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Introduction: The incidence, timing, and implications of recurrence in patients who underwent neo-
adjuvant treatment and surgical resection of borderline resectable (BRPC) or locally advanced (LAPC)
pancreatic cancer are not well established.

Materials and methods: Patients with BRPC/LAPC who underwent post-neoadjuvant resection between
2007 and 2015 were included. Associations between clinicopathologic characteristics and specific
recurrence locations, recurrence-free survival (RFS), and overall survival from resection (OS) were
assessed using Cox regression analyses.

Results: For 231 included patients, median survival from diagnosis and resection were 28.0 and 19.8
months, respectively. After a median RFS of 7.9 months, 189 (81.8%) patients had recurred. Multiple-site
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Pancreatectomy (n=287, 46.0%) and liver-only recurrence (n =28, 14.8%) generally occurred earlier and resulted in
Recurrence significantly worse OS when compared to local-only (n =52, 27.5%) or lung-only recurrence (n= 18,
Survival 9.5%). Microscopic perineural invasion, yN1-yN2 status and elevated pre-surgery CA 19-9 >100 U/mL

were associated with both local-only and multiple-site/liver-only recurrence. R1-margin was associated
with local-only recurrence (HR 2.03). yN1-yN2 status and microscopic perineural invasion were inde-
pendent predictors for both poor RFS and OS, while yT3-yT4 tumor stage (HR 1.39) and poor tumor
differentiation (HR 1.60) were only predictive of poor OS. Adjuvant therapy was independently associ-
ated with both prolonged RFS (HR 0.73; median 7.0 vs. 10.9 months) and OS (HR 0.69; median 15.4 vs.
22.7 months).
Conclusion: Despite neoadjuvant therapy leading to resection and relatively favorable pathologic tumor
characteristics in BRPC/LAPC patients, more than 80% of patients experienced disease recurrence, 72.5%
of which occurred at distant sites.
© 2019 Elsevier Ltd, BASO ~ The Association for Cancer Surgery, and the European Society of Surgical
Oncology. All rights reserved.

1. Introduction RO-resection and survival can be achieved similar to those of pa-

tients with initially resectable disease [6—11]. However, as with

Pancreatic ductal adenocarcinoma (PDAC) is associated with
poor survival. In recent years, more aggressive utilization of potent
neoadjuvant therapy regimens has increasingly allowed patients
with borderline resectable (BRPC) or locally advanced (LAPC)
pancreatic cancer to undergo curative-intent pancreatectomy
[1-5]. In these patients, meta-analyses indicate that rates of
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primary resected PDAC, disease recurrence remains the principal
cause of limited survival in resected BRPC/LAPC patients.
Treatment of BRPC/LAPC requires a patient-tailored and multi-
disciplinary approach [12—14]. A comprehensive understanding of
PDAC recurrence can provide valuable insight when contemplating
appropriate strategies regarding adjuvant treatment, oncologic
surveillance, and management following recurrence. However, the
incidence, timing, and implications of disease recurrence in pa-
tients undergoing post-neoadjuvant resection of BRPC/LAPC are not
well established. Furthermore, it is unknown if specific
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Abbreviations

AJCC American Joint Committee on Cancer
BRPC Borderline Resectable Pancreatic Cancer
CA 19-9 Carbohydrate Antigen 19-9

Cl Confidence Interval

HR Hazard Ratio

IQR Interquartile Range

LAPC Locally Advanced Pancreatic Cancer
NCCN National Comprehensive Cancer Network
oS Overall Survival

PDAC Pancreatic Ductal Adenocarcinoma

RFS Recurrence-Free Survival

clinicopathological features and treatment factors are associated
with distinct patterns of recurrence in these patients.

Therefore, the aim of this single-institution cohort study was to
accurately report on different aspects of PDAC recurrence in BRPC/
LAPC patients who underwent neoadjuvant treatment followed by
surgical resection. These aspects include the patterns and timing of
recurrence, clinical factors associated with distinct recurrence lo-
cations and implications of recurrence on survival outcomes.
Additionally, we sought to identify predictors of recurrence-free
survival (RFS) and overall survival (OS) in this unique cohort of
post-neoadjuvant resected PDAC patients.

2. Methods
2.1. Patient selection

This study included patients with BRPC or LAPC who underwent
neoadjuvant treatment followed by resection at the Johns Hopkins
Hospital between 2007 and 2015. Resectability and staging were
based on computed tomography (CT) imaging and assessed
conform the National Comprehensive Cancer Network (NCCN)
guidelines [15]. Further imaging studies to exclude distant metas-
tases, such as magnetic resonance imaging (MRI) and/or positron-
emission tomography/computed tomography (PET/CT) scans were
performed on individual patient basis, based on recommendations
of the pancreatic multidisciplinary clinic. Similarly, utilization of
diagnostic laparoscopy was decided based on individual assess-
ment. Excluded were patients with metastatic disease at the time of
diagnosis or surgery, or those who experienced 90-day post-
resection mortality. Also excluded were patients with <12
months of follow-up (in which neither recurrence nor death had
occurred), or patients with incomplete follow-up records.

2.2. Data collection

Demographics, clinicopathologic and treatment characteristics
were extracted from a prospective single-institution pancreatectomy
database. Neoadjuvant chemotherapy regimens were chosen at the
discretion of the treating medical oncologist, and predominantly
included gemcitabine-based regimens, 5-fluorouracil—based regi-
mens such as FOLFIRINOX (5-fluorouracil, leucovorin, oxaliplatin,
and irinotecan), or a combination of the two. After completion of
neoadjuvant treatment, patients were re-evaluated with CT and
those without evidence of local disease progression or distant
metastasis were offered operative exploration.

