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Abstract

Purpose: Treatment options for pancreatic ductal adenocarcinoma (PDAC) are commonly limited for patients with advanced
age due to medical comorbidities and/or poor performance status. These patients may not be candidates for more aggressive
chemotherapy regimens and/or surgical resection leaving few, if any, other effective treatments. Ablative stereotactic MRI-
guided adaptive radiation therapy (A-SMART) is both efficacious and safe for PDAC and can achieve excellent long-term local
control, however, the appropriateness of A-SMART for elderly patients with inoperable PDAC is not well understood.

Methods: A retrospective analysis was performed of inoperable non-metastatic PDAC patients aged 75 years or older treated
on the MRIdian Linac at 2 institutions. Clinical outcomes of interest included overall survival (OS), progression-free survival
(PFS), distant metastasis-free survival (DMFS), and locoregional (LRC). Toxicity was graded according to Common Terminology
Criteria for Adverse Events (CTCAE, v5).

Results:A total of 49 patients were evaluated with a median age of 81 years (range, 75-91) and a median follow-up of 14 months
from diagnosis. PDACwas classified as locally advanced (46.9%), borderline resectable (36.7%), or medically inoperable (16.3%).
Neoadjuvant chemotherapy was delivered to 84% of patients and all received A-SMART to a median 50 Gy (range, 40-50 Gy) in
5 fractions. 1 Year LRC, PFS, and OS were 88.9%, 53.8%, and 78.9%, respectively. Nine patients (18%) had resection after A-
SMART and benefited from PFS improvement (26 vs 6 months, P = .01). ECOG PS <2 was the only predictor of improvedOS on
multivariate analysis. Acute and late grade 3 + toxicity rates were 8.2% and 4.1%, respectively.
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Conclusions: A-SMART is associated with encouraging LRC and OS in elderly patients with initially inoperable PDAC. This
novel non-invasive treatment strategy appears to be well-tolerated in patients with advanced age and should be considered in
this population that has limited treatment options.

Received July 18, 2022. Received revised December 11, 2022. Accepted for publication December 20, 2022.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the third leading
cause of cancer mortality in the United States and is re-
sponsible for over 49,000 deaths and 62,000 new cases an-
nually.1 PDAC projects to become the second leading cause of
cancer mortality by 2030.2 PDAC mortality is driven by a
variety of factors including the lack of an effective screening
method that leads to advanced disease at presentation and
relatively slow progress in therapeutic advances. Moreover, as
the median age of diagnosis of PDAC is approximately 70
years, a significant portion of this patient population suffers
from age-related comorbidities and as a result may have
limited treatment options. PDAC patients are frequently in-
operable due to disease extent or medical comorbidities, and
therefore will be offered chemotherapy and potentially radi-
ation therapy (RT).

Elderly patients often have limited treatment options re-
gardless of the extent of their disease due to multiple medical
comorbidities and increased baseline fragility3,4 and are un-
derrepresented in clinical PDAC trials.5 Even in the absence of
metastatic disease, overall survival (OS) for these patients can
be expected in the range of 12-15 months for both resectable
and borderline resectable pancreatic cancer (BRPC).4,6 Only
10-15% of patients at presentation have surgery as a treatment
option and these patients have an increased risk of early
mortality with upfront resection.4 Other patients are only of-
fered either single-agent chemotherapy or supportive care.7

Historically, concurrent chemoradiotherapy (CRT) has been
associatedwith no difference in OS but a modest benefit in local
control.8 However, CRT is generally well tolerated and has been
associated with an OS of 11.3 months for patients with un-
resectable PDAC.9 However, definitive CRT is usually deliv-
ered over 5 to 6 weeks, which is a burden for patients with short
life expectancies. Stereotactic body radiotherapy (SBRT) has
inherent improved patient convenience and can be easily se-
quenced with minimal interruptions to systemic therapy; thus,
making it an attractive therapy for elderly patients with
PDAC.10,11

