
ORIGINAL RESEARCH

Resection of borderline resectable pancreatic cancer
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on improved radiographic appearance
of tumor–vessel relationships
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Abstract
Objective Neoadjuvant therapy increases rates of margin-
negative resection of borderline resectable pancreatic ductal

adenocarcinoma (BL-PDAC). Criteria for BL-PDAC resection
following neoadjuvant chemotherapy and radiation therapy
(NCRT) have not been clearly defined.
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Methods Fifty consecutive patients with BL-PDAC who re-
ceived NCRT from 2007 to 2012 were identified. Computed
tomography (CT) scans pre- and post-treatment were centrally
reviewed.
Results Twenty-nine patients (58 %) underwent resection fol-
lowing NCRT, while 21 (42 %) remained unresected. Patients
selected for and successfully undergoing resection were more
likely to have better performance status and absence of the
following features on pre- and post-treatment CT: superior
mesenteric vein/portal vein encasement, superior mesenteric
artery involvement, tumor involvement of two or more ves-
sels, and questionable/overt metastases (all p <0.05). Tumor
volume and degree of tumor–vessel involvement did not
significantly change in both groups after NCRT (all p >
0.05). The median overall survival was 22.9 months in
resected versus 13.0 months in unresected patients (p <
0.001). Of patients undergoing resection, 93 % were margin-
negative, 72 % were node-negative, and 54 % demonstrated
moderate pathologic response to NCRT.
Conclusion Apparent radiographic extent of vascular involve-
ment does not change significantly after NCRT. Patients without
metastatic disease should be chosen for surgical exploration based
on adequate performance status and lack of disease progression.

Keywords Pancreatic cancer . Borderline resectable .

Neoadjuvant therapy . Chemoradiation . Computed
tomography

Introduction

Each year, approximately 5,000 patients are diagnosed with
borderline resectable pancreatic ductal adenocarcinoma (BL-

PDAC) [1]. This unique stage encompasses localized primary
pancreatic cancer with limited involvement of the superior
mesenteric vein (SMV), portal vein (PV), superior mesenteric
artery (SMA), common hepatic artery (HA), or celiac axis
(CA). Though certain criteria exist for defining BL-PDAC
[1–3], subjectivity in determining resectability creates some
ambiguity in the diagnoses of BL-PDAC [1]. Regardless of
the classification system used, BL-PDAC patients are more
likely to require a highly challenging surgery leading to in-
creased risk of complications, positive resection margins fol-
lowing a surgery-first approach, and early systemic metastases
given the more advanced stage of primary tumor [4–6].

Downstaging with preoperative therapy has been well de-
scribed for other malignancies, such as breast [7] and rectal [8]
cancers; however, successful downstaging for BL-PDAC is
rare (10–15 %) [8, 9]. Thus for patients with BL-PDAC,
neoadjuvant therapy is administered at our institution with
the following rationale: (1) to allow time to select patients
for surgical resection that have more favorable tumor charac-
teristics reflected by stable or responding disease given the
potential morbidity of surgery, (2) to address micrometastatic
disease earlier in the treatment sequence [10], (3) to take
advantage of the superior performance status of patients in
the preoperative setting to administer the adjuvant treatment
regimen before the risk of delays in initiating postoperative
treatment due to surgical recovery, and (4) to potentially
enhance the chances of margin-negative (R0) tumor resection
through radiation- and systemic chemotherapy-induced cell
death [3, 5, 11]. A recently published consensus report sup-
ports this rational treatment approach to neoadjuvant therapy
for BL-PDAC [11].

Based on previously published reports, over 40 % of
patients with BL-PDAC who receive neoadjuvant therapy
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subsequently undergo successful resection. Resected BL-
PDAC patients have a median overall survival of 23–
40 months [3, 12–14] which is comparable to or better
than the survival of patients presenting with resectable
disease who undergo surgery and receive adjuvant therapy
reported in large phase III trials (20–24 months) [15–18].
Moreover, most studies report R0 rates of at least 70 %
for resected BL-PDAC [3, 9, 12, 19], which are compa-
rable to rates observed for patients with resectable disease
(65–81 %) [15–18]. This reflects the selection of BL-
PDAC patients with the most favorable clinical character-
istics and tumor biology to benefit from successful resec-
tion following neoadjuvant therapy. However, criteria for
attempting resection of BL-PDAC after neoadjuvant che-
motherapy and radiation therapy (NCRT) are lacking [20].
As a result, patients without overt downstaging or im-
provement of vascular involvement may not be offered
the opportunity for potentially curative surgical resection.
The primary objective of the current study was to capture
the treatment approach and subsequent response to therapy
of patients who received NCRT at our institution and to
identify which, if any, clinical and radiographic features
could assist in selecting BL-PDAC patients for surgical
resection following NCRT.

Methods

Patient selection

All BL-PDAC patients who received NCRT at our in-
stitution with curative intent between March 2007 and
March 2012 were retrospectively reviewed. All patients
had provided informed consent for treatment, and the
study was approved by our internal institutional review
board. Staging of BL-PDAC was determined by an
institutional multidisciplinary pancreatic tumor board
[21] in the presence of an attending surgical oncologist
based on multidisciplinary discussion and guidance of
the classification system criteria from the American
Hepatopancreaticobiliary Association/Society of Surgical
Oncology/Society for Surgery of the Alimentary Tract
(AHPBA/SSO/SSAT) [1] on review of cross-sectional
computed tomography (CT) scans. General features de-
fining BL-PDAC status included tumor abutment
(≤180°) of the CA and/or SMA, encasement of the
gastroduodenal artery up to the HA with short-segment
encasement/abutment not extending to the CA, or short-
segment encasement/occlusion of the SMV/PV with
suitable vessel above and below the region involved
by the tumor for feasible reconstruction. Potential
Appleby operation [22] candidates were also defined
as BL-PDAC.

