
Edited by

Surgical Treatment 
of Pancreatic Ductal 
Adenocarcinoma

Sohei Satoi
Printed Edition of the Special Issue Published in Cancers

www.mdpi.com/journal/cancers



Surgical Treatment of Pancreatic
Ductal Adenocarcinoma





Surgical Treatment of Pancreatic
Ductal Adenocarcinoma

Editor

Sohei Satoi

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Sohei Satoi

Deparment of Surgery

Kansai Medical University

Hirakata

Japan, and

Division of Surgical Oncology

University of Colorado

Anschutz Medical Campus

Aurora

USA

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Cancers (ISSN 2072-6694) (available at: www.mdpi.com/journal/cancers/special issues/pancreatic

surgical).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-1866-4 (Hbk)

ISBN 978-3-0365-1865-7 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/cancers/special_issues/pancreatic_surgical
www.mdpi.com/journal/cancers/special_issues/pancreatic_surgical


Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Surgical Treatment of Pancreatic Ductal Adenocarcinoma” . . . . . . . . . . . . . . ix

Sohei Satoi
Surgical Treatment of Pancreatic Ductal Adenocarcinoma
Reprinted from: Cancers 2021, 13, 4015, doi:10.3390/cancers13164015 . . . . . . . . . . . . . . . . 1

Mirang Lee, Wooil Kwon, Hongbeom Kim, Yoonhyeong Byun, Youngmin Han, Jae Seung
Kang, Yoo Jin Choi and Jin-Young Jang
The Role of Location of Tumor in the Prognosis of the Pancreatic Cancer
Reprinted from: Cancers 2020, 12, 2036, doi:10.3390/cancers12082036 . . . . . . . . . . . . . . . . 5

Yuichi Nagakawa, Naoya Nakagawa, Chie Takishita, Ichiro Uyama, Shingo Kozono, Hiroaki
Osakabe, Kenta Suzuki, Nobuhiko Nakagawa, Yuichi Hosokawa, Tomoki Shirota, Masayuki
Honda, Tesshi Yamada, Kenji Katsumata and Akihiko Tsuchida
Reconsideration of the Appropriate Dissection Range Based on Japanese Anatomical
Classification for Resectable Pancreatic Head Cancer in the Era of Multimodal Treatment
Reprinted from: Cancers 2021, 13, 3605, doi:10.3390/cancers13143605 . . . . . . . . . . . . . . . . 19

Nana Kimura, Suguru Yamada, Hideki Takami, Kenta Murotani, Isaku Yoshioka, Kazuto
Shibuya, Fuminori Sonohara, Yui Hoshino, Katsuhisa Hirano, Toru Watanabe, Hayato Baba,
Kosuke Mori, Takeshi Miwa, Mitsuro Kanda, Masamichi Hayashi, Koshi Matsui, Tomoyuki
Okumura, Yasuhiro Kodera and Tsutomu Fujii
Optimal Preoperative Multidisciplinary Treatment in Borderline Resectable Pancreatic Cancer
Reprinted from: Cancers 2020, 13, 36, doi:10.3390/cancers13010036 . . . . . . . . . . . . . . . . . . 35

Kongyuan Wei and Thilo Hackert
Surgical Treatment of Pancreatic Ductal Adenocarcinoma
Reprinted from: Cancers 2021, 13, 1971, doi:10.3390/cancers13081971 . . . . . . . . . . . . . . . . 51

Yosuke Inoue, Atushi Oba, Yoshihiro Ono, Takafumi Sato, Hiromichi Ito and Yu Takahashi
Radical Resection for Locally Advanced Pancreatic Cancers in the Era of New Neoadjuvant
Therapy—Arterial Resection, Arterial Divestment and Total Pancreatectomy
Reprinted from: Cancers 2021, 13, 1818, doi:10.3390/cancers13081818 . . . . . . . . . . . . . . . . 67

Yuko Mataki, Hiroshi Kurahara, Tetsuya Idichi, Kiyonori Tanoue, Yuto Hozaka, Yota
Kawasaki, Satoshi Iino, Kosei Maemura, Hiroyuki Shinchi and Takao Ohtsuka
Clinical Benefits of Conversion Surgery for Unresectable Pancreatic Ductal Adenocarcinoma: A
Single-Institution, Retrospective Analysis
Reprinted from: Cancers 2021, 13, 1057, doi:10.3390/cancers13051057 . . . . . . . . . . . . . . . . 83

Hiroaki Yanagimoto, Sohei Satoi, Tomohisa Yamamoto, So Yamaki, Satoshi Hirooka, Masaya
Kotsuka, Hironori Ryota, Mitsuaki Ishida, Yoichi Matsui and Mitsugu Sekimoto
Benefits of Conversion Surgery after Multimodal Treatment for Unresectable Pancreatic Ductal
Adenocarcinoma
Reprinted from: Cancers 2020, 12, 1428, doi:10.3390/cancers12061428 . . . . . . . . . . . . . . . . 99

v



Simone Serafini, Cosimo Sperti, Alberto Friziero, Alessandra Rosalba Brazzale, Alessia
Buratin, Alberto Ponzoni and Lucia Moletta
Systematic Review and Meta-Analysis of Surgical Treatment for Isolated Local Recurrence of
Pancreatic Cancer
Reprinted from: Cancers 2021, 13, 1277, doi:10.3390/cancers13061277 . . . . . . . . . . . . . . . . 111

Jelena Milin-Lazovic, Petar Madzarevic, Nina Rajovic, Vladimir Djordjevic, Nikola Milic,
Sonja Pavlovic, Nevena Veljkovic, Natasa M. Milic and Dejan Radenkovic
Meta-Analysis of Circulating Cell-Free DNA’s Role in the Prognosis of Pancreatic Cancer
Reprinted from: Cancers 2021, 13, 3378, doi:10.3390/cancers13143378 . . . . . . . . . . . . . . . . 121

Chang Moo Kang and Woo Jung Lee
Is Laparoscopic Pancreaticoduodenectomy Feasible for Pancreatic Ductal Adenocarcinoma?
Reprinted from: Cancers 2020, 12, 3430, doi:10.3390/cancers12113430 . . . . . . . . . . . . . . . . 143

Sarah Powell-Brett, Rupaly Pande and Keith J. Roberts
Achieving ‘Marginal Gains’ to Optimise Outcomes in Resectable Pancreatic Cancer
Reprinted from: Cancers 2021, 13, 1669, doi:10.3390/cancers13071669 . . . . . . . . . . . . . . . . 163

Wooil Kwon, Youngmin Han, Yoonhyeong Byun, Jae Seung Kang, Yoo Jin Choi, Hongbeom
Kim and Jin-Young Jang
Predictive Features of Malignancy in Branch Duct Type Intraductal Papillary Mucinous
Neoplasm of the Pancreas: A Meta-Analysis
Reprinted from: Cancers 2020, 12, 2618, doi:10.3390/cancers12092618 . . . . . . . . . . . . . . . . 187

Y.H. Andrew Wu, Atsushi Oba, Laurel Beaty, Kathryn L. Colborn, Salvador Rodriguez
Franco, Ben Harnke, Cheryl Meguid, Daniel Negrini, Roberto Valente, Steven Ahrendt,
Richard D. Schulick and Marco Del Chiaro
Ductal Dilatation of 5 mm in Intraductal Papillary Mucinous Neoplasm Should Trigger the
Consideration for Pancreatectomy: A Meta-Analysis and Systematic Review of Resected Cases
Reprinted from: Cancers 2021, 13, 2031, doi:10.3390/cancers13092031 . . . . . . . . . . . . . . . . 205

vi



About the Editor

Sohei Satoi

Dr. Sohei SATOI is a pancreatobiliary surgeon and surgical oncologist with more than 20 years of

experience. He is internationally recognized as a leader in the surgical treatment of pancreatic ductal

adenocarcinoma including unresectable disease as well as in multimodal treatment of peritoneal

dissemination. Dr. Satoi is also keen on developing mitigation strategies for post-pancreatectomy

complications. He is active in academic research, with more than 180 peer reviewed papers, and is a

member of several scientific journal’s editorial boards. His mission is to bring a “cure” to patients

with pancreatic ductal adenocarcinoma and to have zero-mortality and less incidence of surgical

complication after pancreatectomy.

vii





Preface to ”Surgical Treatment of Pancreatic Ductal
Adenocarcinoma”

Dear Colleagues,

Surgical resection has been the only chance for a cure in patients with pancreatic ductal

adenocarcinoma (PDAC) in recent decades, but the 5-year survival rate is still low (approximately

20%) in PDAC patients who have undergone margin-negative resection only.

A multimodal approach is widely accepted for treating PDAC in the modern era. The

implementation of adjuvant chemotherapy or neo-adjuvant treatment has dramatically been

enhanced to increase the long-term survival rate of patients with resectable, borderline resectable,

and unresectable PDAC in the world. Margin-negative surgical resection still plays a pivotal

role in multimodal treatment in patients with PDAC. Therefore, a growing amount of interest

has focused on the optimization of the perioperative therapeutic strategy, including regimens of

chemo(radio)therapy, the introduction of extended pancreatectomy, and advanced peri-operative

management.

This Special Issue highlights the role of surgical resection during multimodal treatments in

patients with PDAC from resectable to unresectable diseases to advance our understanding of the

surgical treatment of PDAC.

Sohei Satoi

Editor
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This special issue, “Surgical Treatment of Pancreatic Ductal Adenocarcinoma” contains
13 articles (five original articles, five reviews, and three systematic reviews/meta-analyses)
authored by international leaders and surgeons who treat patients with pancreatic ductal
adenocarcinoma (PDAC).

Oncological pancreatic surgery requires a deep knowledge of multimodal treat-
ment, accurate preoperative recognition of tumor extension—especially to adjacent major
vessels—high-quality technical skills for margin-negative resection, and well-established
perioperative management for the reduction of morbidity and mortality. In the modern
era, it involves a two-sided advancement toward extended pancreatectomy, such as portal
vein or major arterial resection for locally advanced PDAC, as well as minimally invasive
surgery for resectable PDAC.

Surgical resection has provided the only chance for a cure in patients with PDAC, but
the 5 year survival rate is still low (approximately 20%) in patients with margin-negative
resection. The implementation of adjuvant chemotherapy or neoadjuvant therapy has dra-
matically increased the long term survival of patients with resectable, borderline resectable,
and even unresectable PDAC. Margin-negative surgical resection still plays a pivotal role in
multimodal treatment in patients with PDAC. Therefore, a growing amount of interest has
focused on optimization of the perioperative therapeutic strategy, including multimodal
treatment regimens, the introduction of extended pancreatectomy, and advanced periop-
erative management. Moreover, the introduction of minimally invasive surgery, such as
laparoscopic and robotic pancreatic surgery, has been applied worldwide.

This special issue highlights the role of surgical resection in patients with PDAC to
advance our understanding of the surgical treatment of PDAC.

With regard to the influence of tumor location on prognosis, among 2483 patients with
all types of PDAC, long term survival was significantly better for patients with pancreatic
head/uncinate PDAC than with body/tail PDAC, regardless of resectability [1]. Among
patients who underwent curative resection, those with head/uncinate cancers had a higher
number of T1/T2 tumors, but worse outcomes. Multivariate analysis identified tumor
factors, preoperative CA 19-9 level, margin status, and adjuvant therapy, but not tumor
location as independent prognostic factors. Margin-negative resection during multimodal
treatment is mandatory for long term survival in patients with PDAC.

What can we do to optimize the rate of margin-negative resection? According to the
“appropriate dissection range” identified with simulated use of high-quality computed
tomography preoperatively, surgeons should carry out “dissection to achieve margin-
negative resection”, identifying anatomical structures, such as layers, arteries, and veins,
as anatomical landmarks to determine the dissection region intraoperatively [2].

Neoadjuvant therapy has been implemented recently to achieve a high proportion
of margin-negative resection and negative lymph node metastasis through anatomical
and biological shrinkage of borderline resectable tumors. Neoadjuvant therapy followed
by surgery, rather than upfront surgery, has been reported to offer clinical benefits to
patients with borderline resectable PDAC [3]. Moreover, it is suggested that nutritional
management during neoadjuvant therapy may lead to a better prognosis.

Given the multimodal approach with new chemotherapy regimens, such as fluo-
rouracil plus leucovorin, irinotecan, oxaliplatin (FOLFIRINOX), or gemcitabine plus nab-
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paclitaxel, substantial progress has been made in surgical techniques to address advanced
resections [4]. Margin-negative resection in patients with locally advanced PDAC usually
requires portal vein or major arterial resection and reconstruction. These mainly vessel-
oriented technical approaches of pancreatic head resection allow the removal of all putative
tumor-infiltrated soft tissue with the utmost aim for an improved R0 resection rate [4].

Aggressive pancreatectomy, such as total pancreatectomy or combined arterial re-
section, for achieving margin-negative resection has become justified by the principle of
total neoadjuvant therapy in recent decades [5]. Further technical standardization and
an optimal neoadjuvant strategy are mandatory for the global adoption of aggressive
pancreatectomy.

Recently, surgical resection in PDAC has been extended to patients with unresectable
PDAC. Additional surgery during multimodal treatment is defined as “conversion surgery”
in patients with unresectable PDAC (metastatic and locally advanced disease) which
comprises 70–80% of the PDAC population. Although surgical resectability was less
than 10% in 398 patients [6] and 469 patients [7] with unresectable PDAC, including
metastatic disease, the median survival time after initial treatment was 37 months and
73.7 months in patients who underwent conversion surgery, respectively. The number
of candidates for conversion surgery is now increasing with the introduction of modern
chemotherapy regimens; however, the actual clinical benefits of resection have not yet
been fully investigated. Prospective studies will be needed to explore the clinical benefit of
conversion surgery.

A high rate of recurrence, even after margin-negative resection, has been reported in
patients with PDAC. Recurrent PDAC, mainly containing liver or peritoneal metastasis,
and local recurrence is commonly treated with systemic chemotherapy or best supportive
care. The clinical role of surgical resection for patients with isolated local recurrent PDAC
after initial pancreatectomy is still under investigation. Although there is a possibility
of selection bias, meta-analysis revealed that surgical resection in selected patients with
recurrent pancreatic cancer was safe and feasible and might offer a survival advantage [8].
This meta-analysis also suggested that surgery should be considered part of the multimodal
management of relapsing pancreatic cancer, and a multidisciplinary approach is essential
to choose the most appropriate treatment [8]. Thus, PDAC surgery in the modern era
frequently requires extended pancreatectomy; therefore, appropriate patient selection is
mandatory. The development of precise biological and anatomical assessments will be
urgently needed.

Therefore, novel biomarkers predicting resectability, overall survival, and disease-
free survival should be established promptly. Liquid biopsy involving cancer DNA and
circulating tumor cells in the blood may be an additional tool for estimating disease course
and outcome in patients with PDAC [9]. Clinical application of liquid biopsy may provide
a cancer diagnosis at an earlier stage, enable optimal selection of treatment, and inform
prediction of prognosis and recurrence.

While extended pancreatectomy has been developed safely and effectively in patients
with locally advanced PDAC, minimally invasive pancreatic surgery has also evolved.
Laparoscopic and robotic pancreatectomy are considered safe and feasible for experienced
surgeons in well-selected patients with PDAC. With the advancement of minimally in-
vasive techniques and experiences, laparoscopic distal pancreatectomy (LDP) and even
laparoscopic pancreaticoduodenectomy (LPD) have been implemented successfully for
treating PDAC [10]. However, due to a limited volume of evidence, without doubt, there is
a strong need for more high-quality trials to confirm the potential advantages of minimally
invasive pancreatic surgery [4].

Optimizing existing pathways for PDAC treatment so that patients realize the benefits
of already proven treatments presents a clear opportunity to improve outcomes in the short
term. The narrative review [11] focuses on treatments and interventions where there was a
clear evidence base to improve outcomes in pancreatic cancer and where there was evidence
of variation and undertreatment. The avoidance of preoperative biliary drainage, treatment
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of pancreatic exocrine insufficiency, prehabilitation and enhanced recovery after surgery,
reduction of perioperative complications, optimization of opportunities for elderly patients
to receive therapy, optimization of adjuvant chemotherapy, and regular surveillance after
surgery are some of the strategies discussed. Each treatment or pathway change represents
an opportunity for marginal gain, and the accumulation of marginal gains can result in a
considerable benefit to patients. It is essential that surgeons understand that surgery is just
one part of a complex pathway and that they are ideally placed to act as change agents to
optimize broader pathway improvements.

Other concerns are risk factors for malignancy, defined as high-grade dysplasia and
invasive carcinoma in patients with intraductal papillary mucinous neoplasm (IPMN).
One meta-analysis revealed risk factors for malignancy as symptoms, size ≥ 3 cm, cystic
wall thickening, mural nodule, main pancreatic duct dilatation, abrupt caliber change
in the pancreatic duct, lymphadenopathy, elevated carbohydrate antigen 19-9 level, and
elevated carcinoembryonic antigen level [12]. Among the above risk factors, the role of
main pancreatic duct (MPD) dilatation is important for establishing a simple surgical
indication. However, the degree of ductal dilatation that warrants pancreatectomy is still
controversial across the existing guidelines. The other meta-analysis concluded that MPD
dilatation was an important predictive factor of IPMN malignancy, and 5 mm was a highly
sensitive cutoff for the detection of high-risk pre-cancerous or cancerous lesions in resected
patients. The need for pancreatectomy should be thoroughly evaluated in patients with
ductal dilatations of ≥5 mm for improving surgical patient selection and reducing overall
IPMN malignancy mortality [13].

In conclusion, surgical treatment of PDAC has experienced a paradigm shift, from
“the only way for cure” in the last century, to “the essential position during multimodal
treatment” in the modern era. Pancreatic surgery for PDAC now has two-sided progress.
Extended pancreatectomy with vessel resection and reconstruction has been performed
safely and effectively in patients with locally advanced PDAC following multimodal
treatment. In contrast, the implementation of minimally invasive surgery is also useful
in selected patients with PDAC. The establishment of an appropriate surgical indication
for predicting an acceptable prognosis is required in the era of multimodal treatment.
Biomarkers that inform a surgical indication may be revealed by liquid biopsy in the near
future. Sustainable efforts are warranted to establish a role for surgical treatment during
multimodal treatment in patients with PDAC who still have high lethality.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Identification of prognostic factors is important to improve treatment outcomes in pancreatic
cancer. This study aimed to investigate the effect of the location of pancreatic cancer on survival
and to determine whether it was a significant prognostic factor. Altogether, 2483 patients diagnosed
with pancreatic cancer were examined. Comparative analysis of clinicopathologic characteristics,
survival analysis, and multivariate analysis were performed. Cancers of the pancreatic head or the
uncinate process were present in 49.5% of patients. The head/uncinate cancers had more clinical T1/T2
tumors (59.4% vs. 35.5%, p < 0.001) and a significantly higher 5-year survival rate (8.9% vs. 7.3%,
p < 0.001) than the body/tail cancers. The 5-year survival rate in patients with head/uncinate cancers
was significantly lower in the resectable (p = 0.014) and the locally advanced groups (p = 0.007).
In patients who underwent resection with curative intent, the 5-year survival rate was lower in the
head/uncinate group (p = 0.046). The overall outcome of the head/uncinate cancers was better than the
body/tail cancers, due to the high proportion of resectable cases. In patients who underwent curative
resection, the head/uncinate cancers had a higher number of T1/T2 tumors, but worse outcomes. In the
multivariate analysis, tumor location was not an independent prognostic factor for pancreatic cancer.

Keywords: pancreatic neoplasm/analysis; pancreatic neoplasm/surgery; tumor location; survival;
clinical staging

1. Introduction

Pancreatic cancer is one of the leading causes of cancer-related mortality in developed countries
and one of the most lethal malignant neoplasms worldwide [1]. Its prognosis might be poor, and
accurate prediction of the prognosis is important for patients as well as clinicians in the management
of pancreatic cancer.

Surgical approach to pancreatic cancer and its prognosis greatly differ according to the tumor
location [2–4]. Some authors have argued that pancreatic body and tail cancers have a worse prognosis
due to delayed diagnosis. Others have reported that according to the tumor stage at diagnosis,
pancreatic body and tail cancers showed superior survival than pancreatic head cancers, in localized
and resectable tumors. Despite these differences, tumor location was never taken into consideration in
any edition of the American Joint Committee on Cancer (AJCC) staging system, since the first edition
in 1978. Thus, the effect of location on pancreatic cancer needs to be highlighted.

Several issues related to tumor location need to be scrutinized in depth. One of them is to clarify
whether tumor location affects the prognosis of pancreatic cancer and if it does, the manner in which it
affects the prognosis. Furthermore, it should be examined whether tumor location affects the prognosis
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to such an extent that it should be reflected in the staging system of pancreatic cancer. With these
questions in mind, the present study aimed to compare the survival outcomes and clinicopathological
features of pancreatic cancer, according to its location.

2. Results

2.1. Patient Demographics and Survival Outcomes

Altogether, 2483 patients were identified. Among these, 1228 patients (49.5%) had tumors in the
pancreatic head or the uncinate process (PHU group) and 1255 patients (50.5%) had tumors in the
pancreatic body or the tail (PBT group). Demographics and clinicopathological features are summarized
in Table 1. The mean age was comparable between the PHU and the PBT groups (64.3 years and
64.0 years, respectively p = 0.468). The sex ratio was also similar between the groups, showing male
predominance (1:0.68 and 1:0.68, respectively; p = 0.097).

Table 1. Demographics and clinicopathological features of overall patients.

Variables Total
(N = 2483)

PHU
(N = 1228)

PBT
(N = 1255) p-Value

Age (years) 64.1 (23–94) 64.3 (28–94) 64.0 (23–93) 0.468

Sex (Male:Female) 1:0.68 1:0.68 1:0.68 0.970

Tumor size (cm) 3.8 (0.1–15.5) 3.4 (0.1–8.5) 4.3 (0.1–15.5) <0.001

Clinical T stage

<0.001
T1 192 (7.7%) 113 (9.2%) 79 (6.3%)
T2 983 (39.6%) 616 (50.2%) 367 (29.2%)
T3 495 (19.9% 152 (12.4%) 343 (27.3%)
T4 813 (32.7%) 347 (28.3%) 466 (37.1%)

Resectability

<0.001
Resectable 677 (27.3%) 449 (36.6%) 228 (18.2%)
Borderline 124 (5.0%) 85 (6.9%) 39 (3.1%)
Locally advanced 615 (24.8%) 313 (25.5%) 302 (24.1%)
Distant metastasis 1067 (43.0%) 381 (31.0%) 686 (54.7%)

Operation
<0.001Non-resectable 1778 (71.6%) 766 (62.4%) 1012 (80.6%)

Preemptive-resectable 705 (28.4%) 462 (37.6%) 243 (19.4%)

PHU—tumors in the pancreas head or uncinated process; PBT—tumors in the pancreas body and tail. Continuous
variables were expressed as median (range). Statistical significance when p value < 0.05.

Mean tumor size was significantly different between the PHU group and the PBT group (3.4 cm
and 4.3 cm, respectively; p < 0.001). The proportion of clinical T stages was significantly different
(p < 0.001). The PHU group had a higher proportion of cT2 (50.2% in PHU vs. 29.2% in PBT) tumors.
The PBT group had a higher proportion of cT3 and cT4 tumors than the PHU group (cT3: 27.3% vs.
12.4% and cT4: 37.1% vs. 28.3%, respectively).

The proportion of tumors was significantly different in terms of classification according to
resectability between the PHU and the PBT groups (p < 0.001). The PHU group had a higher proportion
of resectable and borderline resectable pancreatic cancers (resectable—36.6% vs. 18.2% and borderline
resectable: 6.9% vs. 3.1%, respectively) and a lower proportion of metastatic pancreatic cancer
(31.0% vs. 54.7%, respectively) than the PBT group. The proportion of locally advanced pancreatic
cancers was similar between the groups (25.5% and 24.1% in the PHU and the PBT groups, respectively).

The median survival in all patients was 11 months and the 5-year survival rate was
8.1%. The PHU group demonstrated significantly better survival than the PBT group (median
survival—12 vs. 10 months, and 5-year survival—8.9% vs. 7.3%, respectively; p < 0.001) (Figure 1).
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2.2. Demographics of the Patients Who Underwent Resection

Among 705 patients who were advised to undergo curative resection, 28 patients who underwent
neoadjuvant treatment and 31 patients who ended up having non-curative surgery were excluded.
Thus, 646 patients underwent curative resection. Altogether, 432 (66.9%) patients in the PHU group and
214 (33.1%) patients in the PBT group underwent curative resection. The PHU group had a significantly
smaller tumor size, more angiolymphatic invasion and perineural invasion, a lower proportion of T3
and T4 tumors, a higher proportion of N2 and a lower proportion of N0 tumors, greater recurrence, and
lower incidence of systemic recurrence, when compared to the PBT group. There were no differences in
carcinoembryonic antigen and carbohydrate antigen (CA) 19-9 levels, lymph node (LN) metastasis rate,
and the proportion of patients who received adjuvant therapy. Demographics and clinicopathological
features are summarized in Table 2.

Table 2. Demographics and clinicopathological features of resected patients.

Variables
Total PHU PBT p-Value
(N = 646) (N = 432) (N = 214)

Age (years) 64.6 (29–89) 63.7 (29–88) 66.4 (35–89) 0.001

Sex (Male:Female) 1:0.7 1:0.67 1:0.75 0.552

Preoperative CEA (ng/mL) 4.1 (0.5–179.1) 3.5 (0.5–63) 5.2 (0.5–179.1) 0.124

Preoperative CA19-9 (U/mL) 1040.7 (0.1–37800) 1109.2 (0.1–28700) 901.7 (1–37800) 0.421

Operation name

<0.001

PPPD 251 (38.9%) 251 (58.1%) 0
Whipple’s operation 163 (25.2%) 163 (37.7%) 0
Distal pancreatectomy 190 (29.4%) 0 190 (88.8%)
Subtotal pancreatectomy 17 (2.6%) 0 17 (7.9%)
Total pancreatectomy 23 (3.6%) 17 (3.9%) 23 (3.6%)
Central pancreatectomy 2 (0.3%) 1 (0.2%) 2 (0.3%)
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Table 2. Cont.

Variables
Total PHU PBT p-Value
(N = 646) (N = 432) (N = 214)

Complication 264 (40.9%) 199 (46.1%) 65 (30.4%) <0.001

Adjuvant therapy
Chemotherapy 516 (79.9%) 344 (79.6%) 172 (80.4%) 0.917
Radiotherapy 343 (53.1%) 231 (53.5%) 112 (52.3%) 0.802

Tumor size(cm) 3.3 (0.2–12.2) 3.1 (0.2–8.0) 3.5 (0.5–12.2) 0.008

Differentiation

0.053
Well Differentiated 43 (7.1%) 23 (5.6%) 20 (10.2%)
Moderate Differentiated 488 (80.7%) 340 (83.1%) 148 (75.5%)
Poorly Differentiated 74 (12.2%) 46 (11.2%) 28 (14.3%)

Resection margin status
0.198Tumor free 549 (85.0%) 373 (86.3%) 176 (82.2%)

Presence of tumor 97 (15.0%) 59 (13.7%) 38 (17.8%)

Angiolymphatic invasion
<0.001Negative 354 (55.0%) 213 (49.4%) 141 (66.2%)

Positive 290 (45.0%) 218 (50.6%) 72 (33.8%)

Vascular invasion
0.200Negative 389 (60.3%) 252 (58.5%) 137 (64.0%)

Positive 256 (39.7%) 179 (41.5%) 77 (36.0%)

Perineural invasion
0.014Negative 108 (16.7%) 61 (14.1%) 47 (22.0%)

Positive 538 (83.3%) 371 (85.9%) 167 (78.0%)

T stage

0.041
T1 96 (14.9%) 62 (14.4%) 34 (15.9%)
T2 426 (65.9%) 299 (69.2%) 127 (59.3%)
T3 113 (17.5%) 66 (15.3%) 47 (22.0%)
T4 11 (1.7%) 5 (1.2%) 6 (2.8%)

N stage

0.033
N0 252 (39.0%) 160 (37.0%) 92 (43.0%)
N1 270 (41.8%) 177 (41.0%) 93 (43.5%)
N2 124 (19.2%) 95 (22.0%) 29 (13.6%)

Stage

0.171

Ia 65 (10.1%) 38 (8.8%) 27 (12.6%)
Ib 150 (23.2%) 101 (23.4%) 49 (22.9%)
IIa 34 (5.3%) 20 (4.6%) 14 (6.5%)
IIb 265 (41.0%) 175 (40.5%) 90 (42.1%)
III 132 (20.4%) 98 (22.7%) 34 (15.9%)

Recurrence
0.006No 211 (32.7%) 125 (29.0%) 86 (40.2%)

Yes 434 (67.3%) 306 (71.0%) 128 (59.8%)

Recurrence type
0.028Local 66 (15.2%) 54 (17.7%) 12 (9.4%)

Systemic 367 (84.8%) 251 (82.3%) 116 (90.6%)

PHU—tumors in the pancreas head or uncinated process; PBT—tumors in the pancreas body and tail;
PPPD—pylorus-preserving pancreatoduodenectomy. Continuous variables were expressed as median (range).
Statistically significant when p value < 0.05.

2.3. Survival Analysis of the Patients Who Underwent Resection

The median survival duration was 25 months and the 5-year survival was 23.6%. For the PHU
group, the median survival duration was 23 months and the 5-year survival was 20.8%. For the PBT
group, the median survival duration was 30 months and the 5-year survival was 29.7%. Thus, the
survival outcome in the PBT group was significantly superior to that in the PHU group (p = 0.046)
(Figure 2).
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Survival outcomes were compared according to the T category. For T1, T2, and T4 tumors, the
PHU group had worse outcomes compared to the PBT group. The difference was not significant for
the T1 (median survival 34 vs. 41 months, respectively; p = 0.288) and T4 tumors (median survival
6 vs. 8 months, respectively; p = 0.067). A significant difference was found in T2 tumors with a median
survival of 22 months for the PHU group (5-year survival 19.4%) and a median survival of 34 months
for the PHU group (5-year survival 34.8%) (p = 0.005, Figure 3).Cancers 2020, 12, x 6 of 14 
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Figure 3. The survival curves of pancreas head/uncinate cancer and pancreas body cancer according to
the T categories.
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In node-negative disease, the PHU group had worse median survival than the PBT group, but the
difference was not significant (33 vs. 39 months, respectively; p = 0.454). Similarly, in the node-positive
disease, the PHU group had worse outcomes than the PBT group, but the difference lacked statistical
significance (19 vs. 25 months, respectively; p = 0.112).

According to the prognostic groups of the AJCC cancer staging system (edition 8), there were no
differences in survival outcomes between the PHU and the PBT groups, in all stages from stage Ia to
stage III (Figure S1).

2.4. Prognostic Factors of Pancreatic Cancer

Tumor location, histological grade, margin status, angiolymphatic invasion, venous invasion,
perineural invasion, T category, N category, adjuvant chemotherapy, adjuvant radiotherapy, and
preoperative CA 19-9 were significantly associated with survival. In the multivariate analysis, tumor
location did not reach statistical significance (vs. PBT: hazard ratio [HR] 1.174, confidence interval [CI]
0.932–1.478, p = 0.173). Histological grade, margin status, angiolymphatic invasion, venous invasion,
T4 stage, lymph node metastasis, adjuvant chemotherapy, adjuvant radiotherapy, and preoperative CA
19-9 were independent prognostic factors (Table 3).

Table 3. Univariate and multivariate analysis comparing the 5-year survival rates in resected patients.

Variables
Univariate Multivariate

n 5 YSR, % p Value HR 95%CI p Value

Sex
Male 380 21.2
Female 266 27.3 0.269

Age(years)
<65 301 24.0
≥65 345 23.6 0.070 1.095 0.881–1.362 0.414

Site of tumor
Head 432 20.8
Body, tail 214 29.7 0.046 1.174 0.932–1.478 0.173

Complication
No 382 22.7
Yes 264 24.9 0.986

Histologic grade <0.001 <0.001
Well differentiated 43 45.0
Moderate differentiated 488 21.9 <0.001 2.092 1.306–3.351 0.002
Poorly differentiated 74 11.2 <0.001 3.133 1.834–5.354 <0.001

Margin
Negative 549 26.5
Positive 97 5.3 <0.001 1.471 1.126–1.923 0.005

Angiolymphatic invasion
Negative 354 31.0
Positive 290 13.7 <0.001 1.473 1.191-1.823 <0.001

Venous invasion
Negative 389 30.1
Positive 256 11.9 <0.001 1.309 1.059–1.618 0.013

Perineural invasion
Negative 108 42.3
Positive 538 19.7 <0.001 1.250 0.895–1.746 0.191
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Table 3. Cont.

Variables
Univariate Multivariate

n 5 YSR, % p Value HR 95%CI p Value

T stage <0.001 0.008
T1 96 37.9
T2 426 23.7 0.001 1.143 0.814–1.604 0.440
T3 113 15.0 <0.001 1.278 0.858–1.902 0.227
T4 11 0.0 <0.001 4.874 2.228–10.664 <0.001

N stage <0.001 0.005
N0 252 37.3
N1 269 17.0 <0.001 1.271 1.002–1.613 0.048
N2 125 8.2 <0.001 1.611 1.207–2.150 0.001

Adjuvant Chemotherapy
Yes 516 25.0
No 130 18.4 <0.001 1.626 1.206–2.193 0.001

Adjuvant Radiotherapy
Yes 343 27.3
No 303 20.9 <0.001 1.417 1.103–1.821 0.006

Preoperative CEA
<5.0 ng/mL 524 24.8
≥5.0 ng/mL 94 21.9 0.061 1.168 0.884–1.544 0.274

Preoperative CA19-9
<37.0 U/mL 187 38.9
≥37.0 U/mL 446 18.1 <0.001 1.600 1.258–2.037 <0.001

YSR—year survival rate; HR—hazard ratio; CI—confidence interval. The variables with p-value less than 0.1 in
univariate analysis were included in the multivariate analysis.

When analyzed separately for the PHU and the PBT groups, factors associated with survival in
the univariate analysis were similar between the groups and similar to the factors associated with
the overall patient population. For the PHU group, all associated categories were similar to those
associated with the overall patient population. For the PBT group, T2 stage and preoperative CA 19-9
were not associated with survival, while age was associated with survival, when compared to the
overall patient population.

Multivariate analysis showed that poorly differentiated histological grade, angiolymphatic
invasion, perineural invasion, T4 stage, N2 stage, adjuvant chemotherapy, adjuvant radiotherapy, and
preoperative CA 19-9 were significantly associated with survival in the PHU group. In the PBT group,
histological grade, margin status, venous invasion, and adjuvant chemotherapy were significantly
associated with survival (Table 4).
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3. Discussion

The AJCC staging system was revised for the eighth time since its first edition in 2018. Its validity
was demonstrated in several studies [5–7]. The AJCC staging system always considered pancreatic
cancers in terms of the whole pancreas, without dividing the pancreas according to the location, since
pancreatic cancers in the head/uncinate process and those in the body/tail share the same prognosis
and have comparable tumor biology. However, pancreatic cancer is usually treated according to the
location. Many studies investigated pancreatic cancers separately according to the location [2,4,8–12].
Furthermore, many studies investigated whether the subjects underwent distal pancreatectomy or
pancreatoduodenectomy, which is a reflection of the location of the tumor [13–16]. Pancreatic cancer is
often not looked at somewhat differently. In this light, it must be clarified whether pancreatic head
cancers and pancreatic body or tail cancers have comparable outcomes and oncological behaviors.

Traditionally, pancreatic cancers in the body/tail are believed to have a worse prognosis compared
to pancreatic head cancers. This finding was supported by several studies [2,8–10,17] and it was also
reproduced in the present study. The 5-year survival percentages and the median survival durations
were significantly better for the PHU group than for the PBT group, in all pancreatic cancers, regardless
of their resectability. The poor outcome of pancreatic cancers in the body/tail is usually explained by
their late detection.

While a pancreatic head cancer might cause obstructive jaundice as the tumor progresses, patients
with pancreatic body/tail cancers do not show symptoms until the tumor size increases sufficiently to
cause abdominal pain and colon obstruction. In the present cohort, the tumor size measured on the
cross-sectional images was significantly greater in the PBT group. Larger tumors reduce the possibility
of resectability, which is also reflected in the results of the present study. In the present study, 36.6%
of the pancreatic head cancers were deemed resectable, while only 18.2% of the pancreatic body/tail
cancers were deemed resectable.

Late detection of the pancreatic body and tail tumors allows them to grow, reducing their
resectability. It also increases the possibility of systemic involvement. Other studies that investigated
pancreatic cancers according to their locations showed that pancreatic body and tail cancers often
present with distant metastases at the time of diagnosis [2,11]. The present study also confirmed a
higher proportion of systemic spread at presentation (54.7% in the body/tail cancers and 31.0% in the
head/uncinate region cancers).

A completely opposite set of findings was observed when only the resected cases were considered.
In the resected cases, pancreatic cancers in the head/uncinate region demonstrated significantly worse
survival than those in the body/tail region. Many studies found similar results in resectable pancreatic
cancers in the head/uncinate regions [11,12,18], while some studies failed to show worse results for the
head region when compared to the body/tail region [9,10,13–16,19]. However, none of these studies
showed significantly worse outcomes in pancreatic body/tail cancers [12].

Studies that demonstrated comparable outcomes between resectable pancreatic cancers in the
head and those in the body/tail should be noted for their study population. Studies conducted by
Sohn et al. [13], Wade et al. [14], and Brennan et al. [19] published in 2000, 1995, and 1996, respectively,
are considered the historic ones. Their study populations were collected from as early as 1984 and up
to 1999. During this period, safety and oncological feasibility of pancreatic cancer surgery was more of
an issue. Furthermore, adjuvant treatment, which is currently an important part of pancreatic cancer
treatment, was not established. The studies from the late 2000s and the 2010s had similar problems
regarding patient populations as those associated with the patient populations from the 1980s and the
1990s, even though they included more recent cohorts [9,15,16].

Only one study that included 351 patients showed superior outcomes in the resected pancreatic
head cancers, when compared with the resected body/tail cancers [4]. The median survivals of patients
with pancreatic head cancers and of those with pancreatic body/tail cancers were 16 and 11 months,
respectively. This rather poor survival outcome in patients with resected tumors limited the value
of this study. All the other studies reported comparable or superior outcomes in resected pancreatic
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body/tail cancers than in resected pancreatic head cancers. Therefore, based on the recent literature
and the results of the present study, it could be safely concluded that resected pancreatic cancers in the
body/tail region have better outcomes than those in the head region. As such is the case, resection
of pancreatic body/tail cancers should not be discouraged because of the poor overall prognosis, but
rather should be attempted, whenever deemed resectable.

When analyzed according to the T stages, significant difference was observed in survival between
the groups for T2 tumors. The PHU group showed worse outcomes than the PBT group for T1
tumors, but the difference was not significant. This finding might perhaps be attributed to small-sized
subgroups. Thus, earlier T categories (T1 and T2) demonstrated significantly worse median survival
and 5-year survival (24 months and 21.8%) in the PHU group than in the PBT group (34 months
and 37.2%) (p = 0.003). Meng et al. [12] also found that resected pancreatic head cancers had worse
outcomes in the earlier T stages, but significant difference was observed only for the T1 stage.

When stratified according to the N stage and the prognostic groups, the survival rates were not
significantly different. There was a tendency toward worse survival for pancreatic head/uncinate
cancers in the N0 and LN metastasis groups. For the prognostic groups, pancreatic head/uncinate
cancers in stages IB, IIB, and III tended to have worse survival. Re-evaluation using a larger cohort or
meta-analysis might clarify the effect of cancer location in each stratified analysis.

There were varying results regarding whether the location of pancreatic cancer was an independent
prognostic factor. The present study found that cancer location was not an independent risk factor (head
vs. body/tail: HR 1.174, CI 0.932–1.478, p = 0.173). Similarly, Ruess et al. [16] and van Erning et al. [10]
did not identify location as an independent risk factor. Several other studies suggested that location
was a significant risk factor [2,4,9,11,12,18]. Therefore, the status of cancer location as an independent
prognostic factor is still controversial and needs further high-level evidence.

The difference in survival outcomes between the locations might be due to plain anatomical
differences causing symptoms at different time intervals. There might be additional differences in tumor
biology and behavior. To investigate the differences in tumor biology and behavior, clinicopathological
features of pancreatic cancers in the head/uncinate process and cancers in the body/tail region were
analyzed and compared. Some differences were present, but common risk factors were also observed.
Hence, the results are unclear and a definite conclusion cannot be obtained.

Additionally, differences on genetic and molecular levels should also be considered. The present
study did not examine this aspect, but previous studies examined genetic profiles. Birnbaum et al. [20]
found differences in 334-gene expression signature between tumors in the head and those in the
body/tail. Dreyer et al. [8] reported that tumors might have different molecular pathology, according to
their location and the body/tail tumors are enriched with gene programs involved in tumor invasion,
epithelial-to-mesenchymal transition, and poor antitumor immune response. This is an important area
of research, as the differences on genetic and molecular levels might open a new era of more tailored
treatment approaches, according to the location.

The present study had some limitations. The study was retrospective in nature. In addition, the
overall patient dataset was acquired through a clinical data warehouse. Hence, more specific variables
could not be retrieved in detail. As the present study was performed at a tertiary hospital, many
patients visited after being diagnosed at other primary or secondary hospitals, which might have
resulted in bias regarding the date of diagnosis. The study population was insufficient for subgroup
analyses after stratification.

4. Materials and Methods

4.1. Study Design

The study was approved by the ethical committee of the Institutional Review Board of Seoul
National University Hospital (IRB No. H-1902-012-1006). Seoul National University Hospital’s Clinical
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Data Warehouse was searched for patients who were diagnosed with pancreatic ductal adenocarcinoma
between 2005 and 2016. A retrospective cohort study was performed.

This research was supported by the Collaborative Genome Program for Fostering New
Post-Genome Industry of the National Research Foundation funded by the Ministry of Science
and ICT (NRF-2017M3C9A5031591), and by a grant from the Korean Health Technology R and D
Project, Ministry of Health and Welfare, Republic of Korea (HI14C2640).

4.2. Patient Selection

After the identification of patients with pancreatic cancer from the database, those with multiple
tumors in both the head and the body/tail were excluded. Patients who had tumors across the junction
of the head and the body were also excluded, as grouping according to the location was ambiguous
in these tumors. Data regarding age, sex, tumor location, tumor size on radiological images, clinical
feature (T) classification, and classification based on resectability were collected.

Further subgroup analysis was performed for patients who underwent resection with curative
intent. Among all patients, 646 patients who underwent resection of pancreatic cancer with curative
intent were examined. Patients who underwent only palliative operation including bypass or open
biopsy were excluded. Since neoadjuvant treatment can alter the final pathological staging, patients
who received neoadjuvant therapy were also excluded. Detailed information about the demographic
and clinicopathological factors of these patients was obtained through a thorough review of their
electronic medical records.

4.3. Determination of Tumor Location and Clinical T Staging

Computed tomography (CT) or magnetic resonance imaging (MRI) records of all patients were
reviewed. An imaginary tangential line over the left border of the superior mesenteric vein or the
portal vein was drawn on the CT image. The head/uncinate pancreatic cancer group (PHU) was
defined as patients with tumors on the right side of this line. The body/tail pancreatic cancer group
(PBT) was defined as patients with tumors on the left side of this line.

Clinical T staging was performed according to the AJCC staging system (edition 8) for pancreatic
cancer. Tumor size was measured using CT and MRI.

4.4. Definition of Survival and Data Collection

Overall survival was used for the analysis. It was defined as the interval between the date of
diagnosis and the date of death or the last follow-up. Survival status was acquired from the Ministry
of Interior and Safety of Korea. Patients who were alive on 20 February 2019 were censored.

4.5. Statistical Analysis

Fisher’s exact test and chi-squared test were used to compare categorical variables and unpaired
two-sided Student’s t-test was used to compare continuous variables between patients with tumors
located in the head/uncinate process and patients with tumors in the body/tail. The Kaplan-Meier
method with log-rank test was used for survival analysis. Cox regression test was used for the univariate
and the multivariate analyses. A p-value < 0.050 was considered to be statistically significant. IBM
SPSS statistics for Windows version 24 (IBM Corp., Armonk, NY, USA) was used for statistical analyses.

5. Conclusions

The prognosis of pancreatic cancers differed according to the location of the tumors. Pancreatic head
cancers showed a better overall prognosis than pancreatic body/tail cancers, which might be related to
a higher proportion of systemic involvement in the latter. On the contrary, resected pancreatic head
cancers showed a worse prognosis than resected pancreatic body/tail cancers, especially in the earlier T
stages. Tumor location was not an independent risk factor for pancreatic cancer.
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Simple Summary: Although the survival benefit of “regional lymph node dissection” for pancreatic
head cancer remains unclear, the R0 resection rate is reportedly associated with prognosis. We
reviewed the literature that could be helpful in determining the appropriate resection range. The
recent development of high-quality computed tomography has made it possible to evaluate the
extent of cancer infiltration. Even if the “dissection to achieve R0 resection” range is simulated based
on the computed tomography evaluation, it is difficult to identify the range intraoperatively. It is
necessary to be aware of the anatomical landmarks to determine the appropriate dissection range
intraoperatively.

Abstract: Patients with resectable pancreatic cancer are considered to already have micro-distant
metastasis, because most of the recurrence patterns postoperatively are distant metastases. Multi-
modal treatment dramatically improves prognosis; thus, micro-distant metastasis is considered to be
controlled by chemotherapy. The survival benefit of “regional lymph node dissection” for pancreatic
head cancer remains unclear. We reviewed the literature that could be helpful in determining the
appropriate resection range. Regional lymph nodes with no suspected metastases on preoperative
imaging may become areas treated with preoperative and postoperative adjuvant chemotherapy.
Many studies have reported that the R0 resection rate is associated with prognosis. Thus, “dissection
to achieve R0 resection” is required. The recent development of high-quality computed tomography
has made it possible to evaluate the extent of cancer infiltration. Therefore, it is possible to simulate
the dissection range to achieve R0 resection preoperatively. However, it is often difficult to distinguish
between areas of inflammatory changes and cancer infiltration during resection. Even if the “dissec-
tion to achieve R0 resection” range is simulated based on the computed tomography evaluation, it is
difficult to identify the range intraoperatively. It is necessary to be aware of anatomical landmarks to
determine the appropriate dissection range during surgery.

Keywords: pancreatic cancer; pancreaticoduodenectomy; mesopancreas; superior mesenteric artery;
nerve and fibrous tissues; adjuvant chemotherapy; lymph node dissection; R0 resection
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is recognized as having one of the poor-
est prognoses of all tumors. Resection is the only treatment that can result in long-term
survival. Several randomized controlled trials have shown that extended lymph node dis-
section does not provide survival benefits in patients with pancreatic head cancer, despite a
prolonged operative time and increased blood loss [1–5]. Regional lymph node dissection
for pancreatic head cancer has been performed in many facilities, but its survival benefit
remains unclear. On the other hand, pancreatic cancer treatment has dramatically changed
recently owing to the development of effective chemotherapy. Adjuvant chemotherapy is
essential for improving the prognosis of pancreatic cancer [6,7]. A randomized prospective
study showed that the introduction of preoperative chemotherapy led to a prolonged prog-
nosis in patients with pancreatic cancer [8]. Most of the recurrence patterns of resectable
pancreatic cancer are distant metastases, and resectable pancreatic cancer is considered
to be a systemic disease with micrometastasis. Thus, multimodal treatment is required to
improve the prognosis of resectable pancreatic cancer, and pancreatic resection should be
performed with consideration of preoperative and postoperative treatment.

However, many studies reported that the R0 resection rate is associated with prognosis.
The recent development of high-quality high-resolution multi-detector computed tomogra-
phy (MDCT) has made it possible to evaluate the extent of cancer progression, which makes
it possible to simulate the appropriate dissection range to achieve R0 surgery before surgery.
Even if the dissection range is simulated preoperatively, an accurate understanding of the
anatomical structure is required to identify the dissection range during surgery. In the era
of multidisciplinary treatment for resectable pancreatic cancer, we reviewed the literature
that could be helpful in determining the appropriate resection range.

2. Is “Regional LYMPH Node Dissection” Required?

Patients with pancreatic cancer often have lymph node metastasis, and many studies
have reported that lymph node metastasis is a prognostic factor [9–11]. Prior to the devel-
opment of effective adjuvant chemotherapy, extended lymph node dissection, including
para-aortic lymph nodes, was performed to prevent local recurrence [12,13]. However,
several randomized controlled trials have shown that extended lymphadenectomy does
not provide survival benefits in patients with pancreatic head cancer, despite a prolonged
operative time and increased blood loss [1–5]. However, it has been reported that the
number of retrieved lymph nodes is associated with R0 resection rates and survival [14].

The regional lymph nodes are numbered according to the Japanese Pancreatic Cancer
classification [15]. Regional lymph nodes for pancreaticoduodenectomy are classified into
Group 1 (8a, 8p, 13a, 13b, 17a and 17b) and Group 2 (5.6, 12a, 12b, 12p, 14p and 14d).
The lymph node dissection in Group 1 is defined as D1 dissection, and the lymph node
dissection of Group 1 and Group 2 is defined as D2 dissection (Figure 1A). However, it
was reported that there was no significant difference in prognosis between D1 and D2
dissections in a randomized controlled trial [5] (Table 1), and it is still debated whether
prophylactic dissection of regional lymph nodes improves prognosis [16]. Using surgical
results of 495 patients with PDAC, Imamura et al. calculated the efficacy index for each
lymph node station by multiplying the frequency of lymph node metastasis to the station
and survival to clarify the optimal extent of lymph node dissection. Their results indicated
that the efficacy of lymph node dissection differs between uncinate process cancer and
pancreatic neck cancer, and the extent of dissection should be determined according to the
location of the tumor. They also showed that the site of regional lymph node and lymph
node recurrence pattern are different, indicating that it may be necessary to reconsider the
need for regional lymph node dissection [15].
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Figure 1. (A) The regional lymph nodes are numbered according to the Japanese Pancreatic Cancer 
classification. Green, D1 region, purple, D2 region. (B) Extra-pancreatic nerve plexus around the 
SMA nerve plexus in the Japanese pancreatic cancer classification. (C) Intensive NFTs spreading 
around the SMA are classified into four areas. Nagakawa et al. [16] classified “intensive NFTs” 
around the pancreatic head into areas A–D. They also found the three SMA regions (SMAI-III) that 
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Figure 1. (A) The regional lymph nodes are numbered according to the Japanese Pancreatic Cancer
classification. Green, D1 region, purple, D2 region. (B) Extra-pancreatic nerve plexus around the SMA
nerve plexus in the Japanese pancreatic cancer classification. (C) Intensive NFTs spreading around
the SMA are classified into four areas. Nagakawa et al. [16] classified “intensive NFTs” around the
pancreatic head into areas A–D. They also found the three SMA regions (SMAI-III) that can be easily
exposed. These regions become anatomical landmarks as “dissection-guiding points” to uniformly
dissect each area A–D. PLphI, pancreatic head nerve plexus I; PLphII, pancreatic head nerve plexus
II; CA, celiac artery; CHA, common hepatic artery; SMA, superior mesenteric artery; IPDA, inferior
pancreaticoduodenal artery; J1A, first jejunal artery; J2A, second jejunal artery; PDJV, proximal dorsal
jejunal vein.
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Table 1. Dissection area in randomized controlled trials of extended lymph node dissection and standard dissection for
pancreatic head cancer.

Author Year Country Number of
Cases

Standard
Dissection Extended Dissection

Standard
Dissec-

tion

Extended
Dissection Prognosis

Lymph Node Dissection * SMA Nerve Plexus
Dissection

Pedrazzoli S
et al. [1] 1998 Italy 81 5, 6, 12b, 13,

17
5, 6, 9, 12b, 13, 14, 17,

16a2, 16b1 Not described

MST

Standard: 335 days

Extended: 500 days

Yeo C et al.
[2] 2002 United

States
299

12b2, 12c, 13,
14b, 14v, 17

3, 4, 5, 6, 9, 12b2, 12c,
13, 14b, 14v, 16a2, 16b1,

17
Not described

5-year survival rate

Standard: 23%

Extended: 29%

Farnell M
et al. [3] 2005 United

States
132

3, 4, 6, 8a,
12b1, 12b2,

12c, 13a, 13b,
14a, 14b, 17a,

17b

3, 4, 6, 8a, 8p, 9, 12a1,
12a2, 12b1, 12b2, 12p1,
12p2, 12c, 13a, 13b, 14a,
14b, 14c, 14d, 14v, 16a2,

16b, 17a, 17b

Not described
5-year survival rate

Standard: 17%

Extended: 16%

Nimura Y
et al. [4] 2012 Japan 112

13a, 13b, 17a,
17b

8a, 8p, 9, 14p, 1416a2,
16b112a, 12b, 12p None

full
circumference

dissection

5-year survival rate

Standard: 15.7%

Extended: 6.0%

Jang JY et al.
[5] 2014 Korea 244 12c, 13, 17 9, 12, 13, 14, 16, 17 None

right half-
circumferential

dissection

5-year survival rate

Standard: 44.5%

Extended: 35.7%

*: Lymph node numbers are listed according to the Japanese Pancreatic Cancer classification. MST: median survival time.

In the area around the superior mesenteric artery (SMA), “regional lymph node
dissection” also dissects the adipose and connective tissues around the regional lymph
nodes, which is almost the same dissection range as “dissection to achieve R0 resection.”
On the other hand, the 14p, 14d, and 8p lymph nodes, which are located around the CHA
and the SMA, cannot be identified during resection because the lymph nodes are covered
with many nerves and fibers. These regional lymph nodes may be confused with other
numbers of lymph nodes. Thus, it is difficult to identify the precise location of each regional
lymph node during surgery. Novel criteria may be needed to determine the appropriate
lymph node dissection area [17].