While the radiation dose prescribed for inoperable PDAC
has historically been in a non-ablative range to prioritize patient
safety because of nearby gastrointestinal (GI) luminal struc-
tures, advances in motion management and image guidance
have permitted significant dose escalation, which may be as-
sociated with improved OS.12,13 Several recent studies have
demonstrated favorable long-term efficacy and safety using
ablative RT delivered in a moderately hypofractionated or ultra-

hypofractionated manner, typically following induction
chemotherapy.12-14 The recent advent of magnetic resonance
guided radiotherapy (MRgRT) has allowed for dose escalation
via ablative dose stereotactic magnetic resonance image-guided
adaptive radiation therapy (A-SMART) due to its superior soft
tissue visualization, daily on-table adaptive re-planning, and
automatic beam gating based on target position.15-17 It is hy-
pothesized that the ability to account for interfraction anatomic
changes and intrafraction motion management with real-time
gating will facilitate safe isotoxic dose escalation with ultra-
hypofractionation. An additional benefit of A-SMART is that
fiducial markers are not required and thus complications re-
garding their placement will not impede a patient’s ability to
receive RT.18 However, there is concern within the community
of oncology specialists that dose escalated SBRT poses a
greater risk of toxicity when compared to more conventional
forms of radiotherapy for elderly patients with inoperable
PDAC due to their generally higher baseline fragility compared
to younger cohorts.

Due to improvements in treatment delivery afforded by
MRgRT and concerns regarding increased toxicity, we sought
to assess our early collective experience of A-SMART for
elderly patients with inoperable and non-metastatic PDAC.

Materials and Methods

After obtaining institutional review board (IRB) approval, a
retrospective analysis was performed at 2 institutions of
medically inoperable, locally advanced PDAC (LAPC), and
BRPC patients aged 75 years or older at time of diagnosis and
treated on the .35 T (T) MRIdian Linac (ViewRay, Oakwood
Village, OH) from September 2018 to May 2019. This study
did not include any patients with metastatic disease at any time
prior to radiotherapy. Due to the retrospective nature of this
study, written consent was not needed and both institutions
proceeded under IRB-approved protocols. All patients were
deidentified. Staging was performed with endoscopic ultra-
sound and computerized tomography scans of the chest,
abdomen/pancreas protocol, and pelvis (CT CAP) with an
optional diagnostic magnetic resonance (MR) scan of the
abdomen or positron emission tomography (PET/CT) scan.
National Comprehensive Cancer Network (NCCN) guidelines
were used to define resectability. After completion of A-
SMART, patient tumors were reassessed for resectability.
Patients who were found to have tumors that converted to a
resectable subtype were then taken to surgery. Induction
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chemotherapy was considered for all patients before
A-SMART, although was not offered to some based on
suboptimal performance status.

RT simulation included both MR and CT scans acquired in
the treatment position, which typically was supine with both
arms at the sides for patient comfort and setup reproducibility.
The primary scan for treatment planning was the true fast
imaging with steady-state free precession (TRUFI) sequence
obtained on the MRIdian Linac in breath hold. ATRUFI scan
with contours is demonstrated in Figure 1. A CT scan was
obtained immediately after in the same treatment position and
used for electron density measurements. Contrast enhanced
CT was optional and used to help with target volume delin-
eation. Fiducial markers are not required for MRgRTand were
not used. Patients were instructed to refrain from having any
oral intake for at least 2 – 3 hours prior to both simulation and
treatments. An isotoxicity approach, ie, maximizing the dose
delivered to the target above the prescription dose as far as
OAR restrictions would allow for, was used where the plan
was normalized to the closest GI organ at risk (OAR), which
routinely required sacrificing target volume coverage. Diag-
nostic CT and MR imaging were used to guide gross tumor
volume (GTV) delineation. Elective volume coverage was
routinely used at only 1 institution during the time of this
study, usually including a 5-10 mm margin around at least the
proximal 2-3 cm of the celiac artery (CA) and superior
mesenteric artery (SMA). A 3 mm planning target volume
(PTV) margin was standard at both institutions.