Thirty-day morbidity was graded using the Clavien—Dindo
classification system [16]. Tumor staging was reported according
to the 8th edition of the American Joint Committee on Cancer

(AJCC) staging system for pancreatic cancer [17]. Treatment effect
was measured using the College of American Pathologists (CAP)
Cancer Protocol [18]. When available, pre-neoadjuvant and pre-
surgery carbohydrate antigen (CA) 19-9 values were documented.
CA 19-9 values acquired more than 1 month before start of neo-
adjuvant treatment or date of surgery were not included for anal-
ysis. Based on receiver operating characteristics curves, cut-offs of
150 and 100 U/ml were utilized for pre-neoadjuvant and pre-
surgery CA 19-9 values, respectively.

2.3. Follow-up and recurrence

Post-pancreatectomy follow-up methodology at our institution
has been described previously and is performed according to the
NCCN guidelines [15,19]. Follow-up data were retrieved through
November 2018. The first location of disease recurrence was
documented using five mutually exclusive groups: “local-only”,
“liver-only”, “lung-only”, “multiple-site” and “other”. Multiple-site
recurrence included patients with recurrence at multiple distant
sites (i.e. lung and liver), patients with carcinomatosis, and/or pa-
tients with simultaneous first recurrence at local and distant sites.

2.4. Survival outcomes and statistical analysis

RFS was defined as the time interval between the date of surgery
and the date of recurrence. OS and post-recurrence survival were
defined as the time from the date of resection (OS) or the date of
recurrence (post-recurrence survival) to either death or last follow-
up. Kaplan-Meier curves were used to estimate median survival
outcomes with a corresponding 95% confidence interval (CI), and
the log-rank test was used for subgroup comparison. Univariable
Cox-proportional hazard regression analyses were performed to
describe associations between clinicopathologic characteristics and
specific patterns of recurrence, RFS, and OS. A stepwise, backward
approach using the Akaike information criterion (AIC) was used to
select covariates for inclusion in multivariable Cox models pre-
dicting RFS and OS. A two-tailed P-value of <0.05 was considered
statistically significant. Statistical analysis was performed with
SPSS v25.0 (IBM Corporation, Armonk, NY, USA) and R v3.3.3 (R
Foundation, Vienna, Austria).

3. Results
3.1. Patient cohort

A total of 272 BRPC/LAPC patients underwent neoadjuvant
treatment followed by a pancreatectomy between 2007 and 2015.
From this cohort, 7 patients (2.6%) with 90-day mortality were
excluded. Also excluded were 34 patients (12.5%) with <12 months
of follow-up or with incomplete follow-up reports. Consequently,
231 patients (84.9%) were included in the final study cohort. At last
follow-up, 57 patients (24.7%) were alive after a median follow-up
of 44.9 months (95% CI 39.8—50.0) from the time of diagnosis and
37.3 months (95% CI 31.2—44.4) from the date of surgery. Disease
recurrence was documented in 189 patients (81.8%) after a median
RFS of 7.9 months (Table 1).

3.2. Cohort and treatment characteristics

Complete demographic, clinicopathologic, and treatment char-
acteristics are shown in Table 1. All patients underwent neo-
adjuvant chemotherapy with significant variations noted in their
corresponding regimens (Suppl. Table 1). The majority of patients
(n=180, 77.9%) also underwent neoadjuvant radiotherapy, either
with conventional external beam radiotherapy (n = 81), intensity-
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Table 1
Demographic, clinicopathologic, and treatment characteristics of included patients.
Variable All patients (n=231) No recurrence (n=42) Recurrence (n=189) P-value
Male, n (%) 128 (55.4%) 23 (54.8%) 105 (55.6%) 0.925
Caucasian, n (%) 204 (88.3%) 36 (85.7%) 168 (88.9%) 0.562
Age, mean years (SD) 62.7 (9.4) 62.6 (9.6) 62.8 (9.4) 0.905
Disease stage, n (%) 0.975
Borderline resectable 138 (59.7%) 25 (59.5%) 113 (59.8%)
Locally advanced 93 (40.3%) 17 (40.5%) 76 (40.2%)
Neoadjuvant therapy n (%) 0.477
Chemotherapy 51 (22.1%) 11 (26.2%) 40 (21.2%)
Chemotherapy & radiotherapy 180 (77.9%) 31 (73.8%) 149 (78.8%)
Chemotherapy regimen, n (%)
FOLFIRINOX-based 98 (42.4%) 20 (47.6%) 78 (41.3%) 0.155
FFX-Gem combination 44 (19.0%) 11 (26.2%) 33 (17.5%)
Gemcitabine-based 89 (38.5%) 11 (26.2%) 78 (41.3%)
Time of CHT administered, median months (IQR) 4 (2-5) 4 (2-5) 3(2-5) 0.380
Neoadjuvant radiotherapy modality, n (%) 0.706
Conventional 81 (45.0%) 13 (41.9%) 68 (45.6%)
IMRT/SBRT 99 (55.0%) 18 (58.1%) 81 (54.4%)
Time from diagnosis to resection, median months (IQR) 8 (6—10) 8 (6—10) 7 (5-9) 0.214
Pre-neoadjuvant CA 19-9, median U/ml (IQR)* 170 (68—554) 103 (39—-294) 184 (79—587) 0.018
Pre-surgery CA 19-9, median U/ml (IQR)" 39 (21-85) 27 (20-38) 47 (24-97) 0.010
Type of operation, n (%) 0.765
Pancreatoduodenectomy 164 (71.0%) 30 (71.4%) 134 (70.9%)
Distal pancreatectomy 42 (18.2%) 9(21.4%) 33 (17.5%)
Total pancreatectomy 12 (5.2%) 1(2.4%) 11 (5.8%)
DP-CAR 13 (5.6%) 2 (4.8%) 11 (5.8%)
Vascular resection, n (%) 91 (39.4%) 15 (35.7%) 76 (40.2%) 0.590
Morbidity, n (%) 0.516
< Clavien-Dindo grade II 190 (82.3%) 36 (85.7%) 154 (81.5%)
> Clavien-Dindo grade III 41 (17.7%) 6 (14.3%) 35 (18.5%)
RO margin (>1.0 mm), n (%) 180 (77.9%) 36 (85.7%) 144 (76.2%) 0.178
Tumor size, mean cm (SD) 2.5(1.5) 24(1.5) 2.5(1.5) 0.629
T-stage (AJCC 8th edition), n (%) 0.092
yTO-yT2 127 (55.0%) 28 (67.7%) 99 (52.4%)
yT3-yT4 104 (45.0%) 14 (33.3%) 90 (47.6%)
N-stage (AJCC 8th edition), n (%) 0.011
yNO-status 140 (60.6%) 34 (81.0%) 106 (56.1%)
yN1-status 72 (31.2%) 6 (14.3%) 66 (34.9%)
yN2-status 19 (8.2%) 2 (4.8%) 17 (9.0%)
Tumor differentiation, n (%) 0.353
Well/moderate 162 (70.1%) 32 (76.2%) 130 (68.8%)
Poor 69 (29.9%) 10 (23.8%) 59 (31.2%)
Micr. perineural invasion, n (%) 133 (57.6%) 16 (38.1%) 117 (61.9%) 0.005
Micr. lymphovascular invasion, n (%) 91 (39.4%) 12 (28.6%) 79 (41.8%) 0.113
CAP score treatment response, n (%) 0.190
Complete (grade 0) 15 (6.5%) 4 (9.5%) 11 (5.8%)
Extensive (grade 1) 43 (18.6%) 8 (19.0%) 35 (18.5%)
Moderate (grade 2) 75 (32.5%) 18 (42.9%) 57 (30.2%)
Poor (grade 3) 98 (42.4%) 12 (28.6%) 86 (45.5%)
Adjuvant chemotherapy, n (%) 0.425
None 93 (40.3%) 20 (47.6%) 73 (38.6%)
Chemotherapy 109 (47.2%) 16 (38.1%) 93 (49.2%)
Chemotherapy & radiotherapy 29 (12.6%) 6 (14.3%) 23 (12.2%)
Survival, median months (95% CI)
Recurrence-free survival 9.8 (8.3-11.3) NA 7.9(7.1-8.8) NA
Post-recurrence survival NA NA 8.4 (7.3-9.6) NA
Overall survival 19.8 (17.3—22.4) Not reached 18.0 (16.4—19.5) <0.001
Survival from diagnosis 28.0 (25.5-30.5) Not reached 26.1 (24.3-27.9) <0.001

