for a majority of these 
patients who are unable to undergo re-resection and need 
effective local therapy that is safe, feasible, and provides 
durable local control. As pancreatic cancer continues to 
rise in prominence as a leading cause of cancer deaths 
in the United States, innovative approaches like MRgS-
BRT hold the potential to improve these statistics. In this 
paper, we will review our local control and toxicity results 
in a small cohort of patients with LR-PAC that under-
went MRgSBRT with or without prior radiation.

Methods
Following institutional review board approval, patients 
who underwent MRgSBRT for LR-PAC were identi-
fied from a prospective database of all patients that have 
undergone MRgSBRT at the treating facility. Patients 
were treated with MRgSBRT at a single tertiary referral 
center from May 2021 to February 2023. LR-PAC was 
defined as prior resection of pancreatic adenocarcinoma 
followed by local recurrence of disease at the prior sur-
gical site. Preoperative and post-operative chemotherapy 
and radiation therapy prior to MRgSBRT were per pro-
vider preference. Additional local or systemic therapy 
following MRgSBRT was per provider preference. Inclu-
sion criteria included: histologic confirmation of pancre-
atic adenocarcinoma that underwent surgical resection, 
known extent of resection and pathology results, diag-
nosis of pancreatic adenocarcinoma ≥ 18 years old, local 
recurrence of pancreatic cancer treated with MRgSBRT. 
Exclusion criteria included known metastatic disease 
prior to or at time of MRgSBRT treatment. One patient 
with oligometastatic was treated concurrently with 
MRgSBRT to a single liver lesion in addition to the local 
pancreatic recurrence. Prior to treatment, all patients 
were discussed at an intradepartmental MRI LINAC 
tumor board. A portion of patients were discussed in 
multidisciplinary tumor board.

MRgSBRT was delivered in 40–50  Gy in 4–5 frac-
tions with target and organ at risk (OAR) delineation per 
institutional standards. The treatment dose of 50  Gy in 
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5 fractions and dose constraints in the absence of prior 
radiation were chosen to match the SMART trial stand-
ard [23]. Treatments were normalized up to OAR tol-
erance to maximize dose but ensure no OAR violated 
constraints. We aimed for 80% planning target volume 
(PTV) coverage and 90% gross tumor volume (GTV) 
coverage to 50 Gy, 95% GTV coverage to 33 Gy, and 95% 
PTV coverage to 25 Gy. For reirradiation, goals for tumor 
dosing were reduced to 45  Gy to still achieve a  BED10 
of > 80, while normal tissue constraints were reduced to 
assume 50% tissue recovery with an α/β of 3 [Table 1].

Patients were simulated NPO for 3  h and provided a 
sip of water prior to MRI scan. TRUFI scanning was per-
formed with 17 s breath hold for all patients at comfort-
able inspiration. CT simulation performed was taken for 
electron density calculation and isocenter setting. Triple 
phase diagnostic CT, and when available PET/CT, were 
fused for target delineation. 3 mm GTV to PTV margins 
were used, corresponding to a 3 mm gating window, and 
all treatments were performed with breath hold gating 
with patient visual feedback. Adaptive replanning was 
performed for all patients, adaptation was performed 
for any predicted OAR constraint violation or for 5% or 
greater reduction in PTV coverage from original plan.

Descriptive analysis of the disease, treatment charac-
teristics, and patients were performed including Karnof-
sky performance status (KPS) and body mass index (BMI) 
prior to MRgSBRT. Endpoints included local control and 
distant failure following MRgSBRT, OS, median survival 

time (MST) following recurrence, and acute and chronic 
toxicities per Common Terminology Criteria for Adverse 
Events (CTCAE), version 5. Local control was defined as 
absence of tumor progression per RECIST v1.1 criteria. 
OS was defined as initial histologic diagnosis of pancre-
atic adenocarcinoma to death. MST following recur-
rence was defined as time from diagnosis of recurrence 
to death. Date of recurrence was determined by imaging 
which had clear evidence of a recurrent mass with MRI 
abdomen or PET/CT, as re-biopsy was infrequently per-
formed. Descriptive information was gathered from sur-
gical, radiation and medical oncology records. Follow up 
examinations and imaging were per provider preference.