Details regarding the daily online adaptive replanning
technique and OAR constraints at both institutions have been
previously published.19,20 Briefly, on-table adaptive replan-
ning was performed for each fraction if the current day’s
anatomy would lead to OAR constraint violations using the
original plan and/or if plan reoptimization could significantly
increase target volume coverage while meeting OAR con-
straints. OAR were recontoured daily and a planning OAR
volume (PRV) was generated by a 3-5 mm expansion. This
avoidance structure was subtracted from the PTV to generate a
PTVopti structure. Density structures were then added to
account for any changes in density. Max point dose constraints
for bowel, stomach, and duodenum were <39.5 Gy, <38 Gy,
and <38 Gy at 1 center, respectively, and ≤39.5 for these
structures in the other. Mean dose constraints for bowel and
kidneys were <25 Gy and <10 Gy, respectively, for both
centers. The stomach, duodenum, and bowel all had V32 Gy ≤
2 cc and V35 Gy ≤ .5 cc for both centers. Similar dose
constraints and plan adaptation triggers have been reported for
A-SMART by other institutions.21-23

All patients were treated in 5 fractions. Continuous in-
trafraction cine-MRI scans acquired in the sagittal plane were
performed throughout treatment. Patients were treated using
soft tissue tracking of the primary pancreatic tumor using a
manually delineated “tracking structure” in the sagittal plane.
Treatment delivery was automatically held by the treatment
machine when >5% of the tracking structure exceeded a 3 mm

boundary threshold outside of the intended treatment position.
Treatment was typically given using a breath hold technique
and otherwise with free breathing respiratory gating.

Treatment response was defined using RECIST 1.1 criteria.
Common Terminology Criteria for Adverse Events version 5
was used to assess toxicity with acute toxicity being defined as
occurring during or within 90 days after completion of RT.
Follow-up was performed every 3 months post-treatment with
restaging imaging studies.

Multi-disciplinary evaluation of resectability after A-
SMART was typically done at least once every 2-3 months
upon restaging imaging studies being completed. Resected
tumor specimens were examined at the time of grossing to
confirm the anatomic tumor site. If there was no residual
grossly visible tumor, then the residual area with fibrosis was
submitted for further evaluation. All the sections derived from
the tumor bed are assessed by a board-certified pathologist.
Tumor response was evaluated according to the College of
American Pathologists tumor regression grading criteria
(CAP-TRG), ranging from CAP grade 0, indicating patho-
logic complete response (pCR), CAP grade 1, indicating
marked response (minimal residual cancer with single cells or
small groups of cancer cells), CAP grade 2, indicating
moderate response (residual cancer outgrown by fibrosis), and
CAP grade 3, indicating no response (extensive residual
cancer).24

Statistical Analyses

Clinical outcomes included OS calculated from the first date of
A-SMART and censored at the last documented clinical
follow-up. Progression-free survival (PFS), distant metastasis-
free survival (DMFS), and locoregional control (LRC) were

Figure 1. Example daily online adaptive treatment plan on ViewRay
planning software for LAPC. This is an axial slice through the
abdomen on the TRUFI MR sequence with isodose lines color-coded
(isodose legend in top right of figure). Prescription isodose line is
50 Gy/100% in red. PTV is isotropically expanded by 3 cm to create
an OAR eval structure, represented by larger red ring surrounding
the target, within which the OAR is recontoured daily. Contoured
OAR from left to right are liver (hunter green), bowel (lizard
green), right kidney (lime green), duodenum (pink), stomach
(orange), spinal cord (blue), left kidney (purple).
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calculated from the first date of A-SMARTand censored at last
PET/CT, MRI, or CT CAP. Progression was coded at the date of
biopsy-proven pathological confirmation if available, otherwise,
date of radiographical progression with the elevation of tumor
markers or treating oncologist clinical suspicion to initiate or
alter systemic therapy was sufficient. The Kaplan-Meier method
and log-rank test were used to assess the significance between
groups. Univariate Cox analysis (UVA) and multivariable Cox
analysis (MVA) was performed to evaluate associations between
the clinical variables with clinical outcomes.