AJCC, American Joint Committee on Cancer; CA, carbohydrate antigen; CAP, College of American Pathologists; CHT, chemotherapy; Cl, confidence interval; DP-CAR, distal
pancreatectomy with celiac axis resection; FFX, FOLFIRINOX; GEM, gemcitabine; IMRT, intensity-modulated radiation therapy; IQR, interquartile range; Micr, microscopic; NA, not

applicable; SBRT, stereotactic body radiation therapy; SD; standard deviation.

2 149 patients had documented pre-neoadjuvant CA 19-9 values, of whom 11 patients were Lewis-antigen negative and excluded.
b 149 patients had documented pre-operative CA 19-9 values, of whom 11 patients were Lewis-antigen negative and excluded.

modulated radiotherapy (n = 17) or stereotactic body radiotherapy
(n=82). After resection, 138 patients (59.7%) received additional
adjuvant treatment, consisting of either chemotherapy alone
(n =109, 47.2%) or chemotherapy and radiotherapy (n =29, 12.6%)
(Suppl. Table 1).

3.3. Pattern of recurrence

Of the 189 patients (81.8%) with recurrent PDAC, 62 patients

(32.8%) had pathologic confirmation of recurrence with a tissue
biopsy while the other patients were diagnosed based on imaging
evidence alone. Most patients first recurred at multiple sites
(n=87,46.0%) (Fig. 1A). Of these 87 patients, 57 had simultaneous
first recurrence at local and distant sites (Suppl. Table 2). Isolated
local recurrence occurred in 52 patients (27.5%). Isolated distant
recurrence was most often seen in the liver (n = 28, 14.8%) or in the
lungs (n= 18, 9.5%). Four patients (2.1%) recurred at less common
distant sites, specifically: the abdominal wall, the left ovary, the
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Fig. 1. A) Distribution of recurrence patterns and B) distribution of recurrence pattern
at different time points.

uterus and the right calf muscle. The proportion of different
recurrence locations at successive time intervals is displayed in
Fig. 1B. The rate of recurrence for patients with pre-neoadjuvant
BRPC (81.9%) and LAPC (81.7%) was nearly identical (P=0.975).
Additionally, recurrence patterns did not differ between patients
with initial BRPC or LAPC (P = 0.622). Specifically, the fraction of
local recurrence for BRPC (35/113; 31.0%) and LAPC (17/76; 22.4%)
did not significantly differ (P =0.194).

An historical cohort of primary resectable patients undergoing
upfront resection at our institution between 2000 and 2013, which
has been extensively described previously, was utilized to compare
recurrence patterns and outcomes (Table 2) [20,21]. The current
cohort of post-neoadjuvant BRPC/LAPC patients had significantly
lower pre-surgery CA 19-9 and more favorable pathologic tumor
characteristics than patients with primary resectable PDAC. How-
ever, overall recurrence rates (81.8% vs 78.6%; P=0.291) and me-
dian survival from diagnosis (28.0 vs. 26.1 months; P=0.371) for
post-neoadjuvant BRPC/LAPC and primary resectable patients
were similar. While survival from diagnosis per recurrence location
did not differ for the two patient cohorts, liver-only recurrence
occurred less frequent in the post-neoadjuvant patients (Table 2).

