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Pancreatic neoplasms, both primary and secondary, include different pathological
entities with variable biological behavior and, consequently, different treatment modalities.
Pancreatic adenocarcinoma is the fourth cause of cancer-related death in Western countries,
and, in the coming years, it is estimated to become the second cause of gastrointestinal
cancer death [1]. Surgery and adjuvant therapy are the cornerstones of the therapeutic
approach; however, even after radical resection, the majority of patients experience disease
recurrence. A multimodal therapeutic approach based on the combination of neoadjuvant
therapy, chemotherapy, radiotherapy, immunotherapy, and surgery, appears fundamental
in order to improve the outcomes, but the prognosis of pancreatic cancer remains dismal [2].
This Special Issue of the Journal of Clinical Medicine, entitled “Recent Advances in Pancreatic
Neoplasms”, focuses on new possible strategies to treat pancreatic neoplasms, especially
pancreatic adenocarcinoma (PDCA). This Special Issue contains 13 articles, 11 studies and
2 review articles, focusing on the pancreatic ductal adenocarcinoma (n = 10), intraductal
papillary mucinous neoplasm (IPMN) (n = 1), neuroendocrine tumors (n = 1) and secondary
tumor to the pancreas (n = 1) [3–15]. Seven papers [4–6,9–11,14] explored new prognostic
factors potentially able to stratify patients with pancreatic cancer and different survival
rates in order to select the adequate treatment. Allen et al. [6] examined the relationship
between the daily rate of change in CA 19-9 over the first 90 days of chemotherapy for
unresectable and metastatic pancreatic cancer and the pretreatment levels of neutrophils,
lymphocytes and platelets with an overall progression-free survival. They found that the
ratio of absolute neutrophils count to the absolute platelet count (NLR) was associated with
a shorter overall survival (OS) and progression-free survival (PFS). As in other tumors,
NLR could be considered a prognostic marker.

Gablo et al. [9] from the Czech Republic, studied miRNAs as prognostic biomarkers in
the preoperative blood plasma specimen of patients with PDCA. A population of patients
with a poor prognosis (OS < 16 months) and patients with a good prognosis (>20 months)
were considered in the study. Two miRNAs were confirmed to have lower levels and
one miRNA was confirmed to have higher levels in the plasma sample of poor prognosis
cases. By combining these three miRNA levels, poor prognosis cases were identified with a
sensitivity of 85% and a specificity of 80%.

In a multicentric retrospective study, Catalano et al. [5] evaluated the correlation
between the occurrence of treatment-related peripheral neuropathy and the efficacy of the
nab-P/Gem combination in patients with metastatic pancreatic adenocarcinoma. Peripheral
neuropathy was the most frequent treatment-related adverse event and, in this study,
patients developing peripheral neuropathy seemed to experience more favorable outcomes
compared to patients without neuropathy.

Li et al. [13] from Madrid, Spain, evaluated the expression of several proteins (PIWIL1,
PIWIL2, PIWIL3, PIWIL4) in pancreatic cancer-derived cell lines and in healthy control in
one non-tumor cell line. These proteins played a role in regulating gene expression through
the complementary recognition and guidance of short RNAs against their target genes.
They also played a role in recognizing and binding a specific type of non-coding small
RNAs: the piRNAs (PIWI-interacting RNAs), constituting the piRNA-induced silencing
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complex (piRISC). PIWI proteins are fundamental for epigenetic regulation, silencing trans-
posable elements, protecting genome integrity, gametogenesis and piRNA biogenesis. The
authors investigated the PIWI protein functions and their controversial role in tumorige-
nesis. According to this paper, PIWIL3 and PIWIL4 seemed to have a crucial role in the
regulation of cell motility, stem cell maintenance and drug resistance both in tumorous
and healthy pancreatic cells. Furthermore, a low PIWIL4 expression predicted a shorter
survival time for patients with a pancreatic carcinoma.