Here, it should be noted that “regional lymph node dissection” and “dissection to
achieve R0 resection” have different purposes. “Dissection to achieve R0 resection” is
performed to avoid residual cancer infiltration, whereas “regional lymph node dissection”
is performed to prevent recurrence of the lymph nodes. Thus, “regional lymph node
dissection” and “dissection to achieve R0 resection” should be separately when considering
the appropriate dissection range for resectable PDAC. Multimodal treatment, including
neoadjuvant therapy and postoperative adjuvant chemotherapy, dramatically improve
prognosis. Regional lymph nodes with no suspected metastases on preoperative imaging
may become areas treated with preoperative and postoperative adjuvant chemotherapy.
Further discussion is needed to clarify the necessity of “regional lymph node dissection.”

3. Is “Dissection to Achieve R0 RESECTION” Required?

Many studies have described the need for R0 resection to achieve long-term sur-
vival, and the results of most studies have shown that R0 resection improves the survival
rate of patients with resectable PDAC who have undergone pancreaticoduodenectomy
(PD) [18,19]. Ghaneh et al. [20] analyzed data from the European Study Group for Pan-
creatic Cancer-3 randomized controlled trial and found that R1 (direct) resections were
associated with significantly reduced overall and recurrence-free survival following pancre-
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atic cancer resection. Resection margin involvement was also associated with an increased
risk of local recurrence. Based on these results, the National Comprehensive Cancer Net-
work (NCCN) guidelines have described that the goals of surgical extirpation of pancreatic
carcinoma focus on the achievement of an R0 resection, as a margin-positive specimen is
associated with poor long-term survival. In contrast, Schmocke et al. [21] retrospectively
examined 468 patients with resectable pancreatic cancer or borderline resectable pancreatic
cancer who received preoperative treatment. They reported that margin status was not a
significant predictor of overall survival or relapse-free survival in multivariate analysis,
but the clinical stage, duration of N-acetyl cysteine treatment, nodal status, histopathologic
treatment response score, and receipt of adjuvant chemotherapy were factors associated
with overall survival. In contrast, in pancreaticoduodenectomy with a complicated cutting
surface, the R0 resection rate may differ depending on the evaluation and slicing meth-
ods [18]. Additionally, the inking of the cut surface according to a defined color code leads
to an accurate R0/R1 evaluation [22]. Two definitions have been reported in assessing
R1 [23]. American and Japanese classifications define R1 as direct microscopic involvement
at the resection margin (0 mm rule) [15,24], and the Royal University of Pathologists classi-
fication defines R1 as the presence of cancer cells within 1 mm of the resection margin (1
mm rule) [25]. It is still unclear which classification reflects the prognosis [26]. To clarify the
need to achieve R0 resection to prolong the prognosis in the era of multimodal treatments,
the pathological evaluation should be standardized. Currently, there is little evidence that
“R0 resection is not needed” to improve prognosis. Therefore, even in the era of multimodal
treatment, resectable pancreatic cancer may require surgery to achieve R0 resection.

4. The Issue Regarding Tumor Infiltration of Nerve and Fibrous Tissues

Dense connective tissues exist around the pancreatic head, which is composed of
intensive nerve and fibrous tissues (NFTs). It has been reported that dissection of the NFTs
around the pancreatic head is important for achieving R0 resection because PDAC often
infiltrate these NFTs [27,28]. However, the appropriate dissection range of NFTs has not
been fully discussed, and a common classification showing the anatomical structure of
NFTs around the pancreatic head is needed to determine the dissection range. Several
classifications have been shown for the anatomy of NFTs. The Japanese classification
for pancreatic cancer shows the anatomy of NFTs around the pancreatic head. In this
classification, the major NFTs connecting to the pancreatic head are classified into two
pathways. One is the pathway from the right celiac ganglion to the posterior side of the
pancreas head (pancreatic head plexus I; PLph I), and the other is the pathway from the
SMA nerve plexus to the left side of the uncinate process (pancreatic head nerve plexus
II; PLph II) [15]. Nagakawa et al. [29] classified the intensive NTFs spreading around the
SMA into four areas based on the autopsy findings. Area A: NFTs spreading from the right
celiac ganglion and the superior side of the pancreatic head and the posterior side of the
hepatoduodenal ligament. Area B: NFTs spreading from the SMA nerve plexus and the
uncinate process. Area C: NFTs spreading from the SMA nerve plexus to the anterior side
of the jejunal mesentery. Area D: NFTs spreading from the inferior side of the uncinate
process to the posterior side of the jejunal mesentery. They also found three SMA nerve
plexus regions without branching nerves (SMA I-III) and described that these regions
become good anatomical landmarks to identify the SMA nerve plexus before stating these
NFTs areas. These anatomical classifications may become good criteria for determining the
appropriate dissection range of NFTs.

5. Determination of the Appropriate Dissection Range

Intraoperative pathological diagnosis using frozen section is generally performed to
determine the pancreatic cutting line to avoid positive pancreatic neck margins. Addition-
ally, resectability status is also evaluated using frozen sections of the SMA margin in some
facilities. Nirsgke et al. reported that long-term survival was improved by re-resecting the
positive surgical margin found using frozen section to achieve R0 resection [30]. However,
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many studies reported that intraoperative frozen section-based re-resection of R1 margins
does not improve overall survival for patients with PDAC [31–33].

In patients with pancreatic head cancer, the extent of cancer infiltration varies depend-
ing on the tumor position (e.g., the difference between the pancreatic head and uncinate
process) [34–37]. The development of MDCT has made it possible to confirm the accurate
infiltration range of pancreatic head cancer, which can simulate the dissection range preop-
eratively to achieve R0 resection [38–41]. However, the extent of tumor infiltration cannot
be accurately confirmed during surgery. It is often difficult to distinguish between areas
of inflammatory changes and cancer infiltration during resection. Even if the “dissection
to achieve R0 resection” range is simulated based on the MDCT evaluation, it is difficult
to identify the range intraoperatively. Therefore, anatomical structures, such as layers,
arteries, and veins, are commonly identified during surgery as anatomical landmarks to
determine the dissection region [29,42].

6. Anatomical Landmarks Used to Determine the Appropriate Dissection Range at
Each Surgical Site

We summarize below the anatomical structures that can be used as landmarks at each
surgical site for achieving R0 resection based on preoperative diagnostic imaging.

6.1. Dissection around the Hepatoduodenal Ligament and Common Hepatic Artery

The dissection range around the hepatoduodenal mesentery and common hepatic
artery (CHA) may need to be altered according to the tumor location. Uncinate process
cancer invades the SMA mainly through the second part of the PLph II (equivalent to Area
B) [29,34,36,43] (Figure 1B). However, in pancreatic head cancer, infiltration and lymph
node metastasis around the CHA and hepatoduodenal ligament are observed [17,36]. There
are 8a lymph nodes on the anterior side of the CHA, which must be removed to expose the
CHA, proper hepatic artery (PHA), gastroduodenal artery (GDA), and portal vein (PV) at
the superior border of the pancreas.

There is a left celiac ganglion on the right side of the root of the CHA and SMA, and
nerve and fibrous tissues (NFTs) spread from the left celiac ganglion to the head of the
pancreas and hepatoduodenal ligament (Area A, Figure 1C). These NFTs are divided into
NFTs (PLph I) that pass through the dorsal side of the GDA (Figure 1B) and toward the
upper edge of the head of the pancreas, and NFTs that pass through the dorsal side of the
PHA and extend to the hepatoduodenal ligament [44] (Figure 1C). NFTs spreading to the
hepatoduodenal ligament include 8p, 12p, and lymph nodes wrapped in adipose tissue [44].
These NFT regions need to be dissected when attempting complete skeletonization of the
PV around the hepatic arteries around the hepatoduodenal ligament. If uncinate process
cancer infiltrates around the SMA root and exposure of the CHA root is attempted, these
NFT regions also need to be dissected. On the other hand, if no tumor extension is observed
around the hepatoduodenal ligament and/or SMA root and CHA root, it is anatomically
possible to preserve these NTF regions (Figure 2A–E).
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nation of the dissection range based on the MDCT findings. Dissection ranges 1 and 2 can be selected 
based on the anatomical structure, depending on tumor extension toward to the hepatoduodenal 
ligament, CHA root, and SMA root. (D) Cutting line for dissection range 1. (E) Cutting line for dis-
section range 2. MDCT: multi-detector computed tomography; CBD: common bile duct; CA: celiac 
artery; CHA: common hepatic artery; SMA: superior mesenteric artery; SMV: superior mesenteric 
vein. 

6.2. Posterior Dissection 
Few studies have described the appropriate range of posterior dissection for pancre-

atic head cancer. In extended lymph node dissection, including the para-aortic lymph 
nodes, the inferior vena cava, left renal vein, and anterior surface of the aorta are exposed. 
However, periaortic lymph node metastasis is now categorized as distant metastasis [15]. 
Prophylactic periaortic lymph node dissection is not generally performed for resectable 
PDAC. Delpero et al. investigated the association between each margin status and prog-
nosis in a multicenter prospective study of 150 patients who underwent macroscopic mar-
gin-free PD. They showed that the R1 rate was 23%, while only 7% had R1 at the posterior 

Figure 2. (A) Tumor extension is observed near the CHA root and SMA root on the preoperative
MDCT findings. (B) Tumor extension is observed near the hepatoduodenal ligament. (C) Determina-
tion of the dissection range based on the MDCT findings. Dissection ranges 1 and 2 can be selected
based on the anatomical structure, depending on tumor extension toward to the hepatoduodenal
ligament, CHA root, and SMA root. (D) Cutting line for dissection range 1. (E) Cutting line for
dissection range 2. MDCT: multi-detector computed tomography; CBD: common bile duct; CA: celiac
artery; CHA: common hepatic artery; SMA: superior mesenteric artery; SMV: superior mesenteric
vein.

6.2. Posterior Dissection

Few studies have described the appropriate range of posterior dissection for pancre-
atic head cancer. In extended lymph node dissection, including the para-aortic lymph
nodes, the inferior vena cava, left renal vein, and anterior surface of the aorta are exposed.
However, periaortic lymph node metastasis is now categorized as distant metastasis [15].
Prophylactic periaortic lymph node dissection is not generally performed for resectable
PDAC. Delpero et al. investigated the association between each margin status and prog-
nosis in a multicenter prospective study of 150 patients who underwent macroscopic
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margin-free PD. They showed that the R1 rate was 23%, while only 7% had R1 at the poste-
rior margin; in addition, they reported that posterior R1 was not a prognostic factor [45].
Therefore, “dissection to achieve R0 resection” may not be necessary.

There is a fusion fascia between the posterior side of the pancreatic head and the
anterior side of the vena cava and the aorta, which is called the fusion fascia of Treitz [46].
There is loose connective tissue at the anterior surface of this fusion fascia, which can
be easily peeled off. If posterior infiltration is not found on the preoperative computed
tomography image, this fusion fascia becomes a good anatomical landmark for indicating
the range of posterior dissection. If posterior infiltration is suspected before resection and
dissection with a surgical margin is needed, the anterior surface of the vena cava, renal
vein, and aorta become anatomical landmarks (Figure 3A–E).
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6.3. Dissection around the Superior Mesenteric Artery 
The SMA margin is the most important factor for achieving R0 resection, especially 

in uncinate process cancer, because the tumor mainly spreads behind the SMA [42,47,48]. 

Figure 3. (A) Tumor extension to the posterior side of the pancreatic head is observed on the
preoperative MDCT findings. (B) Tumor extension to the posterior side of the pancreatic head is
not observed. (C) Determination of the dissection range based on the MDCT findings. Dissection
ranges 1 and 2 can be selected based on the anatomical structure, depending on the range of posterior
infiltration. (D) Surgical findings at dissection range 1. (E) Surgical findings at dissection range 2.
MDCT: multi-detector computed tomography; VC: vena cava; LRV: left renal vein; SMA: superior
mesenteric artery; SMV: superior mesenteric vein.
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6.3. Dissection around the Superior Mesenteric Artery

The SMA margin is the most important factor for achieving R0 resection, especially
in uncinate process cancer, because the tumor mainly spreads behind the SMA [42,47,48].
It is difficult to understand the anatomy around the SMA during surgery because it is
very complex. Recently, region between the SMA and the uncinate process has been called
the “mesopancreas” [49–51]. Many surgical procedures for complete dissection of the
mesopancreas have been reported [41,52–57]. However, the range of dissection varies, and
the standard dissection range remains unclear. Dense connective tissues exist around the
pancreatic head, which is composed of intensive nerve and fibrous tissues (NFTs). It is
generally considered that cancer spreads in these areas.

The SMA is covered with NFTs called the SMA nerve plexus. The hard NFTs spread
to the uncinate process from the SMA nerve plexus, which is termed as the “pancreatic
head plexus II” in the Japanese Classification of Pancreatic Carcinoma [15,43]. Previously,
right half-circumferential dissection of the SMA nerve plexus was performed at many facil-
ities [54]. However, extensive dissection of the nerve plexus around the SMA often causes
severe diarrhea, which may lead to delays in the induction of adjuvant chemotherapy.
Jang et al. conducted a randomized clinical trial comparing extended surgery with right
half-circumferential dissection of the SMA nerve plexus and standard surgery without dis-
section, and revealed that there was no difference in prognosis between the two groups [5].
In their study, the number 14 lymph node was not dissected in the standard group, and the
dissection range around the SMA was not clearly described [58,59].

Recently, PD with complete preservation of the SMA nerve plexus has been commonly
performed to avoid severe postoperative diarrhea. However, no criteria have been estab-
lished to indicate an appropriate dissection range for achieving R0 resection in PD with
preservation of the SMA nerve plexus. The inferior pancreaticoduodenal artery (IPDA)
becomes a good anatomical landmark during the dissection around the SMA [60–63]. The
IPDA forms a common trunk with the first jejunal artery in most cases (J1A) [61,64]. The
dissection range can be determined during surgery based on the path of this artery. Vari-
ous approaches using the IPDA, J1A, and their common arteries as landmarks have been
reported for dissection around the SMA [42,56,65,66]. Inoue et al. [42] standardized the
anatomical range at levels I–III, depending on the type of tumor, based on the position
of the IPDA as an anatomical landmark. They reported that standardizing the dissection
range reduced the operative time and blood loss in a study of 162 patients who underwent
PD. Of note, the IPDA is covered with intensive NFTs and cannot be identified before
initiating the SMA dissection [29,43,49]. In contrast, uncinate process cancer spreads in
these intensive NFTs [17,29]. Therefore, alternative anatomical landmarks are needed for
the complete dissection of these intensive NFTs in PD with preserving the SMA nerve
plexus. Nagakawa et al. [29] evaluated the cancer extension of these areas using patho-
logical specimens from 78 patients who underwent PD for resectable PDAC. According
to their results, cancer invasion and/or lymph node metastasis was observed in 14.1% of
NFTs (Area C) spreading to the left side of the IPDA root and in 44.9% of NFTs (Area D)
spreading between the inferior side of the uncinate process and the posterior side of the
jejunal mesentery (Figures 4A–E and 5A–E).
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range based on the MDCT findings. Dissection ranges 1, 2, and 3 can be selected based on the ana-
tomical structure, depending on the range of posterior infiltration. (D) Cutting line for dissection 
range 1. (E) Cutting line for dissection range 3. MDCT: multi-detector computed tomography; SMA: 
superior mesenteric artery; IPDA: inferior pancreaticoduodenal artery; J1A: first jejunal artery; UP: 
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Figure 4. (A) Tumor extension to the SMA is not observed on the preoperative MDCT findings. (B)
Tumor extension to the posterior side of the SMA is observed. (C) Determination of the dissection
range based on the MDCT findings. Dissection ranges 1, 2, and 3 can be selected based on the
anatomical structure, depending on the range of posterior infiltration. (D) Cutting line for dissection
range 1. (E) Cutting line for dissection range 3. MDCT: multi-detector computed tomography; SMA:
superior mesenteric artery; IPDA: inferior pancreaticoduodenal artery; J1A: first jejunal artery; UP:
uncinate process; 3rd DU: third portion of duodenum; JE: jejunum.
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guidelines indicated that “unreconstructible PV/SMV due to tumor involvement or occlu-
sion” is classified as unresectable pancreatic cancer [74]. Some surgeons choose to perform 

Figure 5. (A) Tumor extension on the dorsal side of the jejunal mesentery is not observed on the
preoperative MDCT findings. (B) Tumor extension on the dorsal side of the jejunal mesentery is
observed. (C) Determination of the dissection range based on the MDCT findings. Dissection ranges
1, 2, and 3 can be selected based on the anatomical structure, depending on the range of posterior
infiltration. (D) Cutting line for dissection range 1. (E) Cutting line for dissection range 2. MDCT:
multi-detector computed tomography; UP: uncinate process; SMA: superior mesenteric artery; SMV:
superior mesenteric vein; PDJV: proximal dorsal jejunal vein; J2A: second jejunal artery.

6.4. Portal Vein and/or Superior Mesenteric Vein Resection

PV and/or superior mesenteric vein (SMV) resection for patients with PV involvement
has been generally accepted with survival benefit of pancreatic cancer [41,67–73]. The extent
of PV infiltration can be diagnosed by preoperative MDCT, and the need for preoperative
resection of the PV can be predicted in advance. However, there are cases in which
portal vein infiltration is suspected during surgery, even if MDCT does not show tumor
infiltration. In addition, it is difficult to distinguish between tumor-related fibrosis and
tumor infiltration in the venous wall, and the NCCN guidelines recommend performing
PV resections if tumor infiltration is suspected [74].

PDAC often extends to the periphery of the SMV trunk, and the first jejunal vein
(J1V) and second jejunal vein (JV) or later branches (J2, 3V) are involved with the tumor.
Nevertheless, the resectability of PDAC with JV involvement remains unclear. The NCCN
guidelines indicated that “unreconstructible PV/SMV due to tumor involvement or oc-
clusion” is classified as unresectable pancreatic cancer [74]. Some surgeons choose to
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perform aggressive treatment such as PV/SMV resection with J1V and J2, 3V resection
in patients with PDAC [75,76]. However, since the JV is thin, there is concern about the
risk of complications, such as portal vein stenosis after portal vein reconstruction [77,78].
Additionally, the survival benefit of PV/SMV resection with JV resection remains unclear.
Therefore, it is necessary to clarify the surgical safety and survival benefits of PV/SMV
resection with JV resection (Figure 6).
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Figure 6. Cutting line for portal vein, superior mesenteric vein, and jejunal vein resection. PV: portal
vein; SV: splenic vein; SMV: superior mesenteric vein; JV: jejunal vein.

Several running patterns of the J1V have been reported. In 74–99% of J1Vs, the JV
flows out from the dorsal side of the SMV, branches off several IPDVs along the uncinate
process, passes through the dorsal side of the superior mesenteric artery, and extends to the
jejunal mesentery [56,75,79,80]. It is also termed the proximal dorsal JV (PDJV) [56,75]. As
the PDJV is in contact with the uncinate process, some surgeons routinely resect the PDJV
without reconstruction to ensure a surgical margin, even if combined PV/SMV resection is
not required [75,76] (Figure 5).

7. Conclusions

The role of surgery has changed dramatically in the current treatment, where multi-
modal treatment has become important to improve the prognosis of resectable PDAC. Now
that effective preoperative and postoperative chemotherapy has been established, it may
be necessary to reconsider the areas treated with chemotherapy and the areas treated with
surgery. On the other hand, many studies have described that R0 resection is needed even
in patients receiving adjuvant therapy. The appropriate dissection range for R0 resection
can be simulated preoperatively with MDCT imaging. Therefore, surgeons need to perform
a more accurate dissection, balancing both R0 resection and the introduction of adjuvant
therapy, based on the precise anatomy.
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Simple Summary: For borderline pancreatic cancer, upfront surgery was standard in the past,
and the usefulness of neoadjuvant treatment has been reported in recent years. However, few studies
have been conducted to date on whether there is a difference in optimal treatment between borderline
resectable pancreatic cancer invading the portal vein (BR-PV) or abutting major arteries (BR-A).
The objective of this study was to investigate the optimal neoadjuvant therapy for BR-PV or BR-A.
We retrospectively analyzed 88 patients with BR-PV and 111 patients with BR-A. In this study, we
found that neoadjuvant treatment using new chemotherapy (FOLFIRINOX or gemcitabine along
with nab-paclitaxel) is essential for improving the prognosis of BR pancreatic cancer. These findings
suggest that prognosis may be prolonged by maintaining good nutritional status during preoperative
treatment.

Abstract: Background: The objective of this study was to investigate the optimal neoadjuvant therapy
(NAT) for borderline resectable pancreatic cancer invading the portal vein (BR-PV) or abutting major
arteries (BR-A). Methods: We retrospectively analyzed 88 patients with BR-PV and 111 patients with
BR-A. Results: In BR-PV patients who underwent upfront surgery (n = 46)/NAT (n = 42), survival was
significantly better in the NAT group (3-year overall survival (OS): 5.8%/35.5%, p = 0.004). In BR-A
patients who underwent upfront surgery (n = 48)/NAT (n = 63), survival was also significantly
better in the NAT group (3-year OS:15.5%/41.7%, p < 0.001). The prognosis tended to be better in
patients who received newer chemotherapeutic regimens, such as FOLFIRINOX and gemcitabine
with nab-paclitaxel. In 36 BR-PV patients who underwent surgery after NAT, univariate analysis
revealed that normalization of tumor marker (TM) levels (p = 0.028) and preoperative high prognostic
nutritional index (PNI) (p = 0.022) were significantly associated with a favorable prognosis. In 39
BR-A patients who underwent surgery after NAT, multivariate analysis revealed that preoperative
PNI > 42.5 was an independent prognostic factor (HR: 0.15, p = 0.014). Conclusions: NAT using
newer chemotherapy is essential for improving the prognosis of BR pancreatic cancer. These findings
suggest that prognosis may be prolonged by maintaining good nutritional status during preoperative
treatment.
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1. Introduction

Despite considerable improvements in diagnostic and therapeutic options, pancreatic
ductal adenocarcinoma (PDAC) mostly remains a fatal disease worldwide [1]. Radical
resection without residual tumor remains the only established curative treatment for
PDAC. However, much more intervention is required beyond resection alone. A simple
explanation for the poor consequences after resection is that almost every patient has
microscopic disease remaining [2]. When a patient is diagnosed with PDAC and the optimal
treatment strategy is considered, it is common to make a decision based on the resectable
classification rather than the stage classification. The National Comprehensive Cancer
Network (NCCN), an alliance of 25 cancer centers in the United States, have proposed
a resectable classification for pancreatic cancer [3]. However, the NCCN guidelines are
revised and updated annually and are considered to be very complex; thus, utilizing
the NCCN classification system for resectability in clinical practice is difficult. Therefore,
the Japan Pancreas Society (JPS) proposed novel and simplified resectability criteria in
2016 [4] based on the most recent NCCN guidelines [3].

The JPS published the 7th edition of the Classification of Pancreatic Carcinoma,
and a unique resectable classification for borderline resectable (BR) was proposed (BR-A:
BR-PDAC due to the infiltration of celiac and/or superior mesentery arteries, BR-PV: due
only to the infiltration of the portal system). BR pancreatic cancer is a distinct subset of
locally advanced pancreatic cancer first identified by Varadhachary et al. in 2006 [5]. It was
hoped that the BR group would represent a subset of pancreatic cancer whose outcomes
might be intermediate between the outcomes of patients with radiologically and technically
resectable (R) and unresectable (UR) disease. With currently available operative techniques,
patients with BR cancer are at high risk for margin-positive resection [6]. Therefore, the cri-
teria for resectability are clinically important for determining the need for preoperative
(neoadjuvant) systemic therapy and/or local-regional chemoradiation to maximize the po-
tential for R0 resection and to avoid R2 resection [7]. For BR pancreatic cancer, upfront
surgery was standard in the past, and the usefulness of neoadjuvant treatment (NAT) has
been reported in recent years [8–10]. However, few studies have been conducted to date
on whether there is a difference in optimal treatment between BR-PV and BR-A.

The objective of this study was to investigate the optimal preoperative multidis-
ciplinary treatment for BR pancreatic cancer. Patients who had received treatment for
BR-PDAC at two regional high-volume centers were reviewed retrospectively, and we
analyzed survival differences among subgroups defined based on this novel classification
system of resectability.

2. Results
2.1. Cohort Outline

We identified 199 patients who were diagnosed with BR-PDAC (Figure 1). Among
them, 88 patients were diagnosed with BR-PV PDAC, and 111 patients were diagnosed
with BR-A PDAC.

Of 88 BR-PV patients, 46 patients underwent upfront surgery, and 36 patients un-
derwent resection after NAT. The other 6 patients did not undergo surgery because of
chemotherapeutic failure or best supportive care. Of 111 BR-A patients, 48 patients under-
went upfront surgery, and 39 patients underwent resection after NAT. The other 24 patients
did not undergo surgery because of chemotherapeutic failure or best supportive care.
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Figure 1. Study profiles and clinical courses of the enrolled patients. BR, borderline resectable; PDAC,
pancreatic ductal adenocarcinoma; NAT, neoadjuvant treatment.

2.2. The Clinical Characteristics of BR-PDAC Patients

For patients who were enrolled in this study, detailed cohort demographics are sum-
marized in Table 1. The median age was 66 years in BR-PV patients and 67 years in BR-A
patients. Preoperative image examination revealed that the location of the tumor was dom-
inant (BR-PV: 95%, BR-A: 75%) on the head side in both BR-PV and BR-A; thus, pancreatic
head resection tended to be more frequent (BR-PV: 84%, BR-A: 60%).

In the BR-PV patients, 26 (30%) patients were treated with newer chemotherapeutic
regimens such as FOLFIRINOX (FFX) and gemcitabine along with nab-paclitaxel (GnP).
The median length of therapy was 2.1 months. In the BR-A patients, 36 (32%) patients were
treated with newer chemotherapeutic regimens with a median length of 2.7 months.

The median baseline CA19-9 level at diagnosis was higher than the median at surgery.
Additionally, both the BR-PV and BR-A groups had lower median CA19-9 levels at opera-
tion in patients who underwent surgery after NAT than in those who underwent upfront
surgery. In both BR-PV and BR-A patients, approximately 20% of patients had a ≥90% de-
crease in CA19-9 levels compared to that before NAT. This suggests that preoperative NAT
may be expected to significantly reduce tumor markers (TMs), as in previous reports [11].

The median baseline nutritional parameters at operation were as follows (in BR-
PV/BR-A): controlling nutritional status (CONUT): 2/2, Glasgow prognostic score (GPS):
0/0, modified GPS (mGPS): 0/0, neutrophil/lymphocyte ratio (NLR): 2.4/2.5, platelet/
lymphocyte ratio (PLR): 129.2/83.0, prognostic nutritional index (PNI): 46.0/44.5, lympho-
cyte/monocyte ratio (LMR): 3.6/3.8, systemic immune inflammation index (SII): 380.1/482.8,
and C-reactive protein (CRP)/albumin ratio: 0.07/0.03.

For patients with BR-PDAC who were underwent surgery, detailed cohort demo-
graphics are summarized in Table 2. The median age was 65 years in BR-PV patients and 67
years in BR-A patients. In operation, venous resection was performed in 72 (88%) patients
with BR-PV and 62 (71%) patients with BR-A. Moreover, arterial resection was performed
in 5 (6%) patients with BR-PV and 12 (14%) patients with BR-A.

In addition, we compared the backgrounds of patients who underwent upfront surgery
and those who underwent NAT. Details are shown in Table 3. For both BR-A and BR-PV,
the CA19-9 level at operation was lower in the NAT group. There was no significant
difference in preoperative nutritional status.
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Table 1. Baseline characteristics of patients with BR-PV and BR-A.

Variable BR-PV (n = 88) BR-A (n = 111) Variable BR-PV (n = 88) BR-A (n = 111)

Sex (male/female) 51/37 55/56 Surgical procedures
Age, years * 66 (39–83) 67 (42–83) Pancreatoduodenectomy 74 (84%) 67 (60%)

Body mass index * 21.1 (15.4–43.6) 21.2 (11.6–30.7) Distal pancreatectomy 1 (1%) 13 (12%)
Tumor location Total pancreatectomy 7 (8%) 6 (5%)
Head/Uncinate 84 (95%) 83 (75%) Operative time, min * 508 (308–960) 501 (193–808)

Body/Tail 4 (5%) 28 (25%) Blood loss volume, mL * 1075 (258–6000) 1090 (80–9845)
CA19-9 at diagnosis,

U/mL * 179 (1–2900) 150 (1–6340) Operative PRBC
transfusion 34 (41%) 30 (34%)

Chemotherapy Vascular resection
no 46 (52%) 48 (43%) Any venous resection 72 (82%) 62 (56%)

FFX/GnP 26 (30%) 36 (32%) Any arterial resection 5 (6%) 12 (14%)
GS 2 (2%) 27 (24%) Celiac axis 0 5

GS + Radiation 14 (16%) 14 (13%) Hepatic artery 4 8
Length of therapy,

mo * 2.1 (1.1–6.6) 2.7 (0.2–12.9) Splenic artery 1 0

Tumor size
at operation, mm * 30 (9–100) 30 (10–100) Both venous and arterial 5 (6%) 8 (9%)

CA19-9 at operation,
U/mL * 93 (1–9869) 102 (1–7316) Positive lymph nodes 54 (66%) 58 (67%)

in upfront surgery
group 196 (1–9869) 321.5 (1–7316) R0 margin status 59 (72%) 49 (56%)

in resection after NAT
group 41 (1–1500) 34 (1–2690) 90-day operative

mortality 1 (1%) 1 (1%)

CA19-9 normalized 17 (47%) 17 (27%) Adjuvant chemotherapy 56 (68%) 75 (86%)
CA19-9 decrease rate

≥90% 7 (19%) 9 (19%) Recurrent disease 42 (51%) 58 (67%)

Nutrition at operation Vital status at last
follow-up

CONUT * 2 (0–11) 2 (0–11) Alive, no evidence of
recurrence 32 (36%) 34 (31%)

GPS * 0 (0–2) 0 (0–2) Alive, with recurrence 7 (8%) 19 (17%)
mGPS * 0 (0–2) 0 (0–2) Not alive 49 (56%) 58 (52%)
NLR * 2.4 (0.8–20.4) 2.5 (0.7–15)
PLR * 129.2 (0.1–416.5) 83.0 (0.05–522.5)
PNI * 46.0 (28.5–56.2) 44.5 (26.3–55.5)
LMR * 3.6 (1.0–40.4) 3.8 (1.0–10.9)

SII * 380.1 (0.2–2180.5) 482.8 (0.1–3669.2)
CRP/Alb * 0.07 (0–2.0) 0.03 (0.002–2.2)

* values are median (range). CA19-9, carbohydrate antigen 19-9; FFX, FOLFIRINOX; GnP, gemcitabine along with nab-paclitaxel; GS,
gemcitabine along with S-1; CONUT, controlling nutritional status; GPS, Glasgow prognostic score; mGPS, modified Glasgow prognostic
score; NLR, neutrophil/lymphocyte ratio; PLR, platelet/lymphocyte ratio; PNI, prognostic nutritional index; LMR, lymphocyte/monocyte
ratio; SII, systemic immune inflammation index; CRP, C-reactive protein; Alb, albumin; PRBC, packed red blood cells.

Table 2. Baseline characteristics of patients with BR-PDAC who underwent resection.

Variable BR-PV (n = 82) BR-A (n = 87)

Sex (male/female) 47/35 44/43
Age, years * 65 (39–83) 67 (42–83)

Chemotherapy
no 46 (56%) 48 (55%)

FFX/GnP 26 (32%) 36 (30%)
GS 2 (2%) 27 (31%)

GS + Radiation 14 (17%) 14 (16%)
Tumor size at operation, mm * 30 (9–100) 30 (10–100)
CA19-9 at operation, U/mL * 93 (1–9869) 102 (1–7316)

in upfront surgery group 196 (1–9869) 321.5 (1–7316)
in resection after NAT group 41 (1–1500) 34 (1–2690)
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Table 2. Cont.

Variable BR-PV (n = 82) BR-A (n = 87)

CA19-9 normalized 17 (21%) 17 (20%)
Surgical procedures

Pancreatoduodenectomy 74 (90%) 67 (77%)
Distal pancreatectomy 1 (1%) 13 (15%)
Total pancreatectomy 7 (10%) 6 (7%)
Operative time, min * 508 (308–960) 501 (193–808)

Blood loss volume, mL * 1075 (258–6000) 1090 (80–9845)
Operative PRBC transfusion 34 (41%) 30 (34%)

Vascular resection
Any venous resection 72 (88%) 62 (71%)
Any arterial resection 5 (6%) 12 (14%)

Celiac axis 0 5
Hepatic artery 4 8
Splenic artery 1 0

Both venous and arterial 5 (6%) 8 (9%)
Positive lymph nodes 54 (66%) 58 (67%)

R0 margin status 59 (72%) 49 (56%)
90-day operative mortality 1 (1%) 1 (1%)
Adjuvant chemotherapy 56 (68%) 75 (86%)

* values are median (range). CA19-9, carbohydrate antigen 19-9; FFX, FOLFIRINOX; GnP, gemcitabine along with nab-paclitaxel; GS,
gemcitabine along with S-1; PRBC, packed red blood cells.

Table 3. Baseline characteristics of patients with BR-PDAC who underwent upfront surgery or NAT.

Variable
BR-PV (n = 88) BR-A (n = 111)

UFS (n = 46) NAT (n = 42) UFS (n = 48) NAT (n = 63)

Sex (male/female) 27/19 24/18 27/22 28/35
Age, years * 64 (39–83) 66 (40–81) 66 (42–83) 68 (45–82)

Body mass index * 20.1 (15.5–32.1) 21.4 (15.4–43.6) 20.9 (17.1–27.5) 21.4 (11.6–30.7)
Tumor location
Head/Uncinate 44 (96%) 40 (95%) 38 (79%) 45 (71%)

Body/Tail 2 (4%) 2 (5%) 10 (21%) 18 (29%)
CA19-9 at diagnosis, U/mL * N/A 178.5 (1–2900) N/A 150 (1–6340)
CA19-9 at operation, U/mL * 196 (1–9869) 41 (1–5661) 321 (1–7316) 65 (1–5870)

Comorbidity (yes/no)
Diabetes 20/26 11/26 23/25 13/34

History of other cancers 6/40 1/36 5/43 8/40
Pancreatitis 5/41 0/37 11/37 1/47

Hepatitis 2/44 1/36 4/44 3/45
Hypertension 11/35 12/25 13/35 19/29

Renal dysfunction 1/45 0/37 0/48 0/48
Nutrition at operation

CONUT * 1.5 (0–10) 3 (0–11) 2 (0–11) 2 (0–10)
GPS * 0 (0–2) 0 (0–1) 0 (0–2) 0 (0–1)

mGPS * 0 (0–2) 0 (0–2) 0 (0–2) 0 (0–2)
NLR * 2.2 (1.1–20.4) 2.9 (0.8–8.6) 2.6 (1.0–9.7) 2.5 (0.7–15)
PLR * 97.7 (0.1–325.5) 166 (67.4–416.5) 104.2 (0.05–290) 184.9 (57.9–522.5)
PNI * 46.3 (29.5–56.2) 44.8 (28.5–52.5) 44.5 (26.3–55.5) 43 (32–51.5)
LMR * 4.1 (2.2–6.5) 3.1 (1.0–40.4) 5.4 (1.4–10.9) 3.5 (1–6.1)

SII * 300 (0.2–2180.5) 600 (168.4–1786.9) 376.9 (0.1–1944.4) 530.8 (95.1–3669.2)
CRP/Alb * 0.07 (0–2.0) 0.07 (0–3.3) 0.02 (0.002–1.0) 0.03 (0.002–2.2)

* Values are median (range). CA19-9, carbohydrate antigen 19-9; CONUT, controlling nutritional status; N/A, not available; GPS, Glasgow
prognostic score; mGPS, modified Glasgow prognostic score; NLR, neutrophil/lymphocyte ratio; PLR, platelet/lymphocyte ratio; PNI,
prognostic nutritional index; LMR, lymphocyte/monocyte ratio; SII, systemic immune inflammation index; CRP, C-reactive protein;
Alb, albumin.
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2.3. Comparison of Prognosis of Upfront Surgery vs. Neoadjuvant Treatment by Intention
to Treat Analysis

In BR-PV patients who underwent upfront surgery (n = 46)/NAT (n = 42), survival
was significantly better in the NAT group (p = 0.004) (Figure 2). In BR-A patients who
underwent upfront surgery (n = 48)/NAT (n = 63), survival was significantly better in
the NAT group (p < 0.001). This analysis was performed by intention-to-treat analysis.

Figure 2. The overall survival in comparison between patients treated with and without NAT in the (a) BR-PV and (b) BR-A
groups. The prognosis of patients treated with NAT was significantly better than that of patients treated without NAT in
the BR-PV and BR-A groups (p = 0.004 and p < 0.001). NAT, neoadjuvant treatment; UFS, upfront surgery; MST, median
survival time; HR, hazard ratio; CI, confidence interval.

The 36-month (3-year) OS rates with upfront surgery and NAT were 5.8% versus 35.5%
in BR-PV patients and 15.5% versus 41.7% in BR-A patients, respectively.

2.4. Comparison of Regimens in Neoadjuvant Treatment Induction Cases

We compared the regimens of neoadjuvant treatment in each group (Table 4).
In BR-PV patients who underwent FFX/GnP (n = 26) vs. gemcitabine (GEM)/S-1

(n = 2) vs. GEM/S-1 with radiotherapy (RT) (n = 14), the median survival times (MSTs)
were 32.9, 10.0 and 20.6 months, respectively, and the prognosis tended to be better in
the FFX/GnP group. The number of resected cases was 36 (86%).

In BR-A patients who underwent FFX/GnP (n = 29) vs. FFX/GnP with RT (n = 7) vs.
GEM/S-1 (n = 10) vs. GEM/S-1 with RT (n = 17), the MSTs were 35.4, 18.7, 43.2 and 19.7
months, respectively, with a better prognosis in the FFX/GnP group. The number of
resected cases was 39 (62%).

The R0 rate tended to be higher in regimens with RT.

Table 4. Comparison of regimens in patients who underwent NAT.

BR-PV (n = 42) BR-A (n = 63)

n MST
(Months)

CA19-9
Normalized Resection R0

Rate

Evans
Grade
≥IIb

n MST
(Months)

CA19-9
Normalized Resection R0

Rate

Evans
Grade
≥IIb

FFX/GnP 26 32.9 47% 22 (85%) 86% 24% 29 35.4 40% 17 (59%) 71% 21%
FFX/GnP
with RT 0 7 18.7 75% 4 (57%) 100% 0%

Old
NAC 2 10 0% 2 (100%) 50% 0% 10 43.2 38% 9 (90%) 67% 0%

Old
NAC

with RT
14 20.6 50% 12 (86%) 100% 36% 17 19.7 20% 9 (53%) 100% 33%

Old NAC means neoadjuvant chemotherapy including gemcitabine, S-1, and GEM with S-1; FFX, FOLFIRINOX; GnP, gemcitabine along
with nab-paclitaxel; RT, radiotherapy; NAC, neoadjuvant chemotherapy; MST, median survival time.
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2.5. Prognostic Factors in Patients Who Underwent Resection after NAT
2.5.1. Definition of Cutoff Values for PNI

Receiver operating characteristic (ROC) curve analysis was performed with data
from 36 BR-PV PDAC patients who underwent surgical resection between January 2002
and December 2018 to examine the association between PNI and 2-year survival. The area
under the curve (AUC) was 0.728, and the best cutoff value was calculated as 42.65 (Figure
3a). Moreover, ROC curve analysis was performed with data from 39 BR-A PDAC patients.
The AUC curve was 0.820, and the best cutoff value was calculated as 42.50 (Figure 3b).
We eventually determined that the cutoff value for PNI was 42.5.

Figure 3. ROC analysis for the prediction of 2-year survival according to the preoperative PNI.
(a) The AUC was 0.820 in BR-PV patients. (b) The AUC was 0.728 in BR-A patients. AUC, area under
the curve; PNI, prognostic nutritional index.

2.5.2. Univariate and Multivariate Analyses of Prognostic Factors in BR-PDAC Patients
Who Underwent Resection after Neoadjuvant Treatment

Table 5 shows the results of univariate analysis of prognostic factors in BR-PDAC
patients who underwent resection after NAT. The cutoff values for continuous variables
except preoperative PNI were determined using median values of all BR-PDAC patients
who underwent resection after NAT.

In 36 BR-PV patients who underwent surgery after NAT, univariate analysis of over-
all survival revealed that normalization of TM levels (p = 0.028), preoperative GPS = 0
(p = 0.025), and preoperative high PNI (p = 0.022) were significantly associated with better
prognosis. There was no significant difference in the multivariate analysis.

In 39 BR-A patients who underwent surgery after NAT, univariate analysis revealed
that normalization of TM levels (p = 0.033), preoperative high PNI (p = 0.013), and in-
traoperative blood loss ≤ 830 mL (p = 0.013) were significantly associated with better
prognosis. Multivariate analysis showed that preoperative PNI > 42.5 was an independent
prognostic factor (HR: 0.15, p = 0.014). There was no correlation between the length of NAT
and additional RT in survival in either BR-PV or BR-A.
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Table 5. Univariate and multivariate analyses of the clinical features of BR-PDAC patients who underwent resection
after NAT.

BR-PV Univariate BR-PV
Multivariate BR-A Univariate BR-A

Multivariate

Clinical Factor
No.

Patients
(n = 36)

HR
(95% CI) p HR

(95% CI) p
No.

Patients
(n = 39)

HR
(95% CI) p HR

(95% CI) p

Radiation in NAT 12
0.96

(0.23–
4.04)

0.955 12
1.37

(0.38–
4.87)

0.63

CA19-9 Before NAT >192
U/mL 17

2.37
(0.58–
9.64)

0.23 19
0.41

(0.22–
1.48)

0.175

Preoperative CA19-9 >34
U/mL 17

1.05
(0.26–
4.27)

0.945 19
3.90

(0.97–
15.72)

0.056

Tumor marker
normalization 20

0.16
(0.031–
0.82)

0.028 *
0.28

(0.05–
1.71)

0.168 16
0.10

(0.01–
0.83)

0.033 *
0.15

(0.01–
1.57)

0.064

Preoperative Alb >3.8 g/dL 14
0.55

(0.14–
2.24)

0.404 17
0.30

(0.06–
1.46)

0.137

Preoperative CONUT score,
>4 5

3.78
(0.92–
15.56)

0.065 9
2.48

(0.66–
9.34)

0.179

Preoperative GPS 0 16
0.15

(0.03–
0.79)

0.025 *
0.50

(0.05–
4.68)

0.547 10
0.52

(0.07–
3.78)

0.52

Preoperative mGPS 0 14
0.25

(0.05–
1.28)

0.095 22
0.26

(0.06–
1.08)

0.064

Preoperative NLR >2.52 16
3.17

(0.39–
25.86)

0.281 18
1.47

(0.39–
5.51)

0.571

Preoperative PLR >184 11
0.97

(0.23–
4.10)

0.972 19
4.15

(0.85–
20.26)

0.079

Preoperative PNI >42.5 16
0.15

(0.03–
0.76)

0.022 *
0.32

(0.03–
2.98)

0.316 21
0.13

(0.03–
0.65)

0.013 *
0.15

(0.02–
0.85)

0.014 *

Preoperative LMR >3.50 9
0.19

(0.02–
1.72)

0.141 14
0.42

(0.11–
1.64)

0.214

Preoperative SII >512 15
0.89

(0.21–
3.74)

0.873 19
4.34

(0.84–
22.49)

0.08

Preoperative CRP/Alb
>0.062 12

2.20
(0.43–
11.16)

0.341 10
1.75

(0.43–
7.08)

0.431

Preoperative diabetes 11
0.78

(0.18–
3.33)

0.739 13
0.91

(0.23–
3.55)

0.9

Preoperative treatment
period >60 day 19

1.23
(0.15–
10.09)

0.844 29
0.46

(0.12–
1.67)

0.237
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Table 5. Cont.

BR-PV Univariate BR-PV
Multivariate BR-A Univariate BR-A

Multivariate

Clinical Factor
No.

Patients
(n = 36)

HR
(95% CI) p HR

(95% CI) p
No.

Patients
(n = 39)

HR
(95% CI) p HR

(95% CI) p

Preoperative treatment
period >90 day 7

1.72
(0.34–
8.67)

0.509 14
1.07

(0.28–
4.18)

0.918

Operative time >560 min 7
3.12

(0.74–
13.14)

0.121 20
1.73

(0.49–
6.09)

0.396

Intraoperative blood loss
>830 ml 21

1.06
(0.25–
4.45)

0.941 20
7.42

(1.53–
36.1)

0.013 *
2.23

(0.37–
13.35)

0.358

CA19-9, carbohydrate antigen 19-9; NAT, neoadjuvant treatment; Alb, albumin; CONUT, controlling nutritional status; GPS, Glasgow
prognostic score; mGPS, modified Glasgow prognostic score; NLR, neutrophil/lymphocyte ratio; PLR, platelet/lymphocyte ratio; PNI,
prognostic nutritional index; LMR, lymphocyte/monocyte ratio; SII, systemic immune inflammation index; CRP, C-reactive protein; Alb,
albumin; * p < 0.05.

2.5.3. Prognosis of BR-PDAC Patients Who Underwent Resection after Neoadjuvant
Treatment Based on PNI

In BR-PV patients who underwent resection after NAT (n = 36), survival was sig-
nificantly better in the high PNI (preoperative PNI > 42.50) group (p = 0.029, HR:0.16,
95%CI:0.03–0.83) (Figure 4a). In BR-A patients who underwent resection after NAT (n = 39),
survival was significantly better in the high PNI (preoperative PNI > 42.50) group (p = 0.012,
HR:0.13, 95%CI:0.03–0.64) (Figure 4b).

Moreover, comparing the high preoperative PNI and low preoperative PNI, there was
no statistically significant difference regarding postoperative complications (Clavien–Dindo
grade III or more) in both BR-PV and BR-A patients (p = 0.644 and p = 0.580, respectively).

Figure 4. Comparison of the overall survival between high preoperative PNI and low preoperative PNI in the (a) BR-PV
and (b) BR-A groups. The prognosis of patients with high preoperative PNI was significantly better than that of patients
with low preoperative PNI in the BR-PV and BR-A patients (p = 0.029 and p = 0.012). PNI, prognostic nutritional index.

3. Discussion

There have been many analytical studies on R-PDAC and UR-PDAC, but few have
focused on BR-PDAC. The usefulness of NAT for BR-PDAC has been highlighted in several
articles [8–11]. Unfortunately, previous reports often analyzed mixed cohorts of patients,
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including those with BR and locally advanced UR-PDAC, those with BR-PDAC due to
the infiltration of celiac and/or superior mesentery arteries (BR-A) and those with only
infiltration of the portal system (BR-PV) [12,13]. The surgical strategy and outcome defi-
nitely differ between PDAC abutted to the major arteries and PDAC exclusively involving
the PV system [14]. Murakami et al. reported that the BR-PV group had a significantly
more favorable overall survival than the BR-A group in an analysis of BR patients who
underwent upfront surgery [15]. Thus, it seems inappropriate to discuss the efficacy of
the treatment strategy using such admixture.

In the present study, we differentiated between BR-A and BR-PV and analyzed the op-
timal preoperative multidisciplinary treatment and nutritional status before and after NAT
for each type. There have been no comprehensive analyses focusing on surgical strategy
for this cohort.

3.1. BR-PV

We retrospectively reviewed 88 patients with BR-PV PDAC. The results showed that
the prognosis of BR-PV patients who underwent resection after NAT was significantly
better than that of patients who underwent upfront surgery without NAT.

Fujii et al. reported that neoadjuvant chemoradiotherapy (NACRT) with S-1 rather
than upfront surgery improves R0 rates and increases the survival of patients with BR-PV
adenocarcinoma of the pancreatic head but not that of patients with R-PDAC [6]. However,
the prognosis tended to be better in the FFX/GnP group than in the NACRT with old
chemotherapy group in the present study. Although only 14 BR-PV patients underwent
NACRT in this study, chemotherapeutic regimens such as FFX/GnP are expected to be
a promising option.

3.2. BR-A

We retrospectively reviewed 111 patients with BR-A PDAC. Similar to that of BR-PV
patients, the prognosis of BR-A patients who underwent resection after NAT was signifi-
cantly better than that of those who underwent upfront surgery without NAT. Moreover, in
patients with BR-A, the use of NAT with FFX/GnP significantly prolonged the prognosis.

Nagakawa et al. reported that NACRT, which combines chemotherapy with GEM/S-1,
with intensity modified radiotherapy (IMRT) had fewer adverse events and improved
the prognosis of BR-A [16]. In addition, they also reported that the R0 resection rate after
NACRT was 94.7%. In the present study, the R0 resection rate also tended to be higher
in patients who underwent additional RT, although additional RT failed to contribute to
patient survival.

Hackert et al. reported that resection rates following FFX were 61% compared with
46% after GEM and RT in patients with locally advanced PDAC [17]. This study did not
investigate NACRT, which combines new chemotherapy and RT; thus, it cannot be affirmed.
However, the combination of radiation with more effective chemotherapy, such as FFX
or GnP, is expected to improve the surgical consequences of BR-A patients. On the other
hand, effective chemotherapy may lead to more adverse events. There is a report that NAT
with FFX followed by IMRT concurrent with fixed-dose-rate GEM in BR-PDAC is feasible
and tolerated [18]. Therefore, the IMRT technique may enable the application of NACRT in
combination with more effective chemotherapy.

Over the past decade, newer chemotherapeutic regimens, including FFX and GnP,
have emerged as new standard therapies for PDAC, which was formerly a lethal disease,
and many studies have demonstrated promising survival rates [8–10,12,13]. However,
there are few prospective randomized controlled studies to confirm the efficacy of NAT for
patients with BR-PV and BR-A [16]. Evaluation of NAT is required for patients with BR-PV
and BR-A in the setting of prospective trials.
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3.3. BR-PV and BR-A

From previous reports as well as the results of this study, surgery after NAT is arguably
more beneficial than upfront surgery in patients with BR-PDAC; therefore, we focused
only on the patients who underwent NAT in the analysis after Section 2.4.

We demonstrated that the long-term survival of patients who underwent resection
after NAT was significantly associated with good nutritional status, such as a PNI of more
than 42.5 at the time of operation but not at diagnosis. Several studies have reported that
preoperative nutrition indices, such as CONUT, mGPS, and PNI, are linked to the prognosis
of various malignancies [19–21]. In pancreatic cancer, some indices have also been reported
to have an independent association with survival in patients with resectable or BR-PDAC
after pancreatectomy [22,23]. Moreover, there was a report that NAT for PDAC could
aggravate nutritional status and hamper its postoperative recovery and that malnutrition
might decrease the tolerance of NAT [24]. While definitive conclusions cannot be drawn
from this retrospective study, these results strongly suggest the need for nutritional care
during NAT in patients with PDAC. Systemic chemotherapy generally tends to worsen
the patient’s nutritional status as a side effect, including loss of appetite or dysgeusia [25].
Active nutritional care during NAC may minimize malnutrition, possibly improving
the survival of BR-PDAC patients.

Furthermore, both the BR-PV and BR-A groups had lower median CA19-9 levels
at operation in patients who underwent surgery after NAT than those who underwent
upfront surgery. Although no significant difference was found in the multivariate anal-
ysis, normalization of TM levels was significantly associated with better prognosis in
both BR-PV and BR-A patients. Chen et al. reported that long-term (approximately 6
months) chemotherapy after preoperative chemoradiotherapy may improve the prognosis
in patients with potentially resectable/BR/UR-PDAC [26]. Satoi et al. also reported that
the prognosis was prolonged by giving chemotherapy for 240 days or more in patients
with UR-PDAC [27]. Conversely, the results of this study showed that the duration of
NAT did not correlate with prognosis for BR-PDAC. It is suggested that the prognosis
may be prolonged by surgery after the TM level is greatly reduced, not the length of NAT.
Some patients with BR-PDAC became unresectable due to the progression of disease, such
as distant metastasis during NAT. Therefore, assessment of TMs may be a more sensitive
measure of the indications for resection than the length of treatment. Further exploration
will be required for the optimal NAT duration and timing of surgery.

There are several limitations to our study. First, this study was retrospective in
design with a relatively small number of patients. Second, the distribution of patients in
the different treatment arms was unbalanced. Third, the number of patients receiving NAT
has increased since around 2010. The proportion of patients receiving NAT and upfront
surgery has changed significantly between 2002 and 2018. Fourth, indications for CRT
were biased because CRT was recommended at the physicians’ discretion. Finally, we
have not started nutritional support for patients with NAT. We plan to explore the effect
of nutritional support during NAT for patients with BR-PDAC to confirm the clinical
relevance of this study. Further studies with more patients and longer observation periods
are needed to evaluate the optimal and detailed strategy of multidisciplinary treatment
for BR-PDAC.

In conclusion, these findings suggest that NAT followed by surgery rather than
upfront surgery offers clinical benefits to patients with BR-A PDAC. Moreover, nutritional
management during NAT may lead to a better prognosis.

4. Materials and Methods
4.1. Study Design

A prospectively maintained pancreatic resection database at two regional high-volume
centers, Toyama University Hospital (Toyama, Japan) and Nagoya University Hospital
(Nagoya, Japan), was queried to identify patients with BR PDAC who started the initial
treatment between January 2002 and December 2018. This study conforms to the ethical
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guidelines of the World Medical Association Declaration of Helsinki-Ethical Principles for
Medical Research Involving Human Subject. Written informed consent for inclusion in
the study, as required by the institutional review board of both institutions, was obtained
from all patients.

We retrospectively examined 199 patients with BR pancreatic cancer (88 patients with
BR-PV and 111 patients with BR-A). For BR-PV and BR-A, the following points were
investigated:

1. Comparison of prognosis of upfront surgery vs. NAT by intention to treat analysis;
2. Comparison of regimens in patients who underwent NAT;
3. Prognostic factors in patients who underwent resection after NAT.