3.4. Timing of recurrence

At 6 months after resection, 67 of 189 patients with recurrence
(35.4%) had recurred, and 136 (72.0%) had done so within 12
months (Fig. 2). No recurrences were documented more than 5
years post-surgery. Forty-two patients (18.2%) had no sign of
recurrence after a median follow-up of 42.5 months (95% CI

35.2—49.8) after diagnosis and 32.2 months (95% CI 24.9—39.5)
after resection. Fig. 2 further demonstrates that nearly 90% of liver-
only recurrences occurred in the first 12 months. Similarly, 95.3% of
multiple-site recurrences transpired in the first 18 months. Median
RFS of the specific recurrence patterns with pairwise comparison
are presented in Suppl. Fig. 1A. The high cumulative early recur-
rence rates of liver and multiple-site recurrence are further illus-
trated by their relatively short median RFS of 4.2 months and 6.7
months, respectively. Local-only, lung-only, and other recurrence
generally occurred later, reflected by their median RFS exceeding 10
months.

3.5. Implications of recurrence pattern and timing on survival

Median survival outcomes for all patients and per different
recurrence location are presented in Suppl. Table 3. Median OS was
not yet reached at 108 months in 42 patients without recurrence,
compared to a median OS of 18.0 months for patients with recur-
rence (P<0.001). Pairwise comparison of specific recurrence pat-
terns revealed that median post-recurrence survival and OS varied
significantly based on recurrence location (Suppl. Fig. 1B—C). Pa-
tients with liver-only or multiple-site recurrence had a median
post-recurrence survival of 6.6 and 8.0 months, resulting in rela-
tively limited median OS of 11.9 and 15.7 months, respectively.
Similar to the observed differences in RFS, lung-only, local-only and
other recurrence were all associated with considerably longer
median post-recurrence survival and OS.

The timing of recurrence was strongly correlated with subse-
quent survival after recurrence. Using the log-rank test and a
minimum P-approach [20], the optimal length of RFS to distinguish
between early and late recurrence, based on subsequent post-
recurrence survival, was 9 months (P = 6.30 x 10~>). Median post-
recurrence survival in the early (RFS <9 months) recurrence
cohort (n=108, 57.1%) was 7.9 months (95% CI 6.9—8.8). Patients
with recurrence after 9 months (n =81, 42.9%) had a median post-
recurrence survival of 13.8 months (95% CI 10.2—17.4). Patients with
early recurrence had 1- and 2-yr post-recurrence survival rates of
21.9% and 7.0% compared with 54.3% and 25.4% for the late recur-
rence group (both P<0.001).

3.6. Factors associated with patterns of recurrence

On univariable Cox regression analysis, several clinicopathologic
and treatment variables were associated with distinct recurrence
locations (Table 3). Based on observed survival outcomes, recur-
rence patterns were grouped in local-only (n = 52), multiple-site/
liver-only (n = 115) and lung-only/other (n = 22). Microscopic per-
ineural invasion and yN1-yN2 status were correlated with both
local and multiple-site/liver recurrence. An R1-margin was only
associated with local recurrence (Hazard Ratio [HR] 2.03,
P=0.019), while poor tumor differentiation (HR 1.85, P=0.002)
and yT3-yT4 tumor stage (HR 1.46, P=0.042) correlated with
multiple-site/liver recurrence. Whereas lung/other recurrence
occurred less in males (HR 0.34, P=0.025), no other associations
were found.

There was no significant difference observed in the rate of local
recurrence between patients who received radiotherapy in either
the neoadjuvant or adjuvant setting (43/201; 21.4%), and those who
did not receive any radiation treatment (9/30; 30.0%) (P =0.292).
Gemcitabine-based neoadjuvant therapy was associated with a
higher likelihood of multiple-site/liver recurrence when compared
to FOLFIRINOX-based regimens (HR 1.52, P = 0.042). Alternatively,
adjuvant therapy was associated with a decreased likelihood of
multiple-site/liver recurrence (HR 0.61, P=0.008). A pathologic
complete response (CAP score 0) was significantly associated with a
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Comparison of clinicopathologic characteristics, recurrence patterns and survival outcomes between the study cohort of resected post-neoadjuvant patients and an historical

cohort of patients who underwent upfront resection.

Variable Post-neoadjuvant (n=231) Upfront surgery (n=957) P-value
Male, n (%) 128 (55.4%) 501 (52.4%) 0.403
Caucasian, n (%) 204 (88.3%) 821 (85.8%) 0.317
Age, mean years (SD) 62.7 (9.4) 65.8 (10.5) <0.001
Pre-surgery CA 19-9, median U/ml (IQR) 39 (21-85)* 130 (50—398)" <0.001
Type of operation, n (%) <0.001

Pancreatoduodenectomy
Distal pancreatectomy
Total pancreatectomy
DP-CAR
RO margin (>1.0 mm), n (%)
Tumor size, mean cm (SD)
T-stage (AJCC 8th edition), n (%)
TO-T2
T3-T4
N-stage (AJCC 8th edition), n (%)
NO-status
N1-status
N2-status
Positive lymph node ratio, median (IQR)
Tumor differentiation, n (%)
Well/moderate
Poor
Micr. perineural invasion, n (%)
Micr. lymphovascular invasion, n (%)
Adjuvant chemotherapy, n (%)
None
Chemotherapy
Chemotherapy & radiotherapy
Recurrence, n (%)
Recurrence pattern, n (%)

164 (71.0%)
42 (18.2%)
12 (5.2%)
13 (5.6%)
180 (77.9%)
2.5 (1.5)