Results
Fifteen patients with LR-PAC were identified with a 
median follow-up of 10.6  months (2.8–26.5 mos) from 
the time of MRgSBRT. There were 8 females and 7 
males, with a median age of 69 years (50–83 years) and 
a median KPS of 80 (60–100). Fourteen of those under-
went surgical resection at the treating radiation facility 
by two surgeons. Five patients underwent preoperative 
treatment with four undergoing chemotherapy alone 
and one patient receiving chemoradiation for 50.4 Gy in 
28 fractions followed by surgical resection. Postopera-
tively, twelve patients underwent chemotherapy, and one 
underwent chemoradiation for 45 Gy in 25 fractions for 
positive margins. [Table  2]. MRgSBRT treatment was 
adapted 94.5% of the time with a median PTV coverage 
of 86.2% (61.0–99.7) and median GTV coverage of 96.1% 
(73.5–100) of the prescribed dose. Additional dosimetric 
information can be found in Table 3.

Recurrence occurred a median of 16.2  months (2.6–
48.6 mos) following initial resection, with MRgSBRT 
being delivered a median of 18.8  months (3.5–52.8 
mos) following resection. Dosing and fractionation are 
described in Table 4.

The OS rates following initial diagnosis at 12, 18 and 
24  months were 100%, 87%, and 73%, respectively, with 
a median OS of 33.9  months (12.4–59.7 mos). OS rates 
following recurrence at 6 and 12  months were 87% 
and 51%, respectively, with an MST of 14.1  months 
(3.2–27.4  months) [Fig.  1]. Three patients experienced 
local failure first at 5.9, 7.8, and 16.6  months from 
MgSBRT with a local control of 92.3% and 83.9% at 6 
and 12  months, respectively. Meanwhile, 10 patients 
experienced distant failure at a median of 2.9  months 
(0.3–6.7  months) following MRgSBRT. Five patients 
experienced distant failure less than 3 months following 
radiation. Grade 1 or 2 acute GI toxicity was noted in 47% 
of patients and chronic GI toxicity, in 31% of patients. No 
grade ≥ 3 acute or chronic adverse events were noted.

Table 1 Dose constraints for MRgSBRT re‑irradiation

GTV refers to the target tumor volume. PTV is defined as GTV + 3 mm expansion. 
PTV_Opt is defined as PTV-GI OAR volumes. PTV_High is defined as PTV-PRV 
3 mm of GI OAR volumes

Name Constraint Target Priority

Gross tumor volume V95%[%] > = 80 2

Optimal planning target volume Dmin[%] > = 80 2

Protected planning target volume V95%[%] Report

Planning target volume V100%[%] Report

Body V65Gy[cc] < = 0.03 1

Liver Dmean[Gy] < = 0 2

Liver V8Gy[cc] < = 700 1

Duodenum V24Gy[cc] < = 0.5 1

Stomach V24Gy[cc] < = 0.5 1

Small bowel V24Gy[cc] < = 0.5 1

Large bowel V24Gy[cc] < = 0.5 1

Spinal canal V12.5Gy[cc] < = 0.5 1

Right kidney Dmean[Gy] < = 7 1

Left kidney Dmean[Gy] < = 7 1

Right kidney D66%[Gy] < = 10 1

Left kidney D66%[Gy] < = 10 1
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Patients that experienced an earlier recurrence fol-
lowing resection, defined as a recurrence prior to the 
median recurrence time of 16.2 months, tended to have 

worse MST following recurrence with 6- and 12-month 
survival of 71.4% and 28.6%, respectively. While 
patients with a later recurrence, which occurred after 
the median recurrence time of 16.2 months, had a sur-
vival following recurrence at 6 and 12 months of 100% 
and 70%, respectively [Table 5].