Neoadjuvant regimens

All patients received neoadjuvant chemotherapy and radiation
therapy at our institution with the exception of four patients
who received chemotherapy at an outside facility prior to
radiation. Neoadjuvant therapy consisted of two strategies:
(1) induction chemotherapy followed by chemoradiation or
(2) upfront chemoradiation. Induction chemotherapy
consisted of gemcitabine-based regimens or combination ther-
apy of full or modified fluorouracil, leucovorin, and
oxaliplatin with or without irinotecan (FOLFIRINOX and
FOLFOX, respectively). Radiation therapy was delivered
using three-dimensional conformal radiation therapy,
intensity-modulated radiation therapy (IMRT), or volumetric
modulated arc therapy (VMAT) techniques with concurrent
chemotherapy consisting of gemcitabine, capecitabine, or
combined gemcitabine and oxaliplatin. One patient received
stereotactic body radiation therapy (SBRT) without concur-
rent chemotherapy.

Imaging acquisition and central review

Pancreas protocol CT imaging studies were performed
within 1 month prior to the start of radiation therapy
(pre-treatment CT) and 4–6 weeks after the last day of
radiation therapy (post-treatment CT). All scans were
performed with IV contrast and oral water using a thin-
slice multidetector CT utilizing a dual-phase technique
with acquisition of arterial phase and portal venous phase
images 30 s and 1 min after intravenous injection of
contrast, respectively. Pre- and post-treatment scans were
centrally reviewed by an attending radiologist who was
blinded to patient treatment and outcomes. Data collected
during central review included three-dimensional tumor
measurements and assessment for presence of ascites, me-
tastases, possible metastases, tumor necrosis, and extent of
tumor–vessel involvement. Classification of the extent of
tumor–vessel involvement was performed as follows: (1)
none; (2) abutment, <180° involvement; (3) partial encase-
ment, >180° but <360° involvement; and (4) encasement
including 360° vessel involvement or occlusion. Pre- and
post-treatment scans were available for review at the time
of the study for all patients except one; thus, this patient
was not included in paired analyses of pre- and post-treatment
scans. Response to NCRTwas measured in three fashions: (1)
by comparing tumor–vessel relationships in the pre-treatment
scans to those in the post-treatment scans for the CA, HA,
SMA, and SMV/PV; (2) by the percentage of change in tumor
volume based on three-dimensional tumor measurements (for-
mula for volume of an ellipsoid, length × width × height × π /
6); and (3) by the percentage change in the longest diameter of
the primary tumor based on the revised Response Evaluation
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Criteria in Solid Tumors (RECIST) guidelines [23]. Pre-
and post-treatment scans for all patients were centrally
restaged using the AHPBA/SSO/SSAT criteria to com-
pare our institutional interpretation of BL-PDAC with a
standard definition.

Surgical and histopathological techniques

All diagnoses of pancreatic adenocarcinoma were path-
ologically confirmed by cytologic evaluation of fine-
needle aspirate specimens prior to neoadjuvant therapy.
After NCRT, patients were selected for surgical resec-
tion by an institutional multidisciplinary pancreatic tu-
mor board (including an attending surgical oncologist)
based on performance status, absence of metastatic
disease, tumor characteristics on post-treatment CT
scan, post-treatment carbohydrate antigen 19–9 (CA
19–9) level interpreted in context of the patient’s base-
line level, patient preferences, and feasibility of vessel
reconstruction if applicable.

Following surgical resection, the pancreatectomy speci-
mens were grossly examined for remaining tumor. Sec-
tions were submitted for diagnostic review according to
standard institutional protocol, including 100 % of the
pancreas in cases in which no tumor was grossly identi-
fied. Margin status of resection specimens was determined
based on traditional methods [24]. Margins <1 mm from
the cut edge were considered negative. At the time of this
study, slides from sections grossly thought to contain
tumor were reviewed by a single pathologist with exper-
tise in pancreatic pathology to consistently assess treatment
response and degree of differentiation. Treatment response
was graded based on the College of American Pathology
(CAP) criteria. This four-tier grading system classifies the
extent of residual carcinoma in post-treatment pancreatec-
tomy specimens as follows: grade 0, no viable residual
tumor; grade 1, marked response; grade 2, moderate re-
sponse; and grade 3, poor or no response [25].

Statistical analysis

Data regarding overall survival (OS), progression-free sur-
vival (PFS), and local progression-free survival (LPFS)
were calculated from the date of pathologic diagnosis
and analyzed using the Kaplan–Meier method and the
log-rank test to assess for differences between subgroups.
Means, medians, and proportions were compared between
subgroups using the two-sided Student t test, Mann–Whit-
ney U test, and two-sided Fisher’s exact test, respectively.
A p value of <0.05 was considered significant in this
unadjusted exploratory analysis. Statistical analysis was
performed using SPSS version 20.0 software (SPSS, Chi-
cago, IL, USA) and S-Plus 8.0 Enterprise Developer.