4.2. Definitions of BR-PV PDAC and BR-A PDAC Patients

The preoperative resectability status was categorized into R (resectable), BR-PV, BR-
A, UR (unresectable)-LA, and UR-M (metastatic) according to the 7th edition of the JPS
classification (Table 6) [4].

Table 6. Resectability criteria proposed by the JPS.

Resectability SubClass Detail

1. Resectable (R) No contact of the tumor with the SMV/PV.
Abutment/encasement of the SMV/PV of <180◦

circumference without occlusion (termed R-PV).
No contact with any major artery (CA, SMA,

or CHA).
2. Borderline

resectable (BR) BR-PV

Tumor abutment/encasement or occlusion of
the SMV/PV of ≥180◦.

No arterial tumor abutment/encasement
(CA, SMA, or CHA).

BR-A
Tumor abutment/encasement of the SMA or CA
of <180◦ without irregularity in the contour of

the artery.
Tumor abutment/encasement of the CHA

without irregularity in the contour of the PHA
or CA.

3. Unresectable (UR) UR-LA
(Locally advance)

Tumor abutment/encasement of the SMA or CA
of ≥180◦.

Tumor abutment/encasement of the CHA
and extension of abutment/encasement to

the PHA or CA.
Tumor abutment/encasement of the aorta.

UR-M
(Metastasis)

Distant metastases, including metastases to
lymph nodes beyond regional lymph nodes.

JPS, Japan Pancreas Society; SMV, superior mesenteric vein; PV, portal vein; CA, celiac artery; SMA,
superior mesenteric artery; CHA, common hepatic artery; PHA, proper hepatic artery.

Patient eligibility was rigorously defined using thin-slice multidetector-row computed
tomography. All images were reviewed by two or more experienced radiologists to reaffirm
the preoperative staging. Consequently, 199 patients with BR-PDAC (88 patients with
BR-PV and 111 patients with BR-A) were enrolled in this study.
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4.3. Neoadjuvant Treatment

Some patients received NAT from diagnosis with the following regimens: GnP, FFX,
modified FFX (mFFX), or GEM with oral S-1 (the oral 5-fluorouracil prodrug tegafur with
oteracil and gimeracil). These chemotherapeutic regimens were selected depending on
the patient’s background and the period of enrollment. We performed NAT in 105 patients
(42 patients with BR-PV and 63 patients with BR-A) from which informed consent was
obtained depending on their condition and tumor status. CRT consisted of a photon/proton
external beam with 50.4 Gy delivered in 28 fractions combined with systemic chemotherapy
involving oral S-1, which was administered twice daily (80 mg/m2/day) from days 1 to 14
and from days 22 to 35.

4.4. Postoperative Adjuvant Therapy

Postoperative adjuvant chemotherapy was applied unless contraindicated by the pa-
tient’s condition. In short, the patients received GEM or S-1 for 6 months according
to the protocol that was available at the time of treatment [28,29]. GEM at a dose of
1000 mg/m2 was administered weekly for 3 weeks followed by 1 week of rest; oral S-1
(80 mg/m2/day) was administered from days 1 to 28 followed by a 2-week rest period.
Chemotherapy was initiated at <2 months after the operation in all patients who were con-
sidered eligible for the treatment. Computed tomography was routinely performed every
6 months as a postoperative follow-up imaging examination, and a blood test, including
evaluation of TMs, was performed every 2 months to evaluate the recurrent disease.

4.5. Data Collection

We collected patient data from the medical records. Pretreatment factors included age,
sex, body mass index, tumor size, and blood test results, including serum CA19-9 level.
Preoperative factors included chemotherapeutic regimen, length of NAT, and change in
CA19-9 level. Perioperative factors included surgical procedures, region of tumor, operative
time, blood loss volume, blood transfusion, incidence of postoperative complications
according to the Clavien–Dindo classification [30], length of hospital stay, and 90-day
mortality.

The tumor-node-metastasis staging system for pancreatic tumors of the seventh edi-
tion of the Union for International Cancer Control was applied [31]. The pathological
data collected included tumor grade, number of positive lymph nodes, resection margins,
perineural invasion, PV invasion, and artery invasion. The surgical margin in this study
denoted either the stump of the pancreas or the bile duct or the dissected plane around
the pancreas as described by Staley et al. [32]. If viable cancer cells were detected mi-
croscopically at the tip of any of these sites, the surgical margin was noted as positive.
If the tumor was located at a distance of >1 mm from the surgical margin, the margin was
noted as negative.

4.6. Nutritional Status

In the current study, we also investigated several nutritional parameters at diag-
nosis and at operation, such as the GPS [33], mGPS [33], CONUT [19], PNI [22,33],
NLR [33,34], PLR [33], LMR [34], and SII [35], to verify their impact on the operative
outcome and the prognosis.

4.7. Statistical Analysis

A biostatistician (K.M.) was responsible for the statistical analysis. The Kaplan–Meier
method was used to calculate survival rates, and the difference in survival curves was
analyzed by the log-rank test. To detect prognostic factors for survival, we performed Cox
proportional hazard analysis, and hazard ratios and 95% confidence intervals (CIs) were
calculated. Goodness-of-fit for preoperative PNI was assessed by calculating the AUC
of the ROC curve, and the optimal cutoff value was determined using the Youden index.
Other cutoff values in Table 3 used their median values. Differences in nominal data
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between the two groups were examined using the chi-square test or Fisher’s exact test
when the expected value was <5. Differences in quantitative variables were evaluated
using Student’s t-test or the Mann–Whitney U test if the distribution was abnormal. A p
value < 0.05 was considered statistically significant. All statistical analyses were performed
using JMP statistical software (version 14.2; SAS Institute, Cary, NC, USA).

5. Conclusions

NAT using chemotherapy such as FFX or GnP is essential for improving the prognosis
of BR pancreatic cancer. This suggests that prognosis may be improved by maintaining
good nutritional status during preoperative treatment, not by the length of preoperative
treatment. In addition, normalization of TMs by preoperative treatment contributes to
the prolongation of survival.
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Simple Summary: Surgery is the only potential cure for pancreatic ductal adenocarcinoma and
should always be combined with adjuvant chemotherapy or other multimodal treatment. Besides the
advances in such multimodal approaches, there has been substantial progress in surgical techniques
to especially address advanced resections. These techniques include specific operative steps, such
as ‘artery first’ or ‘uncinate first’ approaches as well as techniques that allow safe vascular resection
and reconstruction to achieve radical tumor removal. Most recently, also minimally-invasive and
robotic approaches have been adopted for pancreatic cancer surgery; however, there is no high-level
evidence on these evolving techniques especially with regards to long-term results compared to
conventional surgical techniques.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) represents an aggressive tumor of the digestive
system with still low five-year survival of less than 10%. Although there are improvements for
multimodal therapy of PDAC, surgery still remains the effective way to treat the disease. Combined
with adjuvant and/or neoadjuvant treatment, pancreatic surgery is able to enhance the five-year
survival up to around 20%. However, pancreatic resection is always associated with a high risk of
complications and regarded as one of the most complex fields in abdominal surgery. This review
gives a summary on the surgical treatment for PDAC based on the current literature with a special
focus on resection techniques.

Keywords: pancreatic ductal adenocarcinoma; surgical treatment; technical advances

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) still remains a big therapeutic challenge
for its poor prognosis and will likely becomes the second cause of cancer death within the
next decade [1,2]. Although there are mounts of advanced treatments including adjuvant
chemotherapy, surgical therapy is always regarded as the most effective one to attain the
long-term survival for the patients with PDAC [3]. Unfortunately, less than 20% of patients
with pancreatic cancer are considered as the surgically resectable cases until now [2].
Additionally, most of the patients with metastatic disease are not suitable for resection
according to the safety and efficacy affected by the historical concerns [4]. However, owing
to the development of systematic chemotherapy and improvement of surgery, extended
indications of the pancreatic resection are applied in clinical practice, including technical
advancements as well as patient criteria such as advanced age [5].

1.1. Definition of Resectability

There are various classifications reported for the differentiation of resectable, borderline-
resectable, and unresectable pancreatic cancers [6–11]. The definition of resectability is
made mainly based on scientific associations as well as the MD Anderson Classifica-
tion [8,10]. The AHPBA/SSO/SSAT Classification was modified by the National Com-
prehensive Cancer Network (NCCN) further as well as the International Study Group of
Pancreatic Surgery (ISGPS) [11,12]. Therefore, resectability now is classified by the invasion
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of important adjacent vessels, especially referring to the celiac trunk, superior mesenteric
artery (SMA), and the portal (PV) or superior mesenteric vein (SMV). Pancreatic cancer
is regarded as resectable if there are no major vessels involved. Borderline resectable
pancreatic cancer is defined as a pancreatic cancer with involvement of the portal vein
and/or superior mesenteric vein and the involved segments of vessels allow resection and
reconstruction (Figure 1).
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with contact to superior mesenteric vein/portal vein confluence (white circle), vascular reconstruction technically possible.

Furthermore, if the superior mesenteric artery or the celiac trunk are invaded, pan-
creatic tumors are considered as locally advanced and unresectable, however arterial
resections and reconstructions can be performed by experienced surgeons. Actually, for
determination of resectability, the relationship between the tumor and mesenteric/hepatic
vessels is the critical topic to obtain R0 resection [13–15]. Hence, through preoperative
staging and imaging, pancreatic tumors are divided into four types: resectable, borderline
resectable, locally advanced and metastatic. Currently, upfront surgery is recommended in
resectable pancreatic cancer [7,11,12]. In contrary to the surgical and anatomical considera-
tions to evaluate resectability, the International Association of Pancreatology developed a
more comprehensive definition of resectability using three different factors: 1. anatomical;
2. biological; 3. conditional [7]. For anatomical criteria it basically includes the above
mentioned factors and basically a serum carbohydrate antigen (CA) 19-9 level more than
500 U/mL or regional lymph node metastases diagnosed by biopsy or positron emission
tomography-computed tomography. Potentially resectable disease based on anatomic
criteria is transferred to borderline resectability if these factors are present. Conditional
factors include the ECOG classification of patients and may also shift potentially resectable
disease based on anatomic and biologic criteria towards a borderline resectable status if
classification equals or exceeds ECOG 2 [7]. The detailed definition of anatomical resectabil-
ity is displayed in Table 1. Recently, the BACAP Consortium published a BACAP Score to
predict the resectability of pancreatic adenocarcinoma based on anatomical considerations
(vascular thrombosis, tumor localization, tumor size) as well as conditional evaluation
(WHO performance status) and symptoms (pain, weight loss) [16]. Based on the analy-
sis of a prospectively collected 814-patient cohort, this score will be evaluated in further
clinical trials.
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Table 1. International consensus of classification of BR PDAC based on anatomical definition using CT imaging including
coronal and sagittal sections [7].

Category Anatomical Feature

Resectable: R
SMV/PV: no tumor contact or unilateral narrowing

SMA, CA, CHA: no tumor contact

Borderline resectable: BR Subclassified according to SMV/PV involvement alone or arterial invasion

BR-PV
(SMV/PV involvement alone)

SMV/PV: tumor contact 180 or greater or bilateral narrowing/occlusion, not exceeding the
inferior border of the duodenum.

SMA, CA, CHA: no tumor contact/invasion

BR-A
(arterial involvement)

SMA, CA: tumor contact of less than 180 without showing deformity/stenosis

CHA: tumor contact without showing tumor contact of the PHA and/or CA.

Unresectable: UR Subclassified according to the status of distant metastasis

Locally advanced: LA

SMV/PV: bilateral narrowing/occlusion, exceeding the inferior border of the duodenum

SMA, CA: tumor contact/invasion of 180 or more degree #.

CHA: tumor contact/invasion showing tumor contact/invasion of the PHA and/or CA.

AO: tumor contact or invasion.

Metastatic: M Distant metastasis $.

#: In cases with CA invasion of 180 or more without involvement of the aorta and with intact and uninvolved gastroduodenal artery
thereby permitting a distal pancreatectomy with en bloc celiac axis resection (DP-CAR), some members prefer this criteria to be in the BR-A
category. $: including macroscopic para aortic and extra abdominal lymph node metastasis.

Nowadays, CT, MRI, and PET are applied in the imaging detection and staging for
patients with pancreatic cancer as well as endoscopic ultrasound (EUS). Contrast-enhanced
CT is regarded as primary approach for the diagnosis and resectability evaluation. MRI
is an alternative choice and is superior to CT when evaluating ductal anatomy with
MRCP [17]. Besides, MRI is superior to detect the liver metastases compared to CT with
higher sensitivity [18]. Recently, PET-MRI has been reported to have equal efficacy in
resectability evaluation for the patients with PDAC [19]. Yamada et al. showed that EUS
combined with elastography (EG) had better diagnostic performance in evaluating vascular
invasion for PDAC compared to CT [20]. In addition, Ehrlich et al. also demonstrated that
for patients with borderline resectable pancreatic cancer and locally advanced pancreatic
cancer, EUS-FNA (fine-needle aspiration) has the potential to ensure the diagnose as
well as local resectability accurately and suggested it as a routine approach for PDAC
patients [21]. However, a recent meta-analysis indicated that CT might be superior to EUS
in resectability evaluation; so a controversy about EUS application still remains and more
high-quality clinical trials need to be conducted in the future to achieve more high-level
evidence [22–24].

1.2. Neoadjuvant and Adjuvant Therapy

The impact of adjuvant chemotherapy to improve survival after resection of pancreatic
cancer has been undoubtedly be proven during the last two decades, namely by the ESPAC
study group as well as the PRODIGE consortium who continuously developed standards
for adjuvant treatment by conducting large multicenter RCTs [25–28].

The latest of these studies reported median survival times of 30 and 54 months,
respectively, as well as a 5-year survival of 30% which shows the essential need for adjuvant
systemic treatment after pancreatic cancer resection [26,28]. This has ultimately been
adopted in national and international guidelines [29].

Today there is a worldwide trend to increase the proportion of patients receiving
neoadjuvant therapy. While neoadjuvant therapy is inevitable in locally advanced pancre-
atic cancers to achieve a chance of conversion surgery afterwards, its use in borderline-
resectable and especially resectable pancreatic cancer is currently still based on weak
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evidence, although observational and a limited number of randomized controlled trials
suggest its benefit when borderline resectable disease is considered.

Yet, the main dilemma remains the selection of patients for neoadjuvant treatment
and the selection of the specific treatment protocol. Neoadjuvant chemotherapy alone or in
combination with radiotherapy is widely used in numerous varying protocols on one hand,
on the other hand these protocols are often based on institutional or national preferences
and—in contrast to adjuvant protocols—no standards are set on the basis of high-quality
evidence [30,31].

Briefly, the debate on upfront surgery versus neoadjuvant treatment still remains. The
Dutch Randomized Phase III PREOPANC Trial demonstrated that there was no significant
difference in overall survival benefit between the preoperative chemoradiotherapy and
upfront surgery for resectable and borderline resectable pancreatic cancer [32]. Given
the observation that upfront surgery combined with adjuvant therapy can attain an aver-
age 19% five-year overall survival which increases up to 50% in prognostically favorable
subgroups neoadjuvant therapy is still far from being the standard based on high-level
evidence [33]. If neoadjuvant therapy is chosen, another unsolved question is the need
for additional adjuvant therapy after resection. A recently published study pooling ob-
servational data of 520 patient after induction FOLFIRINOX treatment and consecutive
resection showed that an additional adjuvant protocol did not generally show any benefit
but may be recommended for pathologically lymph-node positive patients [34]. A phase
2 Randomized Clinical Trial discovered that perioperative chemotherapy did not signifi-
cantly improve two-year overall survival for resectable PDAC whereas may increase actual
resectability rates—an observation which is certainly explained by a selection effect during
neoadjuvant treatment [35]. All in all, adjuvant and especially neoadjuvant treatment are
currently in a dynamic state and numerous studies are ongoing.

2. Surgery
2.1. Standard Resection

Pancreaticoduodenectomy (PD) has been widely applied since in 1940, Whipple
reported the classical procedure including distal gastrectomy and total duodenectomy and
although this approach has been modified in some steps it is still basically similar to what
is performed today [36].

PD includes a standardized lymphadenectomy along the right side of the vascular
structures (porto-mesenteric veins, superior mesenteric artery, celiac axis) and the hepa-
toduodenal ligament. Nowadays, PD is routinely performed under preservation of the
pylorus as recent studies have confirmed that pylorus preservation does not have any
disadvantages compared to pylorus resection or classical Whipple procedures in terms
of functional (especially regarding delayed gastric emptying) and oncological outcomes
unless the tumor extends towards the pylorus, which then—unquestionably—requires
resection of the distal stomach.

For tumors of the body and tail of the pancreas, a distal pancreatectomy and splenec-
tomy with respective lymphadenectomy from the left side of the vascular structures is
mandatory.

In case of unfavorable location of the tumor in the center of the pancreas or syn-
chronous multiple PDAC, a total pancreatectomy and splenectomy may be required. Re-
garding all resection techniques, it is of the utmost importance to achieve a radical (R0)
resection status. This can best be achieved by a complete dissection of all lymphatic and
soft tissue along the arterial structures to reduce the risk of remaining microscopic tumor
persistence and early recurrence.

2.2. Specific Techniques
2.2.1. Artery First Approach

The core principle of this procedure is to identify the SMA early at the origin of the
aorta and the approach has been described for different ways of access to the artery [37,38].
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The idea of the approach to evaluate any potential tumor adherence to the SMA at the
beginning of the operation and either stop resection or plan an arterial resection if required
and indicated. After exposing the SMA from the left-sided access (opening Treitz ligament)
a Kocher maneuver is required to expose the anterior surface of the inferior vena cava
and the aorta with an early identification of the left renal vein and the origin of the SMA.
After the accurate dissection along the SMA is finished, the soft tissue between the SMA
and the celiac trunk should also be removed. By this procedure, a very controlled and
radical resection on the right side of the arterial axis (SMA/celiac trunk) is achieved, while
the autonomous nerves on the left side of the arteries are spared to reduce the incidence
of postoperative diarrhea. For the radical resection of pancreatic head tumors which
involve the posterior and right side of the SMA, the artery first technique is beneficial and
recommended. A recent meta-analysis indicated that the SMA artery first approach can
decrease the overall complication rate (OR 0.62, 95% 17 CI 0.47 to 0.81, p = 0.001) and reduce
blood loss (WMD −264.84, 95% CI −336.1 to 18 −193.58, p < 0.001) compared to the normal
procedure in pancreaticoduodenectomy and attain an increased R0 resection rate (OR 2.92,
95% CI 1.72 to 4.96, p < 0.001) and three-year OS (OR 2.15, 95% CI 1.34 to 3.43, p = 0.001)
showing that the artery first approach can have superior clinical outcomes [39]. Until now,
many different artery first approaches have been developed, such as the posterior approach,
the right/medial uncinate approach, the inferior infracolic or mesenteric approach or the
hanging maneuver [40]. This underlines the importance of paying attention to the status of
the SMA and achieving an increased R0 rate through the meticulous dissection of the right
margin of the SMA.

2.2.2. Uncinate Process First

The Uncinate first approach describes a modified technique of resection along of the
right margin of the SMV and SMA through a special method. This approach includes the
division of the proximal jejunum and translocation of the first jejunal loop before other
steps of dissection. Afterwards, the pancreatic head is dissected retrogradely and finally
leading to the transection of the pancreas at its neck [41]. The first step of the approach is
to open Treitz ligament from the left side of the mesenteric root after the Kocher maneuver
with wide mobilization of the duodenum. After division and skeletonizing the first jejunal
loop, this is then pulled through to the right side of the mesenteric root and resection can be
continued as described above. When using this method, there is no need to use tunneling
to transect the pancreas above the portal vein for the specimen is usually already mobilized
extensively. Through the retrograde approach, the resection may be more radical due to a
clear visualization of the medial resection margin throughout the entire preparation and
both superior mesenteric vessels, arteries and veins are clearly seen which may reduce
blood loss. Hence, it is recommended as an additional technique in modern pancreatic
surgery. Recently, it was demonstrated that also laparoscopic uncinate first approach is a
feasible method for pancreatic head neoplasms with high lymph node harvests (19.3 vs.
13.9 (p = 0.03)) and no significant difference in R0 resection, operative time and median
length of stay compared to laparoscopic classical approach [42]. Zhang et al. reported that
laparoscopic pancreaticoduodenectomy (LPD) combined with the uncinate process first
approach improved the laparoscopic resection technique with low risk of postoperative
complications and high rate of curative resection [43]. Wang et al. described that LPD
with uncinate process first reduced the operative time, decreased the bleeding amount
during the operation and protected the variant hepatic artery suggesting that it is safe
and feasible to conduct LPD together with uncinate first approach [44]. Additionally, a
recent comparative study displayed that LPD with the uncinate process-first approach was
feasible compared to traditional pancreatic surgery for this new technique can achieve less
blood loss and a shorter first flatus time together with diet start time [45].
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2.2.3. The TRIANGLE Operation

The TRIANGLE operation aims to develop a novel method for the patients with
locally advanced pancreatic cancer after the neoadjuvant therapy and was described in
2017 [46]. The rationale of this procedure is the observation that after neoadjuvant therapy
conventional imaging fails to differentiate between actual tumor encasement or abutment
and only fibrotic residual tissue mainly to the arterial structures. Therefore, the technique
comprises dissection of all soft tissue along the CA, SMA, SMV, and PV in association with
a radical tumor removal. During the resection process, if must be proven that the specific
periarterial tissue does not include viable tumor by frozen section; afterwards a radical
artery-sparing approach can be conducted. This results in an anatomic triangle bordered by
the SMA, CA, and portal vein revealed by the dissection and finally resection indicating the
comprehensive removal of all soft tissue contained within these borders—usually fibrotic,
neural, and lymphatic tissue (Figure 2). It is essential for the artery to be reached on the
adventitial layer which opens longitudinally and allows to carry out the lymphadenectomy
and soft tissue removal of the respective area. Above all, this technique allows patients
after neoadjuvant therapy have the chance to attain a comprehensive tumor removal.
Furthermore, the major advantage is the avoidance of arterial resection and reconstruction.
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Figure 2. Intraoperative view after radical resection in pancreatic cancer (TRIANGLE operation). Porto-mesenteric vein
resection and reconstruction with ringed allograft, dissection of all soft tissue (grey triangle) between celiac axis and superior
mesenteric artery (red tapes) as well as the replaced mesenterico-portal vein. Blue tape: left kidney vein.
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Furthermore, the major advantage is the avoidance of arterial resection and recon-
struction. However, when required, the TRIANGLE operation can be combined with
and arterial resection and reconstruction, a venous resection is frequently required in this
situation. Rosso et al. described that the “triangle operation” for borderline resectable
pancreatic head cancer was safe and efficient [47].

2.2.4. Venous Bypass First

One of the most challenging procedures during pancreatectomy can arise when
venous infiltration of the portal/superior mesenteric vein axis is basically possible but
hampered by large collateral vessels which implies that preparation may take a rather
long time with the consecutive need for a long clamping time towards the small bowel
with venous congestion [48]. In such situations, including cavernous transformation of the
portal vein, a new surgical technique called “venous bypass graft first” is the procedure
of choice [49,50]. The idea of this procedure is to create an initial venous bypass graft
placement between the superior mesenteric vein or its tributaries and the portal vein in
order to avoid bleeding as well as venous congestion of the small bowel. If the portal
vein is not accessible in the hepatoduodenal ligament or liver hilum, this bypass can be
performed between superior mesenteric vein and inferior cava vein after the Kocher/Cattel-
Braasch maneuver is completed before proceeding with the resection of the pancreatic head.
As cavernous transformation of the portal vein is caused by a complete portal/superior
mesenteric vein occlusion; otherwise, it is an unsolved obstacle for resection, the step-
by-step pancreatic head resections with a ‘venous bypass graft first’ approach should be
carried out to overcome this problem. The approach includes preoperative assessment of
the superior mesenteric and portal vein, exploration, and identification of venous vessels
suitable for a graft placement. By this technique, a continuous porto-venous inflow to the
liver during the resection phase is ensured if performed as a mesenterico-portal bypass.
If this is not directly possible, at least a severe venous congestion of the small bowel can
be avoided. in cases of temporary mesenterico-caval shunting and final restoration of the
portal vein inflow reconstruction to the portal vein after completed tumor resection.

2.2.5. Periarterial Divestment

Due to the increasing application of neoadjuvant therapy in PDAC, especially in
locally advanced disease, surgical strategies and concepts have gradually changed as well
as resection techniques, especially for cases which have been down-staged or shown a
stable disease. It still remains controversial whether it is mandatory to perform arterial
resection for arterial involvement in pancreatic cancer. An alternative approach has been
described as the “periarterial divestment” technique [51,52]. This technique comprises a
radical tumor clearance without arterial resection instead. Because of the inaccuracy of
detection of true arterial involvement and true arterial invasion through current imaging
methods, operative exploration should be performed.

The technique of periarterial divestment describes the sub-adventitial dissection in
the layer between the arterial wall and remnant tumor/fibrous tissue which allows a
radical removal without an arterial replacement. All in all, ‘artery first’ approach, ‘uncinate
process first’, ‘triangle operation’, ‘venous bypass first’, and ‘periarterial divestment’ are
complementary techniques in pancreatic cancer surgery. These mainly vessel-oriented
technical approaches of pancreatic head resection allow removal of all putatively tumor-
infiltrated soft tissue with the utmost aim for an improved R0 resection rate [53].

2.3. Vascular (Venous and Arterial) Resection
2.3.1. Venous Resection

Vascular resection, especially for venous resection has now been widely applied with
pancreaticoduodenectomy in selected patients. The earliest surgery focusing on the supe-
rior mesenteric vein (SMV) was reported by Moore in 1951 during pancreatic surgery [54].
Afterwards, en bloc pancreatoduodenectomy with vein resection was described by Fortner
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and indicated that the technique is safe and favorable [55]. Venous resections have been
modified and refined to be a routine surgical procedure in high volume centers [56,57]. It
is possible to perform vein resection in patients with PDAC during all types of pancre-
atic surgery including pancreaticoduodenectomy, distal, or total pancreatectomies. The
ISGPS classified mesentericoportal vein resections into four groups which was mainly
considered by the approaches of resection and reconstruction [12]. Regarding outcomes
of these techniques, vascular resection along with multiple treatments is beneficial for the
patients with pancreatic cancer especially in the long-term overall survival. [58]. Several
observational studies [59,60] demonstrated that neoadjuvant systematic chemotherapy
can lead to increased radical resection chances for patients with complex tumor-vessel
anatomy. The 2019 French Recommendations for the Vascular Resection for Pancreatic
Cancer [60] has suggested that neoadjuvant treatment should be applied in case of venous
tumor involvement followed by pancreatectomy with venous resection and can potentially
be curative for the respective patients. It is unquestionable that venous resection during PD
must also aim to obtain negative resection margins, while the reported effects on survival
remain controversial [61]. A meta-analysis showed that pancreatectomy combined with
venous resection needed longer operative time and had increased perioperative blood loss
compared to the group of pancreatectomy without venous resection [62]. Patients with
venous resection attained reduced R0 rates. There was no significant difference in postop-
erative complications between the two groups. In terms of survival, patients with venous
resection had lower one-, three-, and five-year survival. The most recent meta-analysis [63]
described that patients with pancreaticoduodenectomy plus venous resection seemed to
attain a larger tumor size, positive lymph nodes and R1 resection rates and higher 30 day
mortality. However, there was no significant difference in rates of total complications. In
terms of long-term outcomes, patients with venous resection had lower one-year overall
survival (OS), three-year OS, and five-year OS. A retrospective study [64] revealed that pa-
tients during pancreatic resection with venous vascular resection attained higher morbidity,
lower five-year disease-free survival (7% and 20%, p = 0.018) and five-year disease-specific
survival (19% and 35%, p = 0.42). Controversially to the reported impaired survival after
venous resection, a recent propensity score-matched analysis [65] showed similar survival
in pancreaticoduodenectomy with venous resection and pancreaticoduodenectomy alone
groups after adjustment for baseline characteristics. A Japanese study [66] described the
feasibility of venous resection and—in combination with adjuvant therapy—favorable
outcomes reaching a 30-month median survival time in borderline resectable patients. This
underlines the need to perform a venous resection whenever required to achieve negative
resection margins and not to compromise radicality by avoidance of vascular resection and
reconstruction. However, the effects of the various treatment options—including neoadju-
vant therapy—in this setting require further evaluation and more high-level studies need
to be conducted in the future.

2.3.2. Artery Resection

In the 1950s, arterial resection was initially described during abdominal surgery by
Appleby on resection of the celiac axis during extended gastrectomy including distal pan-
createctomy [67]. In contrast to vein resection, artery resection is more debatable for its
increased morbidity and mortality and mostly considered as an individual decision in
selected patients [68]. However, the modified Appleby procedure which implies distal
pancreatectomy, splenectomy, and celiac axis resection under preservation of the stomach
has been shown to be beneficial for the patients with advanced tumors of the pancreatic
body and tail [69]. This procedure can achieve median survival times of at least 18 months
when combined with a multimodal treatment concept and is gaining increasing acceptance
today [70]. Furthermore, during recent years, the techniques of replacement applied for
the hepatic artery or the superior mesenteric artery have been improved and procedures
such as splenic artery use have been described for restoration of hepatic or small-intestine
perfusion (Figures 3 and 4) [71]. Oba et al. confirmed that arterial resection it is more likely
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to attain preferable long-term outcome after the application of preoperative neoadjuvant
treatments [72]. A Japanese study reported that patients with distal pancreatectomy plus
celiac axis resection who underwent preoperative therapy achieved better one-, two-, and
five-year overall survivals (100%, 90%, and 78.8%) than those who underwent upfront
surgery (77.9%, 51.5%, and 26.7%; p < 0.0001) [73]. A recent meta-analysis showed that
patients undergoing pancreatic surgery with artery resection had a greater risk of postop-
erative mortality (RR: 4.09, p < 0.001), morbidity (RR: 1.4, p = 0.01) and worse three-year
survival [74]. Regarding specific complications and outcomes, the postoperative compli-
cations and the length of hospital stay and non-R0 rate were not significantly different
compared to those without artery resection. A single-center cohort study reported that
pancreatectomy with artery resection can attain better one-, three-, and five-year survival
rates compared to palliation for patients with LAPC [75]. Another recent study covering
nearly 40 years of experience showed that any type of arterial resection was performed at a
frequency of 6% (44/730 patients) and confirmed the safety and efficacy of these operations
for patients with locally advanced pancreatic cancer, additionally suggesting preoperative
therapy with artery resection as a useful concept for locally advanced pancreatic cancer [76].
An important aspect in selecting patients properly and gaining sufficient surgical experi-
ence to safely perform such procedure which has recently been shown in two large series
that demonstrated the impact of the surgical learning curve in two single center collectives
of 111 and 195 patients, respectively [77,78].
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Figure 3. Example of splenic artery transposition on an aberrant right hepatic artery after resection of the aberrant hepatic
artery due to tumor infiltration. Proper left hepatic artery with red tape and stump of the gastroduodenal artery (broken
white arrow); portal vein (white asterisk); transposed splenic artery with end-to-end anastomosis on the aberrant right
hepatic artery.
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Figure 4. Intraoperative view after combined arterial and venous resection during partial pancreato-duodenectomy.
Resection of the common hepatic artery (white circle) and reconstruction by splenic artery transposition with end-to-end
anastomosis (white arrow) on the proper hepatic artery (upper left red tape). Distal splenic artery stump (black circle)
below the pancreatic cut margin; black asterisk: celiac axis; end-to-end reconstruction of the superior mesenteric/portal
vein (dotted white arrow) and splenic vein on inferior mesenteric vein (black circle); upper right red tape: left gastric artery;
lower middle red tape: superior mesenteric artery.

2.4. Multivisceral Resection

In addition to vascular resections, also multivisceral resections have been applied
increasingly nowadays to attempt to achieve margin-negative resection. Previous studies
indicate that pancreaticoduodenectomy with multivisceral resection is associated with
increased morbidity and potentially mortality with conflicting results in terms of oncologic
outcomes [79–81]. A systematic review suggested that multivisceral pancreatectomies was
safe and feasible in selected patients [82]. A case-matched study showed that multivisceral
distal pancreatectomy was able to achieve radical tumor removal providing beneficial sur-
vival outcomes [83]. Furthermore, a single center analysis demonstrated that multivisceral
resection in pancreatic surgery was suitable for locally advanced pancreatic carcinoma
of the body and/or tail [84], comparable results were achieved in a current multi-center
publication, proving that distal pancreatectomy with multivisceral resection is viable in
order to obtain free margins which is the key to achieve long-term survival [85].

2.5. MIS/Robotic Surgery

With the rapid development of technology, minimal invasive pancreatic surgery has
been popularly applied worldwide. The first laparoscopic pancreatectomy was reported in
1996 while the first robotic pancreatic resections were described in 2003 [86,87]. A recent
international evidence-based guideline on minimally-invasive pancreatic surgery demon-
strated that open, laparascopic and robotic pancreatic surgery all have their own aspects
in treating patients with pancreatic diseases and it is quite possible to achieve promising
clinical outcomes by applying these advanced technologies [88]. An international con-
sensus statement on robotic pancreatic surgery showed that robotic pancreatic surgery is
safe and feasible compared to open pancreatic surgery [89]. Another international expert
consensus on laparoscopic pancreaticoduodenectomy (PD) also showed that laparoscopic
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pancreaticoduodenectomy was safe and effective for experienced surgeons [90]. Further-
more, a current network meta-analysis indicated that laparoscopic PD and robotic PD had
a reduced length of hospital stay, operative bleeding and overall complications while on
the other hand achieving a similar number of retrieved lymph nodes, tumor-free resection
margins, clinically relevant postoperative pancreatic fistula, severe postoperative complica-
tions [91]. Besselink et al. demonstrated that minimally invasive distal pancreatectomy
(DP) is technically safe, whereas oncological feasibility needs to be evaluated carefully.
With respect to minimally invasive PD, some advantages have been shown in comparison
to open PD [92]. However, due to a limited level of evidence, this has to be regarded
with care, but minimally-invasive PD could be beneficial for selected patients with better
short-term clinical outcomes. Without doubt, there is a strong need for more high-quality
trials to confirm potential advantages of minimally invasive pancreatic surgery.

2.5.1. Laparoscopic and Robotic Distal Pancreatectomy

The latest study indicated a shorter length of hospital, less delayed gastric emptying,
higher rates of postoperative pancreatic fistula in minimally invasive distal pancreatectomy
in contrast to open distal pancreatectomy [93]. The DIPLOMA study indicated that mini-
mally invasive distal pancreatectomy attained less median blood loss, shorter hospital stay
and less lymph node retrieval [94]. Furthermore, the LEOPARD randomized controlled
trial proved that the less operative blood loss and the rate of delayed gastric emptying.
However, longer operation times (217 vs. 179 min, p = 0.005) were observed in minimally
invasive distal pancreatectomy [95]. A multicenter study described no significant differ-
ences in the incidence of clinically relevant postoperative pancreatic fistula in robotic distal
pancreatectomy in contrast with open pancreatectomy [96].

2.5.2. Laparoscopic and Robotic Pancreatoduodenectomy

A recent study showed that laparoscopic pancreaticoduodenectomy had lower blood
loss, longer operative time. However, there were no obvious differences among 90-day
overall mortality, Clavien-Dindo 3 complications and postoperative length of hospital stay
in contrast to open surgery [97]. This meta-analysis included—among two other studies—
the LEOPARD-2 randomized controlled phase 2/3 trial which reported more complication-
related deaths in the laparoscopic group compared to open pancreaticoduodenectomy
with no obvious difference in time to functional recovery between the two groups and
thereby weakened the conclusion that laparoscopic pancreaticoduodenectomy is potentially
harmful [98]. Yet, this procedure is probably only feasible in highly-specialized centers
with a respective high case load. However, the level of the current evidence focusing on
minimal invasive pancreaticoduodenectomy may be too low, hence, more high-quality
studies need to be carried out to enhance the future evidence, as especially for robotic
procedures no randomized controlled trials are available to date.

3. Conclusions and Future Perspective

Over the past decades, surgical therapy for pancreatic cancer has been changing and
developing rapidly allowing extended resections and improved complication. Given the
advanced technology and comprehensive strategies, approaches of curative resections have
improved as well as the quality of perioperative management. As a result, the mortality
rate after pancreatic surgery has reduced obviously to a current rate of less than 5% in
specialized centers. Although centralization has not become reality in all countries around
the world, this should be the benchmark and especially advanced pancreatic surgery
should be clearly limited to high-volume centers. Combined with multimodal treatment,
pancreatic surgery allows to improve the quality of life and long-term survival for patients
in different stages of pancreatic cancer. In terms of surgical techniques, open, laparoscopic
and robotic procedures all will exert their own merit in their particular field to achieve
benefit for the patients at the greatest extent.
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AHPBA American Hepato-Pancreato-Biliary Association
SSO Society of Surgical Oncology
SSAT Society for Surgery of the Alimentary Tract
ECOG Eastern Cooperative Oncology Group
BACAP The National Anatomo-Clinical Database on Pancreatic Adenocarcinoma
SMV superior mesenteric vein
PV portal vein
SMA superior mesenteric artery
CA celiac artery
CHA common hepatic artery
PHA proper hepatic artery
LAPC locally advanced pancreatic cancer
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Simple Summary: Aggressive arterial resection or total pancreatectomy in surgical treatment for
locally advanced pancreatic cancer (LAPC) has gradually been encouraged thanks to new chemother-
apy regimens such as FOLFIRINOX or Gemcitabine and nab-paclitaxel, which have provided more
adequate patient selection and local tumor suppression, justifying aggressive local resection. The de-
velopment of surgical techniques provides the safety of arterial resection (AR) for even major visceral
arteries, such as the celiac axis or superior mesenteric artery. Total pancreatectomy has been re-
evaluated as an effective option to balance both the local control and postoperative safety. In this
review, we investigate the recent reports focusing on arterial resection and total pancreatectomy for
locally advanced pancreatic cancer (LAPC) and discuss the rationale of such an aggressive approach
in the treatment of PC.

Abstract: Aggressive arterial resection (AR) or total pancreatectomy (TP) in surgical treatment
for locally advanced pancreatic cancer (LAPC) had long been discouraged because of their high
mortality rate and unsatisfactory long-term outcomes. Recently, new chemotherapy regimens such
as FOLFIRINOX or Gemcitabine and nab-paclitaxel have provided more adequate patient selection
and local tumor suppression, justifying aggressive local resection. In this review, we investigate
the recent reports focusing on arterial resection and total pancreatectomy for LAPC and discuss the
rationale of such an aggressive approach in the treatment of PC. AR for LAPCs is divided into three,
according to the target vessel. The hepatic artery resection is the simplest one, and the reconstruction
methods comprise end-to-end, graft or transposition, and no reconstruction. Celiac axis resection
is mainly done with distal pancreatectomy, which allows collateral arterial supply to the liver via
the pancreas head. Resection of the superior mesenteric artery is increasingly reported, though its
rationale is still controversial. Total pancreatectomy has been re-evaluated as an effective option to
balance both the local control and postoperative safety. In conclusion, more and more aggressive
pancreatectomy has become justified by the principle of total neoadjuvant therapy. Further technical
standardization and optimal neoadjuvant strategy are mandatory for the global dissemination of
aggressive pancreatectomies.

Keywords: pancreatic cancer; arterial resection; total pancreatectomy; neoadjuvant therapy

1. Introduction

Pancreatic cancer (PC) is a dismal clinical entity [1]. For localized PCs, resection is
the only chance for cure. Theoretically, R0 resection is one essential philosophy for cancer
treatment even if the local tumor has invaded major visceral arteries. However, the aggres-
sive biology of PC accompanied with occult metastasis has precluded simply extending
the resection. Pancreatectomy is accompanied by high morbidity, and extended resection,
including arterial resection (AR) or multi-organ resection, has been a challenge because
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of its substantial mortality [2,3]. Total pancreatectomy (TP) is an option to achieve R0
resection in locally advanced PCs. The rationale of TP for PC, however, has long been
in controversy due to complicated short-time outcomes, including malnutrition or brittle
diabetes, along with unsatisfactory long-term survival [4].

New-generation chemotherapies, i.e., FOLFIRINOX [5] or gemcitabine (GEM) + nab-
paclitaxel (GNP) [6], have changed the paradigm of the treatment strategy for unresectable
locally advanced (LA) PCs. In this review, we investigate the recent innovation of aggres-
sive resection for LAPCs including AR or TP and discuss the future perspective of extended
resections for advanced PCs.

2. Arterial Resections
2.1. Overview

Pancreatic ductal adenocarcinoma has an invasive nature, and our predecessor sur-
geons have tried to improve the prognosis by achieving R0 resection by extending resection.
Fortner et al. reported the first series of extended resections named regional pancreatec-
tomy [7]. This report described a novel approach of pancreatectomy for PCs, including TP
and routine portomesentericosplenic confluence resection en bloc with the surrounding
soft tissue. AR was concomitantly performed if needed. However, their results showed
severe short-term outcomes and insufficient long-term survivals and was not accepted as a
reasonable method to improve the treatment outcomes of LAPCs [2,7]. Since then, advances
in surgical techniques and perioperative management have made venous resection and re-
construction during pancreatectomy safe [8,9]. Recent reports have documented favorable
short-term outcomes of venous resection in patients with localized PCs [10,11]; however,
the R0 resection rate, as well as long-term survival, remained unsatisfactory, because the
most frequent site of cancer-positive margin was located at the superior mesenteric artery
(SMA) margin [12,13], which could not be overcome by venous resection alone. Therefore,
the necessity of more radical dissection, including arterial resection, remained and has
become more prominent in the past two decades, although recent meta-analyses concluded
that pancreatectomy with ARs remained a challenge, because it increased the complexity of
the procedure and was associated with increased morbidity and mortality in comparison
to non-AR pancreatectomies [14,15].

2.2. Management for the Involvement of the Superior Mesenteric Artery

In advanced pancreatic uncinate cancers, the superior mesenteric artery (SMA) is the
most common artery that is invaded and becomes a reason for unresectable or pathologi-
cally noncurative resection [12,13,16]. Until recent years, a large series of SMA resections
for PCs was quite limited, and mortality after SMA resection had reportedly been higher
than ordinal pancreatectomies, which discouraged the aggressive resection of LAPCs in-
volving the SMA [17–20] (Table 1). As an alternative, periadventitial dissection (PAD)
of the SMA had been proposed to pursue the local control of the peri-SMA region. In-
oue et al. presented a standardized technique of SMA-PAD using the supracolic anterior
artery-first approach, which resulted in no mortality over 158 patients, with a R0 rate
of 74% [16,21]. Extended resection of the peri-SMA nerve plexus was assumed to cause
neurogenic diarrhea, which would lead to insufficient patient recovery or adjuvant ther-
apy. Inoue et al. documented that the incremental administration of an opium tincture
according to the frequency of watery diarrhea was effective and easy to adjust to, with
satisfactory diarrhea control, leading to sufficient adjuvant therapy introduction (83%) [16].
For more advanced tumors that cause encasement of the artery, SMA resection would be
required. Recently, some high-volume centers with outstanding expertise in pancreatic
resections have reported large series of arterial resections for PCs, including more than
30 cases of SMA resections [22,23]. Bachellier et al. [22] reported a large single-center series,
including 34 SMA resections. They achieved the lowest mortality ever (5.1% of all patients
with AR), which represented the improved safety of SMA resection and reconstruction.
They mainly employed an end-to-end anastomosis using autografts such as a great saphe-
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nous vein and noted that reconstruction with an artificial graft caused thrombosis, leading
to in-hospital mortality. Loos et al. [23] reported another large series involving 30 SMA
resections with an acceptable mortality of 6.7%. They also performed a learning curve
analysis and concluded that even an experienced pancreatic surgeon needed more than
12 cases of AR to minimize the mortality. An optimal reconstruction technique has never
been established and likely depends on the length of a resected segment. Previous reports
on SMA reconstruction employed end-to-end anastomosis or anastomosis to the aorta
with or without graft interposition (Figure 1A,B,D,E) and a rotation of the splenic artery
(SpA) (Figure 1C) [10,17,20,22–34]. Westermark et al. [35] proposed a safe technique of
end-to-end anastomosis of the SMA. They recommended the Cattel-Braasch maneuver,
wherein the total mesentery is detached from the retroperitoneum to facilitate a tension-free
anastomosis. Sterile ice in a surgical towel was placed in the lower sub-mesocolic abdomen
to reduce the warm ischemia of the small intestine. The Cattel-Braasch maneuver enabled
tension-free anastomosis even after SMA resection of 4 cm in length. Accordingly, SMA
resection is now no more an anecdotal tool but one possible option for LA pancreatic head
cancers. Reports focusing on the long-term outcomes after SMA resection are still limited.
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Table 1. Previous reports about resection of the superior mesenteric artery.

Author Year Country N NAT
(%) Procedures Reconstruction

Method
Study
Period

Mortality
(%)

Li [24] 2004 China 11 ND PD Graft 8, interposition
from the aorta 3 1994–2003 ND

Nakao [10] 2006 Japan 3 ND PD, TP ND 1981–2005 35.7 **
Yekebas [20] 2008 Germany 3 ND PD, DP EEA 1, graft 2 1994–2005 33

Amano [17] 2009 Japan 12 13 ** PD, TP
EEA 3, SpA

transposition 7 *,
graft 2

2005–2009 17

Boggi [25] 2009 Italy 6 ND PD EEA 1, graft 5 1987–2004 4.0 **
Martin [26] 2009 USA 2 100 PD, TP Graft 2 1999–2007 0

Kitagawa [19] 2011 Japan 17 ND PD EEA 1, graft 16 2002–2011 12
Bockhorn [27] 2011 Germany 3 ND PD, TP Graft 3 1994–2004 14 **
Rehders [28] 2012 Germany 4 ND PD EEA 3, graft 1 2004–2010 ND

Gong [29] 2013 China 10 ND PD ND 2006–2011 6.7 **
Sgroi [30] 2015 USA 4 38 ** PD EEA 4 2003–2013 ND

Glebova [31] 2016 USA 2 28 ** PD EEA 1, graft 1 1989–2014 ND
Perinel [32] 2016 France 6 67 TP SpA transposition 6 2008–2014 0

Tee [33] 2018 USA 15 75 ** PD, DP, TP EEA, graft, or
reconstruction † 1990–2017 7.0

Loveday [34] 2019 Canada 10 94 ** PD, DP, TP EEA, interposition
from the aorta † 2009–2016 3.2 **

Bachellier [22] 2020 France 34 75 ** PD, DP, TP EEA or graft 34 † 1990–2017 5.7

Loos [23] 2020 Germany 30 49 ** PD, DP, TP EEA, graft,
transposition † 2003–2019 6.7

NAT, neoadjuvant therapy, ND, not described, PD, pancreaticoduodenectomy, TP, total pancreatectomy, DP, distal pancreatectomy, EEA,
end-to-end anastomosis and SpA, splenic artery. * The hepatic artery was anastomosed to the SpA with total pancreatectomy; ** Incidence
among all patients with arterial resection. † Each number was not documented.

2.3. Resection of the Hepatic Artery

Advanced cancers located at the pancreatic neck often invade the common and proper
hepatic artery (HA), as well as the gastroduodenal artery (GDA). In such cases, segmental
resection of the HA, including the root of the GDA, is suggested. If cancer invasion is
limited and resected segment is short, end-to-end anastomosis is often possible. Recent
guidelines have also described the combined HA or celiac axis (CA) resection as one of
the putative options for LAPC [36]. Although a large series that specifically focuses on
HA resection is limited, there are many small case series, including five to 20 patients
who mainly underwent pancreaticoduodenectomy (PD) with concomitant resection of the
HA until recently [10,17,20,24–27,29–32,37–39] (Table 2). Amano H et al. first reported a
medium series of HA resections in which they described the details of techniques and
outcomes about HA reconstruction. The in-hospital mortality rate was 7%, accompanied
by an R0 rate of 80% and a median survival time (MST) of 12 months. The authors
concluded that HA resection is justified only when surgery of R0 has taken place for
selected patients with PC. Regarding the reconstruction technique of the HA, several reports
described HA reconstruction, which was dominantly done by end-to-end anastomosis
(Figure 2A,B) [24–27,30–32,37]. Short-segment resection of the HA was simple and safe and
could be recommended as an entry procedure of AR for pancreatic surgeons who perform
pancreatic head resection. In a case where the HA is resected in a long segment, arterial
transposition (Figure 2C,D) [17,32] or interposition using the autograft to bridge between
the celiac axis or aorta and proper HA is required (Figure 2E) [24,25,27,31]. To simplify and
reduce the number of anastomoses, transposition of the SpA or colic artery should first
be considered. The right inferior phrenic artery is an alternative option for a small orifice
of the left HA. Although SpA transposition is usually performed with TP to gain enough
length of the SpA pedicle, preservation of the pancreas tail would be possible if the left
gastric artery (LGA) and great pancreatic artery are preserved. Desaki et al. reported a
case series of SpA resection during PD mainly for PCs and documented that no clinically
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relevant splenic infarction was observed [40]. On the other hand, the omittance of HA
reconstruction would be possible if we performed a specific preparation for HA resection.
Miyazaki et al. proposed the novel management of HA resection with preoperative HA
embolization to enhance the collateral hepatic arterial inflow [38]. After HA resection,
backflow from the proper HA stump was observed. If the backflow was strong enough,
they omitted HA reconstruction. In a 21-patient series, they reconstructed HA in only one
patient, and eventually, 33% of the patients suffered postoperative liver infarction, but
there was no in-hospital mortality.

Table 2. Previous reports about resection of the hepatic artery.

Author Year Country N NAT
(%) Procedures Reconstruction

Method
Study
Period

Mortality
(%)

Li [24] 2004 China 8 ND PD EEA 5, graft 3 1994–2003 ND
Nakao [10] 2006 Japan 9 ND PD, TP ND 1981–2005 ND

Yekebas [20] 2008 Germany 10 ND PD, TP, DP EEA 10 1994–2005 0

Amano H [17] 2009 Japan 15 13 † PD, TP EEA 3, GDA 4 *, SpA
6 **, Others 3 2005–2009 6.7

Boggi [25] 2009 Italy 12 ND PD EEA 6, graft 5, no
reconstruction 1 1987–2004 4 †

Martin [26] 2009 USA 3 33 PD, TP EEA 3 1999–2007 0
Bockhorn [27] 2011 Germany 18 ND PD, TP EEA 10, graft 8 1994–2004 14 †

Gong [29] 2013 China 5 ND PD ND 2006–2011 6.7 †

Amano R [37] 2015 Japan 7 100 PD, TP EEA 6, no
reconstruction 1 2012–2013 0

Sgroi [30] 2015 USA 7 38 † PD EEA 7 2003–2013 ND

Glebova [31] 2016 USA 18 28 † PD EEA 15, graft 2, no
reconstruction 1 1989–2014 ND

Perinel [32] 2016 France 6 0 TP SpA 3, no
reconstruction 3 ‡ 2008–2014 0

Miyazaki [38] 2017 Japan 21 43 PD, TP EEA1, no
reconstruction 20 2019–2015 0

Tee [33] 2018 USA 60 75 † PD, DP, TP EEA or graft or
reconstruction § 1990–2017 13

Loveday [34] 2019 Canada 10 94 † PD, DP, TP EEA, interposition
from the aorta † 2009–2016 3.2 †

Bachellier [22] 2020 France 29 75 † PD, DP, TP EEA or graft 20 §, no
reconstruction 9 § 1990–2017 5.1 †

Loos [23] 2020 Germany 85 49 † PD, DP, TP EEA, graft,
transposition § 2003–2019 16.7

EEA, end-to-end anastomosis, ND, not described, PD, pancreaticoduodenectomy, TP, total pancreatectomy, DP, distal pancreatectomy,
GDA, gastroduodenal artery and SpA, splenic artery. * The replaced hepatic artery was anastomosed to the GDA. ** The hepatic artery was
anastomosed to the SpA with total pancreatectomy. † Incidences among all patients with arterial resection. ‡ Includes patients who had
replaced HA. § Each number was not documented.
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Figure 2. Reconstruction of the hepatic artery. (A) Basic anatomy of the relevant vessels in HA resection. (B) Direct end-to-
end anastomosis. (C) Transposition of the MCA and RIPA to be anastomosed with the RHA and LHA. (D) Transposition
of the SpA to be anastomosed with the proper HA. (E) Graft interposition from the aorta to the stump of the proper HA.
HA, hepatic artery, RIPA, right inferior phrenic artery, SpA, splenic artery, GDA, gastroduodenal artery, SMA, superior
mesenteric artery, MCA, middle colic artery, LGA left gastric artery, RHA, right hepatic artery and LHA, left hepatic artery.