127 (55.0%)
104 (45.0%)

140 (60.6%)

72 (31.2%)

19 (8.2%)

0.00 (0.00—0.08)

162 (70.1%)
69 (29.9%)
133 (57.6%)
91 (39.4%)

93 (40.3%)
109 (47.2%)
29 (12.6%)
189 (81.8%)

Lung-only 18 (9.5%)
Local-only 52 (27.5%)
Multiple-site 87 (46.0%)
Liver-only 28 (14.8%)
Other 4 (2.1%)
Overall survival (from diagnosis), median months (95% CI)
Lung-only 31.5(12.6—-50.5)
Local-only 34.6 (30.3—39.0)
Multiple-site 23.8 (22.6—25.0)
Liver-only 17.8 (9.5-26.2)
Other 64.2 (0-not reached)
Survival outcomes, median months (95% CI)
Recurrence-free survival (from resection) 9.8 (8.3—11.3)
Post-recurrence survival 8.4(7.3-9.6)

Survival from diagnosis
Overall survival (from resection)

28.0 (25.5-30.5)
19.8 (17.3—22.4)

798 (83.4%)
125 (13.1%)

34 (3.6%)
0 (0%)
658 (68.8%) 0.006
32(1.5) <0.001
<0.001
99 (52.4%)
90 (47.6%)
<0.001
238 (24.9%)
400 (41.8%)
319 (33.3%)
0.11 (0.02—0.25) <0.001
<0.001
591 (61.8%)
366 (38.2%)
859 (89.8%) <0.001
544 (56.8%) <0.001
<0.001
307 (32.1%)
207 (21.6%)
443 (46.3%)
753 (78.6%) 0.291
106 (14.1%) 0.098
190 (25.2%) 0.521
253 (33.6%) 0.001
184 (24.4%) 0.005
20 (2.7%) 0.674
435 (32.3-54.8) 0.992
27.8 (24.5-31.2) 0.297
19.1 (17.4-20.8) 0.193
16.2 (14.3-18.1) 0.766
34.9 (19.6-50.1) 0.114
15.2 (14.0-16.4) <0.001
7.5 (6.8—8.2) 0.403
26.1 (24.5-27.7) 0.371
24.8 (23.3—26.3) 0.015

AJCC, American Joint Committee on Cancer; CA, carbohydrate antigen; Cl, confidence interval; DP-CAR, distal pancreatectomy with celiac axis resection; IQR, interquartile

range; Micr, microscopic; SD; standard deviation.

@ 149 patients had documented pre-operative CA 19-9 values, of whom 11 patients were Lewis-antigen negative and excluded.
b 398 patients had documented pre-operative CA 19-9 values, of whom 65 patients were Lewis-antigen negative and excluded.

decreased chance of multiple-site/liver recurrence (HR 0.35,
P=0.038) when compared to moderate/poor treatment effect.

3.7. Association of CA 19-9 with recurrence and survival

In both the pre-neoadjuvant and pre-surgery setting, 138 pa-
tients had CA 19-9 values available for analysis. Median CA 19-9
before start of neoadjuvant treatment was 170 U/ml (interquartile
range [IQR] 68—554), with a decrease to 39 U/mL (IQR 21-85)
before surgery. Elevated pre-neoadjuvant CA 19-9 >150 U/mL
correlated with multiple-site/liver recurrence (HR 1.84, P=0.016),
yet displayed no association with local or lung/other recurrence
(Table 3). Elevated pre-surgery CA 19-9 >100 U/mL was associated
with both local (HR 2.61, P=0.028) and multiple-site/liver recur-
rence (HR 2.61, P<0.001).

Patients with pre-neoadjuvant elevated CA 19-9 >150 U/mL had
significantly decreased survival from PDAC diagnosis (24.0 vs. 34.7

months; P=0.015), RFS (7.9 vs. 13.7 months; P=0.005) and OS
(15.9 vs. 25.0 months; P=0.020) (Suppl. Fig. 2). Similarly, patients
with pre-operatively elevated CA 19-9 >100 U/mL had worse RFS
(4.6 vs. 10.9 months; P<0.001) and OS (11.2 vs. 20.9 months;
P=0.001) (Suppl. Fig. 3).

3.8. Factors associated with recurrence-free and overall survival

Median survival outcomes for patients with and without
recurrence, and for different recurrence patterns are shown in
Table 1 and Suppl. Table 3. For all 231 patients, 1-yr, 2-yr and 5-yr
rates of RFS and OS were 40%, 21%, 9% and 76%, 43%, 15%,
respectively.

Table 4 shows the results of univariable and multivariable Cox
regression analyses for RFS and OS. On univariable analysis, several
pathologic features were associated with both decreased RFS and
0S. On multivariable analysis, yN1-yN2 status (HR 1.68, P = 0.003)
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—Liver-only
Lung-only

—Multiple-site

0 12

24 36

Months after pancreatectomy

Recurrence

patterns 0-6 months 6-12 months 12-18 months 18-24 months  24-48 months  48-60 months
Local only

(n=52) 13.5% (n=7) 53.8% (n=28) 76.9% (n=40)  90.4% (n=47) 98.1% (n=51)  100% (n=52)
Liver only

(n=28) 60.7% (n=17)  89.3% (n=25) 100% (n=28) 100% (n=28) 100% (n=28) 100% (n=28)
Lung only

(n=18) 33.3% (n=6)  44.4% (n=8) 55.6% (n=10)  72.2% (n=13)  94.4% (n=17)  100% (n=18)
Multiple-site

(n=87) 42.5% (n=37) 85.1% (n=74) 95.34% (n=83) 97.7% (n=85)  98.9 % (n=86) 100% (n=87)
Other

(n=4) 0.0% (n=0) 25.0% (n=1)  25.0% (n=1) 75.0% (n=3) 75.0% (n=3) 100% (n=4)
All recurrence