Results

Patient, tumor, and treatment characteristics are described in
Table 1. Briefly, 49 patients were evaluated with a median age
of 81years (range, 75 - 91). Most had favorable Eastern
Cooperative Oncology Group (ECOG) performance status
(PS) of 0 to 1 (90%), and most commonly, locally advanced
disease (46.9%). All patients were either medically inoperable
or did not have resectable disease prior to the initiation of
A-SMART. The median CA19-9 at diagnosis was 235.8 U/mL
(range, 3 - 9204).Most patients received induction chemotherapy
(84%), which most commonly consisted of a gemcitabine-based
regimen (71%) for a median 3.3 months (range, .2 - 8.1). All
patients completed 5 fractions with a median prescribed dose of
50 Gy (range, 40 - 50) and median biologically effective dose
(BED10) was 100 Gy (range, 72 - 100). Adjuvant chemotherapy
was given to 43% (n = 21) of patients.

For the entire cohort, the median follow-up was 14 (range,
5 - 36) months from diagnosis and 10 (range, 4-31) months
from A-SMART. LRC, DMFS, PFS, and OS at one year for
the overall cohort were 81.9%, 48.9%, 32.2%, and 59.9%
respectively (Table 2). Median LRC, DMFS, PFS, and OS for
the overall cohort were 24, 10, 7, and 18 months, respectively.
Figure 2, Figure 3, Figure 4 and Figure 5 demonstrate the
Kaplan-Meier curves for LRC, DMFS, PFS, and OS, re-
spectively, of the overall cohort and resected vs non-resected
cohorts. Three patients (3/9; 33%) who underwent surgery
developed distant metastatic progression but had no local
recurrences. In the unresected cohort, twelve (12/40; 30%)
patients developed distant metastatic progression, and seven
(7/40; 18%) patients developed a locoregional recurrence.

Surgery was performed in nine patients (18%) initially di-
agnosed with BRPC after a median of 72 (range, 48-309) days
from A-SMARTwith all having negative margins and a 90-day
postoperative mortality rate of 0%. Pancreaticoduodenectomy
was performed in 89% (8/9) of patients and one patient had a
distal pancreatectomy. Surgical patients had an ECOG PS of
0 to 1, with a majority (56%) having an ECOG PS of 0. Non-
surgical patients had an ECOG PS of 0 to 2, with a minority
(40%) having an ECOG PS of 0. Six of the surgical patients
had neoadjuvant chemotherapy of with two receiving

Table 1. Patient, Tumor, and Treatment Characteristics.

Median/N (range/%)

Age at diagnosis, year 81 (75–91)
Gender
Female 21 (43%)
Male 28 (57%)

ECOG PS
0 21 (43%)
1 23 (47%)
2 5 (10%)

Histology
Adenocarcinoma 49 (100%)

Tumor location (on pancreas)
Head/neck 42 (86%)
Body/tail 7 (14%)

Tumor cT stage
1 3 (6%)
2 18 (37%)
3 4 (8%)
4 24 (49%)

Tumor cN stage
0 42 (86%)
1 6 (12%)
2 1 (2%)

Resectability
Medically inoperable 8 (16%)
Borderline 18 (37%)
Locally advanced 23 (47%)

Initial CA19-9 Level (U/mL) 235.8 (3–9204)
Neoadjuvant chemotherapy
None 8 (16%)
FOLFIRINOX 6 (12%)
Gemcitabine 4 (8%)
Gemcitabine/paclitaxel 30 (61%)
Gemcitabine/paclitaxel/capecitabine 1 (2%)
Duration, days 98 (7–244)

RT details
Total dose, Gy 50 (40–50)
Number of fractions 5
BED α/β = 10, Gy 100 (72–100)
BED α/β = 3, Gy 216.7 (146.7–216.7)
EQD210, Gy 83.3 (60–83.3)
EQD23, Gy 130 (88–130)
Elective nodal irradiation 17 (35%)

Post RT resection
None 40 (82%)
Pancreaticoduodenectomy 8 (16%)
Distal pancreatectomy 1 (2%)
Time from RT, days 72 (48–309)
R0 9 (100%)
90-day mortality 0

Adjuvant chemotherapy 21 (43%)
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Table 2. Clinical Outcomes of LRC, DMFS, PFS, and OS from A-SMART.