Other factors that seemed to be associated with 
improved survival following recurrence were perfor-
mance status, BMI, and treatment with chemotherapy 
at time of recurrence [Table  4]. Patients with KPS of 
90–100 at time of recurrence had 12-month survival 
following recurrence of 80% compared to 31.1% in 
poorer performers with KPS of 60–80. Obese patients 
at the time of recurrence had a 6- and 12-month sur-
vival of 100% and 71.4% as compared to normal or 
underweight patients with 6- and 12-month survival of 
66.7% and 25%, respectively. All 3 patients that under-
went additional chemotherapy at time of recurrence 
were alive at 12 months, compared to 33.3% 12-month 
survival in the 12 patients that did not.

Table 2 Descriptive characteristics and outcomes for all LR‑PAC 
patients that underwent MRgSBRT

Total (N = 15)

Median age (years) 69.2 (50.4–82.0)

Female 8 (53%)

Histology at initial biopsy

 Ductal adenocarcinoma 15 (100%)

Pathologic staging at initial resection

 IA 1 (6.7%)

 IB 5 (33.3%)

 IIA 0 (0%)

 IIB 3 (20%)

 III 6 (40%)

 IV 0 (0%)

Median KPS at MRgSBRT 80 (60–100)

Median BMI at MRgSBRT 25.9 (17.8–32.0)

Neoadjuvant chemoRT 1 (6.7%)

Adjuvant chemoRT 1 (6.7%)

Adjuvant chemotherapy without RT 12 (80%)

FOLFIRINOX 5 (33.3%)

Gemcitabine and Capecitabine 3 (20%)

Gemcitabine and Nab‑Paclitaxel 1 (6.7%)

Gemcitabine and Cisplatin 1 (6.7%)

Gemcitabine alone 1 (6.7%)

Capecitabine 1 (6.7%)

Median time resection to recurrence (mos) 16.2 (2.6–48.6)

Median time from resection to MRgSBRT (mos) 18.8 (3.5–52.8)

Median follow up from MRgSBRT (mos) 10.6 (2.8–24.8)

Median overall survival (mos) 33.9 (12.4–59.7)

Median survival time from recurrence (mos) 14.1 (3.2–25.6)

Median time to distant failure from MRgSBRT 2.9 (0.3–6.7)

Grade 1–2 GI acute toxicity 7 (46.7%)

Grade 1–2 GI late toxicity 4 (30.8%)

Table 3 Dosimetric data of the planning target volume (PTV) 
and gross tumor volume (GTV) for all MRgSBRT plans

Dosimetric and treatment data

Percentage of adapted fractions 94.5

Median PTV prescription coverage (%) 86.2 (61.0–99.7)

Median GTV prescription coverage (%) 96.1 (73.5–100)

Median D95% of PTV (Gy) 39.1 (23.5–53.3)

Median D95% of GTV (Gy) 48.2 (29.9–56.2)

Median D99% of GTV (Gy) 39.1 (26.7–55.3)

Table 4 Radiation dosing and fractionation for all patients that 
received MRgSBRT for LR‑PAC with biologically effective dose. For 
reference, conventional radiation for 50.4 Gy in 25 fractions has a 
 BED10 of 59.47 Gy

MRgSBRT dosing and 
fractionation

Biologically effective dose 
 (BED10) (Gy)

Total (N = 15)

50 Gy in 5 fractions 100 10 (66.7%)

45 Gy in 5 fractions 85.5 2 (13.3%)

40 Gy in 4 fractions 80 2 (13.3%)

40 Gy in 5 fractions 72 1 (6.7%)
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Fig. 1 Overall survival of LR‑PAC patient from time of initial 
recurrence. Demonstrates survival curve following diagnosis of initial 
recurrence for all patients that underwent MRgSBRT for LR‑PAC
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Discussion
Even with optimal patient selection, tumor characteris-
tics, and treatment considerations, a majority of patients 
with initially resected pancreatic cancer have disease 
progression with either locoregional and/or distant fail-
ure. A retrospective review from the Johns Hopkins 
Hospital demonstrates 76.7% of patients had recurrence, 
with 23.7% developing local recurrence only [24]. Exami-
nation of patterns of local recurrence from ESPAC-4, a 
large multicenter clinical trial, demonstrated 65.6% dis-
ease recurrence of the 730 patients that underwent initial 
resection, with only local recurrence in approximately 
half of patients with recurrence [5]. These results empha-
size both the need for improved up-front treatment 
paradigms, as well as effective tools for the treatment of 
recurrences when they occur.