(n=189) 35.4% (n=67)  72.0% (n=136) 85.7% (n=162) 93.1% (n=176) 97.9% (n=185) 100% (n=189)

Fig. 2. Cumulative recurrence rate per specific recurrence pattern as a function of time.

and microscopic perineural invasion (HR 1.43, P=0.041) were in-
dependent predictors for reduced RFS. Independent prognostic
factors for poor OS were yT3-yT4 tumor stage (HR 1.39, P = 0.046),
yN1-yN2 status (HR 1.91, P=0.0024), poor tumor differentiation
grade (HR 1.60, P = 0.006) and microscopic perineural invasion (HR
1.48, P=0.041). Furthermore, adjuvant therapy was independently
associated with both prolonged RFS (HR 0.73, P = 0.043) and OS (HR
0.69, P=0.025). Estimated median RFS and OS for patients who
received adjuvant therapy were 10.9 and 22.7 months respectively,
while median RFS and OS for patients who did not receive adjuvant
therapy were 7.0 and 15.4 months.

Patients with a pathologic complete response did not have a
significantly lower recurrence rate (11/15; 73.3% vs. 178/216; 82.4%
(P=0.378)), although a near significant difference in median RFS
was observed (21.3 months (95% CI 12.5—30.0) vs. 9.1 months (95%
Cl 7.8-10.4); P=0.051). The 11 patients who recurred after a
complete response did have significantly extended post-recurrence
survival (24.8 months (95% CI 8.7—40.9) vs. 8.3 months (95% CI
7.5—-9.1); P=0.003). Notably, patients with a complete response
had significantly improved OS (46.8 months (95% CI 0-not reached)
vs. 19.2 months (95% CI 17.1-21.2); P=0.002).

4. Discussion

Patients initially diagnosed with BRPC/LAPC who underwent
post-neoadjuvant resection represent a growing cohort of impor-
tance in pancreatic cancer care. While low rates of R1-margin and
lymph node positivity were observed in this study, PDAC recur-
rence nevertheless occurred in more than 80% of patients.

Furthermore, 72.5% of recurrences occurred at distant sites, sug-
gesting that despite a radiographic progression-free period leading
to resection, viable micrometastatic PDAC can persist after systemic
neoadjuvant treatment. Additionally, similar to primary resectable
PDAC, different recurrence patterns were found to be associated
with unique survival curves, with liver and multiple-site recurrence
resulting in particularly poor outcomes. Lastly, several clinico-
pathologic and treatment features were found to be associated with
distinct recurrence locations and patient survival. This detailed
knowledge on the timing, pattern and factors associated with dis-
ease failure may help clinicians with important decisions regarding
the challenging multimodality care of these patients with advanced
localized disease.

Few studies on BRPC/LAPC have studied disease recurrence
following resection as a primary outcome of interest. Therefore,
currently published recurrence rates differ considerably. For
instance, seven large contemporary studies that included data on
recurrence after resection of BRCP/LAPC reported overall recur-
rence rates ranging from 38% to 65% [12,22—27]. However, one of
the first prospective randomized trials reported a recurrence rate of
88% in 17 BRPC patients undergoing post-neoadjuvant resection;
more similar to the 82% found in the current study [28]. The dis-
crepancies in the published recurrence rates can likely be attrib-
uted to a combination of multiple factors, including variations in
neoadjuvant treatment regimen and differences in both follow-up
strategies and length. To reduce these potential biases in this
retrospective study, we utilized a large, contemporary single-
institution cohort and excluded patients with incomplete follow-
up records. In the near future, further prospective clinical trials
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Univariable Cox regression analysis for the identification of clinicopathologic and treatment characteristics associated with different recurrence patterns.

Clinical characteristics Local-Only (n=52)

Multiple-site/Liver-Only (n=115) Lung-Only/Other (n=22)

HR 95% CI P HR 95% CI P 95% CI P

Gender

Male vs. female 1.42 0.81-2.48 0.223 1.24 0.86—1.80 0.249 0.13-0.87 0.025
Race

Caucasian vs. all others 1.30 0.51-3.26 0.583 1.00 0.57-1.75 0.992 0.29-5.45 0.754
Age at surgery (years)” 1.02 0.99-1.05 0.204 1.00 0.98—-1.02 0.850 0.92—-1.01 0.140
Disease stage at diagnosis

LAPC vs. BRPC 0.72 0.40—-1.29 0.268 1.29 0.90—-1.86 0.170 0.24—-1.49 0.274
Tumor location

Body/tail vs. head/uncinate 0.76 0.38—-1.51 0431 117 0.79-1.75 0437 0.38—2.57 0.976
Neoadjuvant therapy

CHRT vs. CHT 0.80 0.44—1.46 0.473 1.36 0.86—2.17 0.192 0.64—7.39 0.213
Neoadjuvant regimen

Gem-based vs. FFX-based 0.74 0.40—1.38 0.342 1.52 1.02-2.26 0.042 0.45-3.22 0.705

Gem-FFX vs. FFX-based 0.72 0.34—-1.53 0.388 0.97 0.57-1.67 0.917 0.37-3.52 0.815
CA 19-9 pre-neoadjuvant®

>150 U/mL vs. <150 U/mL 1.58 0.78-3.21 0.207 1.84 1.12-3.01 0.016 0.51-4.02 0.499
CA 19-9 pre-surgery”

>100 U/mL vs. <100 U/mL 2.61 1.11-6.13 0.028 2.61 1.56—4.37 <0.001 0.53—-3.36 0.268
Vascular resection

Yes vs. no 0.72 0.40—-1.31 0.283 1.25 0.86—1.80 0.240 0.47-2.59 0.820
Resection margin status