2.4. Resection of the Celiac Axis

CA resection for advanced pancreatic body cancer was an exceptional situation of
arterial resection, wherein reconstruction of the hepatic artery was considered to be un-
necessary because of the peripancreatic collateral arterial flow that originated from the
SMA [41]. Pancreatic body cancers frequently involve the celiac–hepatic artery system,
and distal pancreatectomy with celiac axis resection (DP-CAR) was a reasonable choice
to achieve an en-bloc eradication of the tumor and its invasion. The concept of DP-CAR
was a modification of the Appleby procedure originally for advanced gastric cancers [41].
The first report about DP-CAR was written by Hishinuma et al. in 1991, and they docu-
mented the preservation of the whole stomach during CAR and distinguished DP-CAR
from the Appleby procedure in that the stomach was preserved [42]. Afterward, several
small series of DP-CARs were reported [43–47], and in 2007, Hirano et al. first described the
short- and long-term outcomes of the standardized DP-CAR [48]. They reported 23 patients
who underwent DP-CARs with no mortality and had acceptable overall survival (five-year
survival rate, 42% and median survival time, 21 months). This pivotal report encouraged
pancreatic surgeons worldwide to perform DP-CAR as a promising option to balance
surgical and oncological safety. However, as the cases accumulated, ischemic complica-
tions involving the stomach or liver became prominent, as well as post-pancreatectomy
hemorrhage, caused by the insufficient drainage of postoperative pancreatic fistula, leading
to non-negligible mortality [49–54] (Table 3). Ischemic gastropathy or stomach perfora-
tion were complications specific to DP-CARs, which often included resection of the LGA,
as well as the left gastroepiploic artery. Moreover, radical retroperitoneal dissection during
DP-CAR includes resection of the left inferior phrenic artery. These sacrifices of critical
gastric inflows potentially lead to life-threatening gastropathy [55]. As for liver infarc-
tion, collateral hepatic flow via the GDA was theoretically sufficient for liver perfusion.
However, excessive dissection of the GDA sometimes leads to arterial stenosis, which
causes depression of the hepatic arterial flow [56]. Depression of the proper hepatic artery
induces recurrent cholangitis, liver abscess or cholecystitis. Cholecystitis was reported
to be one possible cause of postoperative major intervention [50,55]. Therefore, the gall-
bladder should be resected routinely during DP-CAR. In the early years, preoperative
arterial embolization of the HA or LGA to enhance the collateral flow was encouraged to
avoid ischemic complications. However, recent reports found no positive impact of arterial
embolization on the prevention of postoperative ischemic complications [55–58]. Another
possible resolution is an intraoperative reconstruction of the LGA. Sato et al. first described
reconstruction of the LGA to avoid ischemic gastropathy after DP-CAR [59]. The authors
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used a pedicle of the middle colic artery as an origin of the arterial supply. The right branch
of the middle colic artery is usually away from the pancreatic body cancer and used as
a suitable counterpart of the LGA. The efficacy of the anastomosis should be confirmed
promptly and objectively after anastomosis. Oba et al. reported the intraoperative evalua-
tion of the patency of LGA anastomosis using indocyanine green fluorescence imaging [60].
By these managements, the safety of DP-CARs would be improved.

Table 3. Previous reports of distal pancreatectomy with celiac axis resections (DP-CARs).

Author Year Country N Study
Period

Preoperative
Embolization

(%)

LGA Flow
Preservation

(%)

Ischemic
Complication (%) Mortality

(%)Stomach Liver

Klompmaker [49] 2019 Europa 191 2000–2016 38 12 11 23 9.5
Nakamura [50] 2016 Japan 80 1998–2015 100 6.3 29 6 5
Yamamoto [53] 2017 Japan 72 2001–2011 ND ND ND ND 4.2

Okada [55] 2018 Japan 50 2004–2017 92 46 10 56 8
Yoshitomi [58] 2019 Japan 38 2010–2016 74 0 10 3 3

Ocuin [48] 2016 USA 30 2007–2015 ND 0 7 ND 14
Yoshiya [49] 2019 Japan 20 2008–2018 80 0 0 ND 0
Beane [51] 2015 USA 20 2011–2012 ND 0 0 0 10
Oba [57] 2019 Japan 18 2014–2017 0 89 11 ND 0

LGA, left gastric artery and ND, not described.

3. Total Pancreatectomy

TP was reported by Rockey et al. for the first time [61]. Although TP was attempted
to improve the survival of patients with PC with the rationale to avoid anastomosis-related
morbidity and mortality in early years [62,63], Warren et al. documented that TP led
to pancreatic endocrine and exocrine insufficiency, resulting in brittle diabetes due to a
lack of endocrine and malabsorption caused by exocrine deficiency [64]. Later, TP was
indicated with the intention to improve the local control in extensive pancreatic cancers [7].
However, as was described by Fortner et al., a simple extension of resection resulted in
poor short-term outcomes accompanied by unsatisfactory survival [2]. In the 1980s, TP was
attempted to eradicate multicentric carcinogenesis in the whole pancreas, but it failed to
improve the survival of patients with PS, because the incidence of tumor multicentricity
proved to be low [4,65]. Therefore, TP has been discouraged for the curative treatment of
PCs [66]. After 2000, the introduction of long-acting insulin formulations facilitated the
easy control of blood sugar levels after TP. As a result, endocrine-related mortality has been
rarely reported ever since. As for exocrine insufficiency, diarrhea was the most frequent
sequelae after TP, and 23.5% of patients who underwent TP still had symptoms, despite
pancreatic enzyme administration [67]. Moreover, malabsorption causes postoperative
steatohepatitis, which potentially leads to life-threatening hepatic decompensation [68].
Hata et al. identified female gender, malnutrition and insufficient pancreatic enzyme
substitution as significant prognostic factors of post-TP steatohepatitis and suggested
that high-dose pancreatic enzyme replacement therapy might have preventive effects
on hepatic steatosis occurring after a pancreatectomy [69]. Anyway, the development
and standardization of the surgical technique fostered by the case accumulation and
centralization of complicated procedures has gradually made the surgical outcomes of
TP an acceptable level, like partial pancreatectomy [70–73]. Long-term survivals have
gradually become better and better. Until the middle of the 2000s, the MST of patients
who underwent TP for PCs was about one year or less [4,74,75]. Schmidt et al. reported a
substantial improvement in survival after TP for pancreatic neck cancers, documenting an
MST of 18 months [76]. After 2010, a large series comprising 289 patients with TP for PCs
documented an MST of 18.1 months [72]. Accordingly, TP was gradually reappraised as a
reasonable option to achieve a cure for selective patients with PC [70,72,77–83] (Table 4).
If TP was applied to LAPCs to obtain a cure or long-term survival, we would have to
consider the quality of life after TP, as well as the absolute surgical safety or survival time.
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Recently, several reports documented a significant reduction of physical functioning [84]
or both the physical and emotional composite scores [85,86]. Stoop et al. stated in the latest
report that the quality of life after TP was reduced in comparison to the general population
but remained stable compared with the preoperative situation [84]. They demonstrated
the challenges of endocrine (96% of patients involved) and exocrine insufficiency (64% of
patients involved) after TP and claimed that the management of both insufficiencies should
be improved further to overcome the quality of life reduction after TP.

Table 4. Previous reports about total pancreatectomy for pancreatic cancers.

Author Year Country N Study Period Mortality (%) R0 Resection Rate (%) Median Survival
Time (Months)

Brooks [74] 1989 USA 48 1970–1986 8.3 ND 12
Launois [75] 1993 France 47 1968–1986 15 ND 8
Karpoff [4] 2001 USA 35 1983–1998 5.7 82 7.9
Schmit [76] 2007 USA 33 1992–2006 6 100 18
Reddy [70] 2009 USA 100 1970–2007 8 78 12
Nathan [77] 2009 USA 376 1998–2004 8.6 ND 15
Hartwig [71] 2015 Germany 289 2001–2012 7.8 ND 18

Satoi [78] 2016 Japan 45 2001–2011 0 76 17
Johnston [79] 2016 USA 2582 1998–2004 5.5 76 15

Xiong [80] 2017 China 50 2009–2015 6 90 18
Passeri [81] 2019 USA 807 1998–2006 5.6 76 17

Hashimoto [82] 2020 Japan 1393 2013–2016 1.1 ND ND
Stoop [83] 2020 Sweden 90 2008–2017 3.4 ND ND

ND, not described.

4. Recent Evolution of Radical Pancreatectomies in the Era of New Regimens and
Future Perspective
4.1. Recent Reports of Extremely Radical Pancreatectomy

The respective techniques of arterial resection or total pancreatectomy have grad-
ually matured and become common among experienced pancreatic surgeons; however,
extremely radical pancreatectomy involving major arterial resection with or without total
pancreatectomy is still controversial in that long-term survival is not considered worth
carrying the surgical risks for patients with LAPC [3,17,70–72]. However, the introduction
of new-generation chemotherapy regimens such as FOLFIRINOX [5] or GNP [6] has grad-
ually changed the paradigm of indication for these surgical challenges. In recent years,
multiple high-volume pancreatic centers have reported extremely radical pancreatectomy
after intensive neoadjuvant therapy (NAT) using FOLFIRINOX or GNP.

Tee et al. first reported a large series of AR combined with new-generation NAT
for advanced PCs [33]. In this study, 111 patients underwent pancreatectomy with AR,
including any hepatic (54%), any celiac (44%), any superior mesenteric (14%) or multiple
ARs (14%), with revascularization in 55% (Figure 1F). TP was performed on 20 (18%)
patients. The majority of cases underwent planned AR (77%), and most of the procedures
were performed post-2010 (78%). The most common indication for pancreatectomy was
for PC in 87 (78%) patients. Of these patients, 65 (75%) were treated with neoadjuvant
systemic chemotherapy that included FOLFIRINOX, GNP or both, with the majority
(88%) also receiving sequential chemoradiation with a total dose of 50.4Gy with various
radiation sensitizers. Ninety-day major morbidity (≥grade III) and mortality was 54%
and 13% mainly due to post-pancreatectomy hemorrhage, postoperative pancreatic fistula
or ischemia. They emphasized that a significant decrease in mortality was achieved in
patients who underwent ARs post-2010 (9% compared with 29% in patients before 2010,
p = 0.02). From the same group, Truty et al. reported a systematic classification of CAR,
which included three levels according to the extent of the resection: class 1, celiac only,
class 2, celiac and PHA and class 3, SMA additional to class 1 or 2 [57]. Ninety-day
mortality was 10%, with a significant improvement in the last 50 consecutive cases (4%).
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The R0 resection rate (88%) was associated with chemoradiation (p = 0.004). The MST
was 36.2 months, superior from the neoadjuvant chemotherapy (8.0 vs. 43.5 months).
Truty et al. also reported a large series comprising 194 borderline resectable or LAPC [87].
En-bloc venous and/or arterial resection was required in 125 (65%) patients, with 94%
of patients achieving R0 margins. TP was performed in 25 (13%) patients. The 90-day
mortality was 6.7%. Among patients without mortality, epochally favorable survival
outcomes were obtained (the median, one-year, two-year and three-year overall survivival
(OS) rates were 58.8 months, 96%, 78% and 62%, respectively). They emphasized the
efficacy of total neoadjuvant therapy (TNT) with favorable prognostic factors: extended
duration (six cycles) of neoadjuvant chemotherapy, optimal post-chemotherapy CA19-9
response and major pathological response. Bachellier et al. reported a large AR series for
PCs with excellent postoperative outcomes [22]. The most impactful point was that this
study included 35 SMA resections, which was the largest ever. The overall mortality and
morbidity were 5.1% and 41.5%, respectively. Preoperative radiation was not employed,
assumably to secure the safety of complicated AR of the major visceral arteries. TP was
performed in 18 (15%) patients. Some patients (75.4%) underwent NAT. The median,
one-year, three-year and five-year OS rates after resection were 13.7 months, 59%, 13%
and 12%, respectively. They identified that R0 resection (hazard ratio: 0.60, p = 0.01) and
pathological venous invasion (hazard ratio: 1.67, p = 0.04) were independent prognostic
factors. Loos et al. reported the largest AR series (195 patients) for LAPCs recently [23].
They compared AR with periadventitial dissection (PAD; n = 190), which was an optional
technique to achieve R0 resection in borderline resectable or LAPCs, and revealed higher
rates of postoperative pancreatic fistula (4.2% after PAD vs. 10.3% after AR; p = 0.022),
post-pancreatectomy hemorrhage (4.7% vs. 14.9%; p = 0.001), ischemia (4.2% vs. 15.9%;
p < 0.0001) and relaparotomy (12.6% vs. 26.9%; p = 0.001) after AR. The overall mortality
rate of AR was higher than that of PAD (12.8% vs. 4.7%; p = 0.005). Although the mortality
rate became lower and lower through the study period, AR remained more dangerous
than PAD. The authors concluded even experienced pancreatic surgeons needed a learning
curve of 15 ARs to safely perform the procedure. These results indicated the difficulty of
AR to be disseminated globally. The median and five-year OS rates were 21.5 months and
15%, respectively, after PAD and 17.7 months and 9% after AR (p = 0.099). These results
were attributed to more advanced stages and less incidences of NAT in the AR group.

4.2. En-Bloc Arterial Resection or Arterial Divestment?

There still remains controversy over the issue of whether we choose AR for major
vessels or not, especially for the SMA. Even in highly selected patients, the SMA resection
is regarded as difficult to be generalized. To balance surgical and oncological safety,
the arterial divestment technique has been proposed as an alternative for SMA resection.
“Divestment” means “undressing” or “circumferential dissection”. The detailed technique
and outcomes of arterial divestment were described in recent reports from the Heidelberg
group [88,89]. The SMA was dissected using an artery-first approach through a wide Kocher
maneuver, and if needed, a Cattel-Braasch maneuver was added. The authors recommend
intraoperative sampling of the periadventitial tissue around the SMA, and if the cancer
was positive, divestment was first attempted. Cai et al. recommended in their report that
peri-adventitial dissection should be done with cold dissection using the tip of a right-
angled clamp or the nonworking tip of energy devices [89]. Burn injury on the arterial wall
would be a risk of postoperative aneurysm. If the dissection was difficult due to direct
encasement, finally, AR was employed. To select among the three choices: divestment, AR
or aborting resection before the point of no return, an artery-first approach is mandatory.
The safety of the divestment technique was reported by a recent article from the same
group of Heidelberg [23]. Inoue et al. [16] described the details of periadventitial dissection
around the SMA, which resulted in no mortality by the use of an artery-first approach.
It did not preclude postoperative recovery or adjuvant therapy if the neurogenic diarrhea
was adequately controlled. However, the safe utilization of this technique has never
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been generalized. Sabater et al. [90] conducted the first randomized trial to compare the
oncological and surgical outcomes between artery-first PD and standard PD. The authors
concluded that they found no difference either in the R0 resection rates (67.9 % vs. 77.3 %,
p = 0.194) or in the postoperative complications (overall morbidity rate; 67.9% vs. 73.3%,
p = 0.484) in patients undergoing artery-first PD versus standard PD. Although this trial
included only resectable PCs and other periampullary malignancies, and their conclusions
could not be applied directly to the management of LAPCs, this technique should be
carefully applied by an expert pancreatic surgeon at a high-volume center. Another
important matter is when and how we decide the approach to the SMA. Habib et al. [91]
also encouraged SMA divestment for selected patients after new-generation NAT. They
also indicated the usefulness of the preoperative radiological finding of circumferential
SMA encasement. Halo sign, wherein the SMA was surrounded by hypodense tissue
without narrowing, was potentially a candidate for resection using arterial divestment.
On the other hand, string sign, wherein the SMA was surrounded by periadventitial tissue
forming an irregular narrowing (like a string), was not a candidate for R0 resection, even
with arterial divestment. Habib et al. and the John’s Hopkins group did not regard a patient
with string sign as an adequate candidate for resection, because they could not justify SMA
resection due to the high morbidity and mortality. However, the radiological change after
NAT did not represent a pathological regression of the tumor cells, and decision-making by
the preoperative findings alone would include the risk of overdiagnosis and loss of chance
for a cure. Del Chiaro also advocated intraoperative decision-making of the divestment
or AR [92]. The author also recommended performing the divestment technique by the
surgical team experienced in AR, because we have to prepare for unexpected arterial injury
during SMA dissection, which requires complex vascular reconstruction.

On the other hand, Truty et al. [87] strongly recommended a planned en-bloc resection,
even for the SMA. Their recent report still included a high mortality rate (9 out of 71 LAPC
patients) after aggressive AR, but they stated that the safety of AR has become more robust
recently and documented a surprisingly high R0 rate and long-term survival. Actually,
the intraoperative judgement of periadventitial cancer invasion requires a test dissection,
which potentially cuts into the cancer tissue. The superiority of planned en-bloc portal vein
resection in obtaining R0 to unplanned venous resection after a test dissection was recently
documented [93]. The en-bloc approach is exactly the principle of regional pancreatectomy
suggested by Fortner et al. [7], and the reappraisal of regional en-bloc resection has been
reported, such as for portal vein resection [94]. If the safety of AR is guaranteed, the same
theory should be justified in SMA resection as well. For pancreatectomy with complicated
AR, the efficacy of concomitant TP has been reappraised. The total removal of the pancreatic
gland makes the procedure safer by eliminating the problem of pancreas fistula and its
potentially fatal effect on arterial anastomosis [95,96]. This strategy, which was originally
suggested at the dawn of the radical resection of PCs, has become justified after the
improvement of the perioperative management of TP patients through several decades.

4.3. Rationale of Total Neoadjuvant Therapy

Another recent topic relevant to extremely radical pancreatectomy for PCs is the ratio-
nale of TNT. TNT has been advocated for LA gastrointestinal cancers, i.e., esophageal can-
cers [97] or rectal cancers [98,99], wherein the surgical burden of resection likely hampers
prompt postoperative recovery and adequate adjuvant systemic chemotherapy. For LAPCs,
due to a lack of effective regimens, TNT has long been out of the question, and the efficacy
of TNT was suggested only recently. Murphy et al. reported a prospective single-arm
phase II trial evaluating the efficacy of TNT using FOLFIRINOX for LAPCs with the pri-
mary endpoint of the R0 resection rate [100]. This report was the first concrete evidence
of TNT for PCs. Forty-nine LAPC patients were enrolled. Eight cycles of FOLFIRINOX
were administered, followed by short- or long-course chemoradiotherapy, depending on
the radiological findings after FOLFIRINOX. Thirty-nine (80%) patients completed eight
cycles. One patient (2%) had a radiographic complete response. Twenty-three patients
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(49%) had a partial response, while 21 (45%) had a stable disease. Two patients (4%) had a
progressive disease by the response evaluation criteria in solid tumours (RECIST) criteria.
Thirty-four patients (69%) underwent surgical resection. Finally, 30 (61%) patients achieved
R0 resection. TNT with FOLFIRINOX was feasible and provided a favorable long-term
survival (median progression-free survival was 17.5 months (95% CI: 13.9–22.7), and me-
dian MST was 31.4 months (95% CI, 18.1–38.5)). For LAPCs, intensive neoadjuvant therapy
has already become a consensus, and the next issue is how we can standardize the optimal
contents, dose and duration of NAT. Moreover, scientifically reliable evidence for neoadju-
vant therapy for PCs [101,102] is still sparse compared to adjuvant therapy [103–106] so far.
Whether or not we should really omit adjuvant therapy remains unclear.

5. Conclusions

In this review, the recent development of radical pancreatectomy, including arterial
resection, arterial divestment or total pancreatectomy, was discussed. Thanks to the recent
improvement of chemotherapy using multiple agents, both tumor suppression and patient
selection have become pragmatic. Simple resection of the HA or CA and TP has likely be-
come a matured technique. To implement ERP including SMA resection or combined major
arterial resections, the further accumulation of cases, the establishment of a standardized
technique and optimal neoadjuvant therapy should be pursued.
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Simple Summary: Pancreatic ductal adenocarcinoma (PDAC) is a dismal disorder, but conversion
surgery (CS) has provided possibilities of better prognosis for unresectable (UR-)PDAC. We retro-
spectively investigated the clinical benefits of CS in patients with UR-PDAC. We performed CS in
20 of the 398 UR-PDAC cases between 2006 and 2019(5.1%). Compared the overall survival (OS)
period among patients undergoing CS, resectable (R), borderline resectable (BR), unresectable locally
advanced cancer (UR-LA), and unresectable cancer with distant metastasis (UR-M) groups, the CS
group had significantly better survival than R, BR, UR-LA, and UR-M groups (73.7, 32.7, 22.7, 15.7,
and 8.8 months, respectively). Moreover, multivariate analysis revealed the presence of chemoraio-
therapy and partial response/complete response in the Response Evaluation Criteria in Solid Tumors
(RECIST) were statistically significant prognostic factors for OS among patients undergoing CS
(p = 0.004 and 0.03, respectively). This study highlights importance of multidisciplinary treatment
including CS for patients with UR-PDAC.

Abstract: Background: Unresectable pancreatic ductal adenocarcinoma (UR-PDAC) has a poor
prognosis. Conversion surgery is considered a promising strategy for improving the prognosis of
UR-PDAC. This study aimed to investigate the clinical benefits of conversion surgery in patients with
UR-PDAC. Methods: We retrospectively evaluated patients with PDAC who were referred to our
department for possible surgical resection between January 2006 and December 2019. Conversion
surgery was performed only in patients with UR-PDAC who could expect R0 resection. We analyzed
the prognostic factors for overall survival among patients who underwent conversion surgery.
Results: Overall, 638 patients with advanced pancreatic cancer were enrolled in this study. According
to resectability, resectable cancer (R) was present in 180 patients, borderline resectable cancer (BR)
was present in 60 patients, unresectable locally advanced cancer (UR-LA) was present in 252 patients,
and unresectable cancer with distant metastasis (UR-M) was present in 146 patients. Conversion
surgery was performed in 20 of the 398 UR cases (5.1%). The median period between the initial
therapy and conversion surgery was 15.5 months. According to the Response Evaluation Criteria
in Solid Tumors (RECIST) evaluation, the treatment response was CR in one patient, PR in 13, SD
in five, and PD in one. Downstaging was pathologically determined in all cases. According to the
Evans grading system, grade I was observed in four patients (20%), grade IIb was observed in seven
(35%), III was observed in seven (35%), and IV was observed in two (10%). We compared the overall
survival period from initial treatment among patients undergoing conversion surgery; the median
overall survival durations in the conversion surgery, R, BR, UR-LA, and UR-M groups were 73.7,
32.7, 22.7, 15.7, and 8.8 months, respectively. Multivariate analysis revealed that the presence or

83



Cancers 2021, 13, 1057

absence of chemoradiotherapy (CRT) and the RECIST partial response (PR)/complete response (CR)
for the main tumor were statistically significant prognostic factors for overall survival among patients
undergoing conversion surgery (p = 0.004 and 0.03, respectively). Conclusion: In UR-PDAC, it is
important to perform multidisciplinary treatment, including CRT with conversion surgery.

Keywords: unresectable pancreatic ductal adenocarcinoma; conversion surgery; chemoradiotherapy

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a very dismal disease with a poor prog-
nosis among malignant tumors in Japan [1]. Even in the United States, PDAC is the fourth
leading cause of cancer-related deaths [2]. This disease has a 5-year survival rate of approx-
imately 10%. Surgical resection is the only potentially curative therapy, but only 10–20% of
patients with resectable PDAC are classified at the time of the initial diagnosis [3]. When
we select the methodology of treatment for a patient with PDAC, the appropriate treatment
is likely to decided based on the resectable classification rather than the stage classification.
The National Comprehensive Cancer Network (NCCN) has proposed a resectable classifica-
tion for PDAC and recommended optimal therapy based on each resectability [4]. Among
them, pancreatic cancer patients with unresectable locally advanced cancer (UR-LA) and
unresectable cancer with metastasis (UR-M) are recommended to receive chemotherapy if
their performance status is good. Combination chemotherapy with fluorouracil, leucovorin,
irinotecan, and oxaliplatin (FOLFIRINOX) or modified (mFOLFIRINOX), chemoradiation,
gemcitabine plus nab-paclitaxel (PTX), and/or chemoradiation are listed as candidate
regimens for chemotherapy. The Japanese Pancreas Society designed new and definite re-
sectability criteria in 2019 based on the NCCN guideline [5]. Regarding resectable advanced
pancreatic cancer, a prospective randomized trial in Japan compared surgical resection
and chemoradiotherapy (CRT) after laparotomy was used to identify the localized pancre-
atic cancer invading the surrounding vasculature; this study showed that patients who
underwent surgical resection had significantly longer survival than those treated with
CRT alone [6].

In recent reports, multidisciplinary treatments, including surgical resection and
chemotherapy or chemoradiation therapy, have improved the survival of patients with
PDAC [7–9]. As for patients with resectable (R) PDAC, adjuvant chemotherapy has become
standard even after curative resection [10,11]. Moreover, many studies have reported the
effectiveness of neoadjuvant chemotherapy. In recent years, patients with UR-PDAC have
been able to achieve treatment effects to be converted to surgical resection. This surgical
strategy is called “conversion surgery”. Therefore, several reports about conversion surgery
have been published in selected patients with initially UR-PDAC, and the prognostic effect
of conversion surgery has been reported [12–22]. However, it is unclear whether conversion
surgery with a high treatment effect is truly advantageous in patients with UR-PDAC.

In this study, we aimed to clarify the clinical benefits and important factors of conver-
sion surgery for patients with UR-PDAC who underwent CRT.

2. Methods
2.1. Ethics Statements

All research performed in studies involving human participants were according to
discipline of the institutional research committee and with the 1964 Declaration of Helsinki.
Written informed consent was obtained from all study participants.

2.2. Study Design and Patient Population

This retrospective study was performed using data from a prospective database. All
patients with PDAC treated at the Department of Digestive Surgery, Breast and Thyroid
Surgery, Kagoshima University between January 2006 and December 2019 were enrolled in
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our study. PDAC was diagnosed by cytology or pathology through endoscopic retrograde
cholangiopancreatography or endoscopic ultrasound-guided fine-needle aspiration. PDAC
progression was diagnosed using multidetector-row computed tomography, ethoxybenzyl-
magnetic resonance imaging, and fluorine-18-2-deoxy-D-glucose positron emission tomog-
raphy. All patients were divided into resectable cancer (R), borderline resectable cancer
(BR), UR-LA, and UR-M, which was defined according to the NCCN Clinical Practice
Guidelines version 2 from 2020 [4].

2.3. Therapy Method

The gemcitabine and S-1 (GS) regimen is as follows, that the daily dosage of S-1
chemotherapy was 60 mg/m2 combined with 1000 mg/m2 gemcitabine. Patients received
gemcitabine intravenously on days 8 and 15 of a 21-day cycle and oral S-1, twice daily
on days 1–14. The GEM plus nab-PTX regimen consisted of gemcitabine 1000 mg/m2

and nab-PTX 125 mg/m2 administered on days 1, 8, and 15, every 28 days. The modified
FOLFIRINOX (m-FOLFIRINOX) regimen used in our study was the same as that of a
Japanese phase II study and consisted of oxaliplatin at a dose of 85 mg/m2, administered
as a 2-h intravenous infusion, immediately followed by leucovorin at a dose of 200 mg/m2,
administered as a 2-h intravenous infusion, with the addition, after 30 min of irinotecan
at a dose of 180 mg/m2, administered as a 90-min intravenous infusion through a bypass
line. This treatment was immediately followed by fluorouracil at a dose of 400 mg/m2

administered via intravenous bolus, followed by a continuous intravenous infusion of
2400 mg/m2 over a 46-h period, every 2 weeks. CRT regimens included hyper-fractionated
accelerated radiotherapy administered with S-1 at 80 mg/m2 for the first 21 days. A total of
50–58 Gy was administered in 40 fractions over 4 weeks. At 1 month after CRT completion,
S-1 was administered for 2 weeks, followed by a 2 weeks period.

The GEM plus nab-PTX and FOLFIRINOX regimens were approved in Japan for the
treatment of UR-PC in December 2014, and these regimens have been utilized since then.

2.4. Conversion Surgery

We discussed and decided the indication for conversion surgery for individual UR-
PDAC patients at a multidisciplinary conference of pancreatic surgeons, medical oncolo-
gists, radiologists, and clinical pathologists. Among UR-PDAC patients who responded to
various therapies, conversion surgery was permitted for only those who met the following
conditions: patients showing adequate reduction of the main tumor, enabling complete
removal inclusive of the major vessels and metastatic site, those with at least several
months of local control, those with no metastasis, or those with controllable metastasis by
surgical resection.

2.5. Adjuvant Chemotherapy

We basically consider adjuvant therapy after conversion surgery if the patient is in
good condition. Furthermore, if new lesions are operable after conversion surgery, we
consider additional resection for the lesions.

2.6. Assessment

The clinical treatment effect was assessed using RECIST version 1.1 [23], and the
histologic assessment of the extent of response was evaluated using the Evans grading
system [24]. R0 was defined as pathologically margin free in the resected specimen.

The Clavien–Dindo classification was used to evaluate postoperative complications [25].
Mortality was defined as death within 90 days after surgery.

2.7. Statistical Analysis

Associations between different categorical variables were properly assessed using the
chi-square or Fisher exact test. Survival curves were estimated using the Kaplan–Meier
method and analyzed using the log-rank test. Overall survival was calculated as the
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interval between initial treatment and death due to any cause (including death from other
diseases), whereas progression-free survival was calculated as the interval between initial
treatment and disease progression. The univariate Cox proportional hazard models were
used to estimate the independent significant factors for the overall survival of patients
with UR-PDAC. Relative risks were expressed as adjusted hazard ratios and corresponding
95% confidence intervals. Valuables with a p-value of < 0.05 on univariate analysis were
calculated into the multivariate model. A p-value of < 0.05 was considered to be statistically
significant. All statistical analyses were performed using SigmaPlot, version 12.5 for
Windows (HULINKS, Inc., Tokyo, Japan).

3. Results
3.1. Patient Characteristics

During the above observation period, 638 patients were included. R was present in
180 patients, BR was present in 60, UR-LA was present in 252, and UR-M was present
in 146. Overall, 398 consecutive patients with unresected pancreatic cancer were studied
in terms of their unresectable status. Conversion surgery was performed in 20 patients
(20/398, 5.0%; UR-LA, n = 9; UR-M, n = 11). The clinical characteristics of patients with
and without conversion surgery are compared in Table 1.

Table 1. A comparison of the clinical characteristics between CS and non-CS patients.

Variables
Conversion Surgery

p-Value
(+) (n = 20) (−) (n = 378)

age (years), median
(range) 65 (44–83) 69 (33–87) 0.25

gender (M/F), n (10/10) (207/171) 0.656

tumor location
(Ph/Pb,Pt), n (14/6) (218/160) 0.282

unresectability status
(UR-LA vs UR-M), n (9/11) (243/135) 0.622

CEA, median (range)
(U/mL) 3.4 (1.1–9.4) 4.0(0.3–845) 0.51

CA19-9, median
(range) (U/mL) 2577 (0.6–1985) 211(0.6–50,000) 0.17

tumor size, median
(range) (mm) 30 (18–50) 35(8–116) 0.323

T(4/3), n (16/4) (332/46) 0.385

N(1/0), n (7/13) (136/252) 0.917

M(1/0), n (11/9) (197/181) 0.829

M, male; F, female; CS, conversion surgery; Ph, pancreatic head; Pb, pancreatic body; Pt, pancreatic tail; UR-LA,
unresectable locally advanced cancer; UR-M, unresectable cancer with metastasis. T, N, and M were classified
according to the Tumor-Node-Metastasis (TNM) classification.

There were no statistically significant differences in age, sex, the tumor location
(pancreatic head versus (vs.) pancreatic body and tail), unresectability status (UR-LA vs.
UR-M), serum carcinoembryonic antigen (CEA) level, cancer antigen 19-9 (CA19-9) level,
tumor size, and T-, N-, and M-categories according to the Tumor-Node-Metastasis (TNM)
classification before treatment between patients with and without conversion surgery.

The clinical characteristics of the 20 patients who underwent conversion surgery are
shown in Figures 1 and 2 and Tables 2 and 3.
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Figure 1. Clinical characteristics of the 20 patients who underwent conversion surgery including
therapy before operation. Abbreviations: UR-LA, unresectable locally advanced cancer; UR-M,
unresectable cancer with metastasis; M, male; F, female; Ph, pancreatic head; Pb, pancreatic body;
Pt, pancreatic tail; LN16, para-aortic lymph node metastasis; PER, peritoneal disseminations; HEP,
hepatic metastases; CRT, chemoradiotherapy; GEM, gemcitabine; S-1, oral administration of S-1;
nabPXL, nab-paclitaxel; mFOLFIRINOX, modified FOLFIRINOX (combination chemotherapy with
fluorouracil, leucovorin, irinotecan, and oxaliplatin).

Figure 2. Clinical characteristics of the 20 patients who underwent conversion surgery including
therapy after operation. Abbreviations: pleural, pleural disseminations; LM, liver metastasis; lung
mets, lung metastasis; LR, local recurrence; peritoneal, peritoneal disseminations; directing arrow,
recurrent or metastatic period; Ope, additional operation; +, period of death.
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Table 3. Clinical characteristics of 20 patients who underwent conversion surgery. Each stage was
classified according to the TNM classification.

Case Stage
(Before) Stage (After) p-Stage Pathological Evans

1 3 3 2a tub2 IIb

2 3 2a 2a tub1 I

3 3 3 2b tub2 III

4 3 2b 2a muc IIb

5 3 2a 2a tub1 IIb

6 3 1a 1 por III

7 3 3 2b tub1 III

8 3 3 2a similar to NEN IIb

9 3 3 1 tub2 IIb

10 4 3 0 no neoplasm IV

11 4 2a 2a tub1 III

12 4 2a 2a tub2 I

13 4 2b 1 a few III

14 4 4 2a tub2 IIb

15 4 0 0 no neoplasm IV

16 4 2a 2b tub1 I

17 4 2a 1 tub1 III

18 4 3 2b tub2 III

19 4 4 4 tub2 IIb

20 4 3 2a tub2 I

UR-LA, unresectable locally advanced cancer; UR-M, unresectable cancer with metastasis; before, before ini-
tial therapy; after, after various therapy; p-stage, pathological stage; tub1, tubular adenocarcinoma with high
differentiation; tub2, tubular adenocarcinoma with moderate differentiation; por, poorly differentiated adeno-
carcinoma; muc, mucinous adenocarcinoma; NEN, neuroendocrine neoplasm; a few, a few neoplasms; Evans,
Evans classification.

Among the 11 patients with UR-M, the type of metastasis at the time of initial diagnosis
was hepatic metastasis in five patients, peritoneal dissemination in three, and para-aortic
lymph node metastasis in three. Histological confirmation of the metastatic lesions was
made in all patients with peritoneal disseminations and para-aortic lymph node metastasis,
but this was not the case in three of five patients with liver metastasis.

The periods between initial treatment and conversion surgery were a median of 10.8
(range, 5.1–19.9) months in patients with UR-LA and median of 13.3 (range, 4.4–75.9)
months in those with UR-M. There were no significant differences in the period between
the groups.

The methods of therapy until conversion surgery varied, but CRT was performed
in all patients with UR-LA. Among them, CRT was selected as the initial therapy in all
patients except one (case 2, Figure 1), and CRT was performed after gemcitabine plus
nab-PTX therapy as induction chemotherapy in the remaining case (case 2, Figure 1).

Chemotherapy of various types was performed in patients with UR-M, and additional
CRT was carried out to perform local control in five of these cases. According to the RECIST
evaluation, the treatment response after various therapies was complete response (CR) in
one patient, partial response (PR) in 13, stable disease (SD) in five, and progressive disease
(PD) in one.
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The CA19-9 level at the time of conversion surgery was significantly lower than that
at the time of initial diagnosis (median, 16.4 U/mL (range, 0.6–99) vs. median, 156 U/mL
(range 0.6–1985), p = 0.0065), but the CEA level was not significantly different at the time
between the initial diagnosis and conversion surgery (p = 0.418). The size of the main
tumor at the time of conversion surgery was significantly smaller than that at the time of
diagnosis (median, 13 mm (range, 0–50) vs. 30 mm (range, 18–50), p < 0.001). In cases 6, 17,
and 19, the CEA level, CA19-9 level, and size of the main tumor after each therapy were
reduced compared with those in the period before initial therapy, respectively (Table 2).

As for the operative method, substomach-preserving pancreaticoduodenectomy was
performed in 13 patients, including concomitant portal vein resection (PVR) in six patients
and hepatic resection (HPR) in one patient. Distal pancreatectomy and total pancreatectomy
with PVR and HPR were performed in six patients and one patient, respectively (Table 2).
The median operative time and volume of blood loss were 575 (range, 352–919) min and
1150 (range, 90–3600) mL, respectively. The median postoperative stay was 13 (range,
8–50) days. Major complications in the postoperative period (Clavien–Dindo classification
class IIIa) occurred in three patients with chylous ascites, interstitial pneumonia, and
intraabdominal abscess (cases 1, 3, and 14, respectively; Table 2); those complications
caused patients’ postoperative hospital stay to exceed 1 month. No perioperative mortality
was observed. R0 resection of the main tumor was performed in all patients. Compared
with before and after various therapies, clinical stage was downstaged in 13 cases, and the
pathological stage was downstaged in 19 cases. Pathologically, tubular adenocarcinoma
with high differentiation and tubular adenocarcinoma with moderate differentiation were
the pathological forms of the residual tumor in six and eight cases, respectively. According
to the Evans grading system, grade I was observed in four patients (20%), grade IIb in
seven (35%), III in seven (35%), and IV in two (10%). A pathological CR was observed
in two patients (cases 10 and 16, Table 2). The pathological assessment was difficult to
perform in one case because of a few residual cancer cells (case 20, Table 2). In two patients
who underwent hepatic resection combined with pancreatectomy, one patient had residual
cancer cells in the resected liver.

3.2. Adjuvant Chemotherapy

Only eight patients (40%) received postoperative adjuvant chemotherapy, and S-1 was
administered to all those patients. The reasons why 12 patients did not receive adjuvant
chemotherapy were poorer performance status, severe perioperative complications, elderly
age, and patient unwillingness. Recurrence occurred in 14 patients (70%) who underwent
conversion surgery and received various therapies. The recurrence type varied: dissemi-
nation occurred in four patients, local recurrence, including metachronous double cancer,
in three, liver metastasis in three, lung metastasis in three, and lymph node metastasis in
one. Two patients with lung metastasis and one with metachronous double cancer of the
remnant pancreas underwent additional resection of the metastatic lesion at 41, 78, and
97 months after conversion surgery, respectively (cases 3, 6 and 7; Figure 2).

We compared overall survival from the period of initial treatment between patients
who underwent conversion surgery with UR-LA and those with UR-M and found no
significant difference between these patient groups (median not reached vs. 52 months,
p = 0.20) (Figure 3).

Moreover, we compared overall survival from the period from initial treatment be-
tween the conversion surgery, R, BR, UR-LA, and UR-M groups according to the NCCN
guidelines. The median overall survival durations in the conversion surgery, R, BR, UR-LA,
and UR-M groups were 73.7, 32.7, 22.7, 15.7, and 8.8 months, respectively (Figure 4). There
were significant differences in the survival period between each group (p-value not shown).

By the univariate and multivariate logistic regression analyses, we researched the
prognostic factors for overall survival among patients who underwent conversion surgery.
Table 4 shows that the presence of CRT and RECIST PR/CR for the main tumor decreased
the risk of death relative to the absence of CRT and RECIST SD/PD for the main tumor
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(p = 0.002 and 0.015, respectively). Multivariate analysis revealed that the presence of CRT
and RECIST PR/CR for the main tumor was a statistically significant prognostic factor
for overall survival among patients undergoing conversion surgery (p = 0.004 and 0.03,
respectively).

Figure 3. Comparison of the overall survival curves between patients with unresectable locally
advanced cancer (dashed line, n = 9) and unresectable cancer with metastasis (solid line, n = 11) who
underwent conversion surgery. There is no significant difference in overall survival between the
groups (p = 0.20).

Figure 4. Comparison of the overall survival curves between patients with pancreatic ductal adeno-
carcinoma judged as R (n = 180), BR (n = 60), UR-LA (n = 243), or UR-M, (n = 135) according to the
NCCN guideline, who underwent conversion surgery (n = 20). Abbreviations: R, resectable cancer;
BR, borderline resectable cancer; UR-LA, unresectable locally advanced cancer; UR-M, unresectable
cancer with metastasis; NCCN, National Comprehensive Cancer Network.
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4. Discussion

The reports on conversion surgery for locally advanced pancreatic cancer have been
increasing since the 2010s [12–22]. According to the recent NCCN guidelines (version
1.2021) [4], surgical resection of locally advanced cancer is a subsequent therapy option for
patients with good performance status and no disease progression after first-line therapy.
The present retrospective study found that conversion surgery for UR-PDAC after various
therapy is relatively safe and feasible, because of no mortality and lower severe morbidity
(C-D classification ≥ IIIa was 15% rate), and it may help improve long-term prognosis.

In the current study, the resection rate was only 5.0% (UR-LA, 3.6%; UR-M, 7.5%).
However, this value was very low compared with that in previous reports; the reason for
the resection rate might depend on policy whether we actively accepted conversion surgery
when multidisciplinary treatment was performed for patients with UR-PDAC [16]. Many
studies have focused on the effectiveness of conversion surgery, and although patients
with UR-PDAC were not candidates for surgery, conversion surgery was performed for
only an extremely limited number of patients who were super-responders to palliative
therapy. Hackert et al. reported that among 575 patients with locally advanced PDAC
receiving neoadjuvant therapy, 292 (50.8%) underwent pancreatic resection, which was a
higher resection rate than that in our study [7]. However, the median survival time (MST)
after adjuvant surgery was only 15.3 months. In the current study, the median overall
survival was 73.7 months, which is better than that in previous reports [13,16,18]. The MST
of patients with UR-LA treated with no resection was reported to be 15–17 months, which
was similar to that in the present study. The median overall survival durations in PDAC
patients with UR-LA and UR-M were 15.7 and 8.8 months, respectively. On the other hand,
Lee et al. reported an excellent outcome, showing that 15 of 64 (23.4%) PDAC patients with
UR-LA who underwent conversion surgery had an overall survival exceeding 40 months,
although they did not clearly describe the indications for surgery [26]. Strict criteria similar
to those in our study may lead to lower resectability but longer overall survival as a result
of patient selection, so we may need to expand our surgical indication.

Conversion surgery has provided a surprising outcome for patients with UR-PDAC.
In particular, the prognosis of patients with UR-PDAC who underwent conversion surgery
was significantly better than that of patients with resectable PDAC. Several authors have
previously reported the usefulness of conversion surgery in such patients, as well as favor-
able results on prognosis [19,27–30]. In the present study, the prognosis of PDAC patients
with UR-LA and UR-M who underwent conversion surgery was not significantly different.
Among the patients with UR-PDAC who underwent conversion surgery, we identified
that RECIST CR/PR after the various treatments was an important prognostic factor by
multivariate analysis. It may be important to perform multidisciplinary treatment aimed
at tumor shrinkage and possible conversion surgery in order to obtain a better prognosis.
However, recurrence and metastasis after conversion surgery were observed in 70% of pa-
tients, especially early recurrence within one year after surgery in 30% of patients. Uesaka
et al. demonstrated the non-inferiority of S-1 to gemcitabine as adjuvant chemotherapy
for pancreatic cancer in terms of overall survival in a randomized trial [10]. Chad et al.
reported that adjuvant therapy was not required for all patients with localized pancreatic
cancer who had received neoadjuvant therapy; the benefit of adjuvant therapy was limited
to those with node-positive disease [31]. In the current study, adjuvant chemotherapy after
conversion surgery was performed in only eight (40%) of 20 patients. In other reports, early
recurrence after conversion surgery occurred in approximately 30% of cases [32,33]. The
conversion surgery tended to have a long operative time and high bleeding volume in the
present study, so it was considered a major invasive surgery. Therefore, it may be important
to reduce morbidity in surgery as much as possible and to create an environment in which
adjuvant chemotherapy can be easily performed. The early recurrence rate should be
decreased as much as possible in patients undergoing conversion surgery [34]. Moreover,
in the present study, during the follow-up after conversion surgery, additional surgical
resection was performed in one patient with double cancer in the remnant pancreas and
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two patients with single lung metastasis. The surgical resection for multicentric cancer
in the remnant pancreas and solitary lung metastasis may have possibilities to provide
long-term survival. [35,36].

Satoi et al. previously performed multicenter joint research that focused on conversion
surgery of initially unresectable PDAC [13]. This study included 58 PDAC patients (41 with
UR-LA and 17 with UR-M). The MST in the conversion surgery group was significantly
better than that in the control group (39.7 months vs. 20.8 months, p < 0.0001). The
optimal timing of adjuvant surgery was 240 days after the initial treatment. Moreover, a
multivariate analysis showed that for the adjuvant surgery group, significant favorable
factors for overall survival included the dosage above a certain level of gemcitabine, a
decrease in tumor markers until conversion surgery, and PR/CR evaluation by RECIST.
Michelakos et al. reported that in resected patients with BR/locally advanced PDAC treated
with FOLFIRINOX, a preoperative CA19-9 level >100 U/mL and >8 months between
diagnosis and surgery predicted a shorter postoperative DFS [33]. Therefore, the optimal
period between the initial diagnosis and conversion surgery is controversial.

As for the pathological examination, the Evans grade, which reflects the extent of
tumor degeneration or necrosis after chemo(radio)therapy, has been extensively identified
as a prognostic factor [19,37–39]. Chatterjee et al. reported that among the 223 patients
with resectable PDAC who received neoadjuvant chemoradiation and had pancreatico-
duodenectomy, pCR (grade IV, 2.7%) or minimal residual tumor (grade III, 16.1%) in
posttreatment specimens of pancreaticoduodenectomy correlated with better survival [40].
Histologically, grades IIb, III, and IV, i.e., destroyed areas over 50%, were observed in the
main tumor in 16 of the 20 patients who underwent conversion surgery in the present
study. Moreover, the residual tumor tended to contain a wide range of highly differentiated
cells, so this result suggests that cells with poorly differentiation may be highly effective
for chemo(radio-)therapy.

In the present study of patients with UR-PDAC who underwent conversion surgery,
we identified important prognostic factors from initial treatment in multivariate analysis:
the use of chemoradiotherapy and RECIST CR/PR after various treatments. Of the treat-
ment for UR-PDAC, radiation therapy combined with systemic chemotherapy is one of the
recommended therapies in the NCCN [4] and Japanese guidelines [5]. In our institution, we
reported the usefulness of the combination therapy with S-1 and radiation in patients with
UR-PDAC; it is a well-tolerated regimen that can be recommended as an effective treatment
in prospective phase II trials, and it showed favorable survival with a median survival time
of 14.3 months [41]. Jang et al. reported on the benefit of neoadjuvant treatment in patients
with BR-PDAC, and gemcitabine-based neoadjuvant chemoradiation provided oncological
benefits compared to upfront surgery by the prospective randomized controlled trial [42].
A recent LAP-07 trial comparing chemotherapy and CRT for locally advanced PDAC failed
to show any survival benefit of CRT [43]. However, CRT was associated with a decreased
local progression rate and no increase in grade 3 or 4 toxicities. This result may indicate
that CRT has potential as a more useful method in conversion surgery.

In the present study, we identified no significant difference in overall survival between
patients who underwent conversion surgery with UR-LA and UR-M. Yanagimoto et al.
reported no significant differences between the two groups, which is similar to our study
finding [18]. There are few reports of surgical resection of pancreatic resection with
synchronous metastases. Wright et al. reported 23 cases of surgical resection of stage IV
pancreatic cancer after a favorable response to systematic chemotherapy [27]. The sites of
metastasis included the liver (n = 16), lung (n = 6), and peritoneum (n = 2). The treated
patients with stage IV disease were 1147 cases in all, so the resection rate was only 2.0%.
The MST from the initial diagnosis was 34.1 months. Frigerio et al. reported that 24 (4.5%)
of 535 patients diagnosed as pancreatic cancer with liver metastasis underwent surgical
resection of the primary site and hepatic resection [44]. The MST after diagnosis in the study
was 56 months. The limited number of patients with distant metastasis (super-responders)
accounted for less than 5% of PDAC patients with UR-M. The effectiveness of conversion
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surgery for metastatic PDAC remains controversial; therefore, it is indispensable to identify
powerful surrogate markers for predicting long survival after conversion surgery.

This research has some limitations. First, this was a single-institute, retrospective
analysis with a limited number of cases. Second, the necessity of conversion surgery is
debatable, even though CRT is successful. Patients receiving chemotherapy generally
develop a tolerance to it, and surgical resection may be the most useful means of local
control; however, there is no evidence to support this. In Japan, PREP-04 (UMIN000017793),
which is a multi-institutional prospective observational study to investigate the effects of
conversion surgery on patients with initial UR-PDAC, is ongoing. Given that only selected
patients who responded favorably to non-surgical treatment were targeted among all
patients with UR-PDAC, a selection bias existed. Conversion rates vary among reports on
conversion surgery for patients with UR-PDAC. Nitshe et al. reported a conversion rate of
28.6% for FOLFIRINOX [29], while Hackert et al. reported that it was 50.8% [7]. Currently,
FOLFIRINOX or gemcitabine plus nab-PTX is recommended for patients with UR-PDAC.
It is still unclear which anticancer drug is optimal for conversion surgery. Moreover, the
usefulness of adjuvant chemotherapy for resectable PDAC has been demonstrated in the
JASPAC01 study, but the usefulness of adjuvant chemotherapy in conversion surgery has
not yet been proven [10]. As for radiotherapy, it is controversial whether radiotherapy
should be administered. Compared to resectable PDAC, the extent of surgical invasion
for UR-PDAC is larger, and it is necessary to consider patients’ physical status, the drug
used as adjuvant chemotherapy, and the administration period. Furthermore, the most
relevant limitation of this study is represented by the lack of biological predictive markers
that could support the selection of PDAC patients suitable for conversion surgery.

5. Conclusions

In conclusion, it is important to perform multidisciplinary treatment, including CRT
with conversion surgery in patients with UR-PADC. However, many questions remain
unsolved regarding the necessity of the conversion surgery including CRT, the optimal
regimen, the duration of preoperative therapy, and criteria for surgical therapy. It is
essential to perform prospective studies to resolve the various problems.
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Abstract: Background: Traditionally, the treatment options for unresectable locally advanced (UR-LA)
and metastatic (UR-M) pancreatic ductal adenocarcinoma (PDAC) are palliative chemotherapy or
chemoradiotherapy. The benefits of surgery for such patients remains unknown. The present
study investigated clinical outcomes of patients undergoing conversion surgery (CS) after
chemo(radiation)therapy for initially UR-PDAC. Methods: We recruited patients with UR-PDAC who
underwent chemo(radiation)therapy for initially UR-PDAC between April 2006 and September 2017.
We analyzed resectability of CS, predictive parameters for overall survival, and early recurrence (within
six months). Results: A total of 468 patients (108 with UR-LA and 360 with UR-M PDAC) were enrolled
in this study, of whom, 17 (15.7%) with UR-LA and 15 (4.2%) with UR-M underwent CS. The median
survival time (MST) and five-year survival of patients who underwent CS was 37.2 months and
34%, respectively; significantly better than non-resected patients (nine months and 1%, respectively,
p < 0.0001). MST did not differ according to UR-LA or UR-M (50.5 vs. 29.0 months, respectively,
p = 0.53). Early recurrence after CS occurred in eight patients (18.8%). Lymph node metastasis, positive
washing cytology, large tumor size (>35 mm), and lack of postoperative adjuvant chemotherapy were
statistically significant predictive factors for early recurrence. Moreover, the site of pancreatic lesion
and administration of postoperative adjuvant chemotherapy were statistically significant prognostic
factors for overall survival in the patients undergoing CS. Conclusion: Conversion surgery offers
benefits in terms of increase survival for initially UR-PDAC for patients who responded favorably to
chemo(radiation)therapy when combined with postoperative adjuvant chemotherapy.

Keywords: unresectable pancreatic ductal adenocarcinoma; conversion surgery; early recurrence

1. Introduction

In the present-day situation, successful treatment of pancreatic ductal adenocarcinoma (PDAC)
remains a therapeutic challenge, and the prognosis is generally poor [1]. Approximately 70% of patients
with PDAC are not eligible for surgery, due to locally advanced or metastatic disease at the time of
diagnosis [2]. Current guidelines of the National Comprehensive Cancer Network (NCCN) recommend
nab-paclitaxel combined with gemcitabine (GnP) or FOLFIRINOX regimens as standard treatments for
unresectable (UR) PDAC [3,4]. However, the median survival time (MST) for UR-PDAC remains low
(9.2–13.5 months) [5–7]. The result of remarkable therapeutic response may occasionally become an
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indication for conversion surgery (CS) [8,9], which is defined as additional surgery for patients with
UR-PDAC who responded favorably to multimodal treatment. However, the incidence and clinical
effects are unknown at present. In the present study, we evaluated the clinical outcomes of CS after
chemo(radiation)therapy for UR-PDAC, predictive parameters for early recurrence (within six months
after CS) and prognostic parameters for overall survival (OS).

2. Patients and Methods

2.1. Study Population

This retrospective study was conducted by using data from a prospective database. We recruited
all consecutive patients undergoing chemotherapy or chemoradiotherapy for UR-PDAC who were
to the Department of Surgery, Kansai Medical University, for any treatment between April 2006 and
September 2017. All patients were diagnosed with PDAC by cytology or pathology through endoscopic
retrograde cholangiopancreatography or endoscopic ultrasound-guided fine-needle aspiration. We have
previously reported the details of multidetector-raw computed tomography (MDCT) imaging for the
diagnosis of PDAC and to rule out distant metastasis, as well as staging laparoscopy techniques [10,11].
Moreover, multimodal image findings such as contrast-enhanced ultrasonography (CE-US), gadoxetic
acid–enhanced magnetic resonance imaging (EOB-MRI), and positron emission tomography (PET) were
considered, and we certainly confirmed that all patients had UR-PC initially, according to the National
Comprehensive Cancer Network (NCCN) guideline version 2.2017 [3,4].

Ethical approval: All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional research committee and with the 1964
Declaration of Helsinki and its later amendments or comparable ethical standards. Informed consent:
Written informed consent was obtained from all study participants.

2.2. Data Collection

The following data were collected: clinicopathological characteristics, type of chemotherapy
or chemoradiotherapy, frequency of CS, rates of peri-operative morbidity and mortality, predictive
parameters for early recurrence (defined as within 6 months after CS), and prognostic parameters
for OS.

2.3. Statistical Analysis

Data are presented as median (range). Continuous or categorical variables were compared by using
the Mann–Whitney U, chi-square, or Fisher’s exact tests as appropriate. The OS and recurrence-free
survival curves were estimated by using the Kaplan–Meier method and compared by using the log-rank
test. Predictive factors identified by the univariate analysis were further examined by multivariate
logistic regression analysis, to determine significant factors for OS and early recurrence among patients
undergoing CS. The hazard ratio and 95% confidence intervals were calculated for all estimates.
A two-tailed p-value of <0.05 was considered to be statistically significant. Calculations were performed
by using JMP software, version 10 (SAS Inc., Cary, NC, USA).