Local control is crucial in pancreatic cancer, as evi-
denced by published data indicating that 30% of patient 
deaths result from local disease progression [25]. There 
are no clear guidelines for the treatment of LR-PAC, 
with re-resection, chemotherapy alone, chemoradiation, 
and SBRT all being potential therapies. There is a lack of 
prospective clinical trial data to determine optimal treat-
ment modalities, however re-resection appears to have 
the best outcomes with a significant survival benefit [3, 
4, 7, 8, 26]. A systematic review by Groot et  al. identi-
fied the best survival outcomes with re-resection at 
32 months, while chemoradiotherapy and SBRT are simi-
lar at 19 and 16 months, respectively [4]. Reoperation is 
a safe an effective option in a carefully selected group of 
patients [26]. That being said, patients with LR-PAC that 
are amenable to re-resection make up a small subset of 
the population. Chemoradiation for LR-PAC as a means 
to re-resection has also been explored previously with 
Habermehl et al. reporting on retrospective outcomes in 

41 patients undergoing fractionated chemoradiotherapy. 
Treatment was well tolerated, however only 12% were 
able to undergo re-resection and only 15% had complete 
response with chemoradiation further highlighting the 
need for improved local therapy in LR-PAC [7].

SBRT is an attractive treatment option given that it can 
be completed quickly while achieving biologic equiva-
lent doses similar to long course chemoradiation [9]. The 
majority of published data regarding SBRT for pancreatic 
cancer pertains to locally advanced or unresectable dis-
ease, with SBRT for LR-PAC being sparse. A small study 
by Reddy et  al. demonstrated in a cohort of 19 radia-
tion naïve patients with LR-PAC, that SBRT is safe and 
feasible with a mean  BED10 of 54.8  Gy. Despite relative 
safety in this challenging patient population, 1 patient 
experienced gastric perforation and almost 50% expe-
rienced local failure, with BED < 54.8  Gy being associ-
ated with inferior local control [13]. Several other small 
cohorts of patients treated with SBRT for LR-PAC have 
been reported on with variable SBRT dosing and local 
control outcomes. A few studies reporting on treatment 
with conservative SBRT doses to a median 24 or 25  Gy 
had good toxicity outcomes, however they demonstrated 
relatively poor local control of 56–78% at 6 months and 
19–72% at 12  months [11, 14, 15]. Meng et  al. had the 
highest treatment dose for SBRT to a median of 45  Gy 
(42–50 Gy) for 19 patients, with the best reported local 
control at 6  months of 95%, although control declined 
significantly to 45% at 12 months [12]. Despite variation 
among the trials in patient population, prior therapies, 
and SBRT dosing for LR-PAC, overall survival did not 
vary significantly among these trials ranging from 9 to 
13 months [11, 12, 14, 15]. Although the local control of 
83.9% at 1 year for LR-PAC treated with MRgSBRT is an 
improvement from prior studies of SBRT for LR-PAC, it 
similar to published data for borderline and unresectable 
primary disease with studies demonstrating a local con-
trol of 82.4–82.9% [22, 23].

The results from our small cohort of LR-PAC that 
underwent MRgSBRT demonstrate excellent safety and 
toxicity, with no grade 3 toxicities even among patients 
with prior radiation. This is comparable to prior pub-
lished data on SBRT in LR-PAC, even when compared 
to much more conservative doses in non-MRgSBRT [11, 
13–15]. Although overall survival with our patient cohort 
is similar to prior literature, this is unsurprising. Even 
among prior SBRT data for LR-PAC, the survival follow-
ing initiation of SBRT varies significantly. Interestingly, in 
examination of recurrence pattern in ESPAC-4, there was 
no significant difference in overall-survival between local 
and distant recurrence following disease recurrence, 
with median survival of 9.5 and 9.4  months, respec-
tively. There was also no significant difference in overall 

Table 5 Illustrates percentage of the surviving population at 
6‑ and 12‑months following recurrence based on tumor and 
patient specific factors