Results

Patient characteristics

Of the 50 BL-PDAC patients who received NCRT at our
institution between 2007and 2012, 31 (62 %) were offered
surgical exploration; however, one patient refused surgery. At
the time of surgery, liver metastases were identified in one
patient. The remaining 29 of the 30 patients (97%) proceeding
to surgery underwent successful resection of the tumor. The
two patients who did not undergo resection were analyzed
with the unresected group. Clinicopathologic features of both
resected and unresected groups are shown in Table 1. There
were no statistically significant differences in features be-
tween groups with the exception of race (p =0.017) and pro-
portion of patients with the Eastern Cooperative Oncology
Group (ECOG) performance status of 0 and 2 at first follow-
up post-NCRT (p =0.042 and p =0.041, respectively).

Neoadjuvant therapies received did not differ significantly
between resected and unresected patients. Overall, 16 patients
(32 %) received induction chemotherapy prior to radiation
therapy, including 8 patients (28 %) in the resected group
and 8 patients (38 %) in the unresected group (p =0.543).
Similar proportions of resected and unresected patients re-
ceived FOLFOX/FOLFIRINOX induction regimens (10 and
14 %, p =0.686). Of the 50 patients, 47 (94 %) received
concurrent chemotherapy with radiation, including 28
(97 %) and 19 patients (90 %) in the resected and unresected
groups, respectively (p =0.565). Similar proportions of
resected and unresected patients treated with concurrent che-
motherapy received capecitabine (61 % versus 63 %, p >
0.999), gemcitabine (4 % versus 16 %, p =0.292), and
gemcitabine plus oxaliplatin (36 % versus 21 %, p =0.343)
as the chemotherapeutic agent during radiation. The distribu-
tion of radiotherapy techniques did not differ significantly
between resected and unresected patients (all p >0.05). Fur-
thermore, there was no difference in the total dose of neoad-
juvant radiation. Median radiation dose was 50 Gy overall
(interquartile range (IQR), 40.0–50.0) and 50.0 Gy (IQR,
50.0–50.0) versus 50.0 Gy (IQR, 30.0–50.0) for the resected
versus unresected groups (p =0.719). Median fraction size
was 2.0 Gy (IQR, 2.0–2.0) for both groups.

Comparison of radiographic features between resected
and unresected groups

Extent of tumor–vessel involvement

Table 2 presents the extent of tumor involvement with major
vessels on centrally reviewed pre- and post-treatment CT
scans. Resected and unresected patients were compared to
determine which, if any, tumor–vessel relationships are asso-
ciated with the decision to attempt surgical resection. On both
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pre- and post-treatment scans, resected patients were less
likely than unresected patients to have SMV/PV encasement
(45 % versus 81 % pre-treatment, p =0.018; and 45 % versus
85 % post-treatment, p =0.007) and SMA involvement (24 %
versus 75 % pre-treatment, p =0.004; and 31 % versus 65 %
post-treatment, p =0.023). Additionally, resected patients
were less likely to have tumor involvement of two or more
vessels compared to unresected patients on both pre- and post-

treatment scans (55 % versus 90 % pre-treatment, p =0.011;
and 62 % versus 90 % post-treatment, p =0.047).

We did not have a sufficient number of patients to test the
difference between groups in the presence of involvement of
the SMV/PV (including abutment and encasement) since all
except five patients had some extent of SMV/PVinvolvement.
We also could not determine the difference between groups in
the presence of tumor abutment or encasement of both the

Table 1 Baseline demographics,
treatment, and clinical
characteristics

IQR interquartile range, ECOG
Eastern Cooperative Oncology
Group, 3D-CRT three-dimen-
sional-conformal radiotherapy,
IMRT intensity-modulated radio-
therapy, SBRT stereotactic body
radiotherapy, VMAT volumetric
modulated arc therapy, Gy gray,
CA 19–9 carbohydrate antigen
19–9

Factor All
(N=50)

Unresected
(N =21)

Resected
(N=29)

p value

Age (years), median (IQR) 63.5 (59–68) 66 (61–74) 62 (58–66) 0.100

Gender, n (%)

Male 32 (64) 13 (62) 19 (66)

Female 18 (36) 8 (38) 10 (35) 0.999

Race, n (%)

White 38 (76) 12 (57) 26 (90)

Non-White 12 (24) 9 (43) 3 (10) 0.017

Baseline ECOG status, n (%)

0 31 (62) 11 (52) 20 (69)

1 29 (38) 10 (48) 9 (31) 0.110

Post-NCRT ECOG status, n (%)

0 25 (50) 7 (33) 18 (62) 0.042

1 19 (38) 9 (43) 10 (35) <0.999

2 6 (12) 5 (24) 1 (3) 0.041

Tumor location, n (%)

Head/neck 40 (80) 19 (91) 21 (72)

Body/tail 10 (20) 2 (10) 8 (28) 0.160

Pre-radiation chemotherapy, n (%)

No 34 (68) 13 (62) 21 (72)

Yes 16 (32) 8 (38) 8 (28) 0.543

Gemcitabine-based 10 (63) 5 (50) 5 (50)

FOLFOX/FOLFIRINOX 6 (37) 3 (50) 3 (50) >0.999

Concurrent chemotherapy during radiation, n (%)

No 3 (6) 2 (10) 1 (3)