3. Results

3.1. Patient Characteristics

Between April 2006 and September 2017, a total of 758 patients received treatment at our
department; 290 of those patients underwent surgical resection. The remaining 468 patients with
unresectable (UR) PDAC were finally enrolled in this study. Diagnoses were confirmed by using MDCT
for 189 patients (40.4%) with unresectable locally advanced (UR-LA) PDAC and 279 (59.6%) with
unresectable metastatic (UR-M) PDAC. We performed staging laparoscopy for 133 patients (28.4%) and
palliative gastrojejunostomy for 20 patients (4.3%) with radiologically defined locally advanced disease.
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Positive peritoneal lavage cytology was identified in 30 patients (6.4%), peritoneal dissemination in 25
(5.3%), liver metastasis in 20 (4.3%), and other metastases in six (1.3%). In total, we treated 108 patients
(23%) with UR-LA and 360 patients (77%) with UR-M (Figure 1).

Figure 1. Study flow diagram. Diagnoses were made, using multidetector-raw computed tomography.
In total, 189 patients were diagnosed with unresectable locally advanced pancreatic ductal adenocarcinoma
(UR-LA PDAC), and 279 patients were diagnosed with unresectable metastatic (UR-M) PDAC. We
performed staging laparoscopy for 133 patients with radiologically defined locally advanced disease. We
finally enrolled 108 patients with UR-LA PDAC and 360 patients with UR-M PDAC in the present study.
Abbreviations: KMU, Kansai Medical University; MDCT, multidetector-raw computed tomography;
UR-LA, unresectable locally advanced; UR-M, unresectable metastatic.

Baseline characteristics of the study population and regimens that were selected as first-line
treatment are listed in Table 1. The most frequently used regimen was gemcitabine (GEM), followed by
GEM combined with S-1 and GEM combined with nab-paclitaxel.

Table 1. Baseline patient characteristics.

Variables UR-LA (n = 108) UR-M (n = 360) p-Value

Age (years), median (range) 69(38–84) 67(33–86) 0.15

Male/female, n (%) 54(50)/54(50) 210(58.3)/150(41.7) 0.12

ECOG PS, n (%): 0/1/2 86(79.6)/18(16.6)/4(3.8) 218(60.5)/127(35.2)/15(4.2) 0.0004

Tumor location, n (%)

Head/Body-tail 73(67.6)/35(32.4) 148(41.1)/212(58.9) <0.0001

Tumor size (mm) 38(20-76) 40(15-83) 0.062

CA19-9 (U/L) 237(1.1-8949) 580(1-12219) <0.0001

Extent of disease, n (%)

Localized

Metastatic site 108(100)

Liver 193(53.6)

Peritoneum 123(34.2)

Lung/LN/Other 15(4.2)/23(6.4)/6(1.6)

Treatment, n (%)

GEM 17(15.7) 125(34.7)

GEM + Erlotinib 2(1.9) 14(3.9)

S-1 5(4.6) 38(10.6)
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Table 1. Cont.

Variables UR-LA (n = 108) UR-M (n = 360) p-Value

GS 31(28.7) 42(11.6)

GnP 13(12.0) 63(17.5)

FOLFIRINOX 12(11.1) 21(5.8)

S-1or GnP or GS plus PTX (i.p. + i.v.) 0(0) 43(11.9)

Chemoradiotherapy 27(25) 10(2.8)

Other 1(0.9) 4(1.1)

UR-LA: unresectable locally advanced pancreatic cancer, UR-M: metastatic pancreatic cancer, PS: performance
status, GEM: gemcitabine, GS: S-1 combined with gemcitabine, GnP: nab-paclitaxel combined with gemcitabine,
PTX: paclitaxel.

The standard treatment for advanced pancreatic cancer has changed to gemcitabine since 2001,
FOLFIRINOX since 2010, and GnP since 2013 in Japan. Moreover, gemcitabine combined with S-1 was
often used as a treatment option. There was liver metastasis in 193 patients, peritoneal metastasis in 123
patients, and LA in 108 patients, respectively. Standardized regimen of chemotherapy in each time has
been used in patients with UR-M PDAC. Patients with peritoneal metastasis were treated with S-1 +

intravenous and intraperitoneal paclitaxel [12]. Moreover, we have implemented additional radiation
therapy in UR-LA patients who still had the low-density area around celiac artery or superior mesenteric
artery just before the planned conversion surgery for expecting the margin-negative resection. Positive
peritoneal washing cytology was not defined as M1 at that time. Therefore, chemoradiation therapy
was implemented for UR-LA with positive cytology.

3.2. Best Response After First-Line Treatment

Radiographic partial responses (PR) according to Response Evaluation Criteria in Solid Tumors
(RECIST) criteria were observed in 45 patients (42%) with UR-LA and 86 (24%) with UR-M. Stable
disease (SD) was observed in 38 patients (35%) with UR-LA and 119 (34%) with UR-M, and disease
progression observed in 25 patients (23%) and 155 (42%), respectively. Disease control was achieved in
83 patients (77%) with UR-LA and 205 (58%) with UR-M. Furthermore, patients who could maintain
PR or SD for more than eight months were shown in 44 patients (40.7%) with UR-LA and in 85 patients
(23.6%) with UR-M, respectively.

3.3. Conversion Surgery

The major eligibility criteria for surgical exploration were as follows: clinical response (PR/CR)
on CT imaging, reduction of tumor markers, fine performance status with patient’s willingness for
surgery, and an interval of at least eight months since initial treatment [13]. In patients with peritoneal
metastasis, disappearance of occult distant organ metastasis was confirmed by second-look staging
laparoscopy in the context of the above criteria. In patients with liver metastasis, a maximum of three
occult metastases on the liver surface were resected. In cases where tumor extension to the major
vessels with attachment was observed, these patients were indicated for resection. Clinical staging and
surgical exploration were re-evaluated at multidisciplinary team meetings.

During the study period, 36 patients were planned to undergo CS, and four underwent exploratory
laparotomy for occult distant organ metastasis. Finally, CS was performed on 17 patients (15.7%)
with UR-LA and 15 (4.2%) with UR-M. Some reasons were raised in 99 patients who had PR but
did not undergo conversion surgery due to still UR-LA status on CT imaging and poor performance
status. We performed subtotal stomach-preserving pancreaticoduodenectomy for 13 patients (40.6%),
distal pancreatectomy for 11 (34.4%), total pancreatectomy for four (12.5%), and distal pancreatectomy
with en-bloc celiac axis resection (DP-CAR) on four patients (12.5%) (Table 2). Concomitant CHA
resection was done in four patients (12.5%), and concomitant portal vein resection was in 15 patients
(46.9%). R0 resection was achieved in 29 patients (90.6%). The median operative time for the total
study population was 441 (range 223–866) min, and the median intraoperative blood loss was 1250
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(range 207–6301) mL. Although the complication of Clavien–Dindo classification ≥IIIa [14] was reported
for eight patients (25.0%), there was no mortality. The median postoperative hospital stay was 14
(range 7–116) days. Histopathologically, Evans grade ≥III was noted in nine patients (28.1%), one of
whom exhibited pathological complete response (pCR). The 23 patients (71.9%) received postoperative
adjuvant chemotherapy; S-1 was administered to 13 patients (40.6%), GEM to three (9.4%), GEM plus S-1
to one (3.1%), and intraperitoneal infusion and intravenous administration of paclitaxel combined with
S-1 to six (18.8%). Twenty-two patients (68.8%) completed adjuvant chemotherapy. The nine patients
(28.1%) did not receive postoperative adjuvant chemotherapy, because of our policy of non-adjuvant
chemotherapy in the first four patients, patient’s willingness (n = 3), or insufficient nutritional condition
(n = 2).

Table 2. Patient characteristics of conversion surgery.

Variables n = 32 UR-LA (n = 17) UR-M (n = 15) p-Value

Age(years), median (range) 66 (36–84) 65 (38–75) 69 (50–83) 0.135

Male: Female, n (%) 14 (44): 18 (56) 7(41):10(59) 7(47):8(53) 0.754

Ph: Pbt, n (%) 14 (44): 18 (56) 9 (53): 8 (47) 5 (33): 10 (67) 0.264

Tumor Size(mm), median (range) 36 (25–74) 35 (25–55) 40 (27–74) 0.747

Mets site: None:L:P, n (%) 17 (53): 4 (13):11 (34) 17 (100): 0 (0):0 (0) 0(0): 4 (27):11 (73) <0.0001

CA19-9; U/mL, median (range) 278 (1.2–3400) 126 (8.4–2200) 984 (6.6–1953) 0.209

Preoperative CA19-9 29.1(1.0–181.9) 39.7(1.0–181.9) 19(1.0–73.9) 0.42

Primary Treatment

GEM or GS 7 4 3

GEM + nab-PTX (GnP) 7 4 3

S1 or GEM based + ip PTX 8 0 8

FOLFIRINOX 3 3 0

GEM or S-1 or GS + RT (50.4 Gy) 7 6 1

Radiation, n (%) 13(41) 11(65) 2(13) 0.002

Pretreatment period to op; (median, range) 9.5(4–28) 10 (4–28) 9 (6–16) 0.6207

RECIST (CR: PR), n (%) 1 (3.1%): 31(96.9%) 0(0):17(100) 1(7):14(63) 0.153

Operative time(min) 454(223–866) 441(223–655) 467(227–866) 0.36

Intraoperative blood loss(mL) 1229(207–6301) 1087(237–2931) 1255(207–6301) 0.58

Blood transfusion (U) 0(0–12) 0(0–7) 0(0–12) 0.42

PD: DP: DP-CAR: TP, n (%) 13 (40): 11(34): 4(13): 4(13) 9(52):4(24):2(12):2(12) 5(33):7(47):2(13):1(7) 0.257

-CHA/CA/PV resection- -3(9)/4(13)/15(47)- -3(18)/2(12)/9(52)- -0(0)/2(13)/6(40)-

Residual tumor (R0: R1), n (%) 29(91): 3(9) 16(94):1(6) 13(87):2(13) 0.471

Postop comp/Mortality (%) 8(25)/0(0) 2(12)/0(0) 6(40)/0(0) 0.066/0

Hospital stay (median, range) 14 (7–114) 11 (7–41) 14 (7–114) 0.271

Evans (I/IIa/IIb/III/IV, (%)) 1(3)/12(38)/10(31)/8(25)/1 (3) 1(6)/7(41)/5(29)/4(24)/0 (0) 0(0)/5(33)/5(33)/4 (27)/1(7) 0.695

Ph: pancreas head, Pbt: pancreas body and tail, Mets: metastasis, L: liver, P: peritoneum, GEM: gemcitabine, GS:
S-1 combined with gemcitabine, GnP: nab-paclitaxel combined with gemcitabine, PTX: paclitaxel, RT: radiation,
PD: pancreaticoduodenectomy, DP: distal pancreatectomy, DP-CAR: distal pancreatectomy with en-bloc celiac axis
resection, CHA: common hepatic artery, CA: celiac artery, PV: portal vein.

3.4. Survival Analysis

The MST of the entire study population was 10 months, and the one- and two-year survival rates
were 39% and 12%, respectively (Figure 2). Patients who achieved PR (n = 99) and did not undergo
CS exhibited significantly increased survival in comparison with other patients (15 vs. 7.5 months,
p < 0.0001; Figure 2). The MST following initial treatment of patients who underwent CS (n = 32) was
37.2 months, and the one-, three-, and five-year survival rates were 100%, 51%, and 34%, respectively.
These patients also exhibited significantly increased survival than those who achieved PR (37.2 vs. 18
months, p < 0.0001; Figure 2).

When long PR/SD was defined as PR/SD persisting for eight months or more, survival was
significantly better among patients who underwent CS compared with those with long PR/SD who did
not undergo CS (n = 97) (37.2 vs. 19.5 months, p < 0.0001).
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Figure 2. Overall survival of all patients, patients with radiographic partial response, and patients who
underwent conversion surgery. The median overall survival (OS) for the study population (solid line,
n = 468) was 10 months. Survival was significantly better among patients with partial response (dashed
line, n = 99) compared with other cases (p < 0.0001). Survival of patients who underwent conversion
surgery (dotted line, n = 32) was significantly better than those with partial response (p < 0.0001).
Abbreviations: CS, conversion surgery; Pts, patients; PR, partial response.

3.5. Comparison between Patients with Unresectable Locally Advanced and Metastatic Disease

Age, gender, tumor location, tumor diameter, tumor markers, pretreatment period to operation,
postoperative complications, mortality, and length of hospital stay were not significantly different
patients with UR-LA who underwent CS and those with UR-M who underwent CS (Table 2). Significant
differences were identified in metastatic site and requirement of additional radiation therapy. There
was no significant difference in survival from the time of initial treatment or from the time of CS
between patients who underwent CS with UR-LA and those with UR-M (50.5 vs. 29.0 months, p = 0.53;
25.0 vs. 21.0 months, p = 0.61, respectively; Figure 3).

Figure 3. Overall survival of patients with unresectable locally advanced or metastatic disease who
underwent conversion surgery. There was no significant difference in overall survival between patients
with unresectable locally advanced (solid line, n = 17) and unresectable-metastatic disease (dashed line,
n = 15) (p = 0.53). Abbreviations: UR-LA, unresectable locally advanced; UR-M, unresectable metastatic.
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3.6. Recurrence-Free Survival

The MST from CS was 23 months, and the median recurrence-free survival time was 13 months
(Figure 4).

Figure 4. Recurrence-free survival of patients who underwent conversion surgery. The median
recurrence-free survival time of patients who underwent conversion surgery was 13 months.
Abbreviations: CS, conversion surgery.

Recurrence was confirmed in 20 (62.5%) of 32 patients who underwent CS, presenting as peritoneal
dissemination in seven patients, locoregional recurrence in six, liver metastasis in five, and lung
metastasis in two. Recurrence within six months after CS was observed in six patients (18.8%),
presenting as liver metastasis in three patients, peritoneal dissemination in two, and local recurrence in
one. One of those patients received GEM, and four patients received S-1 as adjuvant chemotherapy after
CS. After relapse was confirmed, two of the six patients received the same regimen as was administered
for initial treatment; these patients survived 23 and 32 months after CS. Patients who suffered recurrence
within six months after CS had relatively poorer prognoses than non-recurrent patients (25.5 vs. 50.5
months, p = 0.22). Multivariate logistic regression analyses revealed that lymph node metastasis,
washing cytology positive, large tumor (>35 mm), and lack of postoperative adjuvant chemotherapy
were predictive factors for early recurrence (Table 3).

Table 3. Predictive factor for the recurrence within six months after CS (Univariate and multivariate
logistic regression analyses).

Variables Univariate Analysis p-Value Multivariate Analysis p-Value

HR 95% CI HR 95% CI

UR-M vs. UR-LA 1.16 0.19–7.37 0.87 0.07

Pbt vs. Ph 4.99 0.68–102 0.12 0.07

Tumor Size (>35 mm vs. <35 mm) 5.83 0–0.40 0.007 2.16 0–2.31 0.003

Pretreatment period (<8 m vs. >8 m) 2.22 0.29–46.22 0.47 0.38

Reduction of CA19-9 or DUPAN-2 (<70% vs. >70%) 5.99 0.80–50.84 0.08 0.38

LN mets (+) vs. (−) 4.29 0.58–88.2 0.16 4.5 0.40–11.10 0.01

R0 vs. R1 3.11 0–4.00 0.25 0.99

CY (+) vs. (−) 2.74 0.31–20.3 0.34 1.11 0.56–1.70 <0.0001

Evans I-IIa vs. IIb-IV 1.47 0.24–11.9 0.68 0.46

Adjuvant Tx (−) vs. (+) 1.36 0.16–8.74 0.76 2.96 0.32–3.06 0.0029

CS: conversion surgery, HR: hazard ratio, CI: confidential interval, LN: lymph node, R: residual tumor, CY: washing
cytology, Tx: chemotherapy.
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3.7. Prognostic Factors for Overall Survival Among Patients Who Underwent Conversion Surgery

The multivariate analysis revealed the site of pancreatic lesion and postoperative adjuvant
chemotherapy to be statistically significant prognostic factors for OS among patients undergoing CS
(p = 0.0092 and p < 0.0001, respectively). Other parameters, including reduction of tumor markers and
Evans grading, were not significantly risk factors (Table 4).

Table 4. Univariate and multivariate analysis of prognostic factor of overall survival in CS group.

Variables Univariate Analysis p-Value Multivariate Analysis p-Value

HR 95% CI HR 95% CI

UR-M vs. UR-LA 1.34 0.53–3.54 0.53 0.44

Pbt vs. Ph 1.24 0.49–3.40 0.65 14.14 1.86–182 0.0092

Tumor Size (>35 mm vs. <35 mm) 2.47 0.89–7.53 0.08 0.61

Pretreatment period (<8 m vs. >8 m) 0.79 0.22–2.25 0.68 0.27

Reduction of CA19-9 or DUPAN-2 (<70% vs. >70%) 1.08 0.38–3.89 0.89 0.086

LN mets (+) vs. (−) 1.07 0.38–2.86 0.89 0.5

R1 vs. R0 1.76 0.27–6.41 0.49 0.19

CY (+) vs. (−) 2.91 0.98–7.71 0.05 0.08

Evans I-IIa vs. IIb-IV 1.77 0.65–4.71 0.26 0.05

Adjuvant Tx (−) vs. (+) 4.63 1.76–12.13 0.0024 367.22 20.16–15093 <0.0001

CS: conversion surgery, HR: hazard ratio, CI: confidential interval, LN: lymph node, R: residual tumor, CY: washing
cytology, Tx: chemotherapy.

4. Discussion

Despite recent advances in diagnostic medicine, detection of pancreatic cancer while it is within
the resectable stage remains a clinical challenge. According to systematic reviews, the condition is
not detected until it has reached the locally advanced or metastatic stage in 30–40% and 40–50%
of patients, respectively [15–17]. Thus, despite the development of chemotherapy, the prognosis of
patients with UR-PDAC remains poor, with a median survival of 9.2–13.5 months and low rates of
long-term survival. [5–7]

Favorable outcomes may be achieved for a certain period of time, through the use of
chemo(radiation)therapy for patients with unresectable malignancies, and this treatment can be
converted to surgical resection, as required. Conversion surgery represents a new therapeutic strategy
which may improve short- and long-term outcomes of patients with UR-PDAC. Several articles have
reported the utility of CS in such patients, as well as the positive effects on prognosis [17–26]. In the
present study, the rate of CS among patients with UR-LA and UR-M was similar to that reported
previously [25]. We found the long-term prognosis; one-, three-, and five-year OS rates from initial
treatment; and MST were significantly better among patients with long PR/SD who did not undergo CS,
although there were no significant differences in survival with relation to UR-LA or UR-M. Therefore,
CS should be considered even for patients initially diagnosed with UR-M if they exhibit surgical
indicators. Considering the favorable long-term survival of patients who underwent CS in the present
study, our suggestion of tumor extension to the major vessels with attachment as an indication for
surgery appears reasonable. However, early recurrence was observed in almost 20% of patients,
in line with the findings of Wright et al., who reported that seven out of 23 patients (30.4%) with
metastatic PDAC who underwent CS experienced early recurrence. Other studies have also reported
early recurrence rates after conversion surgery of approximately 30% [27–29]. This would suggest that
patients cannot be expected to survive longer than patients who receive non-surgical treatment, and
conversion surgery may be harmful to patients because of the high risk of mortality and morbidity
associated with extensive pancreatectomy. The early recurrence rate should be decreased as much as
possible for patients undergoing CS [30]. Thus, although CS can prolong OS, early recurrence remains
a considerable risk. Appropriate preoperative selection of patients for CS is absolutely necessary in

106



Cancers 2020, 12, 1428

order to improve prognosis. The relatively strict surgical indication employed in the present study
resulted in prolonged survival and a reduced incidence of early recurrence. In contrast, a review article
reported that some authors recommend patients with UR-PDAC who did not experience progression
after chemo(radiation) therapy should be offered surgical exploration [30]. The resectability and MST
of patients in these studies who underwent CS ranged from 20% to 69% (median, 52%) and from 19.5
to 33 months (median, 21.9 months), respectively. Strict criteria may lead to lower resectability but
longer OS, as a result of patient selection. Broad criteria may be associated with higher resectability
but shorter OS, due to the risk of early recurrence after conversion surgery. Surgical indications for CS
should be carefully decided through discussion in a multidisciplinary meeting.

To the best of our knowledge, there have been no previous studies on predictive factors of
early recurrence after CS. The present study demonstrates that lymph node metastasis, positive
washing cytology, large tumor size (>35 mm), and lack of postoperative adjuvant chemotherapy are
significant predictive factors for early recurrence after CS. Thus, tumor size and washing cytology
may be important preoperative factors which should be considered during patient selection for CS.
Staging laparoscopy should be routinely performed before proceeding with CS in order to exclude
patients with positive washing cytology. Metastatic site, decreased CA19-9 level, and performance
status are not significant predictive factors for early recurrence. Several articles have reported that
decreased CA19-9 levels after multimodal therapy represent a reliable predictive factor for resectability,
OS, and DFS [21,29–35]. In most patients of the present study, CA19-9 decreased to within normal
limits after multimodal treatment. Although the optimal selection criteria for surgical exploration
or resection remain controversial for patients with initially UR-PDAC, it may be appropriate to base
decision-making for CS on clinical response (defined by RECIST criteria) and decreased CA19-9 level
after multimodal therapy [30].

Regarding pathological examination, the utility of Evans classification reflecting the extent of
tumor degeneration or necrosis has been extensively studied as a prognostic factor after preoperative
treatment [24,35–38]. There have been reports of the association between histopathological responses
to chemo(radiation)therapy and the prognosis of patients with PDAC [24,35–38]. Chaterjee et al [36].
reported that 42 (18.8%) of 223 patients with resectable PDAC who received neoadjuvant chemotherapy
were classified as Evans grade ≥III and had better survival rates than patients classified as Evans grade
<III. Moreover, White et al. [37] suggested histologic response to be a useful surrogate marker for
treatment efficacy, but Evans grade was not found to be a prognostic factor of CS in the present study.

The present study has some limitations which should be acknowledged. Firstly, it is a single-institute
and retrospective study involving a small number of patients. All studies on this subject, to date, are
retrospective studies, and so we believe that a prospective study is necessary to define the efficacy of CS.
In Japan, the results of the PREP-04 trial (UMIN000017793)—a multi-institutional prospective cohort
study investigating clinical outcomes of CS on patients with initially UR-PDAC— will be published in
the near future. Given that only patients who responded favorably to chemo(radiation)therapy were
analyzed among all patients with UR-PDAC, a selection bias exists. The development of an effective
therapeutic strategy involving combined multimodal treatment with surgical resection is critical.

5. Conclusions

In conclusion, CS can provide clinical benefits, including increased survival for patients with
initially UR-PDAC who have responded favorably to chemo(radiation)therapy. In addition to CS,
postoperative adjuvant chemotherapy is necessary to prolong survival. It is essential that efforts are
made to reduce early recurrence and to investigate surrogate markers in order to determine appropriate
indications for surgery.
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Simple Summary: Recurrences after primary resection of pancreatic cancer are generally treated
with chemotherapy or best supportive care. Despite some reports of encouraging results after the
re-resection of recurrences, the real role of surgery in this setting remains unclear. The aim of our
systematic review and meta-analysis was to define the benefit of surgery in the case of isolated local
recurrence. The data collected on 431 patients suggest an overall survival benefit of 29 months for
patients re-operated compared to patients given medical therapies. In selected patients with recurrent
pancreatic cancer, resection is safe and feasible, and may offer a survival advantage.

Abstract: Purpose: To perform a systematic review and meta-analysis on the outcome of surgical
treatment for isolated local recurrence of pancreatic cancer. Methods: A systematic review and meta-
analysis based on Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)
guidelines was conducted in PubMed, Scopus, and Web of Science. Results: Six studies concerning
431 patients with recurrent pancreatic cancer met the inclusion criteria and were included in the
analysis: 176 underwent redo surgery, and 255 received non-surgical treatments. Overall survival
and post-recurrence survival were significantly longer in the re-resected group (ratio of means
(ROM) 1.99; 95% confidence interval (CI), 1.54–2.56, I2 = 75.89%, p = 0.006, and ROM = 2.05; 95% CI,
1.48–2.83, I2 = 76.39%, p = 0.002, respectively) with a median overall survival benefit of 28.7 months
(mean difference (MD) 28.7; 95% CI, 10.3–47.0, I2 = 89.27%, p < 0.001) and median survival benefit
of 15.2 months after re-resection (MD 15.2; 95% CI, 8.6–21.8, I2 = 58.22%, p = 0.048). Conclusion:
Resection of isolated pancreatic cancer recurrences is safe and feasible and may offer a survival
benefit. Selection of patients and assessment of time and site of recurrence are mandatory.

Keywords: isolated local recurrence; pancreatectomy; pancreatic cancer; pancreatic remnant; recur-
rence; redo surgery

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) was the fourth cause of cancer-related
death in the United States and in Italy in 2018, with an estimated 55.440 and 13.300
new cases diagnosed, and 44.300 and 11.463 related deaths, respectively [1,2]. Surgical
resection continues to be the only chance of cure, but the 5-year survival rate remains low,
ranging from 19% to 27% [3,4]. Such disappointing results are justified by the aggressive
biology of pancreatic cancer and the high rate of recurrence (up to 80%) even after radical
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resections [5]. Recurrent pancreatic cancer poses a challenge for clinicians and is commonly
treated with chemotherapy or best supportive care. Unlike other cancers, re-surgery
for relapsing pancreatic cancer is not generally considered an option because evidence
regarding its benefits is lacking, and isolated tumor recurrences amenable to resection are
relatively uncommon. An isolated local recurrence (ILR) is usually defined as a tumoral
recurrence localized to the posterior resection margin, the pancreatic remnant, or the
locoregional lymph nodes. Some authors have recently reported encouraging results of
surgical management of pancreatic cancer recurrence in selected patients [6–9].

The aim of the present study was to conduct a systematic review and meta-analysis of
the outcome of redo-surgery for patients with isolated local recurrent PDAC after initial
pancreatectomy.

2. Materials and Methods
2.1. Study Selection

A systematic literature search was conducted using PubMed, Scopus, and Web
of Science to identify all studies published up to 30 November 2020 regarding the
recurrence of pancreatic cancer after surgery. The search terms used were “pancre-
atic cancer/neoplasm/adenocarcinoma”, “recurrence”, “surgery/pancreatectomy/redo
surgery/completion pancreatectomy”. The articles found were used to broaden the search,
and all emerging abstracts, studies, and citations were reviewed. The reference lists of all
the studies considered were also screened for any other potentially relevant papers.

2.2. Inclusion and Exclusion Criteria

The following inclusion criteria were considered for the studies: (1) they reported
on patients with histologically proven ILR PDAC treated surgically with curative intent,
with or without (neo) adjuvant chemotherapy and/or radiotherapy; (2) they provided
data on patients reoperated for recurrent PDAC after initial pancreatectomy, and their
long-term outcomes; (3) they were written in English. The following exclusion criteria were
considered: (1) reviews without original data or animal studies; (2) absence of individual
patient data; (3) duplications; (4) lack of long-term data; and (5) in the event of successive
publications by the same group, only the most detailed study was included.

Three independent reviewers (SS, ARB, AB) extracted the data using standardized
data forms. All data from each eligible study were entered in a dedicated spreadsheet
(Excel 2007, Microsoft Corporation®, Padua, Italy). Disagreements between the reviewers
were solved by discussion and consensus. The following data were collected: title, first
author, year of publication, characteristics of study population, study design, number of
patients who underwent re-resection, disease-free interval (DFI), overall survival (OS),
and post-recurrence survival (PRS). The articles included in this review were chosen in
accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [10].

2.3. Terminology and Definitions

Disease-free interval (DFI) was defined as the interval between the date of primary
tumor resection and the date of recurrence. Overall survival (OS) was defined as the
time between the primary tumor resection and death or latest follow-up. Post-recurrence
survival (PRS) was the time interval between recurrence detection or reoperation and death
or latest follow-up.

2.4. Statistical Analysis

The statistical methods of this study were reviewed by two authors (BAR and BA).
Two meta-analyses were conducted in line with the Cochrane Collaboration guidelines
on the Meta-analysis of Observational Studies in Epidemiology [11,12]. The first analysis
focused on OS in months; the second focused on survival in months after the recurrence
of PDAC. The data used for the meta-analyses are summarized in Table 1. Survival was
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retrieved from the published studies as median values and ranges. Where not stated
explicitly, these values were calculated from the data reported in the papers or extrapolated
from the Kaplan-Meier (K-M) plots. Since all articles used in this analysis reported only
the size of the study groups (without standard errors), all median survival times were
converted into means and variances using a dedicated statistical algorithm [13].

The survival data were pooled for the analysis of either the mean difference (MD) or
the logarithm of the ratio of means (ROM) [14]. Values of MD > 0 or ROM > 1 indicate
a higher survival rate for patients who underwent re-resection. Cochran’s Q statistic
and the I2 statistic were used to test between-study heterogeneity [15]. If the Q statistic
was significant at the 0.1 level, the summary effect and corresponding 95% confidence
interval (CI) were obtained with the Mantel-Haenszel random effects model [16]. For
I2 < 50%, between-study heterogeneity was judged to be low moderate; for I2 ≥ 50%, it was
considered substantial. The point estimate of MD and ROM was considered statistically
significant when p was < 0.05. A cumulative meta-analysis was also run to test the stability
of the pooled endpoint estimates. Publication bias was assessed visually using a funnel plot,
and the number of missing studies was estimated using the trim-and-fill method [17,18].
All analyses were conducted using R version 3.5.2 [19].

Table 1. Studies included in the meta-analysis. OS and PFR are compared for each study (significant difference for p
value < 0.05). Pts: number of patients; OS: overall survival; PRS: post recurrence survival; * extrapolated from K-M plot; ˆ
extrapolated from confidence interval; NR: not reported.

Author Treatment Pts OS (Range) p Value PRS (Range) p Value

Strobel et al. [20]
RESECTED * 41 NR

NR
26 (1–60)

<0.01UNRESECTED * 16 NR 10.8 (1–36)

Miyazaki et al. [21] RESECTED * 11 78.2 (17–107)
<0.001

25 (3–61)
<0.01UNRESECTED * 159 20.3 (5–103) 9.3 (3–75)

Hashimoto et al. [22]
RESECTED 8 72 (36–129)

NR
17 (10–85)

NRUNRESECTED 2 30 (28–32) 10 (9–11)

Nakayama et al. [23] RESECTED ˆ 11 70 (19–70)
=0.02

44 (11–44)
=0.01UNRESECTED ˆ 35 25 (15–35) 11 (6–25)

Yamada et al. [24]
RESECTED * 90 26 (4–60)

=0.012
NR

NRUNRESECTED * 24 14 (2–60) NR

Kim et al. [25]
RESECTED * 15 NR

NR
28 (5–57)

=0.01UNRESECTED * 19 NR 12 (4.5–35)

3. Results

The study search and selection strategy are shown in the flow chart in Figure 1. The
preliminary literature search identified 1326 studies matching the initial search criteria.
After screening, six studies were ultimately included in the quantitative synthesis (meta-
analysis) [20–25].

It was not possible to include DFI in this analysis because this information was lacking
in most studies. Likewise, due to the lack and fragmentation of precise data about the
time to recurrence, it was not possible to estimate and compare conditional survival of
resected and non-resected patients. Four reports [21–24] were included for OS and five
for PRS [20–23,25] analysis. All six studies were retrospective and concerned a total of
431 patients with recurrent pancreatic cancer after primary pancreatic resection: 176 treated
with re-resection, and 255 given non-surgical removal of recurrence. The characteristics of
the selected studies are summarized in Table 1.
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After surgery for recurrent PDAC, the mortality rate reported was 1.1% (2/176 pa-
tients) [20,25]; the morbidity rate ranged from 6% [25] to 33% [24].

A random-effects meta-analytical model was used for all variables. The random-effects
method was always chosen because Cochran’s Q statistic proved statistically significant at
the p < 0.05 level for all meta-analyses, with a borderline situation for the analysis focusing
on mean survival after recurrent PDAC, for which it was p = 0.048.

OS was almost twice as long in patients reoperated for ILR PDAC than in patients
given non-surgical treatments (ROM 1.99; 95% CI, 1.54–2.56, I2 = 75.89%, p = 0.006). The
median survival benefit for patients who underwent re-resection was 28.7 months (MD
28.7; 95% CI, 10.3–47.0, I2 = 89.27%, p < 0.001), as shown in Figure 2.
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Median PRS was significantly longer for the group treated surgically than for the
patients not re-resected (ROM = 2.05; 95% CI, 1.48–2.83, I2 = 76.39%, p = 0.002): it was
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15.2 months longer in the former than in the latter group (MD 15.2; 95% CI, 8.6–21.8,
I2 = 58.22%, p = 0.048) (Figure 3).
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The cumulative meta-analysis demonstrated that the benefit after pancreatic re-
resection settles very quickly for both OS and PRS. Funnel plots provided some evidence
of publication bias. One study was estimated to be missing on the left for OS, while no
study seems to be missing for PRS (Figures 4 and 5).
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4. Discussion

Pancreatic ductal adenocarcinoma is recognized as a major cause of cancer-related
deaths for early metastasis, extensive invasion, and poor prognosis. At diagnosis, 50%
of patients present with synchronous metastases, and further 30% present with locally
advanced disease, who are not suitable for upfront surgery [1]. Moreover, despite radical
resection, PDAC frequently relapses, and the clinical management of recurrences is trou-
blesome. The well-accepted treatment for recurrent PDAC is still chemotherapy, whenever
feasible. Recent studies on the surgical treatment of recurrent PDAC in selected patients
reported encouraging results in terms of survival, with negligible surgical morbidity and
mortality rates.

Strobel et al. [20] conducted a prospective cohort study with patients with pancreatic
cancer recurrence and assessed perioperative outcome, survival, and prognostic parameters.
In this series, 57 patients underwent surgery for histologically proven ILR after R0/R1
resection of PDAC. ILR was resected in 41 patients. Most resections were carried out for
extrapancreatic recurrences. A pancreatic re-resection was performed in 24 patients (44%).
In 19 cases, a total pancreatectomy was necessary; segmental resections were possible in
only 5 patients. In 11 (20%) patients with ILR in paracaval or interaortocaval lymph nodes,
a simple excision with lymphadenectomy was performed. A total of 36 (63%) patients
with ILR had a recurrence in close touch with visceral arteries (SMA or the celiac trunk).
In these cases resection was only attempted if the arteries were not directly involved. No
data about the number of R1/R0 resection after the first operation were reported. The
authors [20] also assessed the potential effect of intraoperative radiation therapy (IORT).
A total of 22 patients underwent surgical resection and IORT. In 16 patients, the ILR was
considered not resectable because of infiltration of the mesenteric vessels; 10 of these
patients received IORT (10–15 Gray). In patients with resection of ILR, the subgroup with
IORT demonstrated a shorter survival than patients without IORT (17.0 vs. 29.6 months
of median survival). In contrast, patients with unresectable ILR had significantly better
survival with IORT (15.1 vs. 4.3 months of median survival). They concluded that benefit
of percutaneous and intraoperative radiotherapy warrants further evaluation.

Miyazaki et al. [21] reported on 284 consecutive patients with pancreatic cancer who
underwent initial pancreatectomy with curative intent (R0 and R1 resection). A total of
170 patients were diagnosed with recurrent pancreatic cancer, but only 11 (16.4%) developed
ILR. Two out of eleven were R1 at the time of the first operation.

Hashimoto et al. [22] retrospectively analysed the survival and pathological find-
ings of 10 patients who developed remnant pancreatic cancer. The authors performed
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a pyrosequencing assay for KRAS (codon 12) mutations and immunohistochemistry for
MUC1/MUC2, and compared the histological diagnosis of the initial tumor and the rem-
nant pancreatic cancer in the resected group. The results indicated that four cases might
have developed local recurrence of the primary lesions, and the other four cases might
have developed new primary lesions. It is important to point out that only one case out of
ten was R1 resection at the time of the first operation.

Nakayama et al. [23] compared the survival outcomes of patients who developed
isolated local vs. distant recurrence. In this subset of patients, only 3 out of 46 patients
were considered R1 after the first pancreatic resection. Median survival after the recurrence
was longer in the patients with ILR than in those with distant metastasis (44 vs. 13 months,
p-value < 0.05).

Yamada et al. [24] conducted a multicenter survey of patients diagnosed with ILR in
the remnant pancreas. Data from 114 patients were collected in a retrospective manner.
Although their multivariate analysis could not identify any independent prognostic factors,
the univariate analysis showed that excision of ILR, age (<65 years), body mass index
(>20 kg/m2), tumor dimensions (<20 mm), and distance from the pancreatic resection
margin (>10 mm) were statistically significant positive prognostic factors. In this study,
there was no correlation between the R1 margin at the time of first operation and distance
to the pancreatic stump of ILR, which implies that the onset of a tumor in the remnant
pancreas should not always be considered as a consequence of intrapancreatic colonization
of the primitive cancer, as supported by Hashimoto et al. [22].

Kim et al. [25] reported on a cohort of 1610 consecutive patients with pancreatic
cancer who underwent initial pancreatectomy with curative intent between January 2000
and December 2014 at Asian Medical Centre, Seoul, Korea. A total of 1346 patients were
diagnosed with recurrent pancreatic cancer, but only 197 (14.6%) and 34 (2.5%) of these
patients had isolated recurrence and ILR, respectively. Moreover, the authors performed
a survival analysis according to the recurrence pattern. Survival after recurrence was
better in patients who underwent resection of isolated recurrence in the remnant pancreas
(median 28 vs. 12 months) and lung (median 36.5 vs. 9.5 months) than in those who did
not undergo resection.

In a previously published systematic review by Moletta et al. [26] about the role of
surgical resection for recurrent PDAC, an overall survival benefit after resection compared
to non-resected patients was reported.

This raises some questions. First, is surgery for recurrent PDAC definitely worthwhile?
If so, can it be proposed for all sites of recurrence? Which is the optimal treatment for
recurrent PDAC: chemotherapy or surgery?

In this study, we confirmed the potential benefit of surgery, applying a quantitative
analysis and statistical significance to the data previously reviewed. We analyzed six
studies and compared the results of surgery vs. medical treatment (chemotherapy or best
supportive care) for patients with recurrent PDAC. The results of our analysis confirmed
that redo surgery for recurrent tumor offers a survival advantage for selected patients with
a very low risk of perioperative mortality and an acceptable morbidity rate. The survival
benefit (patients re-operated for ILR compared to patients given medical therapies) was
estimated as about 29 and 15 months in terms of OS and PRS, respectively.

The resection of recurrent disease seems to be feasible and safe, and should be con-
sidered for selected patients with isolated pancreatic cancer local recurrences. Among
the various sites affected, surgery for recurrences in the pancreatic remnant seems to be
associated with a better outcome. Zhou et al. [8] reviewed the English literature until June
2016, collecting 19 articles on 55 patients who had complete pancreatectomy for relapsing
PDAC. The 1, 3, and 5-year OS rates after second pancreatectomy were 82.2%, 49.2%, and
40.6%, respectively.

To date, only some reports and case series that investigate the benefit of surgery in
isolated distant recurrence or in oligo metastatic patients have been published. Despite
advances in surgical techniques, pancreatic surgery often results in a positive resection
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margin status (R). In particular, R0 was defined as a distance from the tumor to the closest
resection margin of >1 mm, whereas R1 as a distance of ≤1 mm to the resection margin or
margin involved without macroscopic involvement. R1 resection and medial/posterior
margin due to perineural invasion, regional lymph node metastases, and systemic spread-
ing at the time of surgery resulted in early recurrences. Based on today’s knowledge,
it is not possible to define if ILR are de novo tumors or recurrence of the primary ones.
Encouraging survival rates have been reported for isolated lung metastases: the median
survival time after lung metastasectomy ranged from 18.6 [9] to 47 months [27]. On the
other hand, poor outcomes have been reported after the resection of liver or peritoneal
metastases [28,29]. New randomized clinical trials should be conducted to better define
the role of surgery in this setting.

We cannot clearly answer the question regarding the optimal treatment for recur-
rent PDAC because of the lack of controlled studies comparing the outcomes of patients
who undergo surgery with those given chemotherapy. In the era of multi-agent systemic
therapy, survival for pancreatic cancer has globally increased. However, even if many dif-
ferent randomized clinical trials for borderline, locally advanced, and “de novo” metastatic
PDAC are published confirming the survival benefit of new regimen, in the case of re-
current PDAC, such studies are missing, and there is currently no scientific evidence
supporting a specific treatment. Some authors have shown improvement in survival after
treatment of recurrent PDAC with intensified regimes including FOLFIRINOX (FFN) and
nab-paclitaxel plus gemcitabine (GEMNAB) compared with single agent chemotherapy.
Gbolahan et al. [30] reported that administration of FFN or GEMNAB compared with
single agent chemotherapy was associated with a statistically significant survival benefit,
with a median OS of 14 (95% CI 9–17) vs. 8 (95% CI 6–12) months. Javed et al. [31], in a
recent retrospective multi-center European study, did not report any significant differences
in terms of survival between FFN/GEMNAB and any other combination of gemcitabine-
or 5-fluorouracil-based regimen: polichemotherapy was always superior when compared
with gemcitabine monotherapy with a variable median OS of 7.9–9.9 vs. 4.9 (95% CI
4.4–5.6) months. Kawaida et al. [32] reported an objective response rate of 13.6% and a
progression-free survival of 7.2 months after administration of GEMNAB with an important
hematological toxicity rate of 72.7% (grade 3–4).

It is reasonable to believe that the combination of new chemotherapy regimens and
surgery in fit patients could improve the outcome of recurrent PDAC. Given the heteroge-
neous chemotherapy regimens used, the small numbers of patients included in different
studies, and the fact that most patients present with multiple sites of relapse and frequently
in poor health, inevitably, the surgical option can only be offered to a few, very selected
patients.

Our study has some limitations to consider. The relatively small number of studies
analyzed and their heterogeneity and retrospective nature entail a significant risk of selec-
tion bias. The lack of data in some studies also prevented us from measuring disease-free
interval and compare conditional survival to obtain a more accurate picture of patients’
outcomes. We therefore were unable to investigate the potential role of a number of fac-
tors including patient’s characteristics, baseline tumor burden and stage, neoadjuvant
chemotherapy, morbidity from surgical resection and adjuvant therapy, comorbidity, and
functional status on failure to receive therapy. All these aspects can lead to a selection
bias that it is difficult to avoid, according to the rarity of ILR in PDAC. These important
questions should be further addressed in new prospective and multicentric studies.

5. Conclusions

To our knowledge, this is the first meta-analysis comparing the outcome of patients
with ILR PDAC following resection or sequential chemotherapies. In selected patients
with recurrent pancreatic cancer, resection is safe and feasible, and may offer a survival
advantage. Surgery should be considered as part of the multimodality management
of relapsing pancreatic cancer. An accurate patient selection, considering the site and
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time of recurrence, and a multidisciplinary approach are essential to choose the best
appropriate treatment.
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Simple Summary: Pancreatic cancer is an aggressive disease with a poor prognosis. The analysis
of cell-free DNA (cfDNA) for genetic abnormalities is a promising new approach for the diagnosis
and prognosis of pancreatic cancer patients. In this study, we conducted a systematic review and
meta-analysis of studies that reported cfDNA in pancreatic ductal adenocarcinoma (PDAC). In total,
48 studies were included in the qualitative synthesis, while 44 were assessed in the quantitative
synthesis, including 3524 PDAC patients. An overall negative impact of cfDNA and KRAS mutations
on the overall (OS) and progression free survival (PFS) (HR = 2.42, 95% CI: 1.95–2.99 and HR = 2.46,
95% CI: 2.01–3.00, respectively) were found. The performance of molecular studies to assess the
presence of KRAS mutation by liquid biopsy may support global efforts to improve outcomes for
PDAC patients.

Abstract: Introduction: The analysis of cell-free DNA (cfDNA) for genetic abnormalities is a promis-
ing new approach for the diagnosis and prognosis of pancreatic cancer patients. Insights into the
molecular characteristics of pancreatic cancer may provide valuable information, leading to its earlier
detection and the development of targeted therapies. Material and Methods: We conducted a system-
atic review and a meta-analysis of studies that reported cfDNA in pancreatic ductal adenocarcinoma
(PDAC). The studies were considered eligible if they included patients with PDAC, if they had blood
tests for cfDNA/ctDNA, and if they analyzed the prognostic value of cfDNA/ctDNA for patients’
survival. The studies published before 22 October 2020 were identified through the PubMED, EM-
BASE, Web of Science and Cochrane Library databases. The assessed outcomes were the overall (OS)
and progression-free survival (PFS), expressed as the log hazard ratio (HR) and standard error (SE).
The summary of the HR effect size was estimated by pooling the individual trial results using the
Review Manager, version 5.3, Cochrane Collaboration. The heterogeneity was assessed using the
Cochran Q test and I2 statistic. Results: In total, 48 studies were included in the qualitative review,
while 44 were assessed in the quantitative synthesis, with the total number of patients included being
3524. Overall negative impacts of cfDNA and KRAS mutations on OS and PFS in PDAC (HR = 2.42,
95% CI: 1.95–2.99 and HR = 2.46, 95% CI: 2.01–3.00, respectively) were found. The subgroup analysis
of the locally advanced and metastatic disease presented similar results (HR = 2.51, 95% CI: 1.90–3.31).
In the studies assessing the pre-treatment presence of KRAS, there was a moderate to high degree of
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heterogeneity (I2 = 87% and I2 = 48%, for OS and PFS, respectively), which was remarkably decreased
in the analysis of the studies measuring post-treatment KRAS (I2 = 24% and I2 = 0%, for OS and
PFS, respectively). The patients who were KRAS positive before but KRAS negative after treatment
had a better prognosis than the persistently KRAS-positive patients (HR = 5.30, 95% CI: 1.02–27.63).
Conclusion: The assessment of KRAS mutation by liquid biopsy can be considered as an additional
tool for the estimation of the disease course and outcome in PDAC patients.

Keywords: cell-free DNA; pancreatic ductal adenocarcinoma; survival; meta-analysis

1. Introduction

Pancreatic cancer is an aggressive disease with a poor prognosis. Despite the con-
stantly evolving therapeutic and diagnostic techniques, the survival rate for pancreatic
cancer still remains low compared to other malignant tumors [1]. According to the Amer-
ican Cancer Society (ACS) and the National Cancer Institute (NCI), the overall 5-year
survival rate for pancreatic cancer is below 9% [2]. Even the small percentage of people
diagnosed with the local disease (10%) experience an aberrant 5-year survival rate of 37%.
The vast majority see a fate of being diagnosed at the distant stage of the disease (53%),
where the survival rate is 3% [2]. Pancreatic cancer’s low survival rates are attributed to
late diagnosis, the lack of effective chemotherapy, and surgical limitations [3]. In 2017,
there were 447,700 new cases diagnosed worldwide, and 441,082 deaths due to pancreatic
cancer were recorded in the same year [4,5]. Pancreatic cancer accounts for 1.8% of all
cancers, but causes 4.6% of all cancer deaths, thus resulting in it being the seventh highest
cause of cancer death worldwide [2].

Cell-free DNA (cfDNA) has gained attention as a potential biomarker for a large
variety of malignancies (lung, breast, liver, etc.) due to the increased levels of apoptosis,
necrosis, pyroptosis, mitotic catastrophes, autophagy and phagocytosis present in cancer
patients [6]. Thus, the detection of cfDNA changes in serum or plasma and the uncovering
of genetic abnormalities being released from malignant tumors has been considered as
promising candidate technique for cancer diagnosis through liquid biopsy [6,7]. The analy-
sis of cell-free DNA (cfDNA) for genetic abnormalities is also a new promising approach
for the diagnosis and prognosis of pancreatic cancer patients. Insights into the molecular
characteristics of the pancreatic cancer may provide valuable information, leading to its
earlier detection and the development of targeted therapies. The identification of a cir-
culating biomarker for pancreatic cancer, in a non-invasive manner, is an exciting area of
exploration, which may lead to personalized prognosis and therapeutic optimization from
simple blood tests [8]. Previous studies have suggested that the vast majority of pancreatic
ductal adenocarcinoma (PDAC) harbor mutations in the KRAS gene, with cfDNA mutant
KRAS being an early marker of disease recurrence [9,10]. Tumor-derived cfDNA, known
as circulating tumor DNA (ctDNA), has been the subject of extensive research. However,
ctDNA’s clinical usability still has not been established due to the non-standardized tech-
nique for its quantification. With the introduction of digital droplet polymerase chain
reaction (ddPCR), new insights in this area have been acquired [11,12]. ddPCR’s ability to
aid in the determination of cfDNA and ctDNA’s size and level has been shown to yield
prognostic value in pancreatic cancer [13]. In this study, we performed (1) a systematic
review incorporating prior studies that explored the association between cfDNA and the
prognosis of patients with PDAC, and (2) a meta-analysis which quantifies the association
between the presence of KRAS mutation and overall survival (OS) and progression-free
survival (PFS) in these patients.
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2. Material and Methods

A systematic review was performed in accordance with the Preferred Reporting
Items for Systematic Reviews [14] and the Meta-analysis of Observational Studies in
Epidemiology [15]. The standardized protocol was specifically developed for the purpose
of this review, and was used by independent reviewers.

2.1. Study Selection

The publications were screened for inclusion in the systematic review in two phases,
and all of the disagreements were resolved by discussion at each stage with the inclusion
of a third reviewer or by consensus. Studies were included based on the following cri-
teria: (1) studies including patients with pancreatic cancer, (2) studies with blood tests
for cfDNA/ctDNA, and (3) studies analyzing the prognostic value of cfDNA/ctDNA for
patients’ survival results. Articles containing any of the following were excluded: (1)
cfDNA/ctDNA extracted from tumor tissue; (2) studies without survival outcomes, such as
OS and PFS; (3) studies lacking key data for the extraction of HR; or (4) diagnostic articles.

2.2. Search Strategy

A biostatistician with expertise in conducting systematic reviews and meta-analyses
(N.M.M.) and a pancreatic cancer surgeon (D.R.) developed the search strategy. Searches of
the PubMed, EMBASE, Web of Science and Cochrane Library databases until 22 October 2020
were performed for studies containing key words for cfDNA and pancreatic cancer: “cell-
free DNA” or “ctDNA” or “cfDNA” or “circulating DNA” or “circulating tumor DNA”
or “KRAS”, and “pancreatic cancer” or “pancreatic carcinoma” or “pancreatic adenocarci-
noma”. There were no restrictions on the publication language or status. The authors of
relevant studies were contacted in an attempt to obtain missing data, and to confirm the
information on the study methodology and the results. The authors of relevant abstracts
were contacted in order to identify eligible unpublished datasets. Reference lists of the
articles that are included in the analysis were searched manually, as well as relevant re-
views and editorials. Experts in the field were asked to provide information on potentially
eligible studies.

2.3. Article Screening and Selection

Two reviewers (J.M.L., P.M.) independently evaluated the eligibility of all of the titles and
abstracts, and performed full-text screening according to the inclusion and exclusion criteria.
Disagreements were resolved by consensus (J.M.L., P.M.) or arbitration (N.M.M, D.R.).

2.4. Data Abstraction and Quality Assessment

Two reviewers (J.M.L., P.M.) independently extracted the following data: the first
author’s name, year of publication, country, number of patients, study design, inclusion
and exclusion criteria, TNM stage, sample origin, time of the sample collected, meth-
ods of DNA detection, detection markers, and information needed to assess the articles’
quality. The authors were contacted to clarify and confirm the accuracy of the abstracted
data. The extraction of the survival outcome data included OS, PFS, disease-free survival
(DFS), recurrence-free survival (RFS) and disease-specific survival (DSS). Hazard ratios
(HR) with a corresponding 95% confidence interval (95% CI) were also obtained from the
related articles.

123



Cancers 2021, 13, 3378

2.5. Risk of Bias

The risk of bias in the individual studies was assessed according to the following
criteria proposed by the GRADE (Grading of Recommendations, Assessment, Develop-
ment and Evaluations) Working Group [16]: (1) failure to develop and apply appropriate
eligibility criteria (the inclusion of a control population), (2) flawed measurements of both
exposure and outcome, (3) failure to adequately control for confounding variables, and (4)
incomplete follow-up. Two reviewers (J.M.L., P.M.) independently evaluated the risk of
bias within and across the studies, and the overall quality of the gathered evidence. An
adapted version of the Newcastle–Ottawa tool for observational studies was used [17].

2.6. Statistical Analysis

The assessed outcomes were OS and PFS expressed as the log HR and standard
error (SE). For articles without explicit data for the HR and 95% CI, the logHR and SE
were calculated by extracting the survival rates from Kaplan Meier curves using the
WebPlotDigitizer v4.4 [18]. The HR was than estimated using a calculator formulated by
Tierney et al. [19]. The number of patients at risk was extracted when available; if not, the
numbers were calculated taking into account the total number of patients included in the
survival analysis and selected time points accounting for the censored data [6,20–31]. In
addition, if the HR data were not available, but were presented in the individual-level
data, the HR with corresponding 95% CI were calculated by IBM SPSS, version 25 [32]. The
summary HR effect size was estimated by pooling the individual trial results using the
Review Manager, version 5.3, Cochrane Collaboration. The heterogeneity was assessed
using the Cochran Q test and I2 statistic. According to Higgins and Thompson [33], the
heterogeneity was defined as I2 > 50% or p value < 0.10. A random effect model was used
due to presence of heterogeneity in all of the analysis [33]. The weight of each study was
calculated by the inverse variance method and adjusted by effect models, which determined
how much each study contributed to the pooled HR. Sensitivity analyses were performed in
order to evaluate the effect of the sample origin and different survival outcome measures. A
subgroup analysis was performed for locally advanced and metastatic disease. A separate
forest plot was constructed for each analysis showing the HR (box), 95% CI (lines) and
weight (size of box) for each trial. The diamond presented the overall effect size. The
presence of publication bias was assessed by a linear regression test of the funnel plot
asymmetry. p < 0.05 was considered to be statistically significant.