Combined Cohort Resected Cohort Non-resected Cohort

P Value*N 49 9 40

LRC
Median (months) 24 (16 – NR) 24 (15–24) NR NR
1-year (%) 81.9%

DMFS
Median (months) 10 (6 – 24) 26 (7–26) 10 (5–22) .15
1-year (%) 48.9%

PFS
Median (months) 7 (5-11) 26 (7–26) 6 (4–10) .01
1-year (%) 32.2%

OS
Median (months) 18 (11 – 23) NR (18–NR) 14 (10–19) .03
1-year (%) 59.9%

NR: Not reached; *log-rank test between resected vs non-resected cohorts; Bold text indicates P-value <.05.

Figure 2. (A) Kaplan-Meier plot of LRC measured from time of SMART for entire cohort. (B) Kaplan-Meier plot of LRC measured from time
of SMART based on resection status.

Figure 3. (A) Kaplan-Meier plot of DMFS measured from time of SMART for entire cohort. (B) Kaplan-Meier plot of DMFS measured from
time of SMART based on resection status.
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FOLRININOX and then switching to gemcitabine and pacli-
taxel, and four receiving gemcitabine and paclitaxel initially.
Median neoadjuvant chemotherapy duration was 3.3 (range, 2.3 –
8.1) months. Five patients had TRG score of one (5/9; 56%), three
had TRG score of 2 (3/9; 33%), and one patient had TRG score of
3 (1/9; 11%).

Five patients (5/49; 10%) had an ECOG status of 2. Three (3/5;
60%) received neoadjuvant chemotherapy that consisted of
gemcitabine and paclitaxel (2/3; 66%) or gemcitabine mono-
therapy (1/3; 33%) for a median of 4.1 (range, 2.4 – 4.5) months.
Two (2/5; 40%) patients had distant metastatic disease progression
while none had locoregional progression. Three patients (3/5) died,
two of them from disease progression and one from causes un-
related to A-SMART or chemotherapy-related toxicities.

ECOG PS <2 was the only significant predictor of im-
proved OS on MVA with a trend towards significance for

induction chemotherapy ≥3 months (Table 3). Surgical re-
section was the only significant predictor of improved PFS on
MVAwith a trend towards significance for RT dose of 50 Gy
(Table 4). Female sex was the only significant predictor of
improved LRC on MVA.

Acute grade 3 or higher toxicity was experienced in 4
patients (8.2%). Acute grade 3 toxicity consisted of diarrhea
(2%; 1/49), abdominal pain (2%; 1/49), and weakness (2%;
1/49). A single patient experienced an acute grade 4 gastric
outlet obstruction that required gastrojejunostomy at 26 days
after A-SMART. Late grade 3 toxicity was 4.1% and consisted
of gastrointestinal bleeding (2%; 1/49) and duodenal ulcer-
ation (2%; 1/49) that occurred at 6 and 5 months after end of
A-SMART, respectively. There were no late grade 4 or 5
toxicities. The rate of late grade 3 or higher toxicity in patients
with at least one year of follow up is 4.9%.

Figure 4. (A) Kaplan-Meier plot of PFS measured from time of SMART for entire cohort. (B) Kaplan-Meier plot of PFS measured from time of
SMART based on resection status.