Yes 47 (94) 19 (91) 28 (97) 0.565

Capecitabine 29 (62) 12 (63) 17 (61) >0.999

Gemcitabine 4 (9) 3 (16) 1 (4) 0.292

Radiation therapy modality, n (%)

3D-CRT 13 (26) 4 (19) 9 (31) 0.515

IMRT/VMAT 36 (72) 16 (76) 20 (69) 0.752

SBRT 1 (2) 1 (5) 0 (0) 0.420

Neoadjuvant radiation dose (cGy),
median (IQR)

50.0 (40.0–50.0) 50.0 (30.0–50.0) 50.0 (50.0–50.0) 0.719

Baseline CA 19–9, N=43

<90 U/mL, n (%) 15 (35) 7 (39) 8 (32)

≥90 U/mL, n (%) 28 (65) 11 (61) 17 (68) 0.750

Pre-radiation CA 19–9, N=44

<90 U/mL, n (%) 20 (46) 9 (47) 11 (44)

≥90 U/mL, n (%) 24 (55) 10 (53) 14 (56) 0.999
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Table 2 Comparison of tumor–vessel interactions between unresected and resected patients on both pre- and post-treatment CT scans

Radiographic features Pre-treatment Post-treatment

All
(N=50)

Unresected
(N=21)

Resected
(N=29)

p value All
(N=49)

Unresected
(N=20)

Resected
(N=29)

p value

SMV/PV, n (%) 0.066* 0.135*

No involvement 5 (10) 0 (0) 5 (17) 4 (8) 0 (0) 4 (14)

Any involvement 45 (90 %) 21 (100 %) 24 (83 %) 45 (92 %) 20 (100 %) 25 (86 %)

SMV/PV, n (%) 0.018 0.007

No encasement 20 (40) 4 (19) 16 (55) 19 (39) 3 (15) 16 (55)

Encasement 30 (60) 17 (81) 13 (45) 30 (61) 17 (85) 13 (45)

SMA, n (%) 0.004 0.023

No involvement 29 (58) 7 (33) 22 (76) 27 (55) 7 (35) 20 (69)

Any involvement 21 (42) 14 (67) 7 (24) 22 (45) 13 (65) 9 (31)

SMA, n (%) 0.223* 0.133

<180° 44 (88) 17 (81) 27 (93) 40 (82) 14 (70) 26 (90)

≥180° 6 (12) 4 (19) 2 (7) 9 (18) 6 (30) 3 (10)

SMA, n (%) 0.565* >0.999*

No encasement 47 (94) 19 (91) 28 (97) 45 (92) 18 (90) 27 (93)

Encasement 3 (6) 2 (10) 1 (3) 4 (8) 2 (10) 2 (7)

HA, n (%) 0.154 0.768

No involvement 30 (60) 10 (48) 20 (69) 31 (63) 12 (60) 19 (66)

Any involvement 20 (40) 11 (52) 9 (31) 18 (37) 8 (40) 10 (35)

HA, n (%) 0.716 >0.999*

<180° 41 (82) 18 (86) 23 (79) 41 (84) 17 (85) 24 (83)

≥180° 9 (18) 3 (14) 6 (21) 8 (16) 3 (15) 5 (17)

HA, n (%) >0.999* 0.387*

No encasement 46 (92) 19 (91) 27 (93) 44 (90) 17 (85) 27 (93)

Encasement 4 (8) 2 (10) 2 (7) 5 (10) 3 (15) 2 (7)

CA, n (%) 0.271 0.496

No involvement 41 (82) 19 (91) 22 (76) 39 (80) 17 (85) 22 (76)

Any involvement 9 (18) 2 (10) 7 (24) 10 (20) 3 (15) 7 (24)

CA, n (%) 0.630* >0.999*

<180° 46 (92) 20 (95) 26 (90) 43 (88) 18 (90) 25 (86)

≥180° 4 (8) 1 (5) 3 (10) 6 (12) 2 (10) 4 (14)

CA, n (%) >0.999* 0.559*

No encasement 48 (96) 20 (95) 28 (97) 46 (94) 18 (96) 28 (97)

Encasement 2 (4) 1 (5) 1 (3) 3 (6) 2 (4) 1 (3)

Number of involved vessels, n (%) 0.011 0.047

One vessel 15 (30) 2 (10) 13 (45) 13 (27) 2 (10) 11 (38)

Two or more vessels 35 (70) 19 (90) 16 (55) 36 (74) 18 (90) 18 (62)

Ascites, n (%) 0.171* 0.003

No 48 (96) 19 (91) 29 (100) 43 (88) 14 (70) 29 (100)

Yes 2 (4) 2 (10) 0 (0) 6 (12) 6 (30) 0 (0)

Questionable metastases, n (%) 0.010 0.003

No 45 (90) 16 (76) 29 (100) 43 (88) 14 (70) 29 (100)

Yes 5 (10) 5 (24) 0 (0) 6 (12) 6 (30) 0 (0)

Overt metastases, n (%) >0.999* <0.001

No 50 (100) 21 (100) 29 (100) 41 (84) 12 (60) 29 (100)

Yes 0 (0) 0 (0) 0 (0) 8 (16) 8 (40) 0 (0)

24.5 (34.8) 41.6 (48.4) 11.8 (7.9) 0.002 23.9 (37.0) 41.3 (52.3) 11.8 (10.7) 0.005
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SMA and HA due to the small number of patients who met the
criteria; however, there was a higher proportion of resected
patients with a lesser degree of involvement of both the SMA
and HA on pre- and post-treatment scans.