6 Month 
survival (%)

12 Month 
survival 
(%)

All patients 87 51

Shorter time to recurrence (< 16.2 mos) 71.4 28.6

Longer time to recurrence (>/= 16.2 mos) 100 72.9

Good Performers at MRgSBRT (KPS >/= 90) 100 80

Poor Performers at MRgSBRT (KPS </= 80) 80 35

Obese (BMI > 24.9) 100 75

Normal or underweight (BMI < 25) 71.4 21.4

Chemotherapy at time of recurrence 100 100

No chemotherapy at time of recurrence 83.3 38.1
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survival between local and distant recurrence from ini-
tial resection, despite distant recurrence occurring earlier 
than local recurrence [5]. This highlights the fact that in 
most patients pancreatic cancer is a systemic disease and 
adequate multimodality therapy with local and systemic 
therapy is needed to appropriately treat patients.

Although local control is important, there are sev-
eral factors that influence survival following recurrence 
including tumor and patient specific factors. This is sup-
ported by our data which shows improved survival from 
recurrence in good performers (KPS > 90), overweight 
(BMI > 24.9) compared to normal and underweight 
patients, patients able to receive additional chemotherapy 
at the time of recurrence, and longer time to recurrence 
from initial resection. The observation that overweight 
patients have better survival is likely due to the fact that 
many of the normal and underweight weight patients 
had significant weight loss prior to presentation as com-
pared to people that maintained weight with BMI > 24.9. 
Both BMI and ability to receive chemotherapy are similar 
markers to performance status.

Importantly, with the ability to dose escalate and ade-
quately cover the target volume with MRgSBRT it seems 
to confer a local control benefit as compared to non-
MRgSBRT, with a 6- and 12-month local control of 92.3% 
and 83.9%, respectively. The 3 cases of local failure in our 
population could be explained by pancreatic adenocarci-
noma’s inherent radioresistance, but it is also likely that 
portions of tumor were under dosed in order to protect 
normal organs.

A strength of the study includes its reporting on novel 
treatment modalities with MRgSBRT, as well as captur-
ing data in a prospective manner. Limitations of the study 
include its small population size as well as reporting on 
patients treated at a single academic center. Additionally, 
as it captures a wide variety of patients with a range of 
prior therapies, disease stage, treatment sites and radia-
tion dose, precise interpretation of the results remains 
difficult.

Conclusions
This is the first report on toxicity and outcomes of MRgS-
BRT for LR-PAC in the literature. Despite surgery being the 
only potentially curative therapy for pancreatic cancer, a 
majority of patients that undergo resection experience local 
and/or distant recurrence. In the setting of LR-PAC, treat-
ment guidelines remain obscure with only a small portion 
able to undergo re-resection. Despite the small sample size, 
our results suggests MRgSBRT is a safe and feasible treat-
ment modality with a potential for improved local con-
trol in this vulnerable population. Future research will be 
necessary to better identify which patients yield the most 

benefit from MRgSBRT, which should be continued to be 
used with systemic therapy as tolerated.

Abbreviations
LR‑PAC  Locally recurrent pancreatic adenocarcinoma
SBRT  Stereotactic body radiotherapy
MRgSBRT  MRI‑guided adaptive stereotactic body radiotherapy
BED10  Biologically effective dose
OS  Overall survival
MST  Median survival time
CTCAE  Common Terminology Criteria for Adverse Events
BMI  Body mass index
KPS  Karnofsky performance status

Acknowledgements
We would like to acknowledge Joy Wilno, Christopher Ainsley, Ph.D., Ham‑
idreza Nourzadeh, PhD and other medical physicists as well as nursing staff 
and radiation therapists involved in the treatment and care of these patients.

Author contributions
SP conceptualized the study, collected data, analyzed and interpreted patient 
data, and wrote significant portions of the manuscript. SS drafted significant 
portions of the manuscript. LC collected significant portions of patient data 
and drafted the work. PA collected significant portions of patient data. KM col‑
lected significant portions of patient data. MWW made substantial contribu‑
tions to the conception of the trial. TL substantially revised the manuscript. 
JP collected significant portions of patient data. DL collected significant 
portions of patient data. ABM collected significant portions of patient data. 
HL substantially revised the manuscript. BB interpreted patient data and 
substantially revised the manuscript. CY substantially revised the manuscript. 
AM made substantial contributions to conception of the study, interpretation 
and analysis of data, drafting and revision of the manuscript. All authors read 
and approved the final manuscript.