3. Results
3.1. Systematic Review

A total of 5768 potentially eligible articles were found. After duplicates were removed,
3997 titles and abstracts were screened. After reading the titles and abstracts, 3694 articles
were excluded because they were not original studies, examined populations other than
humans (animals, cell lines), examined other diseases, did not measure ctDNA/cfDNA, or
were retracted studies, author corrections or abstracts. Of the 303 reviewed full text articles,
255 were excluded because they were not written in the English language, had no survival
data, had no liquid biopsy data, were methodological studies, were ongoing clinical trials,
or the full-text version of the article was not available. A total of 48 articles were selected
for inclusion in the systematic review, and 44 studies were included in the meta-analysis.
The flow chart presenting the steps of the study selection in detail is shown in Figure 1.
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The characteristics of all of the 48 publications included in the systematic review are 
presented in detail in Table 1. Most of the studies were conducted in China or Japan (Fig-
ure 2). The studies were published between 1996 and 2020, with a minimum sample size 
of 10 [20] and a maximum of 210 patients [34]. The UICC/AJCC TNM classification was 
given by an exact number of patients in each stage in 18 of the studies [23,25,28,30,34–48], 
while the UICC/AJCC TNM classification was not reported for a subgroup of patients for 
which the ctDNA was measured, but was instead given for a total number of patients 
included in the study in four studies [20,49–51]. In total, 42 studies measured the cfDNA 
in plasma [9,13,21,24–31,34–36,38–46,48–66], three studies measured it from serum 
[37,47,67], two studies measured it from blood [20,22] and one study examined the cfDNA 
both in serum and plasma [23]. The time of the sampling was pre-treatment in 29 studies 
[9,13,23,24,26,29,34,36–40,43,44,46,49,52–55,57,58,60,62–67], pre/post-treatment in 10 stud-
ies [25,27,28,30,35,41,42,45,47,59], post-treatment only in two studies [48,50], pre/post and 
during treatment in one study [22], and six studies did not report the time of sampling 
[20,21,31,51,56,61]. KRAS was explicitly measured in 41 studies [9,20–31,34–39,41–50,52–
55,57–64,67], the cfDNA/ctDNA total concentration was measured in four studies 

Figure 1. Flow chart of the study selection.

The characteristics of all of the 48 publications included in the systematic review are
presented in detail in Table 1. Most of the studies were conducted in China or Japan
(Figure 2). The studies were published between 1996 and 2020, with a minimum sam-
ple size of 10 [20] and a maximum of 210 patients [34]. The UICC/AJCC TNM clas-
sification was given by an exact number of patients in each stage in 18 of the stud-
ies [23,25,28,30,34–48], while the UICC/AJCC TNM classification was not reported for
a subgroup of patients for which the ctDNA was measured, but was instead given for
a total number of patients included in the study in four studies [20,49–51]. In total, 42
studies measured the cfDNA in plasma [9,13,21,24–31,34–36,38–46,48–66], three studies
measured it from serum [37,47,67], two studies measured it from blood [20,22] and one
study examined the cfDNA both in serum and plasma [23]. The time of the sampling
was pre-treatment in 29 studies [9,13,23,24,26,29,34,36–40,43,44,46,49,52–55,57,58,60,62–67],
pre/post-treatment in 10 studies [25,27,28,30,35,41,42,45,47,59], post-treatment only in two
studies [48,50], pre/post and during treatment in one study [22], and six studies did
not report the time of sampling [20,21,31,51,56,61]. KRAS was explicitly measured in
41 studies [9,20–31,34–39,41–50,52–55,57–64,67], the cfDNA/ctDNA total concentration
was measured in four studies [13,52,56,65], cfDNATFx was measured in one study [66],
hypermethylation was measured in one study [40], TP53 was measured in one study [62],
ERBB exon 17 was measured in one study [58], and SPARC MI, UCHL1 MI, PENK M and
NPTX2 MI were measured in one study [51].
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mediated clamping (PNA clamping) [22,47]; three used beads, emulsions, amplification 
and magnetics (BEAMing) [27,50,64]; one used mutant allele-specific PCR (MASA PCR) 
[35]; one used amplification-refractory mutation system PCR (ARMS PCR) [21]; one used 
quantitative methylation specific polymerase chain reaction (qMSP PCR) [51]; and an ex-
plicit PCR method was not reported in eight studies [20,29,39,40,42,46,48,66]). Next-gen-
eration sequencing (NGS) was used in three studies [61,62,65], and a bioassay was used 
as a primary method in one study [13].

Figure 2. Geographical overview of the patient cases included in the meta-analyses. Data from multicenter and multicountry
studies were excluded.

A total of 44 studies used polymerase chain reaction (PCR) (ddPCR
in 24 [9,23–26,28,30,31,34,37,38,41,44–46,49,52,55,57–60,63,67]; two used restriction frag-
ment length-PCR (RFLP-PCR) [36,54]; two used nested PCR [53,56]; two used peptide nu-
cleic acid-mediated clamping (PNA clamping) [22,47]; three used beads, emulsions, ampli-
fication and magnetics (BEAMing) [27,50,64]; one used mutant allele-specific PCR (MASA
PCR) [35]; one used amplification-refractory mutation system PCR (ARMS PCR) [21]; one
used quantitative methylation specific polymerase chain reaction (qMSP PCR) [51]; and
an explicit PCR method was not reported in eight studies [20,29,39,40,42,46,48,66]). Next-
generation sequencing (NGS) was used in three studies [61,62,65], and a bioassay was used
as a primary method in one study [13].

3.2. Pre-Treatment KRAS Mutation, and Overall and Progression-Free Survival

A meta-analysis was performed in order to assess the relationship between the pres-
ence of KRAS mutations in PDAC patients and OS before treatment. A total of 35 stud-
ies had OS as an outcome. Four studies were excluded from the overall HR effect size
calculation due to measuring hypermethylation in ctDNA [40] or only post-treatment
cfDNA, [48,50] or performing cfDNA TFx analysis [66]. Finally, 31 studies were included in
the meta-analysis. The presence of pre-treatment KRAS mutations had significant prognos-
tic value for OS in PDAC (HR = 2.42, 95% CI: 1.95–2.99) (Figure 3). There was a high degree
of heterogeneity in the OS analysis (I2 = 87%) and a significant presence of publication
bias (p = 0.021) (Supplemental Figure S1). The sensitivity analysis, excluding two studies
which examined ctDNA in serum, showed a similar HR (HR = 2.49, 95% CI: 2.00–3.10)
(Supplemental Figure S2).
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ence of KRAS mutations in PDAC patients and PFS before treatment. A total of 19 studies 
had PFS, DFS, RFS or DSS as an outcome. The presence of pre-treatment KRAS mutations 
demonstrated a significant prognostic value for PFS in PDAC patients (HR = 2.46, 95% CI: 
2.01–3.00, n = 19) (Figure 4). There was a high degree of heterogeneity in the PFS analysis 
(I2 = 48%) %) and a significant presence of publication bias (p < 0.001) (Supplemental Fig-
ure S3). The sensitivity analysis including only PFS as an outcome resulted in a similar 
HR (HR = 2.27, 95% CI 1.83–2.82, n = 14) (Supplemental Figure S4). 

Figure 3. Forest plot presenting the relationship between the presence of KRAS mutations before treatment in PDAC
patients and OS.

A meta-analysis was performed in order to assess the relationship between the pres-
ence of KRAS mutations in PDAC patients and PFS before treatment. A total of 19 studies
had PFS, DFS, RFS or DSS as an outcome. The presence of pre-treatment KRAS mutations
demonstrated a significant prognostic value for PFS in PDAC patients (HR = 2.46, 95% CI:
2.01–3.00, n = 19) (Figure 4). There was a high degree of heterogeneity in the PFS analysis
(I2 = 48%) %) and a significant presence of publication bias (p < 0.001) (Supplemental
Figure S3). The sensitivity analysis including only PFS as an outcome resulted in a similar
HR (HR = 2.27, 95% CI: 1.83–2.82, n = 14) (Supplemental Figure S4).
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tients in nine studies underwent different regimes of chemotherapy; in six studies, sur-
gery was performed, and combined radiotherapy was performed in one study. 

 
Figure 5. Forest plot presenting the relationship between the presence of KRAS mutations after treatment in PDAC patients 
and OS. 

The presence of post-treatment KRAS mutations demonstrated significant prognostic 
value for PFS in PDAC patients (HR = 3.53, 95% CI: 2.49–4.99, n = 10) (Figure 6). There was 
no heterogeneity in the PFS analysis (I2 = 0%) and no publication bias (p = 0.247) (Supple-
mental Figure S6). Patients in nine studies underwent different regimes of chemotherapy, 
and in six studies surgery was performed. 

Figure 4. Forest plot presenting the relationship between the presence of KRAS mutations before treatment in PDAC
patients and PFS.

3.3. Post-Treatment KRAS Mutation and Overall and Progression-Free Survival

A total of 10 studies examined ctDNA post-treatment; the presence of post-treatment
KRAS mutations demonstrated significant prognostic value for OS in PDAC patients
(HR = 3.53, 95% CI: 2.56–4.87, n = 10) (Figure 5). There was a low degree of heterogeneity
in the OS analysis (I2 = 24%) and no publication bias (p = 0.186) (Supplemental Figure S5).
Patients in nine studies underwent different regimes of chemotherapy; in six studies,
surgery was performed, and combined radiotherapy was performed in one study.
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Figure 5. Forest plot presenting the relationship between the presence of KRAS mutations after treatment in PDAC patients
and OS.

The presence of post-treatment KRAS mutations demonstrated significant prognostic
value for PFS in PDAC patients (HR = 3.53, 95% CI: 2.49–4.99, n = 10) (Figure 6). There was
no heterogeneity in the PFS analysis (I2 = 0%) and no publication bias (p = 0.247) (Supple-
mental Figure S6). Patients in nine studies underwent different regimes of chemotherapy,
and in six studies surgery was performed.
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A subgroup analysis of the studies examining locally-advanced and metastatic 
PDAC showed that KRAS mutations demonstrated significant prognostic value for PFS 
(HR = 2.51, 95% CI: 1.98–3.19, n = 7) (Figure 8). There was not enough data to perform a 
separate analysis of metastatic disease with PFS as an outcome, or to test the funnel plot 
asymmetry (Supplemental Figure S10). 

Figure 6. Forest plot presenting the relationship between the presence of KRAS mutations after treatment in PDAC patients
and PFS.

Changes in cfDNA positivity during the treatment with PFS as an outcome were
examined in three studies. The responders (patients who were KRAS positive before treat-
ment and KRAS negative after treatment) had a better prognosis than the non-responders
(patients who were KRAS positive before treatment and remained KRAS positive after the
treatment) (HR = 5.30, 95% CI: 1.02–27.63, n = 3) (Supplemental Figure S7).

3.4. Analysis of the Locally-Advanced and Metastatic Disease

A subgroup analysis of the studies examining the locally advanced and metastatic
PDAC showed that KRAS mutations had significant prognostic value for OS (HR = 2.51,
95% CI: 1.90–3.31, n = 15) (Figure 7). There was a high degree of heterogeneity in the OS
analysis (I2 = 79%) but no publication bias (p = 0.061) (Supplemental Figure S8). In the
analysis examining only the metastatic disease, the effect was similar (HR = 1.90, 95% CI:
1.39–2.61, n = 6) (Supplemental Figure S9).
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Figure 7. Forest plot presenting the relationship between the presence of KRAS mutations before treatment in locally-
advanced and metastatic PDAC patients and OS.

A subgroup analysis of the studies examining locally-advanced and metastatic PDAC
showed that KRAS mutations demonstrated significant prognostic value for PFS (HR = 2.51,
95% CI: 1.98–3.19, n = 7) (Figure 8). There was not enough data to perform a separate
analysis of metastatic disease with PFS as an outcome, or to test the funnel plot asymmetry
(Supplemental Figure S10).
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4. Discussion

In this study, we found an overall negative impact of KRAS mutations on OS and PFS
in PDAC (HR = 2.42, 95% CI: 1.95–2.99 and HR = 2. 46, 95% CI: 2.01–3.00, respectively).
The subgroup analysis of locally-advanced and metastatic disease presented similar results
(HR = 2.51, 95% CI: 1.90–3.31). In studies assessing the pre-treatment presence of KRAS
mutations, there was a high degree of heterogeneity in OS (I2 = 87%) and a moderate level
of heterogeneity in the PFS analysis (I2 = 48%), which was remarkably decreased in the
analysis of studies measuring post-treatment KRAS mutations (I2 = 24% and I2 = 0%, for
OS and PFS, respectively).

There is a constant effort to find novel biomarkers which could improve the diagnosis,
follow-up and therapeutic approaches in pancreatic cancer. The discovery that nucleic
acids originating from cancer cells can be found in the peripheral circulation of cancer
patients has had a major impact towards the development of non-invasive techniques,
such as liquid-biopsy methodology, for the detection of tumor biomarkers. The analysis of
cell-free DNA (cfDNA) for genetic abnormalities is a new promising research area for the
diagnosis and prognosis of pancreatic cancer patients. CfDNA is also found in the blood of
healthy individuals due to the continuous apoptosis/necrosis of hematopoietic cell line
cells [6,68]. It usually consists of short fragments of less than 1000 base pairs (bp), with
most being under 200bp [69]. When cell-free DNA originates from cancer cells, it is denoted
as circulated tumor DNA (ctDNA). CtDNA is released into circulation primarily by the
apoptosis of tumor cells and/or as a result of tumor necrosis [70,71]. Due to CtDNA’s
extremely low concentration (as low as 0.01% of total cfDNA) and its fragmented and
short-sized nature, the detection of the mutational status of ctDNA is very challenging,
and highly sensitive techniques have to be utilized for its detection.

Different techniques are available for cfDNA/ctDNA detection: NGS, ddPCR, BEAM-
ing, RFLP-PCR, and nested PCR, etc. For the mutational screening of cfDNA/ctDNA, the
next-generation sequencing method (NGS) has been usually applied (both targeted and
whole-genome sequencing). As the quantification of tumor-specific mutations in ctDNA
has been shown to be more relevant for studying tumors, DdPCR was the most common
technique used in the published studies due to its high sensitivity in the detection of rare
mutations, its ability to quantify copy number variations and specific genomic loci, as
well as its relatively simple workflow, in contrast to other methods [71]. Similar to the
conventional PCR, this technology uses Taq-polymerase and primers/probes, but before
the amplification reaction itself, the sample is divided into particles (”partitioning”)—tens
of thousands of droplets—and the PCR reaction takes place in each of them. Another
difference from conventional or real-time (qPCR) is that it is possible to perform the direct
quantification of the PCR product, without using a standard curve. The primary appli-
cations for ddPCR are rare allele detection in heterogeneous samples like liquid biopsies
or FFPE samples of solid tumors, non-invasive prenatal diagnostics, viral load detection,
gene expression and copy number variation, single cell gene expression profiling, and
the validation of low-frequency mutations identified by sequencing analysis. Moreover,
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epigenomic markers originating from tumor cells could be analyzed (methylation sites,
circulating regulatory RNAs) [72]. A good agreement between BEAMing and ddPCR has
been shown, with a kappa value of 0.91 (95% CI: 0.85–0.95) [73]. Recent advances in NGS
technology have enabled similar sensitivity to the detection of ctDNA by ddPCR [74]. As
each presented molecular platform has advantages and disadvantages, without evidence of
a clear advantage for all of the purposes [28], the choice of platform should be determined
to best meet the scientific and clinical questions being posed.

Most studies included measurements of ct/cf DNA in plasma, as plasma has been
the preferred source for the extraction of circulating DNA. Even though serum contains a
much higher amount (approximately a 2–24-times higher amount) of cfDNA than plasma,
serum is not favored due to the possibility of contamination from white blood cells during
clotting [75,76]. In this study, the sensitivity analysis excluding studies which used serum
for cfDNA/ctDNA detection demonstrated similar results to those including only plasma
measurements (HR = 2.49, 95% CI: 2.00–3.10).

Previous research has shown that the decrease in the levels of ctDNA during the
treatment of PDAC patients may be a result of a significant reduction in the tumor burden.
In contrast, the increase of the postoperative ctDNA levels may be due to a ctDNA release
caused by tissue damage during surgery. Levy et al. showed that, in patients with PDAC,
an endoscopic ultrasound fine-needle aspiration may be associated with increased an
plasma concentration of cfDNA and the increased detection of mutant KRAS after the
procedure [28]. Another reason for the increase in postoperative ctDNA levels may be
a recurrence or tumor metastasis [47]. Lee et al. [42] suggested the importance of the
post-operative analysis of ctDNA. Several of the studies included in this systematic review
had pre/post treatment measurements of ctDNA, but only a few reported the survival be-
tween pre-positive/post-positive, pre-positive/post-negative, pre-negative/post-negative
and pre-negative/post-positive patients. A meta-analysis of three studies that reported
the survival between responders (pre-positive/post-negative) and non-responders (pre-
positive/post-positive) presented poorer survival for persistently positive KRAS patients
(HR = 5.30, 95% CI: 1.02–27.63, n = 3). Based on the main results of this meta-analysis, in
terms of their survival prognosis, PDAC patients may be grouped in two categories: those
who are ctDNA positive with worse outcomes, and those who are ctDNA negative with
better outcomes [42,47,59]. In cases where the ctDNA is detectable at diagnosis but becomes
undetectable post-treatment, a reduction in the relapse risk is present in comparison with
those in whom the ctDNA remains detectable. CtDNA can provide valuable information
to determine the treatment decisions stratifying patients at low and high risk of the pro-
gression and recurrence of the disease. Prospective research should be conducted based on
standardized protocols in order to evaluate further treatment strategies. It was observed
previously that, in the subset of patients with resectable PDAC, ctDNA may assist the
clinician in the timely detection of recurrence and the concordant introduction/addition of
therapeutic measures [42,77]. It should be noted that most of the studies from this system-
atic review included patients with varying disease stages, thus limiting the interpretation
of the prognostic role of ctDNA in resectable disease, or as a marker of disease recurrence.
The data collected was utilized to determine the ways in which ctDNA’s presence impacts
the prognosis, rather than how specific ctDNA subtypes impact the prognosis or at what
stage in the disease/treatment course these prognostic predictors are valid. Wild-type
alternative and other onco-drivers present in cfDNA in specific patient cohorts (ex. KRAS
G12C) are known to be highly actionable, allowing for precision medicine [78].

RAS genes (HRAS, KRAS, and NRAS) comprise the most frequently mutated oncogene
family in human cancer. KRAS is mutated in 25% of all of the cancer cases, and is associated
with poor disease prognosis [77]. Given that KRAS mutations are found in nearly all of the
PDAC, this cancer type is arguably the most RAS-addicted cancer. Its roles in pancreatic
cancer cell processes, such as increased proliferation, survival, migration and invasion,
are well known [78]. An activating point mutation of the KRAS oncogene on codon 12
(exon 2) is the initiating event in the majority of PDAC cases (70–95%). KRASG12D and
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KRASG12V mutations constitute about 80% of the KRAS mutations in PDAC [79]. For
decades, KRAS oncoprotein was classified as undruggable cancer target [77]. According to
growing evidence linking KRAS mutations to increased PDAC growth, the National Cancer
Institute identified the targeting of KRAS as one of four major priorities for pancreatic
cancer research. Targeted therapies and KRAS inhibitors appear to be very promising. A
recent review investigating small-molecule KRAS inhibitors suggested that combining the
antitumor effects from innovative new KRAS inhibitors like AMG510 with other agents,
nanoparticles, or other auxiliary processes that can overcome the PDAC biochemical and
tissue delivery issues offers hope for a new therapeutic way forward in PDAC [80].

Recently, the significance of a multigene approach based on liquid biopsy was high-
lighted to guide individual tailored therapy for PDAC patients. Alterations in other driver
genes such as CDKN2A, BRCA1/2, ERB2 and NTRK, etc. have been shown to be associated
with PDAC, and they are also relevant to targeted treatments. In the recent study by Pish-
vaian et al. presenting 1856 patients with PDAC, 58% of the patients had molecular testing,
actionable molecular alterations were identified in 26%, out of which 46 patients received
a matched therapy as a second- or later-line therapy and presented a better OS [81]. In a
study including 259 PDAC patients with varying disease stages, a potentially actionable
mutation was detected in 29% [82], while in a study including patients with advanced
PDAC, therapeutically relevant alterations were observed in 48% of the samples [83]. Given
the difficulties that exist in obtaining a tumor sample in PDAC, the results of these studies
highlight the importance of performing molecular profiling based on liquid biopsy, due to
its simplicity and accessibility, and the importance of finding actionable early mutations
in a tumor with limited therapeutic options. In addition, given that mutations may vary
during the course of the disease, it is important to monitor these molecular changes [84].
With the ongoing debate regarding the use of neoadjuvant therapy in purely resectable
PDAC patients, it should be also noted that ctDNA detection may play a relevant role in
answering a key question: who, from these particular groups of patients, is a candidate for
neoadjuvant therapy?

A strength of this study was the broad sensitive search strategy used across multiple
bibliographic databases that resulted in 3997 articles screened and 48 studies included
in the systematic review. The most recent meta-analysis of similar scope started with
an initial set of 724 articles, with the inclusion of 18 articles due to its narrow specific
search strategy [10]. The greatest number of patients (n = 3524) included in this analysis
generated the most comprehensive meta-analysis of the assessment of the prognostic utility
of cfDNA/ctDNA’s in PDAC, while the meta-analysis assessing KRAS mutations included
a total 2400 patients. In addition, in order to increase the utility of the data with were
not directly shown, but were available in figures or as individual data, we used several
recommended techniques to obtain HRs.

This study had several limitations, related to the clarification of liquid biopsy results
in general, and those related to the proper understanding of the meta-analyses’ results.
The accurate interpretation of liquid biopsy results is rather challenging because of the
presence of somatic mosaicism in plasma. One of the most common sources of the bio-
logical background noise of blood liquid biopsy is somatic mutation in blood cells [85].
The accumulation of somatic mutations in hematopoietic stem cells leads to their clonal
expansion. This process, called clonal hematopoiesis (CH) is common in an aging healthy
population [86]. Interestingly, not only mutations related to hematological malignancies,
but also mutations in genes characteristic for solid tumors are detected as a result of CH.
Mutations in the KRAS gene are also found as CH-mutations [87]. It is very important to
exclude these non-tumor derived CH-mutations, in order to avoid the incorrect interpre-
tation and inappropriate therapeutic management of solid tumors. CH mutations can be
determined by performing the paired sequencing of plasma cfDNA and DNA from white
blood cells. It is expected that artificial intelligence tools, such as machine learning, will
enable the distinction between CH mutations and tumor-derived molecular alterations in
liquid biopsy [85].
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A relatively large number of studies were included, resulting in a wide range of initial
tumor burdens, mixed-size patient groups and various methods of ctDNA detection, all
of which contributed to increased heterogeneity. Different therapies, study designs and
a range of follow up times also contributed to this high value of heterogeneity. Specific
conclusions based on tumor stage, ctDNA concentration and mutations other than KRAS
were not possible to derive. The studies included in our meta-analyses encompassed,
predominantly, patients from European and Asian populations (Figure 2). Given that
the misclassification of the variants coming from data that did not include dissimilar
subpopulations could potentially lead to the inadequate treatments of individuals from
underrepresented populations [88], the conclusions derived here should be treated cau-
tiously. Large-scale population studies indicated that there are more significant numbers
of population-specific variations than we believed previously [89,90]. Thus, the poten-
tial of ctDNA to improve the health outcomes for PDAC patients should be evaluated
in the context of various populations. The results of the meta-analysis presenting the
relationship between the presence of KRAS mutations before treatment and the survival
of PDAC patients should be interpreted with caution due to the presence of significant
publication bias.

5. Conclusions

The assessment of KRAS mutation by liquid biopsy can be considered as an additional
tool for the estimation of the disease course and outcome in PDAC patients. While ddPCR
was utilized in most studies to detect the KRAS mutations, due to greater test sensitivity,
other technologies in the era of NGS may also be useful in clinical practice. The choice
of the molecular platform should be determined in order to best meet the scientific and
clinical questions being posed.
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Simple Summary: Pancreatic cancer is known to be one of the most lethal malignant diseases
in gastrointestinal tract. Margin-negative pancreatectomy followed by postoperative adjuvant
chemotherapy is essential treatment for long-term survival. Due to anatomical complexity and
technical difficulty, laparoscopic pancreaticoduodenectomy is still controversial. However, with the
advance of laparoscopic surgery, laparoscopic pancreatic resection of pancreatic head cancer has been
carefully applied in well selected patients. The accumulating data are suggesting its technical feasibility,
safety, and potential equivalent long-term oncologic outcome. In this review, the current status
of laparoscopic pancreaticoduodenectomy for pancreatic head cancer is summarized. In addition,
potential surgical indications and future perspectives of laparoscopic pancreaticoduodenectomy for
pancreatic cancer are discussed for safe implementation in our clinical practice.

Abstract: Margin-negative radical pancreatectomy is the essential condition to obtain long-term
survival of patients with pancreatic cancer. With the investigation for early diagnosis, introduction of
potent chemotherapeutic agents, application of neoadjuvnat chemotherapy, advancement of open
and laparoscopic surgical techniques, mature perioperative management, and patients’ improved
general conditions, survival of the resected pancreatic cancer is expected to be further improved.
According to the literatures, laparoscopic pancreaticoduodenectomy (LPD) is also thought to be good
alternative strategy in managing well-selected resectable pancreatic cancer. LPD with combined
vascular resection is also feasible, but only expert surgeons should handle these challenging cases.
LPD for pancreatic cancer should be determined based on surgeons’ proficiency to fulfil the goals of
the patient’s safety and oncologic principles.

Keywords: laparoscopic; pancreaticoduodenectomy; pancreatic cancer

1. Introduction

Pancreatic cancer is one of the most lethal malignant tumors in the human gastrointestinal tract.
Its overall survival is reported to be around 5%. Until now, margin-negative pancreatectomy and
postoperative adjuvant chemotherapy is known as the standard treatment option for cure of the
disease [1,2]. However, most pancreatic cancer patients are found in the advanced cancer stage.
Only about 15% of the patients are eligible for resection and more than half of the patients usually
develop local or systemic recurrence within 2 years after surgery. The 5-year survival of the patients
who underwent radical pancreatectomy is known to be around 20%. Recent statistical perspectives
estimated that pancreatic cancer will be one of the top 3 cancers killing humans in 2030 [3].

The pancreas is a difficult internal organ to be accessed by minimally invasive surgery. It is located
in retroperitoneal space, and major vascular structures are near the pancreas. Therefore, laparoscopic
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exposure and dissection of the pancreas are difficult and even small breakage of tributary vessels will
result in massive bleeding to obscure a clear surgical field. In addition, in the case of pancreatic head
lesions, laparoscopic management of remnant pancreas and resected bile duct is still a great hurdle to
overcome for safe surgical procedure [4]. However, with the advance of laparoscopic technique and
experiences, laparoscopic distal pancreatectomy (LDP) is regarded as a safe and standard approach in
well-selected left-sided pancreatic tumor [5], and even laparoscopic pancreaticoduodenectomy (LPD)
is carefully thought to be an appropriate surgical option to treat periampullary lesions [6].

In the past, the Yonsei criteria was suggested as appropriate tumor conditions for oncologically
safe laparoscopic radical distal pancreatectomy (LDP) [7]. According to our experience, the Yonsei
criteria was found to be not only selection criteria for LDP, but also a clinically detectable parameter
to predict long-term survival of left-sided pancreatic cancer [8]. Carefully expanding indications for
LDP is quite acceptable as long as patients’ safety and oncologic principles are maintained [9]. In the
absence of randomized trials, uncertainty regarding the oncologic efficacy of LDP still exists. However,
accumulating experience shows that LDP is associated with comparable survival, R0 resection, and use
of adjuvant chemotherapy when comparing to open distal pancreatectomy (ODP) [10,11].

On the other hand, the current status of LPD has a long way to go in terms of technical
and oncological safety. Unlike LDP, many surgeons are still within their learning curve period.
Nickel et al. [12] performed a meta-analysis of randomized controlled trials comparing LPD and
open pancreaticoduodenectomy (OPD) [13–15]. They concluded that at the current level of evidence,
LPD shows no advantage over OPD except lower estimated intraoperative blood loss. Even though
three currently available randomized control trials (RCT) were included for meta-analysis, lack of
blinding of the patients and personnel assessing the main outcomes, and the learning curve issue
should be considered when interpreting the results. Especially, pancreatic head cancer requires not
only for skillful laparoscopic techniques but also wisdom to select appropriate patients for safe and
effective margin-negative LPD, because curative resection is known to be basis for long-term survival
of pancreatic cancer. Due to aggressive tumor biology and anatomical intimacy between the pancreas
and major vascular structures, LPD for pancreatic cancer should be performed by expert surgeons
who have already overcome of their learning-curve period [16–18]. It should be the last stage of LPD
application in periampullary cancers after acquisition of full technical maturation.

It might be too early to generalize the potential oncological role of LPD in managing pancreatic
head cancer, however several emerging articles from expert surgeons are providing future insight that
LPD can be safe and effective in well-selected pancreatic cancer patients [19–21]. In fact, recent NCCN
guideline version 1. 2020 pancreatic adenocarcinoma recommended surgical treatment by laparotomy
or minimally invasive surgery as treatment for resectable pancreatic cancer [22]. LPD is no longer just
a debatable issue in treating pancreatic cancer, but already regarded as one of the recommendable
options in clinical oncology of pancreatic cancer. However, the articles presented as the basis for such a
guideline were thought to be limited; they were published a long time ago, and were not focused on
pancreatic cancer [23,24]. More detailed concerns about indications and understanding the current
status of LPD in treating pancreatic cancer will be a strong background to increase the justification of
clinical practice of LPD for pancreatic cancer.

2. Rationale of Minimally Invasive Pancreaticoduodenectomy for Pancreatic Cancer

2.1. Technical Feasibility

2.1.1. Surgical Extent

Lymph node (LN) involvement is analyzed to be a very important prognostic factor in pancreatic
cancer. Indeed, more than half of the resected pancreatic cancer showed LN metastasis and poor survival
outcomes [25]. Then, for potentially clearing metastatic LNs, can extended pancreaticoduodenectomy
(PD), clearing LNs around celiac, superior mesenteric artery (SMA), paraaortic, and hepatoduodenal
ligament, as well as nerve plexus dissection around celiac, hepatic artery, and SMA, improve oncologic
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outcome in patients with resectable pancreatic cancer (Table 1)? Due to frequent recurrence and poor
long-term oncologic outcomes following curative resection of pancreatic cancer, extended dissection
was once advocated in surgical management of pancreatic cancer [26–28]. However, these are all
retrospective observational studies, and selection bias should be considered when interpretating
surgical outcomes. To optimize the surgical extent of PD in treating pancreatic cancer, researchers
performed several important prospective randomized control studies to determine the optimal extent
of surgical resection in treating resectable pancreatic cancer (Table 2).

Table 1. Topographic differences in extent of lymph node dissection between standard
pancreaticoduodenectomy (PD) and extended PD.

Surgical Extent Standard Extended

LN station * 13, 17, 12b 13,17, 12b, 12a,12p, 8a, 8p, 5, 6, 9,
16, 14a, 14b,14c

Circumferential Nerve plexus dissection
(Celiac/HA/SMA) -/-/- ±/±/±

* Mentioned in more than 3 RCTs [29]; HA, hepatic artery; SMA, superior mesenteric artery.

Table 2. Literature review of randomized control trials (RCTs) comparing standard PD and extended
PD in treating pancreatic cancer.

Author, Year Surgical
Extent N Op-Time,

Hr/Min.
EBL,
mL #LNs R0,

%
LOH,
Day

Cx.,
% POPF, % DGE,

%
Mx.,
% 5YOS, %

Pedrazzoli,
1998 [30]

STD 40 371.9 2671 13.3 NA 22.7 47.5 12.5 NA 5 552d
√

EXT 41 396.7 3149 19.8 * NA 19.3 48.5 7.5 NA 4.9 589d
√

Yeo, 2005 [31]
STD 146(84) 5.9 740 17.0 88 11.3 29 6 6 4 10

EXT 148(83) 6.4 * 800 28.5 * 93 14.3 * 43 * 13 * 16 * 2 25

Farnell, 2005
[32]

STD 40 6.2 NA 15 76 13 62.5 8 28 0 16

EXT 39 7.6 * NA
∮

34 * 82 16 34.1 13 36 3 17

Nimura, 2012
[33]

STD 51 426 NA 13.3 94.1 43.8 19.6 NA NA 0 15.7

EXT 50 547 NA 40.1 * 90 42.4 22.0 NA NA 2 6.0

Jang, 2014 [34]
STD 83 355.5 372 17.3 85.5 19.7 32.0 9.6 9.6 0 18.8m

√

EXT 86 419.6 * 563 * 33.7 * 90.7 22.8 43.0 12.8 5.8 2.3 16.5m
√

STD, standard dissection; EXT, extended dissection; EBL, estimated blood loss; LN, lymph node; LOH, length of
hospital stay; POPF, postoperative pancreatic fistula; DGE, delayed gastric emptying; Mx, mortality; 5YOS, 5-year
overall survival; *, p < 0.05;

√
, median survival time;

∮
, incidence of transfusion 5% vs. 23%, p = 0.01.

When looking at the number of retrieved LNs, extended PD shows a higher number of retrieved
LNs than standard PD (Table 2). However, a recent meta-analysis [29] to review oncologic outcomes of
five randomized controlled trials comparing extended and standard lymphadenectomy in patients with
PD for pancreatic cancer demonstrated that PD with standard dissection was safe (shorter operation
time, less transfusion, less overall postoperative complications, and similar R0) and showed similar
long-term survival outcomes to that of extended dissection (HR = 1.01 [95% CI: 0.77–1.34], p = 0.923).
It is known that intraoperative transfusion [35] and postoperative complications [36,37] have an adverse
impact on survival of resected pancreatic cancer, suggesting potential benefit of standard dissection
in treating pancreatic cancer. Although the number of retrieved lymph nodes is reported to be one
of the important prognostic factors in treating pancreatic cancer [38,39], recently lymph node ratio,
and number of positive lymph nodes, “NOT total nodes examined”, were associated with overall
survival in resected pancreatic cancer [40].

In summary, standard PD is not inferior and has comparable oncologic outcomes in treating
resectable pancreatic cancer. Therefore, PD with routine extended lymph node dissection is not
recommended due to higher morbidity and comparable long-term survival. According to the current
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technical availability of LPD, at least the extent of standard dissection is thought to be well achieved by
current laparoscopic surgical technique (Figure 1).
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Figure 1. Laparoscopic view after resection of pancreatic head cancer. BD; bile duct, PV; portal
vein, CHA; common hepatic artery. P; pancreas, SV; splenic vein, SMV; superior mesenteric vein,
SMA; superior mesenteric artery, LRV; left renal vein, IVC; inferior vena cava, gastroduodenal artery
stump (white arrows), pancreatic duct (thick white arrow).

2.1.2. Retroperitoneal Margin

Cancer cell involvement in the resection margin is known to be associated with early tumor
recurrence and poor long-term oncologic outcomes [41]. The pancreatic neck and head wrap the
superior mesenteric vein (SMV)/portal vein (PV), and the uncinate process of the pancreas is elongated
from the pancreatic head and extends behind the SMV/PV to contact the right lateral aspect of the
SMA. There are abundant lymphatics and neural tissues around this area. Surgeons need to consider
not only the pancreatic neck margin, but also the retroperitoneal margin, the so called SMA lateral
margin, when performing radical PD for pancreatic cancer, because pancreatic cancer cells can invade
and infiltrate along the nerve tissue in the pancreas toward major arterial systems (the SMA, common
hepatic artery, and celiac axis) [42–44]. Therefore, even in case of pancreatic cancer that is very separated
from the SMA, pancreatic cancer cells can invade SMA through this nerve tissue. The oncologic
significance of retroperitoneal margin clearance has been reported [45,46]. Butler et al. [47] recently
performed systemic review on the oncologic role of periadventitial dissection of SMA in affecting
margin status after PD for pancreatic cancer. According to this review, it was suggested that positive
margin was associated with decreased survival and SMA margin involvement was the most often,
which ranged 15–45% of resected pancreatic cancer.

Surgical dissection of nerve tissue (retroperitoneal margin) around SMA is not that simple.
Not uncommonly, it is usually difficult to exactly differentiate from pancreatic uncinated process
and SMA due to abundant lymphatic tissue, inflammatory changes associated with pancreatitis,
and neural tissue around SMA. These tissues are all intermingled altogether. In addition, it is
difficult to expose the right lateral aspect of SMA because this area is behind the SMV-SV confluence.
Lastly, there are abundant lymphovascular structures and even small breakage of tributary vessels
around SMA and SMV usually give rise massive bleeding to prevent from further safe dissection for
margin-negative resection.
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Therefore, considering oncologic significance of retroperitoneal margin in treating pancreatic
cancer, surgical design and plan to obtain cancer-free retroperitoneal margin is very important. There are
several surgical techniques to secure retroperitoneal margin during LPD (Table 3). Rho et al. [48]
introduced the potential application of indocyanine green (ICG) to facilitate the securement of the
SMA lateral margin in laparoscopic PD, which is based on the idea that the pancreas is a well perfused
organ and near infra-red light can detect ICG location through fluorescent illumination. When ICG is
accumulated in the pancreatic head, near-infrared light can show visual differentiation between the
uncinated process and surrounding soft tissues along the SMA (Figure 2), helping surgeons to obtain a
negative retroperitoneal margin. The impact of long-term oncologic outcome of ICG-based SMA lateral
border dissection remains to be investigated further, however it is thought to be a useful technique
when performing LPD in resectable pancreatic cancer. Nagakawa et al. [49] introduced the technique
to expose the inferior pancreaticoduodenal artery and SMA lateral border by proximal-dorsal jejunal
vein (PDPV) pre-isolation, which is thought to be one of the approaches for standard PD. Moreover,
Morales et al. [50] and Zimmitti et al. [51] demonstrate the surgical method to obtain the clear SMA
margin by applying the SMA artery first approach. Despite requiring advanced laparoscopic skills,
these methods are thought to be useful for margin-negative resection in selected cases of relatively
advanced pancreatic cancer. Kuroki et al. [52] also introduced the concept of the pancreas-hanging
maneuver by Penrose drain in managing SMA margin during LDP, however, they did not describe the
R0 resection rate among the patients with this technique, and no patients with pancreatic head cancer
were involved.

Table 3. Several approaches to obtain clear SMA lateral margin.

Author, Year Concept N Op-Time EBL, mL R0, % LOH, Day Cx, % Mx., %

Kuroki, 2010 [52] # Pancreas-hanging
maneuver 9 NA 642 NA 19 NA NA

Zimmitti, 2016 [51] Periadventitial dissection
of SMA 16 590 150 100 16 3 NA

Rho, 2018 [48]
ICG-guided differentiation
of uncinate process from

SMA lateral border
10 432 166 100 16.7 2 0

Nagakawa, 2018 [49] PDJV preisolation method 21 489.38 183 NA 22.43 5 NA

Morales, 2019 [50] Periadventitial dissection of
for SMA TMpE 59 NA NA 86 NA NA * NA

# Pancreatic cancer was not included, * intraoperative massive bleeding in 3 cases, PDJV; proximal-dorsal jejunal
vein, TMpE; total mesopancreas excision, SMA; superior mesenteric artery.
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Figure 2. Intraoperative usage of indocyanine green (ICG) during obtaining the retroperitoneal
margin of the pancreas. The ICG stained area is part of the uncinated process (a), which can be
differentiated from the SMA to obtain the retroperitoneal margin (b). It can help the surgeon design
surgical dissection. Note soft tissue around the SMA (retroperitoneal margin) is not stained by ICG. P;
uncinated process of the pancreas, SMA; superior mesenteric artery, SMV; superior mesenteric vein,
RPM; retroperitoneal margin.
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2.1.3. Combined Vascular Resection

Pancreatic cancer usually is found at an advanced stage of cancer. In spite of resectable pancreatic
cancer, due to anatomic intimacy between the pancreas and surrounding major venous vascular
structures, unexpected portal vein (PV) and superior mesenteric vein invasion (SMV) is often
encountered during the operation. In the past, several articles [53,54] concluded that the oncologic
outcome of PD with combined venous vascular resection (PD-VR) is not favorable, however some others
showed that PD-VR did not increase the complication rate and postoperative mortality [55,56]. PD-VR
is no longer considered an absolute contraindication in pancreatic head cancer. It is regarded as a safe
and feasible option to improve the resection rate of pancreatic cancer. Especially, the oncologic role of
combined venous vascular resection became highlighted as the concept of neoadjuvant chemotherapy
was introduced in managing borderline or locally advanced pancreatic cancer. However, Peng et al. [57]
recently evaluated the value of PD with combine vascular resection (PD-VR) for pancreatic head cancer.
In this meta-analysis, a total of 12,031 patients (2186 patients with PD-VR, 22.2%) from 30 published
articles were investigated. In comparison with the PD group, it was analyzed that the PD-VR group
had a lower R0 resection rate and higher rates of complications such as biliary fistula, reoperation
rate, delayed gastric emptying, cardiopulmonary abnormalities, hemorrhage, in-hospital mortality,
and 30-day mortality. In addition, the blood loss, operation time, and total length of hospital stay
were higher in the PD-VR group, concluding that PD-VR for pancreatic cancer should be carefully
considered by selected pancreatic surgeons.

Until now, only a few case reports [58–62] and case series [19,63–65] have been reported on the
technical feasibility and safety of LPD with combined venous vascular resection (LPD-VR, Table 4).
Tangential resection with stapler or hand suture or patch reconstruction appears to be common among
the patients with LPD-VR (Figure 3), which is also confirmed when comparing with OPD-VR [19].
As shown above, postoperative morbidity and mortality related to combined vascular resection are
not ignorable, and segmental resection and end-to-end anastomosis or artificial graft, or renal vein
graft must be a challenging procedure. Therefore, LPD-VR also needs to be performed in well-selected
patients and by highly selected expert surgeons.

Table 4. Summary of articles reporting more than 5 cases of LPD-venous vascular resection (LPD-VR)
for pancreatic cancer.

Author, Year N Op-Time,
min EBL, mL Cx, % Mx, % LOH, Day Survival

Cai, 2018 [63]

18(14)
T: 8

E-E: 6
AG: 4

448 213 6(33.3) None 13

Mean FU; 11 mo.,
2 death

(1 renal failure,
1 tumor metastasis)

Khatkov, 2017 [64]

8(5)
T: 4

T+Patch:1
E-E: 3

560 450 2(25)

1(12.5)
Due to
heart

failure

15
FU (4–12 mo.)

6 death due to tumor
progression

Kendrick, 2011 [65]

11(9)
T: 6

T+Patch: 4
RVG: 1

413 500 6 None 7 Median FU:7.2 mo.
N/A

Croome, 2015 [19]

31(25)
T: 12

T+Patch: 10
E-E: 7

RVG: 1
AG: 1

465 841.8 11(35)/2(6.4 *) 1(3.2) 6

Median FU
: 15.2 mo.

* no survival
differences between

OPD group
(p = 0.14)

T, tangential resection; E-E, end-to-end anastomosis; RVG, renal vein graft; AG, artificial graft.
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Figure 3. Combined venous vascular resection during laparoscopic pancreaticoduodenectomy (LPD).
Tangential wedge resection of SMV is performed after transient clamping venous system (a). Primary
repair of resected venous system (b). Tangential resection line (white dotted line), tumor invasion
(white *), primary repair (white arrows).

The long-term oncologic efficacy of LPD-VR is lacking, but Croome et al. [19] demonstrated no
statistical significance between LPD-VR and OPD-VR in terms of overall survival, leaving some room
to be further investigated. In addition, there are other modified techniques for reconstruction following
LPD-VR, using falciform ligament [66], parietal peritoneum [67], and hepatic ligament teres [68],
suggesting further potential applications of laparoscopic technique remain to be studied.

2.1.4. Repeated Pancreatectomy for Pancreatic Cancer in Remnant Pancreas

Even after R0 radical resection, patients with PC often experience local recurrence. However, it has
been reported that about 0.5–4.6% of pancreatic cancers develop in remnant pancreas [69,70]. Since 1995,
re-resection of pancreatic cancer in remnant pancreas has been proposed for improving oncologic
outcome [71]. The first case series reporting 30 patients with surgery for recurred pancreatic cancer
also suggested that resection for recurrent pancreatic cancer can be performed safely, and questioned a
potential subgroup who might actually benefit form re-resection of recurred pancreatic cancer [72].

As experience of resected remnant pancreatic cancer accumulated, Yamada et al. [73]
published the results of resection of recurrent remnant pancreatic cancer in Japanese society of
hepato-biliary-pancreatic surgery. Clinical data from 114 patients with remnant pancreatic cancer after
initial pancreatectomy were analyzed. It was found that median survival of the resected remnant
pancreatic cancer was superior to the non-resected group (26 and 14 months, respectively [hazard
ratio: 0.56, p = 0.012]), showing that re-resection of remnant pancreatic cancer could offer a favorable
outcome and chance for cure. Similarly, the recent literature [69] reviewing 49 reported patients with
resected remnant pancreatic cancer following resection of the primary pancreatic cancer demonstrated
that median disease-free survival was 44.4 months (12–143 months), and median survival time
was 32 months after repeated pancreatectomy. In addition, another systemic review demonstrated
that re-resection of isolated local recurrent pancreatic cancer showed the most favorable survival
outcomes (median, 32 months) comparing with chemoradiation therapy (19 months), stereotactic
body radiation therapy (16 months) [74], suggesting the role of aggressive surgical extirpation of
recurred remnant pancreatic cancer for improving prognosis. Table 5 summarized recent review
articles reporting oncologic benefit of repeated pancreatectomy for pancreatic cancer. It was found that
completion total pancreatectomy is the most common procedure for treating recurred pancreatic cancer
in remnant pancreas and nearly no postoperative mortality is reported. Reported median survival
time (14–32 months), and 5-year overall survival (40.6%) following repeated pancreatectomy are much
longer than unresectable pancreatic cancer in recent RCTs [75].
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Then, is laparoscopic repeated pancreatectomy feasible and does it provide a potential oncologic
role in treating recurrent pancreatic cancer in remnant pancreas? Until now, very few reports have been
published showing the technical feasibility of laparoscopic completion of total pancreatectomy for
remnant recurrent pancreatic cancer following LPD for primary pancreatic cancer. Recently, Kang et al.
(accepted in Ann Hepatobiliary Pancreat Surg 2020, and in process) successfully demonstrated the
technical feasibility of laparoscopic repeated pancreatectomy for recurrent pancreatic cancer following
initial laparoscopic radical pancreatectomy. In addition, Nagakawa et al. [76] and Sunagawa et al. [77]
also showed the technical feasibility of laparoscopic resection of remnant pancreatic cancer after LPD
for other primary cancer. All these reports are suggesting the technical feasibility and potential role of
a minimally invasive approach even in recurrent pancreatic cancer in remnant pancreas. Further study
is mandatory.

Table 5. Summary of review articles of repeated pancreatectomy for recurred pancreatic cancer in
remnant pancreas.

Author, Year NLiteratures NPatients
Initial Px

(PP)PD/DP/ect)
Repeated Px

TP/TP+PV/ect Time Interval Cx Mx
Survival

(From Initial Px/From
Repeated Px)

Suzuki, 2019
[69] 17 49 31/17/1 (DPPHR) 44/4/1

(Segmentectomy) 12–143 month NA NA 114 months/
32 months

Hashimoto,
2017 [78] 12 88 NA 78/5/5 (DP) 13–49 month 0–27% 0% NA

/14–27.5 months

Zhou, 2016
[79] 19 55 33/21/1 (DPPHR) 52/0/1 (DPPHR) 7–143 month NA 0% NA

5YOS, 40.6%

Choi, 2020 [80] 17 50 32/17/1 46/0/4 (partial) 18–88 month NA 2% 107 months/
60 months

Px, pancreatectomy; DP, distal pancreatectomy; NA, not available.

3. Current Literature

Recently, three meta-analyses have been published, comparing the oncologic outcomes of LPD and
OPD. Jiang et al. [81] systematically reviewed the articles comparing LPD and OPD for the treatment
of pancreatic cancer. They found 8 studies involving 15,278 patients and performed meta-analysis.
It is thought that this meta-analysis was the first to evaluate clinical efficacy of LPD for the treatment
of pancreatic cancer with long-term survival outcomes. It was found that there was no significant
difference in the 5-year overall survival (HR: 0.97, 95% CI: 0.82–1.15, p = 0.76). In addition, LPD resulted
in a higher rate of R0 resection, more harvested lymph nodes, shorter hospital stays, and less estimated
blood loss, concluding that LPD is not inferior to OPD with respect to long-term oncologic outcomes,
as well as better short-term surgical outcomes in patients with pancreatic cancer.

Chen et al. [82] also evaluated 1507 patients from 6 comparative cohort studies, comparing LPD
with OPD for pancreatic cancer. Similar short-term oncologic outcomes were identified, such as
lymph nodes harvested, R0 rate, number of positive lymph nodes, adjuvant treatment, and time to
adjuvant treatment. Interestingly, in spite of comparable 1-year and 2-year survival, the following
3-year (OR 1.50, p = 0.007), 4-year (OR 1.73, p = 0.04), and 5-year survivals (OR 2.11, p = 0.001) were
significantly longer in LPD group.

Yin et al. [83] identified 6 studies including 9144 pancreatic cancer patients and evaluated
short-term and long-term oncological outcomes. They noted that fewer postoperative complications
(p = 0.005), better trend of performance in R0 resection (p = 0.07), retrieved number of lymph nodes
(p = 0.07), and comparable long-term survival (p = 0.49) were associated with LPD, concluding that
LPD can be a suitable alternative to OPD in selected PDAC patients with respect to both surgical and
oncological outcomes.

In addition, there are several articles analyzing the national cancer data base (NCDB) to overview
the safety and effectiveness of LPD in treating pancreatic cancer. Sharpe et al. (study period:
2010–2011) [84] showed that, among the 4421 patients, a very limited number of patients (384 patients,
9%) underwent LPD for pancreatic cancer, and about one third of cases (118 patients, 30%) were
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performed in high volume centers (5 institutions, 3.8%). They demonstrated that LPD was equivalent
to OPD in length of stay, R0-resection, lymph node count, and readmission rate, however a higher
30-day mortality rate in LPD group was noted in lower volume centers (7.5% vs. 3.4%, p = 0.003),
raising concerns about the safety of LPD in treating pancreatic cancer due to a surmountable learning
curve for the procedure. Kantor et al. (study period: 2010–2013) [85] analyzed 8213 patients with
pancreatic cancer to show short-term and long-term oncologic outcomes of LPD and OPD. They found
that LPD (828 patients, 10%) provides comparable short-term oncologic and long-term overall survival
outcomes with OPD (20.7 months vs. 20.9 months, p = 0.68). In addition, decreased incidence of
prolonged length of hospital stay (OR = 0.79), decreased rate of readmission and decrease in incidence
of delay to adjuvant chemotherapy for LPD (OR 0.71, p = 0.11) were noted in LPD, suggesting a trend
towards accelerated recovery. Higher 30-day mortality was still noted in LPD performed by lower
volume centers (<20 LPDs, 5.6% vs. 0%, p < 0.01), however no significant differences of 30-day and
90-day mortality in high volume centers (≥20 LPDs) between LPD and OPD (0% vs. 1.3%, p = 0.08,
and 0.6% vs. 3.4% p = 0.08, respectively). Chapman et al. (study period: 2010–2013) [86] evaluated
the safety of LPD in elderly patients (≥75 years old, 1768 patients). Although it was found that more
than 60% of the patients with LPD was performed in low volume centers (<5 LPDs), no significant
differences were found in R0-status, number of lymph nodes examined, lymph node, status, receipt
of adjuvant chemotherapy, days to initiation of adjuvant chemotherapy, readmission rates, or 30-day
mortality between two groups (p > 0.05). Ninety-day mortality was significantly lower in LP (7.2 vs.
12.2%, p = 0.049). It was observed that there was a trend towards improved OS (HR = 0.85, p > 0.05) in
the LPD group compared to the OPD group after adjusting for patient and tumor-related characteristics.
Lastly, Torphy et al. (study period: 2010–2015) [87] also compared short-term and oncologic outcome
of minimally invasive PD (MIPD) with those of OPD across low and high-volume centers. Among the
patients with pancreatic cancer who underwent PD, 3754 patients (17.1%) were found to be performed
minimally invasively. It was found that patients with MIPD for pancreatic cancer were less likely to
stay in the hospital (OR, 0.75; 95% CI, 0.68–0.82). Thirty-day mortality, 90-day mortality, unplanned
readmissions, margins, lymph nodes harvested, and receipt of adjuvant chemotherapy were equivalent
between two groups.