Other imaging characteristics

Given the BL-PDAC stage, no patients had overt metastatic
disease on pre-treatment CT scans. Questionable metastases
were significantly more common on pre-treatment CT in
unresected compared to resected patients (24 % versus 0 %,
p =0.010). Due to our institutional policy to offer resection
only in the absence of suspected metastatic disease or ascites,
unresected patients were more likely to display evidence of
overt metastases, questionable metastases, and ascites on post-
treatment scan compared to unresected patients (40 % versus
0 %, p <0.001; 30 % versus 0 %, p =0.003; and 30 % versus
0 %, p =0.003, respectively). Five of the six unresected pa-
tients (83 %) with ascites on post-treatment scan had associ-
ated overt or questionable metastatic disease.

Changes in radiographic features over the course
of neoadjuvant radiation

Tumor size

Patients undergoing resection had significantly smaller tumor
volumes than those of unresected patients on both pre-
treatment scans (mean 12.06 cm3 versus 41.6 cm3, p =
0.002) and post-treatment scans (11.8 cm3 versus 41.3 cm3,
p =0.005) (Table 2). The tumor volume did not change sig-
nificantly in either group following NCRT (median 11.0 cm3

pre-treatment versus 7.5 cm3 post-treatment for resected pa-
tients, p =0.549; median 30.5 cm3 pre-treatment versus
27.6 cm3 post-treatment for unresected patients, p =0.814),

nor was there a significant difference in the percent change in
tumor volume between pre- and post-treatment CT scans for
the resected versus unresected groups (median −3.0 % versus
−18.5 %, p =0.974). According to the RECIST, similar pro-
portions of patients had partial response or stable disease
following NCRT in the resected and unresected groups
(86 % versus 85 %, p =0.609).

Extent of tumor–vessel involvement

Radiographic features on pre- and post-treatment scans for
both resected and unresected patients were compared to de-
termine whether any radiographic changes during neoadju-
vant therapy were associated with future successful resection.
The relationship of the tumor to the major vessels and pro-
portion of patients with tumor involvement of two or more
vessels did not change significantly over the course of NCRT
in either the unresected or resected group based on paired
analysis of the pre- and post-treatment CT scans for each
patient (not shown).

Clinical management and outcomes

Figure 1 depicts the clinical treatment and response of all 50
patients with BL-PDAC based on NCRT approach consisting
of upfront chemoradiation (Fig. 1a) versus induction chemo-
therapy followed by chemoradiation (Fig. 1b). Response to
treatment is divided between stable/improved versus progres-
sive tumor–vessel relationships on post-treatment CT. Only
four patients (8 %) demonstrated any degree of radiographic
improvement in tumor–vessel relationships. Overall, ten pa-
tients (20 %) developed overt and/or questionable metastases
on post-treatment CT and were not selected for surgical ex-
ploration. Thirty-three (66 %) patients had stable or improved
tumor–vessel relationships on post-treatment CT, of which 15

Table 2 (continued)

Radiographic features Pre-treatment Post-treatment

All
(N=50)

Unresected
(N=21)

Resected
(N=29)

p value All
(N=49)

Unresected
(N=20)

Resected
(N=29)

p value

Tumor volume (cm3),
mean (SD)

Change in tumor volume
(%), median (IQR)

– – – – −11.4 (−40.5–57.1) −18.5 (−41.6–61.5) −3.0 (−30.9–52.7) 0.975

RECIST category (primary tumor only), n (%)

Partial response – – – – 3 (6) 2 (7) 1 (5)

Stable disease – – – – 39 (80) 23 (80) 16 (80)

Progressive disease – – – – 7 (14) 4 (14) 3 (15)

SMV/PV superior mesenteric vein/portal vein, SMA superior mesenteric artery, HA hepatic artery, CA celiac artery, SD standard deviation, IQR
interquartile range
* p values from these comparisons need to be interpreted with caution due to the small sample size in some cells
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patients received additional chemotherapy following this first
restaging scan. Seven (14 %) patients had progressive tumor–
vessel relationships on post-treatment scan, of which three
received additional chemotherapy following the first restaging.
In total, 18 (36 %) patients received post-radiation chemother-
apy which consisted of gemcitabine in combination with either
docetaxel and capecitabine (8 patients) or oxaliplatin/cisplatin

(7 patients) with the exception of 1 patient who received
FOLFIRINOX.

Twenty-nine patients (58 %) eventually underwent success-
ful resection. Median time to resection was 2.4 months (IQR,
1.6–3.9 months) from the last day of radiation therapy (Fig. 1c).
Of the initial 50 BL-PDAC patients, 21 (42 %) remained
unresected. Of these patients, reasons for not achieving

Fig. 1 Treatment approach and response to neadjuvant therapy for
BL-PDAC. Patients received eitherA upfront radiation or chemoradiation
(N = 34) or B chemotherapy followed by chemoradiation (N = 16).
Patients were grouped based on radiographic appearance of tumor–vessel
relationships and appearance of overt or questionable metastatic disease on

post-treatment CT scan. C Plot showing resection events from the date of
the last day of radiation treatment (months). BL-PDAC borderline resect-
able pancreatic ductal adenocarcinoma,MET metastasis, CXT chemother-
apy, RT radiation therapy, ECOG Eastern Cooperative Oncology Group

Fig. 2 Survival data calculated from date of pathologic diagnosis. Patients undergoing surgical resection had significantly longer OS (A), PFS (B), and
LPFS (C) compared to unresected patients
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successful resection included patient refusal (5 %), poor ECOG
status (5 %), ascites (5 %), arterial involvement concerning for
margin-positive resection and inability to perform vascular
reconstruction (29 %), and metastases on first restaging
(48 %) or subsequent restaging (10 %) (Fig. 1a, b).