Funding
The authors declare that they have no funding to report.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This research was conducted ethically in accordance with the World Medical 
Association Declaration of Helsinki. This study was approved by the Jefferson 
Office of Human Research (20976) on 2/17/21.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Radiation Oncology, Sidney Kimmel Cancer Center of Thomas 
Jefferson University, 111 S 11th St. Suite G301, Philadelphia, PA 19107, USA. 
2 Department of Medical Oncology, Sidney Kimmel Cancer Center of Thomas 
Jefferson University, Philadelphia, PA, USA. 3 Department of Surgery, Sidney 
Kimmel Cancer Center of Thomas Jefferson University, Philadelphia, PA, USA. 
4 Department of Radiation Oncology, UPMC Hillman Cancer Center, University 
of Pittsburgh, Pittsburgh, PA, USA. 

Received: 8 December 2023   Accepted: 17 May 2024



Page 7 of 7Poiset et al. Radiation Oncology           (2024) 19:65  

References
 1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer 

J Clin. 2023;73(1):17–48. https:// doi. org/ 10. 3322/ caac. 21763.
 2. Coveler AL, Herman JM, Simeone DM, Chiorean EG. Localized pancreatic 

cancer: multidisciplinary management. Am Soc Clin Oncol Educ Book. 
2016;35:e217‑226. https:// doi. org/ 10. 1200/ EDBK_ 160827.

 3. Moletta L, Serafini S, Valmasoni M, Pierobon ES, Ponzoni A, Sperti 
C. Surgery for recurrent pancreatic cancer: Is it effective? Cancers. 
2019;11(7):991. https:// doi. org/ 10. 3390/ cance rs110 70991.

 4. Groot VP, Van Santvoort HC, Rombouts SJE, Hagendoorn J, Borel Rinkes 
IHM, Van Vulpen M, et al. Systematic review on the treatment of isolated 
local recurrence of pancreatic cancer after surgery; re‑resection, chemo‑
radiotherapy and SBRT. HPB. 2017;19(2):83–92. https:// doi. org/ 10. 1016/j. 
hpb. 2016. 11. 001.

 5. Jones RP, Psarelli EE, Jackson R, Ghaneh P, Halloran CM, Palmer DH, et al. 
Patterns of recurrence after resection of pancreatic ductal adenocar‑
cinoma: a secondary analysis of the ESPAC‑4 randomized adjuvant 
chemotherapy trial. JAMA Surg. 2019;154(11):1038. https:// doi. org/ 10. 
1001/ jamas urg. 2019. 3337.

 6. Van Oosten AF, Daamen LA, Groot VP, Biesma NC, Habib JR, Van Goor 
IWJM, et al. Predicting post‑recurrence survival for patients with pancre‑
atic cancer recurrence after primary resection: a Bi‑institutional validated 
risk classification. Eur J Surg Oncol. 2023;49(9):106910. https:// doi. org/ 10. 
1016/j. ejso. 2023. 04. 009.

 7. Habermehl D, Brecht IC, Bergmann F, Welzel T, Rieken S, Werner J, et al. 
Chemoradiation in patients with isolated recurrent pancreatic cancer—
therapeutical efficacy and probability of re‑resection. Radiat Oncol. 
2013;8(1):27. https:// doi. org/ 10. 1186/ 1748‑ 717X‑8‑ 27.

 8. Nienhüser H, Büchler MW, Schneider M. Resection of recurrent pancreatic 
cancer: Who can benefit? Visc Med. 2022;38(1):42–8. https:// doi. org/ 10. 
1159/ 00051 9754.

 9. Ghaly M, Gogineni E, Herman J, Saif MW. New potential options for SBRT 
in pancreatic cancer. Cancer Med J. 2021;4(Suppl 3):41–50.