Figure 5. (A) Kaplan-Meier plot of OS measured from time of SMART for entire cohort. (B) Kaplan-Meier plot of OS measured from time of
SMART based on resection status.
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Discussion

To our best knowledge, this is the first description of A-SMART
outcomes in a cohort of initially inoperable PDAC patients with
an age of at least 75 years. This cohort experienced 1-year OS,
PFS, LRC, and DMFS rates of 59.9%, 32.2%, 81.9%, and
48.9% from A-SMART, respectively. In addition, there were
low rates of clinically significant toxicity. Nearly 20% of our
cohort were able to proceed to tumor resection and benefited
from improvements in OS, PFS, and LRC (Table 2). These
patients were fitter at baseline, with ECOG PS rates of 0 and 1
being 56% and 44%, respectively. The patients unable to un-
dergo resection were able to maintain adequate locoregional
control with a 1-year locoregional control rate of 77%. These

patients tended to progress distantly. Our data suggest that
treatment intensification with A-SMART for the elderly is safe
and efficacious; thus, A-SMART should be considered as an
option for these patients. These data also encourage enrollment
of this traditionally underrepresented patient population5 on
prospective trials for better assessment of A-SMART in elderly
patients with inoperable PDAC.

SBRT has been shown to be well-tolerated and possibly
more effective for PDAC than conventionally fractionated
treatment.25 A recent meta-analysis demonstrated improved 2-
year OS from 14% to 27% associated with SBRT compared to
conventionally fractionated CRT, as well as a greater than 30%
reduction of grade 3 and 4 toxicities.26 Multiple studies have
shown SBRT to be safe and effective for elderly patients with

Table 3. Survival Univariate and Multivariate Analysis.

Variables

Univariate Multivariate

HR (95% CI) P Value HR (95% CI) P Value

Age 1.01 (.91–1.11) .855 —

Sex .708
Male Reference —

Female .85 (.35–2.03)
Performance status .015 — .037
<2 Reference — Reference —

≥2 4.87 (1.35–17.62) — 4.02 (1.0.8–14.88) —

T Stage .667 —

1 and 2 Reference —

3 and 4 .83 (.36–1.93)
N stage .978 —

0 Reference —

1 and 2 .99 (.33–2.93)
Tumor location .694 —

Body/tail Reference —

Head 1.34 (.31–5.77)
Induction chemotherapy .953 —

No Reference —

Yes .96 (.28–3.28)
Induction chemotherapy duration .044 —

<3 months Reference — Reference .086
≥3 months .4 (.16–.98) — .45 (.18–1.11) —

Chemotherapy type .262 — .149
Other Reference — Reference —

FOLFIRINOX .32 (.04–2.37) — .22 (.02–1.71) —

Surgery .065 —

No Reference —

Yes .15 (.02–1.13)
RT dose .109 —

<50 Gy Reference —

50 Gy 2.81 (.79–9.98)
Elective coverage .422 —

No Reference —

Yes .7 (.29–1.67)

CI: confidence interval; HR: Hazard ratio.
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PDAC.27-29 Given the limited options for elderly patients with
PDAC and the efficacy of SBRT, the International Society of
Geriatric Oncology (SIOG) has recommended SBRT for el-
derly patients that are medically inoperable.30 The American
Society of Clinical Oncology (ASCO) has also included a
recommendation of SBRT for patients with LAPC who have a
decline in performance status in their clinical practice
guidelines.31 These recommendations are due to the shortened
course required for SBRT delivery and the favorable toxicity
profile of SBRT vs conventional CRT.26 In addition, SBRT is
an effective and efficient method of dose-escalation for
PDAC.

There is a growing body of literature that suggests dose-
escalation may improve LC and OS for inoperable PDAC

patients.12,13,32-35 This is particularly important in an elderly
population where successful resection may be limited by the
degree of local tumoral involvement of critical surrounding
structures and medical inoperability. LRC in PDAC patients is
an important clinical outcome due to the significant impact on
quality of life (QoL) with local progression. Local progression
of these tumors often leads to worsening pain, pancreatic
insufficiency, biliary obstruction, and early satiety/gastric
outlet obstruction. Improvements in QoL with non-ablative
SBRT are often due to better pain control, reduced biliary
complications, better nutritional status, and reduced nausea.36

Ryan et al37 reported that SBRT (median dose of 28 Gy in 5
fractions) for an inoperable elderly population resulted in
significant QoL improvements. SBRT provided symptom

Table 4. Disease Progression Univariate and Multivariate Analysis.