The tumor marker CA 19-9 was proven to be useful in the clinical management of
patients with PDAC, especially in monitoring the effects of treatment. Lee et al. [11]
evaluated the association of CA 19-9 concentrations after neoadjuvant therapy (NACT)
and the prognosis in a large number of patients with border-line resectable or locally
advanced PDCA who underwent subsequent surgery. The authors considered the CA
19-9 concentrations before and after NACT, and after surgery, and calculated the relative
difference (RDC) as follows: [(CA19-9 after NACT) − (CA 19-9 before NACT)]/(CA 19-9
before NACT). By constructing prognostic models for the overall survival and recurrence
of free survival, the authors found RDC to be independently associated with a better
prognosis in patients with border-line resectable or locally advanced PDCA.

Sperti et al. [10] from the University of Padua (Italy) retrospectively evaluated the
prognostic implication of 18-FDG PET in resectable pancreatic cancer. One hundred and
forty-four patients with PDCA who underwent pancreatic resection were enrolled in
this study: the maximum standardized uptake value (SUVmax) was able to identify two
populations with a different prognosis. The patients with a lower SUVmax (≤3.65) had
a significantly better survival rate than those with a higher SUVmax (p < 0.001). The
SUVmax was an independent predictor of survival on multivariate analysis; therefore, it
had the potential use in patients’ therapeutic management (i.e., the selection of patients for
neoadjuvant therapy before surgery).

Another emerging and important factor impacting the outcome of oncologic patients
is the cancer cachexia. In recent years, there has been a growing interest in the possible role
of sarcopenia in influencing the morbidity and mortality of patients undergoing pancrea-
tectomy for pancreatic adenocarcinoma [16,17]. In fact, among solid tumors, pancreatic
cancer carries the highest prevalence of cancer cachexia and involuntary weight loss [18].
Pierobon et al. [14] from the University of Padua reviewed the literature and performed
a meta-analysis comparing the outcomes of patients, with or without low muscle mass,
undergoing pancreatic surgery for PDCA. These authors found that patients with a low
muscle mass experienced a reduced OS (p < 0.001). However, the meta-analysis did not
demonstrate the influence of low muscle mass on postoperative outcomes.

Most pancreatic cancer recurs after a tumor resection. Despite the fact that surgery
for recurrent cancer is not recommended and rarely feasible, a series of patients with
recurrent pancreatic cancer who underwent re-resection were increasingly reported in the
English literature. Choi et al. [15] from Korea, reviewed the literature to assess the role
of repeated pancreatectomy for patients with recurrent pancreatic cancer in the remnant
pancreas. The median overall survival was 60 months after repeated pancreatectomy
for isolated local recurrence. Although surgery cannot replace adjuvant chemotherapy,
repeated pancreatectomy has a potential role in selected local recurrent PDAC.

Two studies [3,8] focused on the pancreatic fistula rate after pancreatic resection.
Park et al. [8] evaluated the use of a flowable hemostatic matrix in preventing postoperative
pancreatic fistula (POPF). Fifty-three patients were enrolled in a randomized trial, and
the use of the flowable hemostatic matrix was found to be an independent negative
risk factor for POPF at multivariate logistic regression analysis, particularly after distal
pancreatectomy. In the study of Marino et al. [3], the incidence of POPF was evaluated in a
minimally invasive pancreatectomy performed with robotic approach, an emerging surgical
technique which has gained increased interest worldwide. After pancreatic resection, the
pancreatic stump was anastomosed to the jejunum (n = 40) (PJ) or to the stomach (n = 20)
(PG). The rate of clinically relevant POPF (12.5% vs. 10%, p = 0.82) did not differ between
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the two groups. Patients with PJ experienced more frequently intra-abdominal collections
(7.5% vs. 0%, p = 0.002), but in this group there was a lower rate of post-pancreatectomy
hemorrhage (2.5% vs. 10%, p = 0.003). On the contrary, patients with PG experienced a
lower rate of POPF (33.3% vs. 50%, p = 0.003) in the high-risk group of patients.