 10. Hurmuz P, Cengiz M, Ozyigit G, Yuce Sari S, Kahvecioglu A, Beduk Esen 
CS, et al. Stereotactic body radiotherapy as an effective treatment for 
pancreatic cancer. Cureus. 2023. https:// doi. org/ 10. 7759/ cureus. 38255.

 11. Dagoglu N, Callery M, Moser J, Tseng J, Kent T, Bullock A, et al. Stereotactic 
body radiotherapy (SBRT) reirradiation for recurrent pancreas cancer. J 
Cancer. 2016;7(3):283–8. https:// doi. org/ 10. 7150/ jca. 13295.

 12. Meng MB, Wang HH, Wu ZQ, Song YC, Zhuang HQ, Dong Q, et al. Ste‑
reotactic body radiation therapy for patients with recurrent pancreatic 
adenocarcinoma at the abdominal lymph nodes or postoperative stump 
including pancreatic stump and other stump. OTT. 2016;9:3985–92. 
https:// doi. org/ 10. 2147/ OTT. S1027 84.

 13. Reddy AV, Hill CS, Sehgal S, He J, Zheng L, Herman JM, et al. Stereotactic 
body radiation therapy for the treatment of locally recurrent pancreatic 
cancer after surgical resection. J Gastrointest Oncol. 2022;13(3):1402–12. 
https:// doi. org/ 10. 21037/ jgo‑ 22‑ 38.

 14. Rwigema JCM, Parikh SD, Heron DE, Howell M, Zeh H, Moser AJ, et al. 
Stereotactic body radiotherapy in the treatment of advanced adenocarci‑
noma of the pancreas. Am J Clin Oncol. 2011;34(1):63–9. https:// doi. org/ 
10. 1097/ COC. 0b013 e3181 d270b4.

 15. Wild AT, Hiniker SM, Chang DT, Tran PT, Khashab MA, Limaye MR, et al. Re‑
irradiation with stereotactic body radiation therapy as a novel treatment 
option for isolated local recurrence of pancreatic cancer after multimo‑
dality therapy: experience from two institutions. J Gastrointest Oncol. 
2013;4(4):343–51. https:// doi. org/ 10. 3978/j. issn. 2078‑ 6891. 2013. 044.

 16. Hall WA, Small C, Paulson E, Koay EJ, Crane C, Intven M, et al. Magnetic 
resonance guided radiation therapy for pancreatic adenocarcinoma, 
advantages, challenges, current approaches, and future directions. Front 
Oncol. 2021;11:628155. https:// doi. org/ 10. 3389/ fonc. 2021. 628155.

 17. Boldrini L, Cusumano D, Cellini F, Azario L, Mattiucci GC, Valentini V. 
Online adaptive magnetic resonance guided radiotherapy for pancreatic 
cancer: state of the art, pearls and pitfalls. Radiat Oncol. 2019;14(1):71. 
https:// doi. org/ 10. 1186/ s13014‑ 019‑ 1275‑3.

 18. Liu X, Li Z, Yin Y. Clinical application of MR‑Linac in tumor radiotherapy: a 
systematic review. Radiat Oncol. 2023;18(1):52. https:// doi. org/ 10. 1186/ 
s13014‑ 023‑ 02221‑8.

 19. Placidi L, Romano A, Chiloiro G, Cusumano D, Boldrini L, Cellini F, et al. 
On‑line adaptive MR guided radiotherapy for locally advanced pancreatic 
cancer: clinical and dosimetric considerations. Tech Innov Patient 

Support Radiat Oncol. 2020;15:15–21. https:// doi. org/ 10. 1016/j. tipsro. 
2020. 06. 001.

 20. Ng J, Gregucci F, Pennell RT, Nagar H, Golden EB, Knisely JPS, et al. MRI‑
LINAC: a transformative technology in radiation oncology. Front Oncol. 
2023;13:1117874. https:// doi. org/ 10. 3389/ fonc. 2023. 11178 74.

 21. Moraru IC, Tai A, Erickson B, Li XA. Radiation dose responses for chemora‑
diation therapy of pancreatic cancer: an analysis of compiled clinical data 
using biophysical models. Pract Radiat Oncol. 2014;4(1):13–9. https:// doi. 
org/ 10. 1016/j. prro. 2013. 01. 005.