R1 (<1.0 mm) vs. RO (>1.0 mm) 2.03 1.12-3.66 0.019 1.15 0.75-1.79 0.524 0.22—-2.48 0.614
T-stage (AJCC 8th edition)

yT3-yT4 vs. yTO-yT2 1.27 0.74—-2.20 0.391 146 1.01-2.12 0.042 0.77—4.33 0.169
N-stage (AJCC 8th edition)

yN1-yN2 vs. yNO 218 1.25-3.81 0.006 1.88 1.30-2.71 0.001 0.85-5.35 0.106
Tumor differentiation grade

Poor vs. well/moderate 1.20 0.63—-2.31 0.580 1.85 1.26—2.70 0.002 0.48-3.74 0.571
Micr. lymphovascular invasion

Yes vs. no 1.26 0.72—-2.21 0.413 1.36 0.94-1.97 0.098 0.68—3.92 0.271
Micr. perineural invasion

Yes vs. no 1.98 1.12-3.44 0.019 1.75 1.20—-2.56 0.004 0.67—-3.68 0.297
CAP score treatment response

0vs.2/3 0.90 0.35-2.29 0.818 0.35 0.13-0.94 0.038 0.15-2.77 0.546

1vs.2/3 1.36 0.70—-2.62 0.364 0.86 0.53—-1.38 0.523 0.11-1.97 0.292
Adjuvant therapy

Any vs. none 1.64 0.86—3.14 0.133 0.61 0.42-0.88 0.008 0.27-1.46 0.277

AJCC, American Joint Committee on Cancer; BRPC, borderline resectable pancreatic cancer; CA, carbohydrate antigen;; CAP, College of American Pathologists; CHRT, che-
moradiotherapy; CHT, chemotherapy; CI, confidence interval; FFX, FOLFIRINOX; GEM, gemcitabine; HR, hazard ratio; LAPC, locally advanced pancreatic cancer; Micr,

microscopic.
*Continuous variable.

2 149 patients had documented pre-neoadjuvant CA 19-9 values, of whom 11 patients were Lewis-antigen negative and excluded.
b 149 patients had documented pre-operative CA 19-9 values, of whom 11 patients were Lewis-antigen negative and excluded.

on BRPC and LAPC, such as the ALLIANCE and SCALOP-2 trials,
might provide more accurate recurrence and survival data for
resected BRPC/LAPC patients [29]. Several studies have attempted
to compare recurrence outcomes between neoadjuvant- and
surgery-first strategies. A recent meta-analysis by Schorn et al. has
suggested that the overall recurrence rate is lower in patients who
received neoadjuvant therapy (Risk Ratio 0.82; P<0.001) [30].
Additionally, less hepatic metastases were observed in the neo-
adjuvant patients (20% vs. 29% (P =0.02)). The current study also
found a decreased rate of liver-only recurrence in patients who
underwent post-neoadjuvant resection when compared to upfront
resection. Prospective trials that randomize patients to neo-
adjuvant and surgery-first arms, such as the PREOPANC-trial, ought
to provide a better understanding of differences in patterns and
rates of recurrence between these two treatment-sequence stra-
tegies [31].

While the clinical advantage of a neoadjuvant-first approach is
still being intensely debated, multiple studies have shown that
neoadjuvant treatment can lead to reduced tumor size, lower N-
stage and R1-rates, and decreased frequency of microscopic peri-
neural and lymphovascular invasion [6,32]. However, published
predictive values of these historic pathologic risk factors vary

significantly, with only post-neoadjuvant N-stage being fairly
consistently associated with poor survival [1,4,33—38]. In this
study, yN1-yN2 and yT3-yT4 status, poor tumor differentiation and
microscopic perineural invasion were independent predictors for
decreased OS. However, these associations were relatively weak,
suggesting that conventional pathologic characteristics might have
less prognostic value in post-neoadjuvant patients. Recent studies
indicate that liquid biopsies in the form of circulating tumor cells or
circulating tumor DNA show promise as potential novel biomarkers
in cancer patients [39,40]. For instance, in patients undergoing
resection of PDAC, a recent study from our institution found that
the pre-operative presence of circulating tumor cells was the only
predictors of early recurrence within 12 months from surgery in
both chemo-naive and post-neoadjuvant patients [41]. Novel ap-
proaches to accurate prognostic stratification in PDAC patients
undergoing neoadjuvant treatment and resection are warranted, as
these could help to select patients for surgery and guide further
treatment in the adjuvant setting.

Additional adjuvant treatment was associated with less
multiple-site/liver recurrence and was an independent predictor
for both improved RFS and OS. However, these results should be
interpreted with caution as there was significant heterogeneity in
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Table 4

Univariable and multivariable Cox regression analysis for recurrence-free and overall survival.

Clinical Characteristics Recurrence-free survival

Overall Survival

Univariable Analysis

Multivariable Analysis

Univariable Analysis Multivariable Analysis

HR 95% Cl P HR 95% ClI P HR 95% CI P HR 95% CI P

Gender

Male vs. female 1.12 0.84—1.50 0.209 - 1.23 0.91-1.66 0.186 1.27 0.93-1.73 0.136
Race

Caucasian vs. all others 1.10 0.70—1.73 0.691 - 1.19 0.73—-1.94 0.489 -
Age at surgery (years)” 1.00 0.99-1.02 0.951 - 1.01 0.99-1.03 0.094 -
Disease stage at diagnosis

LAPC vs. BRPC 0.02 0.76—1.37 0.902 - 1.03 0.76—1.39 0.873 -

Tumor location
Body/tail vs. head/uncinate 1.02
Neoadjuvant therapy

0.73—-1.41 0918 -

CHRT vs. CHT 1.22 0.86—1.72 0.276 1.40
Neoadjuvant regimen

Gem-based vs. FFX-based 1.19 0.86—1.63 0.290 —

Gem-FFX vs FFX-based 0.89 0.59—-1.35 0.590 —

CA 19-9 pre-neoadjuvant”

>150 U/mLvs. <150 U/mL  1.70
CA 19-9 pre-surgery”

>100 U/mL vs. <100 U/mL 230
Vascular resection

1.17-2.48 0.006 NA!