Table 6 shows the recent significant articles comparing LPD and OPD in treating pancreatic cancer.
When looking at the individual data, they are all pointing out that LPD can provide equivalent or
superior short-term oncologic outcomes with comparable long-term survival outcome, suggesting that
LPD is technically feasible and even oncologically safe in treating pancreatic cancer. It is interesting to
note that every reported article demonstrates a smaller amount of intraoperative blood loss comparing
with OPD. This observation is very important to improve the long-term oncologic outcomes of
resected pancreatic cancer, because a lower volume of intraoperative estimated blood loss can lead to a
lower chance of unnecessary intraoperative blood transfusion. Potential deleterious effects of blood
transfusion on oncologic outcomes have been explained by several hypothesized mechanisms, primarily
via the induction of immunosuppression [88,89]. In several studies, intraoperative transfusion was
found to be one of the independent prognostic factors in resected pancreatic cancer [90–92]. In addition,
a recent meta-analysis [35] to evaluate potential relationship between perioperative blood transfusion
and prognosis of pancreatic cancer surgery also demonstrated detrimental effect of blood transfusion
on survival in univariate (68.4%, 13 out of 19 studies) and multivariate analysis (47.4%, 9 out of
19 studies) respectively, showing overall blood transfusion associated with pancreatic cancer surgery
can be related to shorter overall survival (pooled odds ratio 2.43, 95% confidence interval 1.90–3.10).
Considering poor long-term oncologic outcomes of pancreatic cancer, intraoperative transfusion must
be an attractive issue for pancreatic surgeons, because it is thought to be a surgeon-controllable factor
by reducing intraoperative blood loss. In the near future, appropriate transfusion guidelines including
strict transfusion threshold and active investigation on alternative to allogenic blood transfusion are
necessary in managing pancreatic cancer patients.
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However, all these articles showing comparable oncologic outcomes between LPD and OPD
are based on retrospective studies, where unavoidable selection bias should be always concerned.
Therefore, the advantages of laparoscopic PD on short-term surgical outcomes and comparable
long-term survival rates should be regarded with careful interpretation.

However, unfortunately there is no randomized control trial (RCT) comparing LPD and OPD
for pancreatic cancer. All conclusions were based on retrospective observational studies. Therefore,
the interpretation of above these articles should be careful because there are unavoidable limitations,
such as small sample size, selection bias, learning-curve issue, and heterogeneity in reported data.

Which approach, laparoscopic vs. open, is better regarding surgical approach to pancreatic cancer?
An RCT is still needed to actually elucidate the true oncologic value of LPD, and to suggest standard
care in treating pancreatic cancer. However, an RCT regarding this issue is not that easy to conduct
because most pancreatic cancers are found to be at an advanced stage at diagnosis, and the surgical
technique of LPD is not fully matured in the present surgical society. In fact, three RCTs comparing
LPD and OPD were reported [13–15], but their study population included not only pancreatic cancer
but also other periampullary cancer, benign and low-grade malignant tumors of the pancreas. Overall,
they demonstrated no statistical differences, except less blood loss in LPD, and shorter operative time
in OPD.

However, when looking at the last study recently performed by Hilst et al. [15], nine surgeons
who had experienced more than 20 cases of LPD or OPD were involved. This clinical trial was
prematurely terminated due to safety concerns of LPD. This phenomenon is thought to be a part of
reflection to previous NCDB-based studies showing LPDs done in low volume centers were associated
with higher mortality rate [84,85]. Taking the tumor biology of pancreatic cancer and its clinical
presentations into consideration, associated pancreatitis, cholangitis, and potential risk of vascular
involvements usually make laparoscopic oncologic dissection much more difficult and even dangerous.
Therefore, LPD for treating pancreatic cancer should be a more challenging issue. All recent studies
agree with the fact that many cases are required to overcome the learning curve for safe LPDs [16,17].
Therefore, under reasonable inclusion criteria, it is highly demanded that expert surgeons with good
experience in both LPD and OPD should collaborate for a well-designed RCT to answer this question
(ClinicalTrials.gov Identifier: NCT03870698). For a while, the currently accumulated expert surgeons’
experiences might be regarded as the highest level of evidence that we can take in current clinical
situation of pancreatic cancer.

4. Proposal Potential Indications

Previously, we suggested a model for determining the indications of minimally invasive radical
distal pancreatectomy for left-sided pancreatic cancer [7]. A similar approach will be possible in LPD
for pancreatic cancer. Technical feasibility, procedural safety (or surgical risk), and surgical extent for
margin-negative resection (oncologic clearance) should be considered in defining potential indication
of LPD. A surgeon’s capacity of technical feasibility should cover the surgical extent requiring for
curative resection. Figure 4 shows the dynamic relationships between these factors.

As the surgical extent for curative resection increases, the following will happen: First, the potential
surgical risk may increase. Second, advanced surgical technique is highly required to ensure surgical
extent for obtaining margin-negative resection. However, at some point, an appropriate surgical
procedure for curative resection cannot be maintained by the laparoscopic approach due to surgeons’
own technical issues and patients’ co-morbidities. Therefore, there must be an optimum surgical extent
that can be obtained by individual surgeons’ own surgical techniques for margin-negative resection.

From that point of view, three types of surgical extent of LPD can be available. Type 0 LPD is PD
with standard dissection. It does not require any type of combined vascular resection. Type I LPD
requires combined venous vascular resection. In this surgical extent, most cases need tangential (wedge)
resection of PV, or SMV with primary repair (Type Ia LPD). Type Ib LPD requires more complicated
procedures for margin-negative resection, such as tangential resection with patch repair, segmental
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resection with end-to-end anastomosis or reconstruction using artificial graft (venous resection 2).
In selected cases, combined arterial resection (Type II LPD) will be required, but quite limited [93].

For example, (A) surgeons’ technique for LPD is not enough to achieve curative resection in
resectable pancreatic cancer. This group of surgeons need to do open PD for curative resection
of the pancreatic cancer. However, (B) surgeons’ technique for LPD is good enough for obtaining
margin-negative radical resection. They may perform LPD in well-selected cases expecting no combined
vascular resection (Type 0 LPD). Only a few surgeons can perform LPD even with combined venous
vascular resection (tangential or segmental) or even combined arterial resection in well-selected patients
(Type I and II LPD). Therefore, considering the present technical feasibility to maintain patient’s safety,
and margin-negative curative pancreatectomy, tumor conditions that could be removed by standard
PD without combined vascular resection (Type 0 LPD) will be the primary indication for LPD. Others
(Type I and II) can be performed in selected cases by only expert surgeons.

When looking at the anatomic relationship between pancreatic cancer and major vascular structures
at diagnostic stage, anatomically “resectable” pancreatic cancer includes potential candidates who
can undergo LPD for curative intent in clinical practice [94]. However, unexpected involvement of
adjacent venous systems, such as superior mesenteric vein (SMV), or portal vein (PV) because of
severe pancreatitis or tumor invasion, can be encountered during LPD for resectable pancreatic cancers,
and this situation might be necessary for combined vascular resection. Only expert surgeons are
responsible for this advanced stage of the pancreatic cancer. These cases mostly will result in elective
conversion to open for procedural safety and curative resection [95].
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Figure 4. Model for determining surgical indication of LPD for pancreatic cancer. Regardless of
laparoscopic or open PD for pancreatic cancer, surgical approach should be allowed only when
surgeons’ technical feasibility can obtain the appropriate surgical extent for margin-negative resection.
Therefore, indication of LPD can vary according to surgeons’ techniques and disease extent. OPD will
be recommended in surgeon (A). Type 0 LPD can be done in surgeon (B). Type Ia LPD and Type Ib LPD
can be allowed for surgeon (C) and surgeon (D), respectively. Anatomically resectable pancreatic cancer
with intact fat plane between pancreas and major vascular structures is thought to be the ideal tumor
conditions for LPD (Tumor conditions controlled by Type 0 LPD). Note: This author follows Fortner’s
initial classification of regional pancreatectomy [96].
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Therefore, in the beginning stage, it is thought that only a small proportion of resectable pancreatic
cancer without contact with the SMV-PV complex could be a potential indication for LPD (Type 0 LPD)
for generalizing concept of LPD for pancreatic cancer (Figure 5). However, in the near future, with the
advance of a diagnostic strategy for early detection and surgical techniques, potential candidates for
LPD are certain to increaseCancers 2020, 12, x 13 of 20 
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Figure 5. A case with extremely appropriate pancreatic cancer for LPD. A case of early pancreatic cancer
in a 71-year-old, male patient, incidental finding of pancreatic duct dilatation during routine medical
check-up. Preoperative image studies showed less than 1 cm sized pancreatic mass with secondary
pancreatic duct dilatation (a,b). Type 0 LPD was performed on 24 October 2019, and discharged 9 days
postoperatively. Pathological examination reported 3.0 mm-sized pancreatic ductal adenocarcinoma
with good differentiation (×100, c). resected margins were free from malignant cells (safety margin ≥ 1
cm). No lymph node metastasis was noted among 23 retrieved lymph nodes.

5. Conclusions

It is worthy to emphasize that margin-negative radical pancreatectomy is the essential condition
to obtain long-term survival of patients with pancreatic cancer. With the investigation for early
diagnosis, introduction of potent chemotherapeutic agents, application of neoadjuvant chemotherapy,
advancement of open and laparoscopic surgical techniques, mature perioperative management,
and improved patients’ general conditions, survival of resected pancreatic cancer is expected to be
further improved. OPD will still be mainstream in treating resectable pancreatic cancer. Particularly,
OPD with anatomy-driven extended dissection will play significant role in treating advanced pancreatic
cancer following neoadjuvant chemotherapy, which harbors the potential risk of combined major
venous or arterial resection.

On the other hand, the technical and oncological feasibility of LPD for pancreatic cancer is still
controversial. Considering difficult clinical circumstances to perform RCT, the currently reported
experiences are thought to be the highest level of evidence that we can consider in managing pancreatic
cancer. According to the literature, it can be carefully concluded that LPD is thought to be a good
alternative strategy in managing well-selected resectable pancreatic cancer. LPD with combined
vascular resection is also feasible, but only expert surgeons should handle these challenging cases.

In spite of potential advantages of the laparoscopic approach, it provides surgeons with
fundamental limitations during surgical procedures, such as 2-D operative view, fulcrum-effect,
limited motion of the instruments, attenuated touch sensation, and enhancing tremor. Theoretically,
the robotic surgical system was introduced to overcome these hurdles. However, it is also true that
many laparoscopic surgeons had already overcome these limitations. Therefore, surgical approach
should be determined according to the surgeon’s expertise, patients’ general condition, and tumor
biology. As long as surgical principles for pancreatic cancer are kept in mind, open, laparoscopic or
robotic approach to PD for pancreatic cancer are expected to provide meaningful short- and long-term
oncologic outcomes of resected pancreatic cancer.

Finally, in application of minimally invasive pancreatectomy for pancreatic cancer, patients’ safety
and principles of surgical oncology should be kept in mind [97]. In fact, these two principles should
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be considered not only in LPD but also in OPD. Whether PD is performed by laparoscopic or open
approach, surgical approach should be determined by a surgeon’s own technical expertise to fulfil
these two goals.

Funding: This research was funded by a Faculty Research Grant of Yonsei University College of Medicine
for 6-2015-0053.
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Simple Summary: Improving outcomes in pancreatic cancer is achievable through the accumulation
of marginal gains. There exists evidence of variation and undertreatment in many areas of the
care pathway. By fully realising the existing opportunities, there is the potential for immediate
improvements in outcomes and quality of life.

Abstract: Improving outcomes among patients with resectable pancreatic cancer is one of the greatest
challenges of modern medicine. Major improvements in survival will result from the development of
novel therapies. However, optimising existing pathways, so that patients realise benefits of already
proven treatments, presents a clear opportunity to improve outcomes in the short term. This narrative
review will focus on treatments and interventions where there is a clear evidence base to improve
outcomes in pancreatic cancer, and where there is also evidence of variation and under-treatment.
Avoidance of preoperative biliary drainage, treatment of pancreatic exocrine insufficiency, preha-
biliation and enhanced recovery after surgery, reducing perioperative complications, optimising
opportunities for elderly patients to receive therapy, optimising adjuvant chemotherapy and regular
surveillance after surgery are some of the strategies discussed. Each treatment or pathway change
represents an opportunity for marginal gain. Accumulation of marginal gains can result in consid-
erable benefit to patients. Given that these interventions already have evidence base, they can be
realised quickly and economically.

Keywords: pancreatic cancer; pancreatic exocrine insufficiency; adjuvant chemotherapy; biliary
drainage; prehabilitation; ERAS

1. Introduction

Pancreatic cancer is projected to become the second leading cause of all cancer-related
deaths by 2030 [1,2]. Although surgical resection is the foundation of ‘resectable’ pancreatic
cancer management, alone it is associated with a less than 10% chance of cure [3]. High rates
of perioperative morbidity and mortality, slow or poorly organised pathways to surgery,
suboptimal preoperative management of jaundice, suboptimal use of (neo)adjuvant ther-
apy and failure to address malnutrition all contribute to poor outcomes. It is therefore
unsurprising that there can be a negative attitude and feelings of nihilism when considering
the outlook for these patients.

Wide variations in care and a lack of standardised practice, however, offer an easy
way to improve outcomes in the near future. Pathways to expedite surgery, prescribing
of enzyme therapy, access to adjuvant chemotherapy and tackling frailty are just a few
examples of how care has the potential to be optimised. Optimising an individual aspect
of care represents an opportunity for a marginal gain. Individually, each gain realised
may be relatively minor when observed across an entire patient cohort, but when multiple,
the effect of aggregated marginal gains can be considerable. The aggregation of marginal
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gains was popularised in elite level cycling where its success was clear to see at Olympic
level and major events such as the Tour de France. The principals have been adopted
in healthcare among various patient populations from cancer surgery, stroke recovery,
prehabilitation, cardiac surgery and anaesthesia [4–6]. This narrative review highlights
common failings in the care of pancreatic cancer patients and describes where gains can be
made. The aggregation of these marginal gains could improve outcomes and experience
for a great many patients with resectable pancreatic cancer.

2. Pre-Operative Pathways

At presentation, resectable pancreatic cancer is in an exponential phase of growth and
most primary tumours harbour cells that can metastasise [7]. Enhancing pre-operative
pathways to ensure that patients are treated as quickly as possible and their functional
status is optimised is essential to enabling the delivery of the highest standard of care.
This section will focus on avoidance of pre-operative biliary drainage, prehabilitation, and
optimisation of nutritional status.

2.1. Preoperative Biliary Drainage in Resectable Pancreatic Cancer

The majority of patients with resectable pancreatic cancer present with jaundice.
Historically reluctance to operate in the presence of jaundice was related to concerns
over renal, cardiac and liver dysfunction, coagulopathy and, at the time, high rates of
perioperative morbidity and mortality associated with pancreatic surgery in the absence of
jaundice [8].

Hence, in theory, relief of jaundice by preoperative biliary drainage (PBD) is perceived
to improve these disturbances and prevent postoperative complications, though in practice,
the role and propriety of PBD must be challenged.

The concept of correcting jaundice prior to resection was introduced by A.O. Whipple
through staged PD, initially a cholecystogastrostomy to relieve jaundice followed by resec-
tion once the jaundice was within ‘safe’ limits. This further developed into nonoperative
approaches through percutaneous transhepatic cholangiopathy (PTC) and biliary drainage
in the 1960s and later followed by endoscopic retrograde cholangiopancreatography (ERCP)
in the 1970s [9,10].

For many decades ERCP served both diagnostic and therapeutic purposes. However,
the sensitivity and specificity of CT to diagnose pancreatic cancer has made ERCP, as a
diagnostic tool, obsolete.

The main drawback of PBD is the associated rate of complications. These complica-
tions impair quality of life, can delay or prevent future surgery and are occasionally fatal.
PBD itself requires resource and invariably delays treatment pathways [11,12].

The DROP trial randomised patients to upfront early surgery within 7 days or PBD-
and plastic stent and delayed surgery between 4–6 weeks [13]. This landmark RCT showed
the rate of serious complications at 120 days postoperatively to be far higher in the PBD
group (74 vs. 39%, p < 0.001). This was largely due to drainage-related complications,
cholangitis (26 vs. 2%), pancreatitis (7 vs. 0%) along with the need for change of stent in 30%
of patients. There are also higher rates of perioperative infections, associated with changes
in the biliary microbiome related to PBD [14,15] It is therefore advised that intraoperative
bile cultures are taken and appropriate antibiotic administered to address this higher rate
of complications [16].

Self-expanding metal stents (SEMS) have gained in popularity over plastic stents
based on significantly greater patency and reduction in infectious complications [13,17,18].
The experience of patients undergoing PBD with fully covered SEMS, with a prospective
study which mirrored the protocol of the DROP trial, superimposed the complication rates
of PBD-SEMS over the cohorts within the DROP trial [19]. Though SEMS were associated
with lower rates of complications than plastic stents, the rate remained significantly greater
than upfront surgery (51 vs. 39%). Subsequent meta-analysis confirms advantages of
metal over plastic stents with reduced rates of need for endoscopic reintervention (OR0.3),
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preoperative complications (OR 0.42) and cholangitis (OR 0.09) [20]. However, pancreatitis
is more common (OR 3.6) and, though not reported, post hoc analysis of resection rates
demonstrates a lower resection rate among patients with metal stents (plastic, 147/190 vs.
metal 93/139; Chi square p = 0.04) [19,20]. A more recent network meta-analysis demon-
strated a remarkably high rate of complications with plastic stents (38–93%), a much lower
rate with SEMS (0–15%) whilst data regarding outcomes from percutaneous drainage is
not at extensively reported (31%) [21]. This study also concluded that avoidance of PBD
was associated with the best outcome.

The association between PBD and reduced resection rates was not observed in individ-
ual randomised trials. However, it is logical to associate complications such as pancreatitis
or pathway delays with a reduction in resection rate. Many high-volume centres have
reported that increasing time to surgery reduces resection rates, data confirmed within a
recent systematic review and meta-analysis [22–25]. It may be that this higher resection rate
and avoidance of complications translates into increased survival benefit, when analysed
on an intention to treat basis [26]. This is controversial as some authors have associated
hyperbilirbuinaemia at the time of resection with worse cancer outcomes [27].

Given the many benefits of avoiding PBD, the National Institute for Health and Care
Excellence (NICE) in the United Kingdom, now recommend upfront surgery without PBD
where possible [28].

What remains to be defined is a safe upper limit of bilirubin in terms of safety and
oncologic outcomes and why PBD remains so widely used despite the evidence of harm.
Associated venous resection appears safe in the presence of jaundice, even when levels of
bilirubin exceed 300 µmol/L (>17.5 mg/dL) [29]. It may be assumed that elderly patients
are safer to undergo PBD and surgery rather than upfront surgery but elderly patients
are less likely to tolerate complications of PBD and remain on a surgical pathway than
younger patients.

Numerous studies have established seemingly arbitrary upper limits of bilirubin
at which PBD is indicated [27,30–35]. A common threshold of >250 umol/L is used
and cited by The Guidelines for Perioperative Care for Pancreaticoduodenectomy: En-
hanced Recovery After Surgery (ERAS®) Society Recommendations [36]; Both Sauvanet
and Li et al. reported higher complication rates when surgery was performed with a biliru-
bin of >300 µmol/L [27,37]. However, contrary to this, van der Gaag, quoted a bilirubin
level of ≤300 µmol/L at surgery and demonstrated significantly lower infective complica-
tions, whilst Pamecha et al. showed that a bilirubin level of ≥15 mg/dL (≥265 µmol/L)
was not an independent risk factor for complications [13,38,39].

As stated above, it is the authors experience that surgery, even with venous resection,
can be performed with no difference in complications with bilirubin in excess of 300 µmol/L.
To summarise, there is no clear data that defines an upper limit of bilirubin at which PBD is
indicated. The authors recommend an approach with prospective evaluation of outcomes
and a step wise increase in threshold of bilirubin at which to undertake PBD. Variation in
the rate of increase of bilirubin, the difficulty/time needed to complete staging tests and
other factors such as renal function or evidence of biliary sepsis mean that there is unlikely
to be a single value which can be applied to all patients.

It is useful to consider when PBD is indicated. Jaundiced patients undergoing neoadju-
vant therapy clearly require PBD; if there are major diagnostic delays, though an assessment
of risk of cancer progression must be weighed up against potential risks of surgery in
such cases or if the patient is too frail to undergo surgery. Such patients, however, in
our experience rarely improve significantly after PBD. Cholangitis has been considered
a contraindication for PBD, though in our practice we frequently employ external biliary
drainage, antibiotics, fluid replacement therapy and surgery within the same week if mark-
ers of infection are improving. This has controlled sepsis, avoided complications of PBD
and kept patients within an early surgery pathway. See Table 1. For a summary of potential
indications for PBD and Table 2 for optimizing care should PBD be undertaken.
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Table 1. Absolute and relative indications for Percutaneous biliary drainage (PBD).

Indication for PDB Comment

Absolute

Neoadjuvant therapy

Renal dysfunction

If mild, percutaneous external drainage and fluid
replacement may permit early surgery with
trans-sphincteric drainage to reduce the risk

of pancreatitis

Cholangitis with
organ dysfunction

If mild, percutaneous external drainage and fluid
replacement may permit early surgery with
trans-sphincteric drainage to reduce the risk

of pancreatitis

Relative

Bilirubin level Exact cut off leve currently unclear, see text.

Delay to surgery Need to consider daily rate if increase in bilirubin as this
may vary from patient to patient

Malnutrition
Ensure exocrine insufficiency corrected and balance

delays to surgery, cancer progression against severity
of malnutrition

Frailty

Frail patients are less likely to tolerate complications of
PBD so a difficult discussion or choice often needs to be
made. For some frail patients, direct to surgery may be

there best chance to have surgery as delays or
complications of PBD can exacerbate frailty

Table 2. Tips for optimising care in the event of PBD requirement.

Indication for PDB Comment

Initial attempt at PBD ERCP with self-expanding metal stent

Position of stent
The stent should be short and ideally not occlude the cystic
duct origin as this can lead to cholecystitis which can delay

surgery or chemotherapy

Periprocedural care

Antibiotics before and after the procedure
Regular observations with escalation to medical team in event
of abdominal pain and/or hypotension. Consideration of CT

in event to exclude pancreatitis or perforation.

Options if initial PBD fails
Maximum of two attempts at ERCP. If unsuccessful for PTC
with stent placement as a rescue option (referral to specialist

centre may be optimal depending on local experience)

Definition of successful PBD
Biliary drainage is defined as successful if the serum bilirubin

level decreased by 50% or more within 2 weeks after
the procedure.

Malnutrition associated with obstructive jaundice and its effects on outcomes follow-
ing surgery is a further area of controversy. In studies by Padillo et al., malnutrition was
more commonly associated with patients older than 68 years and those with high levels of
bilirubin with the suggestion that PBD should be considered to allow alleviation of these
modifiable factors preoperatively [40,41]. However, evidence for the optimal duration of
PBD to improve nutritional status is experimental and its role in malnutrition must be
considered in the broader context of pancreatic exocrine insufficiency [42–45]. Exocrine
insufficiency is prevalent at diagnosis, and although not the sole cause of malnutrition, it is
a major driver of malnutrition and is poorly treated; thus, delays to surgery can exacerbate
malnutrition if PEI is not addressed. A balance must be struck between early surgery and
better treatment of PEI versus correcting jaundice and improving nutrition. A proposed op-
timal pathway would be to provide PERT for all patients and provide early surgery where
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possible; where a patient has a poor performance status with malnutrition, a pathway of
PBD, PERT, and dietician input would be advocated.

2.2. Pancreatic Exocrine Insufficiency and Overcoming Malnutrition to Improve Outcomes

Pancreatic exocrine insufficiency (PEI) and pancreatic enzyme replacement therapy
(PERT) should be considered at all stages of management of pancreatic cancer, it is included
in this section on pre-operative pathways as correct treatment is essential as early in the
care pathway as possible. PEI is far from trivial and should be considered as organ failure.
Untreated failure of other organ systems can be rapidly fatal (for example, renal, cardiac or
respiratory failure or even diabetes) and withholding treatment in these settings is reserved
only for those patients who are on end-of-life pathways. Consequently, it is remarkable that
PEI is underdiagnosed and undertreated. In the authors view, this single issue represents the
simplest pathway improvement in this review and also the intervention with the chance to achieve
most gain.

Addressing pancreatic exocrine insufficiency (PEI) can have an effect upon survival as
strong as that as surgery or chemotherapy and yet many patients remains untreated [46].
A 2016 systematic review of PEI demonstrated a pre-operative prevalence of 44% and a
post-operative prevalence of 74% (for those undergoing pancreatico-duodenectomy for
malignancy). This is likely a conservative estimate owing to the frequent use of faecal
elastase (FE-1) to diagnose PEI (FE-1 has been shown to underestimate PEI following
resection) [47,48]. Furthermore, there is a gradual reduction of exocrine function at a
median value of 10% per month [49]. With the gold standard of testing and longer term
follow up, Lemaire et al. found the post-operative incidence of PEI to be 94% [50]. In
resectable disease the mechanisms underlying PEI are complex and multifactorial. Almost
all physiologic control is lost after pancreatoduodenectomy, and together with other factors
result in insufficient enzymes arriving at the wrong time, to the wrong place and at the
wrong pH for effective function [51,52] (see Figure 1).

Figure 1. Factors contributing to PEI following pancreatico-duodenectomy. *CCK = cholecystokinin.

Symptoms of PEI include pain, bloating, frequency, urgency, diarrhoea, fatty stool,
flatulence, loss of appetite, nausea and vomiting and are physically and mentally dis-
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tressing. The ‘classical’ sign of steathorrhoea is often absent, either because PEI is not
severe enough or because the patient may have unconsciously adopted behaviours to
avoid fat intake [53–55]. PEI is frequently untreated or undertreated worldwide. Studies
from the UK, Europe and Australia demonstrate that only a minority of patients receive
PERT [56–59]. Reasons for under prescribing are multifactorial and may relate to the
lack of an acceptable or accurate routine diagnostic test that can yield results in near real
time [47,60–62]. Confusing symptoms of cancer, weight loss and abdominal discomfort,
further complicate diagnosis.

The consequences of PEI must not be underestimated, these include: weight loss,
malnutrition, micronutrient deficiency, cardiovascular events, osteoporosis, fractures and
sarcopenia [63]. The effect of PEI on operative outcomes is considerable, being associated
with higher rates of post-operative complications, longer hospital stays and increased
costs [64–67].

Pancreatic enzyme replacement therapy (PERT) is cheap, mitigates against weight
loss and improves quality of life. The most compelling argument for PERT is emerging
evidence that it improves survival [46,58,68–71]. Given the failings of diagnostic tests for
PEI and the evident benefits of PERT, it is recommended for all patients with pancreatic
cancer by NICE in the United Kingdom [28].

A healthy pancreas is estimated to produce 900,000 United States Pharmacopeia (USP)
of lipase in response to a meal. Sufficient absorption of fat can be maintained at around
10% of normal capacity, there is thus a need for around 90,000 USP per meal. Given that in
the majority of pancreatic disease some function remains an appropriate starting dose in
resected pancreatic cancer is 75,000 USP with a main meal and 25,000 with a snack [69],
most effective when given across the course of, or just after, a meal rather than before [72].
Co-prescription of a proton pump inhibitor is often required after pancreatoduodenectomy
as a failure to neutralise gastric acid leads to enzymes remaining inactive [73].

Pre-operative malnutrition is associated with significantly poorer post-operative out-
comes for pancreatic resection, addressing this extends beyond just the prescribing of
PERT [74,75]. The international Study Group on Pancreatic Surgery (ISGPS) released a po-
sition paper on nutritional support and therapy in pancreatic surgery, this emphasizes the
importance of pre-operative assessment of nutritional status and recommends nutritional
supplements in those who have, or are at risk of developing, moderate malnutrition [76].
Those with, or at risk of severe malnutrition may benefit from formal nutritional support
with enteral or parenteral feeding [76]. Regular dietician input to asses response, compli-
ance, diet, diabetic optimization, and the potential need for nutritional supplements is
required [77].

Although outside the scope of this article to describe in detail, immunonutrition is
worthy of note. Immunonutrition aims to influence the systemic immune system using
nutritional supplements with immune modulating contents such as arginine, omega-3 fatty
acid and RNA. This is not yet part of routine clinical practice, however, there is evidence
that initiation in the pre-operative period could improve post-operative outcomes [78–81].
The most recent systematic review and meta-analysis of immunonutrition in pancreatic
resection, concluded that immunonutrition reduces infectious complications (especially
wound infection) and length of stay [82].

2.3. Benefits of and Access to Surgical Resection of Pancreatic Cancer in the Elderly

Benefits of resection do not diminish with increasing age [83,84]. Yet, many elderly
patients are considered too frail for surgery and there is significant age-related disparity
in access to surgery. Ageism is a major problem faced by elderly cancer patients; elderly
patients without comorbidity are less likely to receive cancer therapy than younger patients
with comorbidity. Advanced age, in the absence of comorbidity, is mistakenly considered a
more significant barrier to surgery than comorbidity [85]. Elderly patients are less likely
to undergo standard resection, less likely to undergo resection with concomitant venous
resection and less likely to achieve negative margins [86–88]. An American population
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based study of over 45,000 patients with pancreatic adenocarcinoma observed that the rate
of surgery decreased with increasing age: 21% of those under 50, 19% between the age of
50 and 70 and only 13% of those over 70 received surgery [87].

Concerns over risk and perceived lack of benefit of surgery are prohibitive and ac-
count for the discrepancies in care. However, a systematic review of surgery among
elderly patients with pancreatic cancer demonstrated that over time, perioperative mor-
tality has improved for elderly patients following pancreatic resection when compared
to non-elderly patients, with mortality preceding the year 2000 being significantly higher
in elderly patients, but similar from 2000 onwards [86]. Major surgical complications
(post-operative pancreatic fistula, delayed gastric emptying, post pancreatectomy haemor-
rhage and surgical site infections) were similar between the elderly and the non-elderly;
however, respiratory complications did occur more frequently in the elderly population.
Prehabilitation can improve physical functioning and prevent deterioration among patients
whilst waiting for cancer surgery [89–94]. The benefits of surgery are not diminished by
age and therefore older patients with appropriate performance status should not be denied
access based on chronological age alone. Treatment decisions for the elderly should be
made in a multidisciplinary setting, should ideally include the use of a tool such as the
comprehensive geriatric assessment and the input of a geriatrician to avoid discrepancies
in treatment based on chronological age [95,96].

2.4. Prehabilitation

Resection is the only curative option for pancreatic cancer, however, the majority of
patients with a new diagnosis are not suitable for operative management [97]. Baseline func-
tional status influences receipt of curative resection, receipt of adjuvant chemotherapy, the
rate and severity of post-operative complications and long term quality of life [89,98–100].
Functional status is often poor in patients with pancreatic cancer, this is contributed to
by older age at diagnosis, pre-operative sarcopenia, malnutrition and obstructive jaun-
dice [101]. Prehabilitation refers to any interventions, prior to definitive treatment that
are aimed at improving patient health and lifestyle [102]. The concept centres around
pre-operative conditioning to improve nutritional status and aerobic capacity. Studies of
prehabilitation in other types of major surgery have suggested that these programmes
can improve both access to definitive treatment, and post-operative outcomes [103] (See
Table 3). A recent trial randomised patients to standard of care versus standard of care
plus prehabilitation in patients having major abdominal surgery found that the prehabilita-
tion cohort had improved aerobic capacity and a reduction in 30-day readmissions [104].
Unfortunately, systematic reviews and meta-analysis have determined that although pre-
habilitation programmes can potentially improve surgical outcomes, the evidence is weak,
this is most likely do to the variation in prehabilitation regimens and study heterogene-
ity [102,103,105–108].

The majority of evidence for prehabilitation is limited to those undergoing colorectal
resection, hepatic resection or major cardio-thoracic surgery, few studies look specifically
at the impact of prehabilitation in pancreatic resection [109–114] (Table 1). Two studies
have reported on the association between prehabilitation and post-operative outcomes in
pancreatic cancer; Ausania et al. randomised patients to prehabilitation (n = 18) or standard
of care (n = 22). Nakajima et al. compared a cohort of patients undergoing prehabilitation
to historical patients. Neither study determined a significant difference in outcomes except
for reduced rates of delayed gastric emptying in one and a shorter length of stay in the
other. Several studies report an improvement in lean muscle mass prior to surgery and
one reported improvement in quality of life in those undergoing prehabilitation [109–114].
Although showing promising results, the collective interpretation of these studies is difficult
owing to poor standardisation of exercise and nutritional interventions and paucity of
participants. Table 4: Pre-operative areas for potential gain.
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Table 3. Summary of prehabilitation studies for pancreatic resection.

Year Study Design No. Exercise Plan Key Findings

Nakajima et al. 2019 Retrospective,
cohort 76 30 days Unsupervised,

self-reported exercise

Shorter length of stay in
prehabilitation group (23 days vs.

days, p = 0.045)

Ausania et al. 2019 Randomised
controlled trial 18 2 weeks supervised and

unsupervised, aerobic exercise
Reduction in DGE in prehabilitation

group (5.6% vs. 40.9%, p = 0.01)

Florez Bedoya et al. 2019 Prospective,
cohort 23

15 weeks unsupervised,
self-reported, aerobic and

resistance exercise

No comment on clinical outcomes
Evidence of prehabilitation increasing

tumour vascularity.

Marker et al. 2018 Case series 3
12–16 weeks, supervised,

physiotherapist reported, hour
long, 3× a week

Underpowered

Parker et al. 2018 Prospective,
cohort 50

60 min per week unsupervised,
self-reported aerobic and

strengthening exercise

No comment on clinical outcomes
Home based exercise
programme feasible

Ngo-Huang et al. 2019 Prospective,
cohort 50

2 weeks, unsupervised,
self-reported, hour long aerobic

exercise

Prehabilitation associated with
improved physical function (6MWT,

STS, GS improved from baseline,
p = 0.48, 0.03 & 0.08, respectively) and

HRQOL (Improved with increased
LPA (p = 0.01)

6MWT = 6 min walk test, STS = Sit to stand, GS = Gait speed, HRQOL = Health Related Quality of Life, LPA = Light physical activity.

Table 4. Pre-operative areas for potential gain.

Areas for Gain
Pre-Operatively Problem Intervention Gain

Avoidance of
pre-operative biliary

drainage

- PBD related complications
are common

- Avoidable delay to surgery
- Missed window of opportunity

for curative surgery

- Upfront surgery

- Avoid PBD
related complications

- Reduce postoperative
complications

- Increase number of patients
undergoing curative surgery

- Improve overall survival

Correction of PEI related
malnutrition

- PEI is highly prevalent and
related to weight loss, reduced
QoL, reduced survival

- Under-prescribing of PERT
- Inadequate dosing
- Malnourished at baseline
- Sarcopenia

- PERT prescribing for all
- Education of wider team
- Patient education
- Dietetic monitoring
- Consider PPI
- Consider supplements

- Improve quality of life
- Reduce weight loss
- Reduce complications
- Improve survival

Prehabilitation

- Older age group
- Sarcopenia
- Too ‘frail’ for treatment
- Deconditioning

- Consider who is ‘at risk’
- Physiotherapy involvement
- More research

- Potential to reduce
some complications

- Reduce length of stay
- Potential to improve access

to treatment

Old age/frailty

- Nihilistic attitudes towards
older age

- Elderly not receiving same
standard of care despite proven
benefit

- MDT decision making with
geriatrician if able

- Use of assessment tools.
Such as CGA

- Co-morbidities rather than
chronological age as
deciding factor.

- Improved access to curative
treatment options for
the elderly.

PEI = Pancreatic exocrine insufficiency, PBD = Pre-operative biliary drainage, QoL = Quality of life, PERT = Pancreatic enzyme replacement
therapy, PPI = Proton pump inhibitor, CGA = Comprehensive geriatric assessment.
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3. Peri-Operative Pathways
3.1. Enhanced Recovery after Surgery

Enhanced recovery after surgery (ERAS) is a multimodal approach to a patient’s
perioperative journey which aims to facilitate early return to the preoperative state [115].
Broadly, it facilitates sustained recovery and reduces complications. A secondary benefit is
frequently a reduced length of stay.

The value of ERAS pathways in pancreatic surgery has been recommended on the
basis of high level evidence in domains such as avoidance of hypothermia, use of wound
catheters compared to epidural analgesia (EDA), use of somatostatin analogues to reduce
CR-POPF [116]. protocols for thromboprophylaxis and antimicrobials and interventions
for preoperative nutrition for patients with severe weight loss [36]. As patient reported
outcomes (PROs) have become of particular importance in pancreatic cancer due to the
elderly cohort of patients, a recent addition has been patient-centred PROs into the ERAS
pathway [117,118].

The degree of compliance with ERAS pathways is strongly associated with clinical
outcome [119]. With numerous components, intensive monitoring of the pathway with
regular audit and a dedicated specialist nurse input improves compliance. An evaluation
into the feasibility of an ERAS pathway after PD has demonstrated over 70% compliance
achieved within a multicentre cohort study and was associated with a significant reduction
of overall complications and length of stay [120].

ERAS after pancreatic surgery have been associated with a reduction in mild com-
plications (Clavien Dindo grade I-II) significant improvements in overall morbidity and
length of stay without any increase in readmission [121–125]. Effect on pancreatic specific
complications is difficult to interpret as studies have variably included PD and distal
pancreatectomy and ISGPS definitions have not been consistently reported for delayed
gastric emptying (DGE) and postoperative pancreatic fistula (POPF) However, a lower
incidence of DGE has been observed with no effect on POPF rate [122,123,125].

Implementation of ERAS pathways has been hindered due to the economic impact
associated with the necessary resources required, namely a specialist nurse, audit and data
collection and patient information booklets [126]. However, these costs, have been offset by
the reduction in postoperative complications and subsequent hospital length of stay [127].

Though the short-term benefits are evident, long term benefits have also been sug-
gested by one study where a relationship between increased compliance to the ERAS
pathway and survival benefit has been found [128].

3.2. Reducing Complications from Surgery

Surgery alone, is a poor treatment for pancreatic cancer. Only with associated receipt
of chemotherapy do patients gain a good chance for cure. One major barrier to patients re-
ceiving adjuvant therapy is the occurrence of post-operative complications. Thus, strategies
to reduce these are attractive not only to improve perioperative outcomes but improve the
delivery of adjuvant therapy. Post-operative pancreatic fistula (POPF) is the most frequent
and severe complication after surgery [129]. Presently there is no widely accepted approach
to reducing rates of clinically relevant POPF but a national study of early detection and
minimally invasive treatment of POPF aims to determine whether the severity of POPF
can be reduced [130].

An individual patient’s risk of POPF varies hugely. It is somewhat remarkable that
POPF rates are not routinely adjusted to take this into account. Individual surgeons
risk adjustment and CUSUM analysis is a way for surgeons to objectively assess their
outcomes [131]. Such strategies could help inform surgeons of optimal techniques.

Strategies to improve outcomes after complex procedures such as pancreatoduo-
denectomy, evolve from a critical understanding of events and outcomes. Without critical
analysis background noise, variations in practice and organisational differences can make
this task insensitive. Determining the root causes of mortality after pancreatectomy demon-
strates this well [129]. Only by conducting in depth analyses of processes and outcomes
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can surgeons begin to understand fundamental reasons for failure. Solutions can then be
developed which are designed to overcome problems which are prevalent at the local level.
Solutions are likely to vary from centre to centre dependent upon variation in practice
and outcome.

A further key improvement is to determine benchmarks of optimal outcomes. This
strategy seeks to reduce the effect of variation in practice between centres by focussing
on common factors between centres and avoiding outlier cases. In pancreatic cancer, this
has allowed teams to compare outcomes to those of their peers after surgery for resectable
cancer or with associated venous resection [132,133].

Taking the concept of assimilated gains, the Dutch are leading the way with a na-
tionwide implementation of best practices based upon critical analysis of pathways and
suboptimal outcomes with the PACAP-1 trial which seeks to improve outcomes and overall
survival [134]. Table 5: Summary of Peri-operative areas for gain

Table 5. Summary of Peri-operative areas for gain.

Areas for Gain
Peri-Operatively Problem Intervention Gain

ERAS

- Protocol compliance
- Standardisation of

practice

- Standardised practices
based upon best evidence

- Routine audit

- Reduced complications
- Reduced Hospital Costs
- Reduced LoS

Reducing
complications

- QI programs
- Benchmarking
- Root cause analysis

- Improved outcomes with
POPF though systematic
changes and better
understanding of risk

- Benchmarking and root
cause analysis demonstrate
where local outcomes fall
below expected outcomes or
those of peers

- Reduced complications
and reduced harm
from complications

- Improved access to
adjuvant chemotherapy

- More rapid functional
recovery after surgery

Correction of PEI
related malnutrition

- See Table 2

- Junior Dr education
- Patient education
- PERT prescribing check
- Dietetic review
- See Table 4

- See Table 4

ERAS = Enhanced Recovery after Surgery, QI = Quality Improvement, POPF = Post-Operative Pancreatic Fistula, LoS = Length of Stay,
PERT = Pancreatic Exocrine Replacement Therapy.

4. Post-Operative Pathways

Post-operative strategies should be designed to enhance functional recovery, maximise
uptake of adjuvant chemotherapy and delivering appropriate surveillance. Care should be
continuous and multidisciplinary, with continued nutritional consideration (as outlined in
the pre-operative section). Functional decline and lack of chemotherapy uptake is more
pronounced in elderly.

4.1. Adjuvant Therapy in Resectable Pancreatic Cancer

The benefit for adjuvant therapy is without question. Alone surgery achieves cure in
less than 10% of patients [3,135]. Currently, a multimodal approach is the standard of care
where 6 months of mFOLFIRINOX based on the results of PRODIGE-24 RCT for those with
a sufficient performance status, or a combination of gemcitabine and capecitabine based
on ESPAC-4 RCT [136,137]. Patients not sufficiently fit for combination therapy may still
benefit from gemcitabine. The role of adjuvant therapy following neoadjuvant therapy and
resection, however, is less clear. A recent multi-centre international study demonstrated

172



Cancers 2021, 13, 1669

that adjuvant chemotherapy following NAT, was only of benefit among patients with node
positive disease [138].

Widespread variation in the use of adjuvant therapy is clear between and within
countries. For example, studies demonstrate that 51% of patients receive adjuvant therapy
in the USA, 54% in the Netherlands, 66% in Japan and 74% in Canada. Widespread varia-
tion within countries is also evident [139–142]. Within the Netherlands, rates of adjuvant
therapy varied from 26 to 74% between health care providers. Sociodemographic varia-
tion explains some variation with deprived patients less likely to receive therapy [143].
Advanced age is a common factor associated with underuse of adjuvant therapy and will
be considered separately below. However, such wide differences cannot be explained by
demographic differences alone. Such data clearly points at systematic variation. Such
variation is clearly undesirable and yet, despite the clear advantage of adjuvant therapy,
there is little emphasis upon ensuring that patients chances of receiving therapy are op-
timized [144]. This low completion rate of the full therapeutic sequence may in part be
explained by the reticence to initiate adjuvant chemotherapy following postoperative
complications or poor performance status. However, ESPAC-3 has addressed this issue
of time to initiate and optimal duration of chemotherapy [145]. Within this study, 68% of
patients completed all six cycles of chemotherapy and for these patients, overall survival
was significantly favoured. In those who did complete therapy, there was no difference in
survival when comparing those who started earlier than eight weeks compared to those
who started between 8 and 12 weeks, therefore time to initiation of chemotherapy was an
important prognostic factor in favour of later treatment. Thus, this study concluded that
completion of chemotherapy rather than early initiation was more important for survival.

Centralised cancer surgery is widely practiced. However, centralised chemotherapy is
not standard practice. There is evidence that concentrating adjuvant therapy to a dedicated
regional service increases the proportion of patients that receive therapy [146]. Overcoming
nihilistic views and patients fear of therapy are important strategies as many patients
choose not to pursue chemotherapy and clinicians not referring patients for chemotherapy
is a mindset in great need of change [147].

A further variable that must be considered is not simply whether a patient receives
adjuvant therapy but that efforts must focus upon an individualised approach where
patients receive a regime that is as strong as can be tolerated for that individual. Incremental
gains of multiagent therapy are seen over single agent gemcitabine [3,135,137]. Yet, there is
very little data upon strategies to optimise not just the delivery of adjuvant therapy but
also the regimen that is delivered. Some evidence supports centralised care to deliver more
multiagent therapy [147].

Liquid biopsies are a novel way to diagnose cancer at an early stage, aid in prognostic
evaluation [148], determine targets for therapy [149] and to evaluate cancer recurrence
after treatment. The technique involves determining cancer DNA, vesicles and tumour
cells in circulating blood [150,151]. Nomograms can be used to stratify patient risk for
selection to treatment and may influence the choice of NAT, surgery or nature of adjuvant
chemotherapy [152–156].

4.2. Benefits of and Access to Chemotherapy in the Elderly Population

After resection of pancreatic cancer, disease free survival (DFS) and disease specific
survival (DSS) appear similar between elderly and younger patients, but overall survival
(OS) is shorter, a possible reflection that elderly patients are less likely to receive adjuvant
chemotherapy [86,157–159]. Elderly patients have just as much benefit from adjuvant
therapy as younger patients and when chemotherapy use is stratified between young and
older patients overall survival is the same [160]. The CONKO-001 trial had no upper age
limit and specifically demonstrated that those over 65 show a similar improvement in OS
and DFS as have numerous other studies evaluating adjuvant chemotherapy for pancreatic
cancer [137,159,161–163]. This benefit is maintained when considering more aggressive
regimens in the elderly such as FOLFIRINOX or neo-adjuvant chemotherapy [164–166].
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Consequently, strategies to increase the use of chemotherapy in the elderly, such as central-
isation of oncology services and measures to address frailty, yield major benefits [146,167].
The comprehensive geriatric assessment (CGA) is recommended by the Society for Inter-
national Oncology in Geriatrics as a useful decision making tool for older people with
malignancy [168]. There are several studies suggesting that the CGA can be useful in
predicting functional decline, toxicity and overall survival [169,170] The CGA is lengthy
and time consuming, a more practical approach, as recommended by the National Compre-
hensive Cancer Network, the European Organisation for Research and Treatment of Cancer
and the International Society of Geriatric Oncology is to use a short frailty screening tool
(such as the Fried score, the Clinical Frailty Scale or the Geriatric 8) to identify those who
require a full screening [171–177].

Like surgery, the benefits of chemotherapy are not lessened by age and therefore older
patients with appropriate performance status should not be denied access. Treatment
decisions should be made in a multidisciplinary setting and include the use of a frailty
screening tool and the input of a geriatrician to avoid discrepancies in treatment based on
chronological age [95,96].

Since there are no published accepted standards for the proportion of patients that
receive adjuvant therapy after pancreatic cancer surgery there is lack of clarity about what
is acceptable practice. Thus, local audit and benchmarking one’s practice against peers is
an essential step in the standardisation of practices. Quality improvement programs could
further enhance delivery of adjuvant chemotherapy if they were to target those patients
most at risk of not receiving therapy, i.e., to overcome barriers presented by age, frailty and
good functional recovery after surgery.

4.3. Surveillance after Resection of Pancreatic Cancer

Surveillance after resection of other cancer types is routine and evidence based. The
notion is simple, that early detection of recurrence is more likely to identify disease at an
earlier asymptomatic phase when patients are more likely to have preserved performance
status and ultimately more likely to receive treatment. Most guidelines, including those
from the European Society for Medical Oncology (ESMO) and International Association
of Pancreatology/European Pancreatic Club (IAP/EPC), do not recommend routine
surveillance after pancreatic cancer resection due to the poor prognosis and limited
treatment options available for recurrence [178,179]. The nature of surveillance protocols
typically involve CT scans at 3 or 6 month intervals supplemented by CA19-9 analysis.
The optimal interval and impact of surveillance programs remain to be seen. It may be
that artificial intelligence may help refine and improve surveillance programs; there is
currently much interest in AI as a tool to facilitate the diagnosis of breast cancer within
screening programs.

In the setting of recurrent pancreatic cancer there are an increasing number of treat-
ment strategies. Despite this, many patients fail to receive palliative therapy. However,
an individualised approach to treating recurrent pancreatic cancer is logical. Around
half of all patients recur with local only disease [180]. Whilst systemic therapy seeks
to control occult metastatic disease local therapies in the form of high intensity radio-
therapy or ablation can be delivered [181]. Given that many patients are elderly, frail
or may have had poor experience with systemic therapy local therapy can be delivered
with more less disruption and more satisfaction for the patient. Targeted therapy of
oligometastatic disease also offers alternative options for a limited number of patients.
Furthermore, surveillance is desired by patients and clinicians alike [182,183]. Table 6:
Areas for Post-operative gain.
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Table 6. Areas for Post-operative gain.

Areas for Gain
Post-Operatively Problem Intervention Gain

Adjuvant
chemotherapy

- Nihilism and
under-utilisation of
adjuvant chemotherapy

- Establish standards of
practice and benchmarks for
the proportion of patients
that receive
adjuvant therapy

- QI programs to address
frailty, advanced age and
recovery after surgery

- Improved uptake of
adjuvant therapy

- Improved survival
- Standardised practices

Surveillance

- Lack of
standardised practice

- Nihilism

- Implement surveillance
programs

- Improved detection of
early recurrence

- Improved treatment rates
- Improved duration

of survival

Nutrition - See Table 4

- Education of local
physicians and those in
palliative care

- See Table 4

- See Table 4

QI = Quality improvement.

5. Novel Areas for Review

Though this body of work focusses upon areas where benefit can be clearly derived
using existing evidence base there are areas with an emerging evidence base where benefit
may be derived if practices are adopted.

Pancreatic surgery is associated with a high rate of cancer recurrence. Improving the
staging pathways and novel approaches to treatment of the surgical margin are ways to
improve outcomes.

Early cancer recurrence, even within ninety days of surgery, has to be considered
a failure of staging [129]. The addition of routine Positron Emission Topography (PET)
or Magnetic resonance imaging (MRI) scanning can help detect occult cancer. PET scan-
ning, within a randomised trial, upstaged 20% of patients, preventing futile surgery [184].
However, it is important to note that the routine use of PET-CT is still debatable as it
cause delays to resection and the potentially false positive results that may erroneously
prevent surgery [185,186]. MRI can upstage 10–24% of patients with occult liver metastases
where diffusion weight images can identify lesions under 5 mm, being more sensitive than
computerised tomography (CT) or PET-CT [187–189]. These tests need to be considered
carefully, however, as false positive results can be caused by common scenarios such as
abscesses secondary to cholangitis and can delay treatment.

Failure of surgery to clear the margin is an Achilles heel of pancreatoduodenectomy.
Local recurrence is very high after surgery, positive margins are associated with reduced
survival and therefore it is necessary to consider how outcomes can be improved [190,191].
Neoadjuvant therapy (NAT) is associated with a higher rate of R0 resections, though it is
important to consider results on an intention to treat basis [192,193]. There is much interest
in NAT for resectable pancreatic cancer. Ongoing clinical trials will help determine the
evidence base for this treatment. There are many retrospective cohort studies which are at
risk of various bias including selection and survivor bias and until well conducted trial
data is available it is not possible to make a clear statement [194]. Intraoperative frozen
section has been used to identify positive pancreatic transection margins and the role of
extending resections has been explored in numerous studies, but systematic review fails
to observe a benefit to this practice [193]. Similarly, extending lymphadenectomy is not
associated with greater survival but with morbidity [195,196]. The standard approach to
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pancreatoduodenectomy leaves perineural tissue around the superior mesenteric artery.
It is this margin which is most frequently positive on histologic analysis. An artery
first approach has a theoretical advantage that it can clear periadventitial tissues but
clinical studies fail to demonstrate benefit in terms of improving R0 margin status [197,198].
Intraoperative radiotherapy has been long considered as an adjunct to improving margin
status but no high-level evidence yet exists [199]. The addition of stereotactic ablative
radiotherapy within a NAT program does not appear to improve R0 rates [200]. Irreversible
electroporation has gained interest, predominantly surrounding control of locally advanced
pancreatic cancer though the technology could be applied to improve margin control
at resectable cancer. However, concerns over safety and a lack of high level evidence
remain [201]. There is thus much work to be done in this area and focussing efforts on the
problem of the surgical margin could reduce local recurrence.

Peritoneal metastases are less common than local recurrent or liver metastases but
when they occur are associated with very poor outcomes. Positive intraoperative peritoneal
cytology correlates with poor oncologic outcomes, in the absence of visible metastatic
disease [202]. Among patients with cytology positive, or even macroscopic peritoneal
disease, intraperitoneal chemotherapy can control ascites and some patients can go on to
achieve surgical resection [203,204]. Such experience is limited to Japan. The remarkable
outcomes indicate a potential role for intraperitoneal therapy, challenge current beliefs
about pancreatic cancer biology and prognosis and merit a wider review.

Personalised medicine in pancreatic cancer care is most strongly associated with defin-
ing an individual’s cancer genetics. Large multinational, multicentre organisations/trials
are ongoing such as precisionpanc (https://precisionpanc.org, accessed on 10 January
2021). There have, however, been many negative trials of genetic targets among patients
with metastatic pancreatic cancer which include MEK inhibitors, IGFR inhibitors, mTOR in-
hibitors, TRK inhibitors, NOTCH inhibitors, TGF-β inhibitors, immunotherapy or vaccine
therapy [205]. Established genetic targets in resectable pancreatic cancer are thus largely
unclear; the most actionable mutation is BRCA1-2 which is identified in approximately 5%
of patients [206]. Patients with these tumours are sensitive to platinum agents and thus
will be treated by inclusion of oxaliplatin in therapy regimens [207]. This target has also
been exploited by the PARP inhibitor Olaparib [208].