Survival

Survival data was calculated from the date of pathologic diag-
nosis. Median OS for all patients was 17.2 months (95 % CI,

13.4–22.2). Median PFS and LPFS were 13.4 months (95 %
CI, 10.8–15.9) and 13.5 months (95 % CI, 12.8–14.2), respec-
tively. Patients undergoing surgical resection had significantly
longer OS (Fig. 2a), PFS (Fig. 2b), and LPFS (Fig. 2c) com-
pared to unresected patients. Resected patients had a median
OS of 22.9 months (95 % CI, 20.5–25.4) versus 13.0 months
(95 % CI, 12.7–13.3 months) for unresected patients (p <
0.001). PFS and LPFS for resected patients were 16.7 months
(95 % CI 13.4–20.0) and 17.0 months (95 % CI 13.2–20.9),
respectively, compared to 5.9 months (95 % CI, 4.0–

Table 3 Surgical outcomes following resection and univariate analysis for prognostic significance

Number Events Median OS (months) HR 95 % CI p value

Overall 29 16 22.92 [20.46, 25.37]

Surgery type

Distal pancreatectomy 7 2 38.89 [NA, NR] 1.00 –

Whipple 22 14 21.67 [18.90, 24.44] 2.00 0.45–8.90 0.361

Vascular reconstruction

No 21 14 22.92 [20.62, 25.21] 1.00 –

Yes 8 2 NA [NA, NR] 0.71 0.16–3.23 0.667

Operative blood loss

<700 cm3 18 12 22.92 [17.84, 27.99] 1.00 –

≥700 cm3 11 4 NA [NA, NR] 0.55 0.18–1.70 0.300

CAP grade

Grade 0–2 15 7 35.11 [18.19, 52.04] 1.00 –

Grade 3 13 8 21.67 [16.18, 27.16] 3.06 0.91–10.25 0.070

Pathologic grade

Moderate to well 18 9 35.11 [18.50, 51.73] 1.00 –

Poor 10 6 17.82 [9.76, 25.89] 2.97 0.93–9.50 0.066

Tumor diameter

≤3 cm 19 12 21.67 [18.49, 24.84] 1.00 –

>3 cm 10 4 38.90 [NA, NR] 0.58 0.19–1.81 0.350

Margin status

Negative 27 14 23.24 [15.62, 30.87] 1.00 –

Positive 2 2 13.22 [NA, NR] 3.89 0.82–18.41 0.087

Lymph node status

Negative 21 9 35.11 [19.72, 50.51] 1.00 –

Positive 8 7 20.91 [15.62, 26.20] 2.86 0.97–8.37 0.056

Perineural invasion

No 16 9 27.65 [12.7, 42.59] 1.00 –

Yes 13 7 20.9 11.88, 29.94] 2.97 0.93–9.50 0.066

Post-resection CA 19–9

<90 U/mL (%) 17 11 23.2 [15.23, 31.26] 1.00 –

≥90 U/mL (%) 4 3 21.7 [18.8, 24.5] 1.11 0.31–4.02 0.800

Any adjuvant therapy

Yes 21 13 23.1 [20.9, 25.4] 1.00 –

No 8 3 21.63 [8.8, 34.4] 1.28 0.36–4.61 0.702

Overall survival for 29 patients who proceeded to successful resection. Median survival is shown in months with a 95 % CI. All hazard ratios (HR) and
p values are from univariate models

CAP College of American Pathologists,CA 19–9 carbohydrate antigen 19–9,OS Overall survival,HR hazard ratios,NA not analyzable,NR not reached
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7.7 months) (p <0.001) and 7.1 months (95 % CI 5.4–
8.7 months) (p <0.001) for unresected patients.

Of the 29 patients who underwent resection, 5 (17 %)
patients developed radiographic appearance of apparent pro-
gression of tumor–vessel involvement over the course of
NCRT (Fig. 1a). Still, all 5 patients achieved margin-negative
resection and there were no statistically significant differences
in OS, PFS, and LPFS when compared to the 24 patients who
had stable or improved radiographic appearance of tumor–
vessel interactions over the course of NCRT (all p <0.001).

Surgical and pathologic outcomes

Surgical and pathologic data from the resected group are
shown in Table 3. Margin-negative resection was achieved
in 27 patients (93 %). Eight patients (28 %) had loco-regional
nodal involvement. Twenty-eight surgical specimens were
available for central pathologic review. Of these specimens,
three (11 %) demonstrated complete pathologic response
(no viable tumor present). Fifteen patients (54 %) demon-
strated CAP grade 0–2 (complete to moderate response).
Of the 25 cases with viable tumor remaining, poor differ-
entiation (hazard ratio (HR)=2.97, p =0.066), CAP grade
3 (HR=3.06, p =0.070), positive lymph node status (HR=
2.86, p =0.056), and perineural invasion (HR=2.97, p =
0.066) approached significance as prognostic factors for
inferior survival on univariate analysis. Vascular resection
and reconstruction was required in eight patients (27.6 %).
Median estimated blood loss was 600 cm3 (IQR, 500–
800 cm3) and median duration of postoperative hospital
stay was 7.0 days (IQR, 7.0–12.25 days). This excludes
one patient who died while still admitted 56 days after
surgery after requesting for DNR/DNI status following
multiple events of respiratory decompensation secondary
to recurrent atrial fibrillation.