Over the years, a growing number of patients were diagnosed with IPMNs, most
likely as a consequence of a more extensive use of cross-sectional imaging. However, the
management of this clinical entity remains controversial. Different clinical and radiological
variables have been proposed in order to stratify the risk of the malignant degeneration of
pancreatic IPMNs, and thus to guide their management. International consensus guidelines
(ICG) recommend pancreatic resection for IPMNs with one or more “high-risk stigmata”
(HRS), while patients with “worrisome features” (WF) should undergo a further assessment
with endoscopic ultrasonography [19]. However, there is still a lack of accuracy in detecting
the early invasive carcinoma in IPMNs. Serafini et al. [4] from the University of Padua
(Italy) investigated the role of some systemic, inflammatory biomarkers in the diagnosis
and prognosis of malignant, intraductal, papillary, mucinous neoplasms (IPMNs) of the
pancreas. In 83 patients with histologically proven IPMN, the ratio of the C-reactive protein
to the albumin ratio (CAR) was an independent predictor of high- grade dysplasia or
invasive carcinoma in a multivariate analysis, and therefore, it could be useful to stratify
the patients’ prognosis.

Two studies from the same institution focused on non-ductal neoplasms. Milanetto
et al. [12] reported a series of seven patients with rare neuroendocrine tumors of the pan-
creas: the serotonin-secreting tumors. Six out of seven patients presented high urinary
5-HIAA and two patients presented with a carcinoid syndrome. In all cases, liver metas-
tases were present at diagnosis and none of the patients underwent resection, but after
a multimodality treatment (chemotherapy, somatostatin analogues and/or loco-regional
liver ablation) a 5-year survival rate of 42.9% was achieved.

The same author [7] conducted an Italian, retrospective, multicentric study concerning
the treatment of the pancreatic metastases of renal cell cancer (RCC-PMs), the most fre-
quent secondary tumors of the pancreas. The authors considered the clinical-pathological
characteristics, the therapeutic management and the DFS/OS, and they discussed the
potential indications of pancreatic resection. They concluded that surgery could be con-
sidered for radically resectable RCC-PMs; both single and multiple PMs. There were no
differences in disease recurrence when comparing limited pancreatic resections to standard
pancreatectomies. A splenectomy and lymph node surgery could be avoided, since lymph
node metastases were uncommon. In experienced hands, surgical resection was safe and
effective, with more than one third of cases showing no disease recurrence after a median
follow-up longer than 12 years. New studies are needed in order to establish how to
combine the newly available target therapies with the surgical resection.

In conclusion, this Special Issue brings new insights on the outcomes and potential
problems connected to multimodality therapy for pancreatic adenocarcinoma, potential
prognostic factors influencing both surgery and chemotherapy, and novel strategies for the
individualized treatment of patients with pancreatic neoplasms.
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Abstract: The mainstream treatment for recurrent pancreatic cancer is potent chemotherapy or
chemoradiotherapy. However, recent clinical investigations have suggested a potential oncologic
role of local resection of recurrent pancreatic cancer. This systemic review with a pooled analysis
aimed to assess the potential role of local repeated pancreatectomy with respect to the survival
outcomes for patients with recurrent pancreatic ductal adenocarcinoma (PDAC) in the remnant
pancreas. The PubMed database was searched, and 15 articles reporting on repeated pancreatectomy
for local recurrence of PDAC in the remnant pancreas were identified. The pooled individual
data were examined for the clinical outcomes of repeated pancreatectomy for recurrent PDAC.
The survival analysis was performed using the Kaplan–Meier method. In the pooled analysis,
the mean time interval from initial pancreatectomy to repeated pancreatectomy was 41.3 months
(standard deviation (SD), 29.09 months). Completion total pancreatectomy was most commonly
performed as repeated pancreatectomy (46 patients, 92.0%), and partial pancreatic resection was
performed for only 4 (10.3%) patients. Twenty (40.9%) patients received postoperative chemotherapy
following repeated pancreatectomy. The median overall survival was 60 months (95% confidential
interval (CI): 45.99–74.01) after repeated pancreatectomy for isolated local recurrence in the remnant
pancreas. Overall survival was markedly longer considering the timing of the initial pancreatectomy
for pancreatic cancer (median, 107 months (95% CI: 80.37–133.62). The time interval between the initial
and subsequent repeated pancreatectomy for pancreatic cancer was not associated with long-term
oncologic outcomes (p = 0.254). Repeated pancreatectomy cannot completely replace adjuvant
chemotherapy but should be considered for patients with isolated local recurrent PDAC in the
remnant pancreas.