Variables

Univariate Multivariate

HR (95% CI) P Value HR (95% CI) P Value

Age .97 (.89–1.05) .414 —

Sex .792
Male Reference —

Female .91 (.45–1.83)
Performance status .173 —

<2 Reference —

≥2 2.4 (.68–8.46)
T Stage .185 —

1 and 2 Reference —

3 and 4 1.63 (.79-3.38)
N stage .109 —

0 Reference —

1 and 2 2.09 (.85–5.13)
Tumor location .430 —

Body/tail Reference —

Head 1.62 (.49–5.36)
Induction chemotherapy .461 —

No Reference —

Yes 1.57 (.47–5.19)
Induction chemotherapy duration .164 —

<3 months Reference —

≥3 months .59 (.28-1.24)
Chemotherapy type .862 —

Other Reference —

FOLFIRINOX .91 (.32–2.61)
Surgery .025 — .045

No Reference — Reference —

Yes .19 (.05–.82) — .22 (.05–.97) —

Radiotherapy dose .056 — .135
<50 Gy Reference — Reference —

50 Gy 3.30 (.97–11.23) — 2.54 (.74–8.64) —

Elective coverage .215 —

No Reference —

Yes .63 (.31–1.30)

CI: confidence interval; HR: Hazard ratio.
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palliation of pain, fatigue, anorexia, weight loss, and nausea in
73%, 20%, 58%, 80%, and 100%, respectively, within 3
months. Most importantly, patients with the worst baseline
performance statuses had the greatest benefit, thus empha-
sizing the importance of an effective radiotherapy modality for
these patients. It is believed that all these QoL benefits are
directly due to the local tumor control provided by radio-
therapy. However, despite evidence for improvements in local
control with increased radiotherapy dose for PDAC,13 there is
concern for radiotherapy dose escalation in the frailer elderly
populations with PDAC due to the higher rates of toxicities
this population seen with other cytotoxic therapies, often
requiring dose reductions to improve tolerability.38

Dose escalation for PDAC has traditionally been limited
due to poor visualization of gross disease and surrounding
radiosensitive GI OAR.39 SMART is a new modality that
allows for the safe delivery of ablative (median BED10 of
100 Gy in our study) doses with minimal toxicities for PDAC
due to its superior soft tissues visualization, daily on-table
adaptive re-planning, and automatic beam gating based on
target position.15-17 Furthermore, the benefits of SMART
make it an ideal treatment option for a population with high
morbidity rates, such as the elderly, especially if they are not
candidates for other modalities, including surgery, irreversible
electroporation, or chemotherapy. SMART can deliver high
ablative doses, referred to as ablative-SMART (A-SMART),
to the tumor within a 5-fraction regimen delivered daily,
typically over 1 to 2 weeks, while working well within a
chemotherapy and surgical resection paradigm. SMART also
does not require fiducial marker placement, thereby de-
creasing the need for invasive procedures in a population that
is at higher risk of complications and eliminates the need for
internal target volumes (ITV) due to its real-time target
tracking. A-SMART for PDAC has been shown to be safe and
efficacious in initial retrospective reports.12,19-21 The first
prospective data of A-SMART for inoperable PDAC were
recently presented and was in agreement with prior reported
outcomes.40 These initial data of this multi-center single-arm
phase II trial (ClinicalTrials.gov Identifier: NCT03621644) of
136 patients met the primary objective of minimal acute
toxicity and demonstrated a 1-year OS of 65% from
A-SMART.40 In addition, nine patients within our cohort were
successfully converted to surgical candidates after neo-
adjuvant chemotherapy and A-SMART and had excellent
surgical outcomes with R0 resection rate of 100% and no post-
surgical 90-day mortalities. These favorable surgical out-
comes are in agreement with prior data for resected PDAC
patients after A-SMART.20