Comparison with standard staging

Pre- and post-treatment scans for all patients were centrally
restaged using the AHPBA/SSO/SSAT criteria to compare our
institutional interpretation of BL-PDAC to a standard defini-
tion. Forty patients (80%)were defined as BL-PDAC stage and
ten patients (20 %) as locally advanced (LA) according to the
AHPBA/SSO/SSATcriteria due to the extent of tumor involve-
ment with the CA and/or SMA. Of these LA patients, four
(40 %) were ultimately resected. Two patients were Appleby
candidates; each had a margin-negative resection. Tumors of
the other two LA patients decreased in volume as a result of
neoadjuvant therapy; however, there was no radiographic im-
provement in tumor–vessel interactions. Still, both patients
underwent resection; however, one had microscopically posi-
tive margins. The six remaining LA patients were not explored
due to development of metastatic disease (four patients), patient

refusal (one patient), or fear of R1 resection due to the nature of
arterial involvement (one patient).

Discussion

We report here the treatment, response, and outcomes of a
series of consecutive patients with BL-PDAC disease, captur-
ing the clinical decision making process of managing BL-
PDAC at this institution. As suggested by Fig. 1, patients are
treated with either upfront chemoradiation or chemotherapy
followed by chemoradiation. The decision to pursue addition-
al chemotherapy after the first restaging post-treatment versus
attempting resection following radiation is based on the im-
pression of vessel involvement determining resectability and
preference of the attending surgical and medical oncologists.
Few patients had improvement in the relationship of the tumor
to abdominal vessels over the course of NCRT. Moreover,
additional chemotherapy following NCRT rarely led to further
improvements in the degree of tumor–vessel interactions.

This is the first study to report the frequencies of specific
tumor–vessel interactions in BL-PDAC patients before and
after NCRT. We observed a greater frequency of several tu-
mor–vessel relationships on pre- and post-NCRT scans among
patients who did not eventually proceed to surgery, including
SMV/PV encasement and SMA involvement. Furthermore,
unresected patients were more likely to have lower perfor-
mance status and larger tumors (likely an indicator of our
finding that unresected patients were more likely to have tumor
involvement of two or more vessels on both pre- and post-
treatment scans). Twenty-nine patients (58 %) successfully
underwent resection. All except one resected patient had ra-
diographically stable (80%) or even progressed (17%) tumor–
vessel interactions. Thus, surgical exploration was not exclu-
sively reserved for patients whose tumors demonstrated de-
creasing vessel involvement. Instead, patients without distant
metastatic progression during the course of neoadjuvant ther-
apy (we prefer 4 months or greater) who also exhibit stable or
improved CA 19–9 following NCRT, good performance sta-
tus, and willingness to undergo an aggressive surgical ap-
proach were considered candidates for resection. Although
one surgery was aborted due to evidence of metastases using
this general treatment approach, none were stopped due to
inability to resect the tumor due to locally invasive disease.
Subsequent margin-negative rates were still high.

Though resection is currently the only chance for cure for
PDAC, continued careful selection of patients who proceed to
surgery moving forward is crucial given the morbidity and
mortality associated with pancreatectomy and the importance
of an R0 resection [26]. Adequate performance status is cru-
cial in selecting patients physically equipped to tolerate a more
challenging surgery. The higher proportion of patients with
ECOG 0 and lower proportion of ECOG 2 status in the
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resected compared to unresected patients in our study reflect
this selection practice. Anecdotally, resection following neoad-
juvant chemoradiation is amore technically challenging process
when compared to a surgery-first resection as radiation creates
scar tissue at the site of the primary tumor. In this study, several
patients require vascular resection and reconstruction, reflecting
either scarring or persistence of tumor–vessel involvement fol-
lowingNCRT.Nevertheless, R0 rates were high and themedian
duration of postoperative hospital stay and operative blood loss
for patients undergoing resection following neoadjuvant thera-
py in our study were comparable to those for patients treated
with a surgery-first approach at our institution [27].

A lack of tumor downstaging following successful neoad-
juvant therapy was also suggested by a recently published
study from the MD Anderson group in which tumor response
to neoadjuvant therapywas evaluated in 122 patients with BL-
PDAC using RECIST based on pre- and post-treatment CT
images [9]. The majority of patients in their study received
both chemotherapy and radiation as a combined-modality
neoadjuvant therapy. Eighty-five patients (66 %) underwent
pancreatectomy with 95 % achieving an R0 resection. Of the
resected patients, only 1 had the disease downstaged to resect-
able stage and only 15 patients (12 %) had a partial response
according to the RECIST classification. These authors con-
clude that radiographic downstaging following neoadju-
vant therapy is rare and RECIST response is not an appro-
priate treatment goal. The results of our study support those
of the MD Anderson group and others [9, 28]. None of the
patients in this study were downstaged to resectable status
and only two resected patients (7 %) demonstrated partial
response to neoadjuvant therapy based on the RECIST
criteria. Together, these data indicate that surgical explora-
tion is warranted in patients who do not have evidence of
radiographic downstaging or even improvement of tumor–
vessel involvement as successful resection is common in
these patients when attempted following NCRT.