6. Conclusions

This review sought to elucidate key areas of variation, undertreatment and pathway
changes where improvements can be realised with little effort. Novel therapeutic options
will present themselves in the future, but it would be remiss of any team caring for
this cohort of patients to inadequately utilise current evidence and implement optimal
treatment pathways. There is a disconnect between funding for research to establish novel
treatments far outstripping funding to implement best care at the level of the health care
provider/organisation. It is essential that surgeons understand that surgery is just one part
of a complex pathway and that they are ideally placed to act as change agents to optimise
broader pathway improvements. Some changes can be clearly applied to the majority, if
not all patients, such as PERT among those undergoing pancreatoduodenectomy. Other
interventions can never be applied to all patients. There will always be some jaundiced
patients with resectable cancer that undergo PBD or some patients who never receive
adjuvant therapy. Locally, nationally or internationally accepted benchmarks are required
to understand what is achievable and to help teams identify areas of poor performance.
Collaborative multicentre, multinational studies are an essential part of assessing and
improving patient care in the 21st century and teams are encouraged to develop and take
part in these ventures. Through the aggregation of marginal gains, our patients can realise
better outcomes and experience in the near future.
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Simple Summary: Currently, there are several guidelines that are widely used to establish the
treatment strategy for branch duct type intraductal papillary mucinous neoplasms. Although there
are some common grounds, there are discrepancies on which features they adopt, how much each
feature is weighted, and how the features are combined. Furthermore, some of the features are
based on lower level evidences or expert opinions. The aim of this meta-analysis was to investigate
important clinical, radiological, and biochemical risk factors for malignancy and their impact as
predictors. This study found symptom, size, cyst wall thickening, presence of mural nodule, change in
main pancreatic duct caliber, lymphadenopathy, CA 19-9, and CEA as risk factors. Lymphadenopathy
(odd ratio [OR]: 8.55), abrupt caliber change (OR: 7.41), and mural nodule (OR: 4.10) had the highest
odd ratios. We expect the higher level evidences of this study to help shape better guidelines and
reduce discrepancies among future guidelines.

Abstract: The current guidelines on branch duct type intraductal papillary mucinous neoplasm
(BD-IPMN) recommend various predictive features of malignancy as well as different treatment
strategies. This study aimed to identify the risk factors for malignancy with higher level of evidence.
A meta-analysis was performed on 40 literatures published between 2000 and 2019. These literatures
included 6301 patients with pathologically proven IPMN. Malignancy was defined as high-grade
dysplasia and invasive carcinoma. It was significantly associated with symptoms (odds ratio [OR]
1.35, confidence interval [CI] 1.01–1.79), size ≥ 3 cm (OR 1.90, CI 1.51–2.40), cystic wall thickening (OR
2.53, CI 1.50–4.27), mural nodule (OR 4.10, CI 3.38–4.97), main pancreatic duct dilatation (OR 2.98,
CI 2.11–4.21), abrupt caliber change of the pancreatic duct (OR 7.41, CI 2.49–22.06), lymphadenopathy
(OR 8.55, CI 3.25–22.51), elevated carbohydrate antigen 19-9 (OR 4.01, CI 2.55–6.28), and elevated
carcinoembryonic antigen (OR 2.04, CI 1.60–2.61). Multilocular cysts and multiple cysts did not
show a significant association with malignancy. This study examined the clinical, radiological,
and biochemical features of BD-IPMN, often used as malignancy predictors according to the widely
used guidelines. The results confirmed that all the features currently being used are valid.

Keywords: branch duct intraductal papillary mucinous neoplasm; risk factor; malignancy; meta-analysis
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1. Introduction

Branch duct type intraductal papillary mucinous neoplasm (BD-IPMN) is a well-known
premalignant lesion of the pancreas. The prevalence of BD-IPMN-associated malignancy is reportedly
over 24% [1]. Nearly four decades have passed since the first report of IPMN by Ohashi et al. [2],
but our understanding of IPMN is still limited. Particularly, the ability to predict malignancy and
set an appropriate treatment plan is far from satisfactory. Given that pancreatic cancer is the fourth
leading cause of cancer mortality [3], the clinical implications of this shortcoming are grave. To make
matters worse, the incidence of IPMN is on a steady rise, as incidental detections are increasing due to
better access to heath check-ups and increased use of cross-sectional imaging studies [4,5]. The current
situation poses a great challenge for pancreatic surgeons and physicians.

Many investigations have been conducted, results have been produced, and the endeavor
continues. Currently, there are several management guidelines for IPMN. Among them, the most
frequently referenced are those by the American Gastroenterological Association (AGA) [6], European
Study Group on Cystic Tumours of the Pancreas [7,8], and International Association of Pancreatology
(IAP) [1,9,10]. Although all these guidelines have some commonalities, they do differ with respect to
certain surgical treatment indications and surveillance strategies. Another issue is that few of these
guidelines cite studies with lower levels of evidences, while others cite experts’ opinions.

The first step in producing high-quality treatment guidelines for BD-IPMN is to clarify the risk
factors for malignancy. Therefore, a meta-analysis was performed to identify the clinically important
risk factors for malignancy and their impact. This study investigated the comprehensive factors
including clinical, radiological, and biochemical factors that could be acquired preoperatively.

2. Results

2.1. Search Results

The search process is described in Figure 1. A thorough literature search on MEDLINE identified
472 publications that were potentially relevant to this study. A total of, 412 studies were excluded after
screening. Of the remaining 60 publications, 17 were excluded after detailed review due to insufficient
data regarding worrisome features/high-risk stigmata, absence of pathological data, insufficient sample
size, or overlap with another study. When an overlapping study cohort was found, the larger sample
study was chosen. If there were results regarding worrisome features/high-risk stigmata in a smaller
overlapping study that was not addressed in the larger one, it was still included. Finally, 40 publications
were included in the analysis [11–50]. The publication bias was assessed visually by inspecting the
funnel plot for asymmetry.
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2.2. Characteristics of Included Studies

The characteristics of the included publications are described in Table 1. This study included
40 publications with 6301 patients diagnosed with IPMN, of which histological data of 4241 patients
diagnosed with benign IPMN and 2060 with malignant IPMN were identified. In all studies, malignant
IPMN was defined as invasive carcinoma and high-grade dysplasia. Terms such as invasive cancer,
intraductal papillary mucinous carcinoma (IPMC), and invasive IPMN were considered equivalent to
invasive carcinoma. Non-invasive carcinoma, carcinoma in situ, and IPMC in situ were considered
equivalent to high-grade dysplasia.

2.3. Clinical Symptoms

Data regarding symptoms were extractable in 15 studies [12,15,19,20,23,25,27,31,33,35,36,38,40–42].
In these studies, 840 patients (54.8%) presented symptoms, and malignancy was reported in 28.6% of
patients with symptoms and 27.4% without symptoms. The odds ratio (OR) of having symptoms was
1.35 (95% confidence interval [CI] 1.01–1.79, p = 0.040) (Table 2, Figure 2a).

2.4. Characteristics of Cyst

Data regarding cyst size were obtained from 22 studies with 4446 patients [12,15–17,20–22,24–26,
30–33,36–38,40,41,43,48,49], and the risk of malignancy was examined for a reference size of 3 cm.
The malignancy rate in cysts ≥ 3 cm and < 3 cm in size was 38.7% and 25.7%, respectively. Cysts of size
≥ 3 cm significantly increased the risk of malignancy with an OR of 1.90 (95% CI 1.51–2.40, p < 0.001)
(Table 2, Figure 2b).

Data regarding cystic wall thickening was extracted from nine studies with
689 patients [13,14,17,18,34,37,38,40,43], and wall thickening was found in 15.2% of the cases. Moreover,
51.4% of the patients with wall thickening reported malignancy as compared to 23.6% of those without
wall thickening. Wall thickening was significantly associated with malignancy with OR of 2.53 (95% CI
1.50–4.27, p < 0.001) (Table 2, Figure 2c).

Multilocularity and multiplicity was analyzed in seven [17,20,21,34,37,40,47] and eight
studies [12,15,17,21,35,37,40,47], respectively. Malignancy rate of multilocular and unilocular cysts
was 27.0% and 22.2%, respectively. Furthermore, the malignancy rate of single and multiple cysts was
26.6% and 24.0%, respectively. Notably, neither of the features was associated with an increased risk
of malignancy (multilocularity: OR 0.92, 95% CI 0.63–1.35, p = 0.680; multiplicity: OR 0.76, 95% CI
0.55–1.04, p = 0.090) (Table 2, Figure 2d,e).
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Data regarding cyst size were obtained from 22 studies with 4446 patients [12,15–17,20–22,24–
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The malignancy rate in cysts ≥ 3 cm and < 3 cm in size was 38.7% and 25.7%, respectively. Cysts of 
size ≥ 3 cm significantly increased the risk of malignancy with an OR of 1.90 (95% CI 1.51–2.40, p < 
0.001) (Table 2, Figure 2b). 

Data regarding cystic wall thickening was extracted from nine studies with 689 patients 
[13,14,17,18,34,37,38,40,43], and wall thickening was found in 15.2% of the cases. Moreover, 51.4% of 
the patients with wall thickening reported malignancy as compared to 23.6% of those without wall 
thickening. Wall thickening was significantly associated with malignancy with OR of 2.53 (95% CI 
1.50–4.27, p < 0.001) (Table 2, Figure 2c). 

Multilocularity and multiplicity was analyzed in seven [17,20,21,34,37,40,47] and eight studies 
[12,15,17,21,35,37,40,47], respectively. Malignancy rate of multilocular and unilocular cysts was 27.0% 
and 22.2%, respectively. Furthermore, the malignancy rate of single and multiple cysts was 26.6% 
and 24.0%, respectively. Notably, neither of the features was associated with an increased risk of 
malignancy (multilocularity: OR 0.92, 95% CI 0.63–1.35, p = 0.680; multiplicity: OR 0.76, 95% CI 0.55–
1.04, p = 0.090) (Table 2, Figures 2d,e) 
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Figure 2. Forest plot showing the incidence of malignancy in BD-IPMN stratified by symptoms, 
characteristics of the cyst, and presence of mural nodule. (a) symptom. (b) cyst size. (c) cyst wall 
thickening. (d) multilocular cyst. (e) multiple cyst. and (f) mural nodule. 

  

Figure 2. Forest plot showing the incidence of malignancy in BD-IPMN stratified by symptoms,
characteristics of the cyst, and presence of mural nodule. (a) symptom. (b) cyst size. (c) cyst wall
thickening. (d) multilocular cyst. (e) multiple cyst. and (f) mural nodule.

2.5. Mural Nodule

Mural nodule was the most frequently investigated parameter observed in 25 studies and cohort of
4495 patients [12,13,16–26,30–33,35,36,38,40,42,43,46,47]. The prevalence of mural nodule in BD-IPMN
was 35.8%, and the pooled malignancy rate was 31.9%. The malignancy rate was 52.5% in the presence
of mural nodule and 20.4% in its absence. The presence of mural nodule resulted in a four-fold increase
in the malignancy risk. The pooled OR was 4.10 (95% CI 3.38–4.97, p < 0.001) (Table 2, Figure 2f).

2.6. Changes in Main Pancreatic Duct

Several studies examined the size of the main pancreatic duct, but they all had different cut-off values.
The reference size was 5 mm in eight studies [22,24–26,37,38,40,43], 6 mm in five studies [16,30–32,34],
and 7 mm in two studies [12,36]. For pancreatic ducts of size 5 mm, the OR was 2.85 (95% CI 1.90–4.26,
p < 0.001), and a malignancy rate of 46.5% for ducts > 5 mm. The ORs for main pancreatic ducts >6
and 7 mm were 3.86 (95% CI 1.63–9.11, p = 0.002) and 2.69 (95% CI 0.42–17.16, p = 0.29), respectively.
Overall, the OR for dilatation of the main pancreatic duct was 2.98 (95% CI 2.11–4.21, p < 0.001)
(Table 2, Figure 3a).
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Four studies examined the caliber change in the pancreatic duct in 467 patients [14,37,38,46].
Among 34 patients with an abrupt change in caliber, 18 patients (52.9%) had malignant BD-IPMN with
OR of 7.41 (95% CI 2.49–22.06, p < 0.001) (Table 2, Figure 3b).

2.7. Lymphadenopathy

Four studies examining lymphadenopathy had a pooled cohort of 390 patients [14,17,21,43].
The prevalence of lymphadenopathy was 6.2%. The malignancy rate in these patients was 58.3% as
compared to 15.3% in those without lymphadenopathy. The OR for lymphadenopathy was the highest
among all parameters at 8.55 (95% CI 3.25–22.51, p < 0.001) (Table 2, Figure 4).
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2.8. Biochemical Markers

Carbohydrate antigen (CA) 19-9 with a cut-off level of 37 U/mL was examined in eight
studies [15,21,23–26,36,40]. Among 3279 pooled patients, 477 patients (14.5%) had elevated CA
19-9 levels, of which 61.8% had malignant BD-IPMN, whereas only 27.8% of the normal CA 19-9
patients showed malignancy. The OR was 4.01 (95% CI 2.55–6.28, p < 0.001) (Table 2 and Figure 5a).
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There were four studies [21,23–25] with pooled cohort of 2405 patients that reported the presence
of carcinoembryonic antigen (CEA) with a cut-off level of 5 ng/mL. The malignancy rate among patients
with elevated CEA and normal CEA was 53.5% and 35.7%, respectively. The OR for elevated CEA was
2.04 (95% CI 1.60–2.61, p < 0.001) (Table 2, Figure 5b).

3. Discussion

This study revealed that the parameters of symptoms, size, cystic wall thickening, presence of
mural nodule, change in main pancreatic duct caliber, lymphadenopathy, CA 19-9, and CEA were the
predictive features of malignancy in BD-IPMN. On the other hand, multilocularity of cyst and multiple
cysts were not malignancy predictors.
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The findings are in accordance with most of the widely used guidelines. The AGA guideline
utilizes size, dilated main pancreatic duct, solid component, and positive cytology to determine the
treatment strategy [6]. Reference size ≥ 3 cm, dilated main pancreatic duct, and associated solid
component were considered risk factors, and presence of at least two of these would warrant endoscopic
ultrasound-fine needle aspiration (EUS-FNA). In the case of positive cytology or presence of a solid
component and a dilated pancreatic duct, surgery is indicated. Since this guideline is for asymptomatic
neoplastic pancreatic cysts, the symptoms were not considered.

Unlike the conservative AGA guidelines, the European study group proposes a more aggressive
approach in BD-IPMN patients [7,8]. Presence of jaundice, positive cytology, enhancing mural nodule
(≥5 mm), solid mass, and main pancreatic duct ≥10 mm are absolute indicators for surgery. Growth
rate ≥5 mm/year, elevated serum CA 19-9 level, main pancreatic duct dilatation between 5–9.9 mm,
cyst diameter ≥40 mm, new onset diabetes mellitus, acute pancreatitis, and enhancing mural nodule
(<5 mm) are relative indicators wherein healthy patients may opt for surgery.

The IAP guidelines stratify the features into high-risk stigmata and worrisome features.
The high-risk stigmata and worrisome features warrant surgery and EUS, respectively. High-risk
stigmata include obstructive jaundice in a patient with cystic lesion of the head of the pancreas,
enhancing mural nodule ≥5 mm, and main pancreatic duct ≥10 mm. Worrisome features include
cyst ≥3 cm, enhancing mural nodule <5 mm, thickened/enhancing cyst walls, main duct size 5–9 mm,
abrupt change in caliber of pancreatic duct with distal pancreatic atrophy, lymphadenopathy, increased
CA 19-9 serum level, and cystic growth rate ≥5 mm/2 years. The features used by the IAP and European
study group are similar. However, the IAP guidelines are slightly more conservative, wherein surgery
is decided based on the EUS findings in patients with worrisome features.

In this study, all the features were included to validate those featuring in various guidelines.
In addition, other features such as locularity, multiplicity, and CEA serum level were explored.
The parameter of symptoms showed a significant association with malignancy. However, the symptoms
could be heterogenous and often vague. They consisted of one or combinations of clinical findings
such as abdominal pain, weight loss, pancreatitis, and jaundice. Therefore, it is difficult to define what
symptom to look for and determine the appropriate treatment strategy. Notably, jaundice was found
to be a significant predictor of malignancy by several studies [15,27,38,42]. In particular, a nomogram
developed by Attiyeh et al. [15] automatically assigned a predicted probability of high-risk disease
of “1” to patients with jaundice. Another symptom that showed high association with malignancy
was weight loss. Among five studies that examined weight loss separately [15,19,20,33,42], all studies
except one [33] found weight loss to be significantly associated with malignancy. While many
symptoms depend on the patient’s report and tend to be subjective, jaundice and weight loss are
symptoms that can be objectively quantified. Therefore, instead of considering symptoms as a whole,
utilizing jaundice and weight loss to predict malignancy seemed reasonable, and studies defining
the cut-off values for these symptoms should be warranted. Nevertheless, jaundice and weight
loss are symptoms often associated with overt cancer and may have limited value in predicting
earlier malignant transformation such as high-grade dysplasia. Our results showed that 27.4% of
asymptomatic patients reported malignancy, demonstrating that absence of symptoms does not assure
the absence of malignancy. Therefore, radiologic and biochemical changes may be more important in
early detection of malignant transformations.

Previously, a cyst size of 3 cm was considered an absolute indication of BD-IPMN [10,51,52].
However, subsequent studies found that size alone was insufficient to predict malignancy, and although
size correlated with malignancy risk, the safe cut-off limit was unclear [53–56]. The European study
group does not consider a cyst size of 3 cm as an absolute indication, but rather considers the presence
of other risk factors as determining factors, unless the diameter reaches 4 cm [7]. The IAP also stepped
down the 3-cm size criteria from an absolute indication to a worrisome feature since the 2012 consensus
guidelines [1,9]. Likewise, although the AGA states that size ≥3 cm increases the risk of malignancy by
three times [57], size is not the sole determinant of the strategy [6]. In the present study, size ≥3 cm
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increased the malignancy risk by two times. Although size is a significant factor, its impact is not as
great as that of other features. Hence, size alone has a limited potential in predicting malignancy.

Wall thickening is a feature considered exclusively in the guidelines by IAP. It was introduced
in the 2012 consensus guideline [1]. In this study, wall thickening increased the malignancy risk by
2.5 times. However, it is uncertain whether the wall thickening was accompanied by enhancement in
the studies. Other cystic characteristics such as multilocularity or multiplicity of cysts did not increase
the risk of malignancy.

Mural nodule is one of the strongest and most consistent risk factors in all the guidelines. Mural
nodule is an absolute indication according to the European study group, and it could be an indication if
it is accompanied by main pancreatic duct dilatation >5 mm according to the AGA guidelines. The AGA
found that solid component increased the risk by almost eight times after reviewing 816 patients in seven
studies [57]. They found that the incidence of malignancy was 73% in patients with a mural nodule as
compared to 23% in those without a mural nodule. In 25 studies with 4495 patients, the malignancy
rate was 52.5% in those with a mural nodule and 20.4% in those without. Furthermore, this study
found that the malignancy risk was four times higher in patients with mural nodule. Nevertheless,
mural nodule is one of the highly predictive factors of malignancy. Recently, enhancement and size of
mural nodule have received attention, and these factors were applied to the IAP and European study
group guidelines [1,8,58–61]. However, the diagnostic performances vary according to the imaging
modality used, and meta-analysis cannot be conducted with the limited number of studies. Therefore,
this study did not sub-analyze the mural nodule feature by size or enhancement, and future studies
are needed to clarify the effect of these factors.

The main pancreatic duct change is another consistent risk factor of malignancy. The European
study group, AGA, and IAP guidelines include main pancreatic duct dilatation. The AGA did not
provide a definition of main duct dilation, whereas the European study group and IAP defined duct
dilatation as dilatation >5 mm [1,6–9,57]. The IAP and European study group further stratified the risk
level according to the extent of dilatation. Main duct dilation between 5–9 mm and >1 cm is considered
as worrisome feature and high-risk stigmata by the IAP, or as a relative and absolute indication by the
European study group. In contrast, the AGA requires that the solid component be accompanied by
main duct dilatation for it to qualify as an indication. Interestingly, the AGA did not find a significant
association between dilated pancreatic duct and malignancy (OR, 2.38, 95% CI 0.71–8.00), but included
it in their guidelines because the review was performed with resected IPMNs [6,57]. Nevertheless,
the main duct dilatation is a well-recognized risk factor that was also confirmed in this meta-analysis.
However, the reference cut-off values vary according to studies, and each guideline weighs the same
criteria differently. Future efforts are required to reach a consensus. Another change often studied and
considered in the IAP guidelines is the abrupt change in caliber. Although this may overlap with main
duct dilatation and may be considered an extreme form of dilatation, its OR was the second highest in
this study at 7.41. However, this was based only on four studies, and the true predictive value needs
further validation.

Lymphadenopathy was recently added to the IAP guidelines during the 2017 revision [9]. There are
no references to lymphadenopathy in the European study group or AGA guidelines. Although least
attention was given to lymphadenopathy, it demonstrated the highest OR, showing 8.5 times increased
risk of malignancy. There were only four studies with a pooled cohort of 390 patients, of which 6.2%
had lymphadenopathy. More studies are needed to accurately evaluate the impact of lymphadenopathy
in predicting the malignancy in BD-IPMN cases.

Finally, a biochemical marker, CA 19-9, was indicated as a relative risk factor in the European
guidelines and as a worrisome feature in the revised 2017 IAP guidelines [7,9]. This study showed that
elevated CA 19-9 above 37 U/mL had four times higher risk of malignancy, which is similar to the risk
associated with mural nodule. In addition to CA 19-9, the role of CEA was examined, which posed
twice the risk of malignancy when elevated above 5 ng/mL. However, only four studies were examined
and its actual role needs to be further studied for a definitive conclusion.
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There are several limitations in this study. First, all the studies included in this meta-analysis were
observational studies, and potential biases are likely to be greater in such studies. Thus, the results
should always be interpreted with caution. Second, the studies were conducted on resected IPMNs,
thus limiting the knowledge regarding the natural course of the disease. Conversely, this ensures
the most accurate pathologic diagnosis. Third, some features had slightly different or more specified
definitions in the guidelines, e.g., for “enhanced” wall thickening, and different values for duct
dilatations. However, for analysis with an adequate population, the features could not be too narrowly
defined. Finally, as the risk of malignancy is likely to increase, an analysis of risk by combination of
features or creating a predictive model would have been informative.

4. Materials and Methods

4.1. Literature Search Strategy

A literature search was conducted using the MEDLINE to identify a relevant study about the
outcomes in patients with worrisome features or high-risk stigmata of IPMN and malignancy proven
by surgery or biopsy. A combination of search terms, including IPMN, computed tomography
(CT), magnetic resonance image (MRI), EUS, malignancy, worrisome features, or predictive features,
were used.

4.2. Inclusion/Exclusion Criteria

Studies were included if they met the following criteria: written in English, full-article, publication
year between January 2000 and May 2019, patient with BD-IPMN diagnosed by CT, MRI or EUS and
final pathological diagnosis by surgical resection or biopsy, and >10 patients in the study. We excluded
case reports, case series with small sample size (<10 patients), review articles, editorials, consensus
proceedings, studies without pathological diagnosis, not within field of interest, and insufficient or
overlapping data.

4.3. Data Extraction and Quality Assessment

Two reviewers (W.K. and Y.H.) independently extracted the data from each study and resolved
their disagreements by discussion or by consulting a third reviewer (J-Y.J.). The following data were
collected from the studies that met the criteria. (1) Study—publication year, study design, and study
location. (2) Cases—total number of BD-IPMN patients, frequency of pathologic malignancy in
BD-IPMN, age, and sex. (3) Cystic morphology—maximum cyst size, presence of mural nodules,
and maximum diameter of main pancreatic duct. (4) Clinical data—symptoms (jaundice, diabetes,
pain, and weight loss), imaging methods, CA 19-9 level (normal value 0–37 U/mL), and CEA level
(normal value 0–5 ng/mL). (5) Outcomes—cytology result and pathology result.

Malignant BD-IPMN was identified when there was histological evidence of BD-IPMN with
invasive carcinoma or high-grade dysplasia after surgical resection, and cytological/histological
evidence of high-grade dysplasia/malignant cells was found after FNA/biopsy of BD-IPMN with or
without associated radiological signs of malignancy.

The choice of the articles included in this review were in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses statement (PRISMA) [62], and a PRISMA flowchart
was formulated (Figure 1) for transparency of the conclusions reached by the authors. The quality of
included studies was assessed using the Newcastle Ottawa Scale [63] by two reviewers (W.K. and Y.H.).

4.4. Data Analysis

Interpretative analysis of the OR between positive and negative worrisome features in IPMN
patients was performed. The OR of BD-IPMN with or without worrisome features/high-risk stigmata
was calculated by dividing the total number of events by the total number of patients. If these
specific data were not provided in a study, it was calculated by adding or subtracting the number of
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patients who had confirmed pathology and imaging data. The corresponding 95% CIs were calculated
using exact methods. A meta-analysis of all eligible studies identified was then planned with the
Review Manager software (RevMan) (version 5.3; The Cochrane Collaboration, The Nordic Cochrane
Center, Copenhagen, Denmark) using a random-effects model. This model was used because we
believe that the relevant variation in the risk is most likely a consequence of inter-study differences.
Statistical analysis was performed for all stages of this meta-analysis in accordance with the MOOSE
guidelines [64]. The quantity of heterogeneity and publication bias was assessed. A p-value < 0.050
was accepted as statistically significant.

5. Conclusions

This study examined the parameters used to predict malignancy as specified by the most commonly
used guidelines. This not only included clinical and radiographic features, but also biochemical
features. The results confirmed that all the currently used features are valid. However, each guideline
utilizes certain features and weighs the impact of each feature differently, resulting in different treatment
strategies in BD-IPMN patients presenting similar features. This study hopes to contribute in making
future guidelines more compatible and standardized.
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Simple Summary: Intraductal papillary mucinous neoplasms (IPMN) are common but difficult to
manage since accurate tools for diagnosing malignancy are unavailable. This study evaluates the
diagnostic value of main pancreatic duct (MPD) diameter for detecting IPMN malignancy, using a
meta-analysis of published data. The result suggests that malignancy is highly prevalent in IPMN
with ductal dilatation of >5 mm.

Abstract: Intraductal papillary mucinous neoplasms (IPMN) are common but difficult to manage
since accurate tools for diagnosing malignancy are unavailable. This study tests the diagnostic value
of the main pancreatic duct (MPD) diameter for detecting IPMN malignancy using a meta-analysis
of published data of resected IPMNs. Collected from a comprehensive literature search, the articles
included in this analysis must report malignancy cases (high-grade dysplasia (HGD) and invasive
carcinoma (IC)) and MPD diameter so that two MPD cut-offs could be created. The sensitivity,
specificity, and odds ratios of the two cutoffs for predicting malignancy were calculated. A review of
1493 articles yielded 20 retrospective studies with 3982 resected cases. A cutoff of ≥5 mm is more
sensitive than the ≥10 mm cutoff and has pooled sensitivity of 72.20% and 75.60% for classification
of HGD and IC, respectively. Both MPD cutoffs of ≥5 mm and ≥10 mm were associated with
malignancy (OR = 4.36 (95% CI: 2.82, 6.75) vs. OR = 3.18 (95% CI: 2.25, 4.49), respectively). The odds
of HGD and IC for patients with MPD ≥5 mm were 5.66 (95% CI: 3.02, 10.62) and 7.40 (95% CI: 4.95,
11.06), respectively. OR of HGD and IC for MPD ≥10 mm cutoff were 4.36 (95% CI: 3.20, 5.93) and
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4.75 (95% CI: 2.39, 9.45), respectively. IPMN with MPD of >5 mm could very likely be malignant. In
selected IPMN patients, pancreatectomy should be considered when MPD is >5 mm.

Keywords: pancreatic main duct dilatation; intraductal papillary mucinous neoplasm; high grade
dysplasia; invasive carcinoma; pancreatic cystic neoplasm; pancreatic cancer; meta-analysis

1. Introduction

Pancreatic cystic lesions are common. The prevalence of these lesions is around 50% in
the general population and increases with age [1]. Of these cystic lesions, pancreatic cystic
neoplasm (PCN) management is challenging and important in modern pancreatology. The
challenge lies in the difficulty in accurately discerning completely benign PCNs from ones
with potential for malignancy progression [2–5].

Intraductal papillary mucinous neoplasm (IPMN) is a pre-cancerous lesion that ac-
counts for at least half of all PCNs [6]. Morphologically, IPMNs can be divided into two
major categories: (1) the branch-duct IPMN (BD-IPMN) that only involves the peripheral
pancreatic ducts, and (2) main-duct IPMN (MD-IPMN) and mixed-type IPMN that involve
the main pancreatic duct (MPD) and/or the branch ducts [7]. The morphologic and radio-
logic classification for identifying BD-IPMN, MD-IPMN, or mixed-type IPMN is extremely
important. It is well known that BD-IPMNs have a very low risk for cancer progression; in
contrast, MD- and mixed-type IPMNs are more prone to becoming cancerous [2,8]. Studies
have shown that it is safe to surveil small BD-IPMNs (below 3–4 cm) that do not have any
radiological features suggestive of malignancy [8–10]. In contrast, IPMNs involving the
MPDs are more aggressive and generally need to be treated surgically [6,11].

The International Consensus Guidelines and the European Guidelines for managing
IPMNs concordantly suggest an aggressive approach for managing MD- and mixed-type
IPMNs. However, the role of MPD dilatation in deciding the indication for surgical resec-
tion of IPMN is moderately different in the two guidelines. The International Consensus
Guidelines for IPMN management suggests that MD- or mixed-type IPMN with MPD
dilatation of 10 mm or more should be referred for surgical treatment (high-risk stig-
mata) [11]. However, the same guideline suggests that surgery could still be considered
for patients with 5–9.9 mm MPD (a worrisome feature), if there is the presence of mural
nodule(s) ≥5 mm, cytology positivity for malignancy, or main-duct features suspicious
for malignancy involvement [11]. The first European Guideline, published in 2013, rec-
ommended lowering the cutoff of MPD dilatation for surgery indication from 10 mm to
6 mm [2]. This approach was later supported by retrospective analysis that showed the
implementation of MPD dilatation of 10 mm as a cutoff for surgery indication risks the
possibility of IPMN undertreatment, as patients could have already developed invasive
carcinoma (IC) or high-grade dysplasia (HGD) [12–14]. For better management of IPMNs,
the latest evidence-based European Guidelines, published in 2018, recommends surgical
resection of IPMN with MPD dilatation of 5–9.9 mm, if the patient is fit and has a long
life expectancy (relative indications for surgery) [6]. This approach has also been recently
supported by large retrospective surgical analyses [15].

Meanwhile, some studies have demonstrated a safe conservative approach in man-
aging patients with suspected MD- or mixed-type IPMNs that have MPD dilatation of
5–9.9 mm [16,17]. Despite the compelling data, those studies need to be reassessed since
high-volume centers have demonstrated that the accuracy of the pre-operative diagnosis
of PCNs is approximately 60–80% [18–20]. Therefore, a high percentage of the suspected
MD- or mixed-type IPMNs in those studies could very likely represent other more benign
pancreatic diseases, such as chronic pancreatitis [18–20]. Hence, the optimal study design to
analyze the disease status of PCNs is to evaluate a cohort with available histology data [21].

The role of MPD dilatation is important for establishing surgical indication. However,
currently there is no consensus across existing guidelines regarding the degree of ductal
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dilatation that warrants pancreatectomy. This study is designed to evaluate the association
of HGD and IC with ≥5 mm and ≥10 mm MPD. Sensitivity and specificity for detecting
HGD and IC were calculated using the two MPD cutoffs.

2. Materials and Methods
2.1. Article Search/Selection and Outcome Assessment

This systematic review and meta-analysis was performed by following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Guideline [22].
Literature search was performed on 28 February 2020 by a professional librarian at the
Strauss Health Sciences Library. The following databases were queried: Ovid MEDLINE(R)
ALL 1946 to 27 February 2020; Embase; Web of Science; Google Scholar. The search strategy
focused on obtaining all existing literature related to MPD dilatation in IPMN and its
association to malignancy. The terms including but not limited to: intraductal papillary
mucinous or intraductal mucinous papillary or ipmn or ipmt; dilat or size or diameter or
cut off or cutoff or mm or millimeter or milli meter were used for the systematic search. Full
search strategy is provided in online Figure S1. The articles obtained from the search were
uploaded to the Endnote version X9 citation management application, in which duplicated
search results were eliminated. The final list of articles for initial review was uploaded to
Covidence, a software designed for reviewing and selecting articles for systematic review
and meta-analysis.

In the initial phase of reviewing articles, Y.H.A.W. and A.O. independently studied
all records uploaded to Covidence. If the title or abstract of the articles were relevant to
the topic of this study, the independent reviewers (Y.H.A.W. and A.O.) would thoroughly
perform a screening of the entire article to assess for eligibility of inclusion. Non-English ar-
ticles were excluded at the title/abstract review phase. Should there be a disagreement in
eligibility of the included articles, D.N. would resolve the discrepancy.

Studies evaluating the association between MPD, IPMN (including BD-IPMN, MD-
IPMN, or mixed-type IPMN), and malignancy were included in this study. We specifically
only included studies that reported MPD ranges that could be used to create two cut-offs:
≥5 mm and ≥10 mm. Studies also had to include the counts or rates of malignancy
and non-malignancy for each MPD category. We also required that included articles
show histological diagnosis of lesions, specifically whether they were non-malignant or
malignant. In this study, histology classification and definition are in accordance with the
2015 Baltimore Consensus Meeting Guideline [23] or the current World Health Organization
guidelines [24] for IPMN. In short, HGD or IC were defined as malignancy, whereas low-
grade dysplasia or moderate-grade dysplasia were defined as non-malignancy. In the event
of encountering two or more publications that had identical cohorts, only the publication
with the most complete dataset was included in this study.

The primary outcomes of this study were the proportion of patients with HGD, IC,
or malignancy.

2.2. Data Extraction

Study characteristics and data were independently extracted by two investigators
(Y.H.A.W. and A.O.) and recorded on a standardized data extraction form. Any discrep-
ancies were resolved by other reviewers (S.F., D.N., L.B., and K.L.C.). Data extracted and
used for analysis are listed in Table 1. The final extracted data were reviewed by Y.H.A.W.,
A.O., S.F., L.B., and K.L.C.

2.3. Risk of Bias Analysis

Y.H.A.W., S.F., and A.O. assessed the quality of the included articles by conducting an
evaluation using the Risk of Bias in Non-randomized Studies of Interventions (ROBINS-
I) [41]. ROBINS-1 is designed to assess an article by evaluating 7 domains of risk of bias
(Table S1). The assessment will grade the 7 domains of an article with low, moderate,
serious, critical, or not assessable risk. In the end, the 7 domains were collectively analyzed
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for every article included in this study. Additionally, Funnel plots and Egger’s regression
tests were used to assess publication bias (Figure S2).

Table 1. Characteristics of included articles.

Author Year Country Design <5 mm (n) 5–9 mm (n) ≥10 mm (n)

M NM M NM M NM

Takanami et al. [25] 2011 Japan Retrospective 3 2 5 5 1 0
Barron et al. [26] 2014 U.S.A. Retrospective 17 149 74 40 40 14
Roch et al. [27] 2014 U.S.A. Retrospective - - 50 64 30 27

Hackert et al. [12] 2015 Germany Retrospective - - 93 64 76 27
Kang et al. [28] 2015 S. Korea Retrospective 44 206 39 38 34 14
Kim et al. [29] 2015 S. Korea Retrospective 15 212 19 50 4 3
Kim et al. [30] 2015 S. Korea Retrospective 43 195 38 39 36 16

Yamada et al. [31] 2015 Japan Retrospective 10 42 29 39 22 24
Robles et al. [32] 2016 France Retrospective 13 57 19 25 4 2

Seo et al. [33] 2016 S. Korea Retrospective 11 62 27 29 14 15
Sugimoto et al. [14] 2016 U.S.A. Retrospective - - 22 19 42 20

Choi et al. [34] 2017 S. Korea Retrospective 1 20 29 16 9 1
Yu et al. [35] 2017 Japan Retrospective 39 13 14 12 3 8

Marchegiani et al. [17] 2018 Italy Retrospective 8 43 43 126 20 32
Tsukagoshi et al. [36] 2018 Japan Retrospective 2 17 4 4 12 3
Del Chiaro et al. [15] 2019 U.S.A./Sweden Retrospective 65 240 134 152 107 43

Jan et al. [37] 2019 Taiwan Retrospective 17 65 11 11 23 31
Lee et al. [38] 2019 S. Korea Retrospective 3 36 16 16 9 6

Masaki et al. [39] 2019 Japan Retrospective 0 0 3 6 16 4
Hwang et al. [40] 2020 S. Korea Retrospective 25 45 11 18 18 9

Total (% *) 316
(18.4%)

1404
(81.6%)

680
(46.8%)

773
(53.2%)

520
(63.5%)

289
(36.5%)

* Percentage of cases within MPD Dilatation category; Abbreviations: M = Malignancy; NM = Non-Malignancy.

2.4. Data Synthesis and Statistical Analysis

Tests of association: Random effects models were used to estimate adjusted diagnostic
odds ratios (OR) and 95% confidence intervals for the pooled data. These were estimated
using the meta package in RStudio (RStudio, Boston, Massachusetts), which provides
functions for diagnostic meta-analysis [42]. A continuity correction was applied to all cells
in a 2 × 2 table when necessary. We evaluated the association between cutoffs of ≥5 mm
and ≥10 mm and classification of HGD, IC, and malignancy. There were three primary
comparisons made for the two cutoffs: (1) classification of non-malignancy and malignancy;
(2) classification of non-malignancy and HGD, and (3) classification of non-malignancy
and IC. Therefore, we estimated six ORs using two cutoffs and three disease classifications.
Forest Plots were used to compare individual-study ORs and the pooled OR. Forest plots
include OR estimates from both the fixed effects model and the random effects model.
Heterogeneity amongst the included publications was assessed using Cochrane’s Q test
and I2. Based on the results of these tests, this paper utilized only the random effects
estimates for interpretations.

Diagnostic tests: Pooled sensitivities and specificities and 95% confidence intervals
for the same six comparisons were also estimated using the mada package (R Foundation
for Statistical Computing, Vienna, Austria). Using a random effects model, the mada
package implements a bivariate estimation of sensitivity and specificity described by Re-
itsma et al. [43]. This bivariate approach is necessary because the sensitivity and specificity
of a test are interrelated; therefore, univariate approaches to estimation are inappropriate.
From these pooled values for sensitivity and specificity, we then estimated AUC for each
comparison. The summary receiver operating characteristic (SROC) curves were plotted to
assess the spread of diagnostic measures for each comparison and cutoff.
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We conducted an additional analysis to evaluate the impact of including the large
study by Del Chiaro et al. (senior author of this study) [15]. This was done by repeating
the analyses described above excluding that study.

3. Results

The search strategy identified 3338 citations. After removing duplicated articles, 1493
were eligible for title and abstract review. Initial title and abstract review performed by
two independent reviewers (Y.H.A.W. and A.O.) yielded 120 articles eligible for full-article
review. Ultimately, 20 manuscripts were included for qualitative and quantitative analysis.
The authors excluded one hundred manuscripts for the following reasons: 41 articles did
not have MPD dilatation values; 37 articles did not have all the MPD ranges that adhered
to our criteria; 8 articles had incorrect study design and did not include information
needed for quantitative meta-analysis; 5 articles had vague or no histology diagnosis;
5 articles did not provide sufficient information for case number retrieval; 2 articles only
used ultrasound/endoscopic ultrasound for preoperative evaluation; 1 article lacked
surgical pathology results; 1 article had duplication of cohort with another included article
(Figure 1).

Figure 1. PRISMA flow chart showing the article selection process.

Characteristics of articles included for qualitative and quantitative analysis are listed
in Tables 1 and 2. From the 20 included articles [12,14,15,17,25–31,33–40,44,45], a total of
3982 resected IPMN cases (including BD-IPMN, MD-IPMN, or mixed-type IPMN) were
collected. Of the 3982 resected cases, 1516 and 2466 were malignant and non-malignant
cases, respectively. Of the 1516 malignant cases, 316, 680, and 520 cases had MPD range
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of <5 mm, 5–9.9 mm, and ≥10 mm, respectively. Similarly, of the 2466 non-malignant
cases, 1404, 773, and 289 cases had MPD range of <5 mm, 5–9.9 mm, and ≥10 mm,
respectively. Ten of the 20 studies included pathologically confirmed HGD and IC cases.
Of the 818 malignant cases collected from the 10 articles, 421 and 397 cases had histology
diagnosis of HGD and IC, respectively. Of the 421 HGD cases, 89, 187, and 145 cases had
MPD range of <5 mm, 5–9 mm, and ≥10 mm, respectively. Similarly, of the 397 IC cases,
70, 182, 145 cases had MPD range of <5 mm, 5–9.9 mm, and ≥10 mm, respectively.

Table 2. Characteristics of included article with postoperative histology diagnosis of HGD and IC.

Author Year Design <5 mm 5–9 mm ≥10 mm

HGD IC NM HGD IC NM HGD IC NM

Takanami et al. [25] 2011 Retrospective 3 0 2 5 0 5 0 1 0
Barron et al. [26] 2014 Retrospective 10 7 149 40 34 40 27 13 14
Roch et al. [27] 2014 Retrospective - - - 19 31 64 15 15 27
Kang et al. [28] 2015 Retrospective 15 29 206 17 22 38 12 22 14
Kim et al. [29] 2015 Retrospective 6 9 212 7 12 50 0 4 3

Robles et al. [32] 2016 Retrospective 8 5 57 10 9 25 4 0 2
Sugimoto et al. [14] 2016 Retrospective - - - 5 17 19 18 24 20

Tsukagoshi et al. [36] 2018 Retrospective 2 0 17 3 1 4 6 6 3
Del Chiaro et al. [15] 2019 Retrospective 45 20 240 78 56 152 53 54 43

Masaki et al. [39] 2019 Retrospective 0 0 0 3 0 6 10 6 4

Total (% *) 89
(8.5%)

70
(6.7%)

883
(84.7%)

187
(24.2%)

182
(23.6%)

403
(52.2%)

145
(34.5%)

145
(34.5%)

130
(31.0%)

* Percentage of cases within MPD Dilatation category; Abbreviations: HGD, High Grade Dysplasia; IC, Invasive Carcinoma; NM,
Non-Malignancy.

ROBINS-I indicated that the risk of bias of the included study was moderate in
18 [12,14,15,17,26–40] studies and serious in 2 [25,32]. The results of this analysis are
provided in Table S1.

3.1. Tests of Association

Both the ≥5 mm and ≥10 mm cutoffs in resected cases were significantly associated
with higher risk of malignancy compared to <5 mm and <10 mm, respectively (≥5 mm:
OR = 4.36 [95% CI: 2.82, 6.75, 6.75, I2 = 81.7%, Cochran’s Q p < 0.0001]; ≥10 mm: OR = 3.18
[95% CI: 2.25, 4.49, I2 = 68.2%, Cochran’s Q p < 0.0001]). The odds of HGD were over five
times higher for patients with ≥5 mm MPD {5.66 (95% CI: 3.02, 10.62, I2 = 71.2%, Cochran’s
Q p = 0.002)} compared to patients with MPD < 5 mm and over four times higher for
patients with ≥10 mm MPD {4.36 (95% CI: 3.20, 5.93, I2 = 8.4%, Cochran’s Q p = 0.365)}
compared to patients with <10 mm. The odds of IC were over seven times higher for
patients with MPD ≥5 mm {7.40 (95% CI: 4.95, 11.06, I2 = 27.5%, Cochran’s Q p = 0.2189)}
compared to <5 mm and 4.7 times higher for patients with ≥10 mm duct {4.75 (95% CI:
2.39, 9.45, I2 = 72.3%, Cochran’s Q p = 0.0002)} compared to <10 mm. Forest Plots are shown
in Figure 2. Summary of the odds of HGD and IC for different MPD cutoffs are in Table S2.

3.2. Diagnostic Tests

For all six comparisons, the tests for equality of sensitivities and specificities were
all found to be significant (p < 0.001). This indicated heterogeneity between studies, and
therefore we estimated pooled sensitivities and specificities using random effects models
(Table 3). The six SROC curves from the random effects models are included in Figure 3.
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Figure 2. Meta-analysis forest plot presented in Diagnostic Odds Ratio (OR): (A) malignancy (M) and non-malignancy
(NM), cutoff of 5 mm; (B) malignancy (M) and non-malignancy (NM), cutoff of 10 mm; (C) high-grade dysplasia (HGD)
and non-malignancy (NM), cutoff of 5 mm; (D) high-grade dysplasia (HGD) and non-malignancy (NM), cutoff of 10 mm;
(E) invasive carcinoma (IC) vs. non-malignancy (NM), cutoff of 5 mm; (F) invasive carcinoma (IC) vs. non-malignancy
(NM), cutoff of 10 mm.

Table 3. Pooled sensitivity/specificity and area under the curve (AUC).

Comparisons Dilation Sensitivity 95% CI Specificity 95% CI AUC Studies
Included

Malignancy to NM
≥5 mm 74.8% (64.6–82.2%) 58.6% (49.0–67.6%) 0.716 17
≥10 mm 33.8% (27.2–41.0%) 86.4% (79.6–91.2%) 0.586 20

High-Grade Dysplasia to NM
≥5 mm 72.2% (62.2–80.3%) 70.1% (60.7–78.0%) 0.769 7
≥10 mm 35.7% (22.3–51.9%) 88.7% (75.8–95.1%) 0.657 10

Invasive Carcinoma to NM
≥5 mm 75.6% (64.8–83.9%) 69.7% (60.4–77.6%) 0.786 7
≥10 mm 36.6% (26.0–48.7%) 88.2% (75.3–94.9%) 0.587 10

Abbreviations: NM, Non-Malignancy.
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Figure 3. Summary receiver operating characteristic (SROC) curves for the bivariate diagnostic tests. Dot is point estimate
that represents estimated pooled sensitivity/1-specificity for the included studies. Circle represents the confidence interval
around the point estimate.

Using a cutoff point of 5 mm, specificity was 58.6% and sensitivity was 74.8% for
classification of malignancy. The AUC was 0.716. For the cutoff point of 10 mm, specificity
was 86.4% and sensitivity were 33.8% for classification of malignancy. The AUC was 0.586.
A cutoff of 5 mm had 70.1% specificity and 72.2% sensitivity for classification of HGD.
The AUC was 0.769. A cutoff of 10 mm had 88.7% specificity and 35.7% sensitivity for
classification of HGD. The AUC was 0.587. A cutoff point of 5 mm had 69.7% specificity and
75.6% sensitivity for classification of IC. The AUC was 0.786. A cutoff of 10 mm had 88.2%
specificity and 36.6% sensitivity for classification of IC. The AUC was 0.587 (Figure 3).

3.3. Subset Analysis Excluding Del Chiaro et al.

The analysis excluding the large study by Del Chiaro et al. [15] yielded very similar
results to the overall results presented in this study. The results of this analysis are provided
in Table S2.

4. Discussion

The correct clinical management of IPMNs is crucial for the prevention of pancreatic
cancer [46]. An overtreatment of low-grade dysplasia lesions could result in unnecessary
morbidity and mortality related to pancreatic surgery. Surgery is indicated for IPMNs
in an attempt to remove IC and HGD. The latter is the optimal pre-invasive histology
form and time-point for surgical intervention. Unfortunately, there is no available method
that can effectively discriminate HGD from IC, except a few experimental approaches
that are not yet implemented in clinical practice [15,47,48]. Recent studies reported that
pancreatectomy-related mortality has decreased from 7.3% since 2000 [49], and the bench-
mark for postoperative mortality after pancreaticoduodenectomy published in 2019 was
≤1.6% [50], which is drastically lower than the 17–42% probability of five-year survival of
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resected IC [50–54]. Therefore, surgery performed on IC could be too late for extending the
survival of patients, and it could be more beneficial to resect MD-IPMN while in HGD form.

According to the European evidence-based guideline for PCN management, IPMN
MPD dilatation of 5–9.9 mm and ≥10 mm are relative and absolute indication for surgery,
respectively [6]. Recent studies have demonstrated IPMN with MPD dilatation of ≥5 mm
have a malignancy rate of 30–90% [12,15,28,33,55–59]. In this meta-analysis of 20 retro-
spective studies, malignancy was detected in nearly 46.8% of resected IPMN patients with
5–9.9 mm MPD and 63.5% of resected IPMN patients with ≥10 mm MPD. In total, 53.1% of
resected IPMN patients with ≥5 mm MPD had malignancy. On the contrary, only 18.4% of
resected cases with MPD < 5 mm were malignant IPMN. Pooled OR for malignancy calcu-
lated in this meta-analysis showed that MPD cutoff set at ≥5 mm was higher than ≥10 mm
(OR = 4.4 vs. 3.2) in the resected cases. To improve the overall survival rate of malignant
IPMN, HGD should be surgically removed before allowing it to progress to IC. Pooled OR
from this meta-analysis showed that the odds of HGD were higher in ≥5 mm MPD than
≥10 mm MPD (OR = 5.7 vs. 4.4) in resected cases. Similarly, pooled OR for IC was also
higher in ≥5 mm MPD than in ≥10 mm MPD (OR = 7.4 vs. 4.8). These data suggest that
ductal dilatation of ≥5 mm should trigger the consideration for pancreatectomy.

The pooled sensitivities of ≥5 mm MPD in predicting IPMN HGD and IC were 72.2%
and 75.6%, respectively. When using ≥5 mm MPD as cutoff, SROC AUC was 0.769 and
0.786 for HGD and IC, respectively, which were higher than those of ≥10 mm cutoff
(AUC = 0.657 and 0. 587 for HGD and IC, respectively). The predictive role of ≥10 mm
MPD for malignancy is unquestionable, but ≥5 mm MPD cutoff should also be considered
as a highly sensitive factor for detecting HGD and/or IC. This lower cutoff could poten-
tially identify malignancy in advance and improve survival of IPMN patients. However,
Marchegiani et al. suggested that utilization of MPD dilatation as the sole indicator for
pancreatectomy could encourage unnecessary surgical procedure and that most individuals
with 5–9 mm MPD should be managed expectantly, performing conversion surgery when
tumor progression is identified during close, regular follow-ups [17]. In the observation
arm of the same study, 3 out of 46 (6.5%) IPMN patients with 5–9 mm MPD eventually
underwent surgery [17]. However, Salvia et al. reported that the diagnostic accuracy
for MD-IPMNs is only approximately 80% [19], implying some of those IPMN patients
who underwent conservative treatment did not actually have IPMN [21]. If a PCN were
to present with mural nodule(s) or cyst(s), fine-needle aspiration (FNA) with real-time
endoscopic ultrasound (EUS) could be utilized to obtain histology proof and to make a
diagnosis. It is important to note that EUS can accurately identify morphologic features
of PCNs but is only 51% accurate in discerning the difference between mucinous and
non-mucinous lesions [60]. The accuracy would increase up to 79% if CEA measurements
were obtained from cystic fluid using EUS-FNA [60]. However, mural nodules and cysts
≥40 mm have only been reported in 1.2% to 21.3% and 23.2% to 27.5% of malignant IPMNs,
respectively [13,15], and FNA would not have been a possible approach if ductal dilata-
tion were the only cross-sectional imagining finding. Studies that include resected cases
disproportionately favor inclusion of more serious cases that require surgery, but at least
the diagnosis could be confirmed with surgical pathology. Including only pathologically
confirmed IPMN cases for analysis, this study shows that many HGD and IC patients
would be missed if the decision to operate were made at MPD ≥ 10 mm associated with
low sensitivity.

The results in this study underline the need for a surgical evaluation for MPD ≥5 mm
and are not conclusive evidence that suggest the risk for developing cancer is higher in
IPMN with 5–9.9 mm MPD. On the other hand, it could also be possible that IPMN with
MPD dilatation over 10 mm are slow progressive diseases that would turn invasive when
MPD reaches larger dilatation. Using ≥5 mm MPD to select surgical candidates might also
identify low-grade dysplasia. Considering that the highest incidence of IC occurs with MD-
IPMN, we could assume that the surgical treatment of MD-IPMN with low-grade dysplasia
is perhaps not an overtreatment when compared to surgical treatment of BD-IPMN with

213



Cancers 2021, 13, 2031

low-grade dysplasia [21]. Nevertheless, it is important to know that the currently available
information for IPMN management is not perfect, and it is important to diagnose IPMN
with existing sensitive diagnostic tools to increase the overall survival rates of the patients,
as the mean frequency of malignancy in MPD dilatation of ≥5 mm was 61.6% and that of
IC IPMN was 43.1% [11].

Recognizing the potential for the Del Chiaro et al. study [15] of heavily influencing
the results presented in this study given its overall size, we completed a full analysis of the
data excluding this study. The results and conclusions were unchanged.

Our study has limitations related to the use of retrospective studies that lack conser-
vatively managed cohorts as a control group. Cases could not be stratified based on the
imaging modalities used. The most accurate cutoff line for MPD dilatation could not be
determined in this study since data for MPD dilatation are presented in ranges. In addition,
other features associated with IPMN malignancy, such as mural nodule, cytology, elevated
CA 19–9, or cyst diameter, could not be included in this analysis [11]. In addition, this study
includes only resected IPMNs. Therefore, the results of this study are not representative of
the unresected IPMN population. However, this study was performed based on recently
published study that showed MPD dilatation is currently the best predictor of HGD or IC in
IPMN [15]. Although estimates of heterogeneity above 50% were observed for some of our
analyses, we found no reason for publication bias based on visual inspection of the funnel
plot and the results of the Egger’s test (Egger Regression Model). Additionally, and as
stated in the methodology, all of our statistical models were estimated using random model
effects, which have previously been used successfully to account for this limitation [42].
Even with some limitations related to the retrospective nature of this study, this analysis
contains the largest volume of IPMN cases analyzed and our methodological approach
properly accounted for study-level variation.

5. Conclusions

MPD dilatation is an important predictive factor of IPMN malignancy and 5 mm is a
highly sensitive cutoff that detects high-risk pre-cancerous or cancerous lesions in resected
cases. It is important to note that this study cannot draw a conclusion for non-surgical
cases. However, the need for pancreatectomy should be thoroughly evaluated in patients
with ductal dilatation of ≥5 mm. The result of this study implies that MPD dilatation
over 5 mm should trigger the referral of a patient to a high-volume center for further
consultation. The decision to perform resection should only be considered after careful
evaluation of multiple aspects related to the general conditions and the expectancy of
life of a patient. In conjunction with new biomarkers or diagnostic modalities such as
pancreatoscopy [61,62], MPD dilatation detection could improve surgical patient selection
and reduce overall IPMN malignancy mortality.
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