 22. Reyngold M, O’Reilly EM, Varghese AM, et al. Association of ablative radia‑
tion therapy with survival among patients with inoperable pancreatic 
cancer. JAMA Oncol. 2021;7(5):735–8. https:// doi. org/ 10. 1001/ jamao ncol. 
2021. 0057.

 23. Parikh PJ, Lee P, Low DA, Kim J, Mittauer KE, Bassetti MF, et al. A multi‑
institutional phase 2 trial of ablative 5‑fraction stereotactic magnetic 
resonance‑guided on‑table adaptive radiation therapy for border‑
line resectable and locally advanced pancreatic cancer. Int J Radiat 
Oncol*Biol*Phys. 2023;117(4):799–808. https:// doi. org/ 10. 1016/j. ijrobp. 
2023. 05. 023.

 24. Groot VP, Rezaee N, Wu W, Cameron JL, Fishman EK, Hruban RH, et al. 
Patterns, timing, and predictors of recurrence following pancreatectomy 
for pancreatic ductal adenocarcinoma. Ann Surg. 2018;267(5):936–45. 
https:// doi. org/ 10. 1097/ SLA. 00000 00000 002234.

 25. Iacobuzio‑Donahue CA, Fu B, Yachida S, Luo M, Abe H, Henderson 
CM, et al. DPC4 gene status of the primary carcinoma correlates with 
patterns of failure in patients with pancreatic cancer. J Clin Oncol. 
2009;27(11):1806–13. https:// doi. org/ 10. 1200/ JCO. 2008. 17. 7188.

 26. Lavu H, Nowcid LJ, Klinge MJ, Mahendraraj K, Grenda DR, Sauter PK, 
et al. Reoperative completion pancreatectomy for suspected malignant 
disease of the pancreas. J Surg Res. 2011;170(1):89–95. https:// doi. org/ 10. 
1016/j. jss. 2011. 04. 050.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.3322/caac.21763
https://doi.org/10.1200/EDBK_160827
https://doi.org/10.3390/cancers11070991
https://doi.org/10.1016/j.hpb.2016.11.001
https://doi.org/10.1016/j.hpb.2016.11.001
https://doi.org/10.1001/jamasurg.2019.3337
https://doi.org/10.1001/jamasurg.2019.3337
https://doi.org/10.1016/j.ejso.2023.04.009
https://doi.org/10.1016/j.ejso.2023.04.009
https://doi.org/10.1186/1748-717X-8-27
https://doi.org/10.1159/000519754
https://doi.org/10.1159/000519754
https://doi.org/10.7759/cureus.38255
https://doi.org/10.7150/jca.13295
https://doi.org/10.2147/OTT.S102784
https://doi.org/10.21037/jgo-22-38
https://doi.org/10.1097/COC.0b013e3181d270b4
https://doi.org/10.1097/COC.0b013e3181d270b4
https://doi.org/10.3978/j.issn.2078-6891.2013.044
https://doi.org/10.3389/fonc.2021.628155
https://doi.org/10.1186/s13014-019-1275-3
https://doi.org/10.1186/s13014-023-02221-8
https://doi.org/10.1186/s13014-023-02221-8
https://doi.org/10.1016/j.tipsro.2020.06.001
https://doi.org/10.1016/j.tipsro.2020.06.001
https://doi.org/10.3389/fonc.2023.1117874
https://doi.org/10.1016/j.prro.2013.01.005
https://doi.org/10.1016/j.prro.2013.01.005
https://doi.org/10.1001/jamaoncol.2021.0057
https://doi.org/10.1001/jamaoncol.2021.0057
https://doi.org/10.1016/j.ijrobp.2023.05.023
https://doi.org/10.1016/j.ijrobp.2023.05.023
https://doi.org/10.1097/SLA.0000000000002234
https://doi.org/10.1200/JCO.2008.17.7188
https://doi.org/10.1016/j.jss.2011.04.050
https://doi.org/10.1016/j.jss.2011.04.050

	Early outcomes of MR-guided SBRT for patients with recurrent pancreatic adenocarcinoma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	References