Our early efficacy results compare favorably with prior
studies that evaluated pancreatic SBRT in an elderly patient
population (Table 5).28,29,41-43 There appears to be a significant
improvement in LRC and OS with A-SMART over other
historical cohorts for unresected patients. Specifically, A-
SMART compares favorably to the Reddy et al unresected
cohort, which delivered a non-ablative SBRT (BED10 =

54.8 Gy). There appears to be an improvement in OS of 14
months vs 7 months in favor of A-SMART despite the Reddy
et al cohort being younger overall and having a significantly
higher rate (52% vs 12%) of patients who underwent the more
potent induction FOLFIRNOX chemotherapy regimen. While
an indirect comparison, these data suggest that ablative dose
radiotherapy contributed to the improved clinical outcomes
within our cohort. Kim et al and Ryan et al both reported
median and 1-year overall survival rates of 10 months, 8
months, 36%, and 28%, respectively, for inoperable
patients.37,42 These rates are lower than our unresected cohort,
who had a median and 1-year OS rate of 14 months and 53%,
respectively. The improved survival benefit of our resected
cohort is unsurprising considering that resection remains the
only potential cure for these patients and is congruent with the
rates of prior studies.20,29

Our acute grade three or higher toxicity rate of 8.2% is
similar to prior non-ablative SBRT studies for elderly patients
with PDAC. However, the vast majority of these were self-
limited grade three toxicities. The late grade three or higher
toxicity profile is consistent with historical outcomes for
pancreatic SBRT in an elderly cohort. These favorable toxicity
rates highlight the safety of A-SMART for isotoxic dose
escalation in elderly patients with PDAC, which mirrors prior
studies that utilized A-SMART for the treatment of
LAPC.19,44-46 Neoadjuvant chemotherapy was given to most
patients in our study (86%), which is expected to have
influenced clinical outcomes when compared to other studies
with lower rates of chemotherapy administration (Table 5).43

However, most patients within our study received a
gemcitabine-based chemotherapy regimen that is often used in
elderly patients due to increased toxicity concerns of the more
potent FOLFIRINOX regimen. These toxicity data suggest
that A-SMART does not appear to be more toxic than other
standard radiotherapy regimens routinely used for un-
resectable PDAC; thus, A-SMART should be considered a
safe treatment option for these vulnerable patients with limited
options.

Study limitations include that this is a retrospective analysis
and is thus subject to underreporting of toxicities even though
toxicities were evaluated and recorded prospectively at time of
each patient encounter. The study cohort is relatively small,
and a sample size analysis was not performed prior to data
collection. There is a limited median follow-up time of only 14
months from diagnosis and 10 months from A-SMART.
Important clinical outcomes of our resected cohort did not
reach statistical significance due to the low number of events
within our follow-up time. Our results would benefit from
further follow-up time; however, we believe that our follow-
up time in this elderly patient population with PDAC is
meaningful given the poor prognosis of this disease. The
elderly population within this study had favorable baseline
ECOG PS, thus elderly patients with worse baseline ECOG PS
may not tolerate this therapy as well as our study cohort. In
addition, all patients in this trial were treated at large tertiary
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cancer centers, which were both early adopters of A-SMART
for PDAC, and thus these safety data may not translate to
centers with less experience in A-SMART for PDAC. Lastly,
we acknowledge that we intentionally selected patients who
did not progress after initial chemotherapy as it is this subset
that likely achieves the greatest benefit from A-SMART.
Whether A-SMART meaningfully improves OS over che-
motherapy has not yet been studied prospectively although a
multi-center phase III randomized study for LAPC (LAP-
ABLATE; NCT05585554) may answer this question.

Conclusions

A-SMART for elderly PDAC patients appears to be an ef-
fective and safe therapy associated with excellent LRC with
minimal acute and late toxicities in this vulnerable patient
population that often has few treatment options. The soft tissue
visualization, real time gating, and online adaptive planning of
MRgRT increase the safety of isotoxic dose escalation and
underpins the feasibility and tolerability of A-SMART for
elderly patients. Centers with access to and experience with
pancreatic A-SMART should consider this modality as a
treatment option for their elderly PDAC patients.
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