1.49-355  <0.001 NA!

0.97-2.03 0.071 1.16

0.98 0.70-1.37 0.897 -

0.81-1.66 0.429 1.42 0.96-2.08 0.076

1.31 0.94-1.82 0.114 1.29
0.94 0.61-1.44 0.769 0.86

0.92-1.81 0.140
0.55-1.33 0.496

1.60 1.07-2.39 0.021 NA!

2.12 1.34-335  0.001 NA!

Yes vs. no 1.08 0.80—1.44 0.630 - 1.02 0.75-1.38 0.912 0.78 0.55-1.09 0.142
Resection margin status
R 1vs.RO 1.31 0.94-1.83 0.126 — 1.36 0.96—-1.93 0.087 —
T-stage (8th)

yT3-yT4 vs. yTO-yT2 1.45 1.09-1.94 0.012 - 1.53 1.13-2.06 0.006 1.39 1.01-1.92 0.046
N-stage (8th)

yN1-yN2 vs. yNO 1.93 1.44—-2.59 <0.001 1.68 1.19-2.38 0.003 1.91 1.41-2.59 <0.001 1.50 1.06-2.13 0.024
Tumor differentiation grade

Poor vs. well/moderate 1.69 1.23-2.31 0.001 1.37 0.98—-1.89 0.062 1.97 1.43-2.71 <0.001 1.60 1.14-2.23 0.006
Micr. lymphovascular invasion

Yes vs. no 1.34 1.00-1.79 0.050 - 1.52 1.13-2.06 0.006 -
Micr. perineural invasion

Yes vs. no 1.78 1.32-2.40 <0.001 143 1.02-2.01 0.041 1.87 1.36—-2.55 <0.001 148 1.02-2.15 0.041
CAP score

0vs.2/3 0.54 0.29-1.00 0.051 NA? 0.28 0.12—-0.64 0.002 NA?

1vs.2/3 0.93 0.65—1.35 0.717 NA? 0.89 0.60—1.31 0.548 NA?
Adjuvant therapy

Any vs. none 0.76 0.56—1.02 0.067 0.73 0.54—0.99 0.043 0.76 0.56—1.03 0.072 0.69 0.50—-0.95 0.025

AJCC, American Joint Committee on Cancer; BRPC, borderline resectable pancreatic cancer; CA, carbohydrate antigen; CAP, College of American Pathologists; CHRT, che-
moradiotherapy; CHT, chemotherapy; CI, confidence interval; FFX, FOLFIRINOX; GEM, gemcitabine; HR, hazard ratio; LAPC, locally advanced pancreatic cancer; Micr,

microscopic; NA, not applicable.
*Continuous variable.

!Pre-neoadjuvant and pre-surgery CA 19-9 were not considered for inclusion in the multivariable models due to significant amount of missing values.

2Treatment response (CAP score) was not considered for inclusion in the multivariable models due to significant correlation with other pathologic tumor characteristics.
2 149 patients had documented pre-neoadjuvant CA 19-9 values, of whom 11 patients were Lewis-antigen negative and excluded.
b 149 patients had documented pre-operative CA 19-9 values, of whom 11 patients were Lewis-antigen negative and excluded.

the length and regimen of received treatments based on patient
and clinician preference, potentially introducing substantial selec-
tion bias. In the current literature, data on adjuvant therapy after
neoadjuvant therapy and resection in BRPC/LAPC patients are
limited and often contradictory. In a recent study of 1375 patients,
no difference in median OS was found based on the receipt of
additional adjuvant therapy (28 vs. 27 months, P= 0.541) [42]. On
the other hand, a different study showed survival benefit with
added adjuvant treatment, albeit only in patients with a positive
lymph node ratio <0.15 [43]. Due to the ostensible limitations of
retrospective studies, many questions on the addition of adjuvant
treatment currently remain unanswered. Hopefully, future pro-
spective trials will provide more insights concerning the right in-
dications and strategies for adjuvant therapy in these patients.
This retrospective study has several important limitations. Most
importantly, both neoadjuvant and adjuvant treatment regimens
and length varied considerably. Therefore, the associations be-
tween treatment factors and recurrence and survival outcomes
should be interpreted cautiously, as selection bias could play a
significant role. Additionally, a substantial number of patients did

not have pre-neoadjuvant and/or pre-surgery CA 19-9 available,
prohibiting the inclusion of this potentially important risk factor in
the multivariable models. Lastly, diagnosing disease recurrence
with radiographic imaging can be challenging, especially since
neoadjuvant or adjuvant radiotherapy can lead to localized fibrosis
at the pancreatectomy site, possibly resulting in over-estimation of
the incidence of local recurrence [44].

5. Conclusions

In summary, this study offers a comprehensive understanding of
the different aspects of disease recurrence in BRPC/LAPC patients,
including the identification of specific clinicopathologic factors
associated with distinct recurrence locations. Despite neoadjuvant
therapy leading to resection and relatively favorable pathologic
tumor characteristics, more than 80% of patients experienced dis-
ease recurrence, 72.5% of which occurred at distant sites. These
findings suggest that systemic disease continues to exist in BRPC/
LAPC patients after neoadjuvant treatment, highlighting the need
to improve systemic treatment options and identify occult disease
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prior to surgery. Future prospective studies should focus on finding
the optimal treatment sequence and regimens to reduce recurrence
rates and consequently improve survival in these patients.
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