Currently, computed tomography is the standard imaging
modality for the diagnosis and staging of pancreatic cancer.
Given that downstaging to resectable status and response mea-
sured by RECIST are not required for successful surgical
outcomes following neoadjuvant therapy for BL-PDAC, there
is increasing interest in determining which (if any) radiograph-
ic features are predictive for R0 resection. A previous study by
Donahue and colleagues reported the low sensitivity and spec-
ificity of CT and magnetic resonance imaging (MRI) in
predicting the presence of viable tumor at vessel interfaces
following neoadjuvant therapy [29]. The frequency of apparent
vessel involvement on CT/MRI in 34 patients with locally
advanced pancreatic cancerwas compared to the true incidence
of tumor–vessel involvement at the time of resection. They
report that CT/MRI was 71 % sensitive and 58 % specific in
detecting viable tumor at vessel interfaces after neoadjuvant
therapy. Rates of R0 and N0 were 83 and 81 %, respectively.

An important topic for future research is the capacity of
functional imaging modalities such as positron emission to-
mography (PET) in providing reliable indicators for success-
ful resection following NCRT. CT is restricted to evaluating
the morphology of the pathology, and radiation-induced fibro-
sis and necrosis in the treated area create additional problems
in assessing response with CT following NCRT [30]. PET,
however, can more reliably assess the viability of the cancer
cells following treatment. Choi and colleagues [31] performed
a small study of 16 locally advanced patients who received
pre- and post-treatment 18F-fluorodeoxyglucose (FDG) PET
scans. They observed that patients exhibiting a ≥50 % de-
crease in SUV following neoadjuvant chemoradiation
underwent successful resection while resection was uncom-
mon in non-responders; however, only three patients in the
entire cohort proceeded to resection. While these preliminary
studies show promising results, much more research is
warranted before FDG-PET parameter cutoffs are applied in
the surgical candidate selection process for BL-PDAC.

In addition to studies improving clinical assessment of
treatment response, more research is necessary to establish
even a standard approach to treatment of BL-PDAC patients.
Laurence and colleagues [32] published a meta-analysis of 19
cohorts from 1985 to 2007 on the utilization of neoadjuvant
therapy for pancreatic cancer. They showed improved survival
of patients with initially unresectable disease with the addition
of neoadjuvant therapy; however, the survival of BL-PDAC
patients was not separated in this analysis [32]. One prior
multi-institutional trial for BL-PDAC was attempted, but it
closed prematurely due to poor accrual and lack of a standard-
ized therapeutic approach and study population. Fortunately,
the recently approved Intergroup pilot study (Alliance
A021101) dramatically improves on the shortcomings of prior
studies on BL-PDAC. Data from this trial will not only
contribute greatly to our literature on this unique population
but also serve as a paradigm for future studies [33].

The role of radiation in the neoadjuvant approach to BL-
PDAC is currently dependent on institutional preference. The
rationale for a combined neoadjuvant approach at this institu-
tion are (1) the greater likelihood patients will receive both
chemotherapy and radiation therapy when administered up-
front without risk of delays due to postoperative recovery [34],
(2) radiation can be targeted to the vessel locations where cell
death is necessary for increased chance of R0 resection, and
(3) the tumor, and thus radiation target, is better oxygenated
with an intact vascular supply, increasing efficacy of radiation.
Those who do not advocate for radiation in the preoperative
management of BL-PDAC argue that it may interrupt full-
dose chemotherapy or delay surgery, creating a window for
metastatic disease, eliminating the chance of potentially cura-
tive resection. Research like the abovementioned study is
critical in elucidating the standard treatment approach to this
unique subset of patients.
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The current study had several limitations. Given the relative
rarity of BL-PDAC, this single-institution study was limited to
only 50 patients. Furthermore, only 29 patients underwent
resection, further limiting the study to its more anecdotal
nature. While the neoadjuvant radiation doses were similar,
radiation techniques were heterogeneous and patients received
different chemotherapy regimens either before or during their
neoadjuvant radiation therapy, though there were no significant
differences in either neoadjuvant radiotherapy technique or
chemotherapy regimens between resected and unresected pa-
tients. These variances were partly due to enrollment in differ-
ent clinical trials during this period and/or preference of a
specific regimen by the treating oncologists. Institutional bias
may also be present especially with regard to experience with
NCRT, operative techniques required for successful resection,
and patient selection for surgical resection. Bias for surgical
selection limits the interpretability of data regarding the
unresected population who did not undergo surgery due to
concern of arterial involvement. We are able to draw conclu-
sions from the resected patient population, however, indicating
that improved tumor–vessel involvement was not required for
successful resection of the patients who were resected.

Conclusions

Apparent radiographic extent of vascular involvement does
not change significantly after NCRT. Even in the absence of
improvement in the radiographic tumor–vessel interactions on
post-treatment CT scan, patients proceeding to surgery have a
high rate of margin-negative resection. Instead of only offer-
ing surgical resection to BL-PDAC patients who demonstrate
improved radiographic tumor–vessel relationships following
NCRT, patients should be chosen for surgical exploration
based on adequate performance status and lack of distant
disease progression on imaging following neoadjuvant
therapy.
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