Keywords: completion total pancreatectomy; pancreatic ductal adenocarcinoma; pooled analysis;
recurrent pancreatic cancer; repeated pancreatectomy; survival

1. Introduction

Despite low resection rates at the initial diagnostic stage, margin-negative resection is the only
strategy to ensure long-term survival when treating patients with pancreatic cancer. However,
recurrence is high in patients with resected pancreatic cancer. Up to 80% of patients who undergo
curative pancreatectomy will experience systemic or local recurrence within 2 years [1]. According to
the available literature, isolated local recurrence without systemic metastasis is reported in up to 30%
of patients [2,3].
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International consensus concerning the role of surgical management for patients with isolated
local recurrence of pancreatic ductal adenocarcinoma (PDAC) in the remnant pancreas has not been
achieved. Importantly, an adequate number of cases of treatment for isolated local recurrence of PDAC
in the remnant pancreas have not been documented; therefore, the treatment required for recurrent
PDAC has not been discussed in detail. The mainstream treatment for isolated local recurrence of
PDAC in the remnant pancreas was potent chemotherapy or chemoradiotherapy. However, recent
clinical investigations have suggested a potential oncologic role of local resection of recurrent pancreatic
cancer [4–6]. This study aimed to evaluate the potential role of repeated pancreatectomy for isolated
local recurrence of PDAC in the remnant pancreas using a pooled analysis, and to scrutinize the
oncologic significance of the reported studies on repeated pancreatectomy so far.

2. Materials and Methods

2.1. Search Strategy and Data Sources

An extensive literature review was conducted according to the 2009 Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [7]. The PubMed (MEDLINE) database
was searched for articles published between January 2000 and April 2020 using the following terms:
remnant pancreatic cancer, pancreatic cancer, pancreatectomy, pancreatic resection, local neoplasm
recurrence, completion pancreatectomy, remnant pancreas, pancreatic ductal adenocarcinoma, recurrent
pancreatic cancer, and second pancreatectomy. The variables of interest included sex, age, surgical
procedures, disease-free interval between the initial pancreatectomy and appearance of remnant PDAC,
R status (Resection margin status), adjuvant chemotherapy, 30-day mortality, and overall survival (OS).
Isolated local recurrence of PDAC was defined as first recurrence limited to the remnant pancreas.

2.2. Inclusion and Exclusion Criteria

The inclusion criteria were (1) repeated pancreatectomy for isolated locally recurrent pancreatic
cancer limited to the remaining pancreas after pancreatic resection, (2) evaluation of at least one of
the clinicopathological or survival characteristics, (3) published original articles or case reports that
contained original data, and (4) cases with pathologically confirmed ductal adenocarcinoma and with
data available on both individualized long-term survival and time interval. All studies that did not
meet the inclusion criteria were excluded. In addition, the following exclusion criteria were applied:
(1) absence of data for individual patients, (2) other types of pancreatic cancer except pancreatic
ductal adenocarcinoma, and (3) written in languages other than English. Two independent reviewers
(MSC and CMK) reviewed all the retrieved studies that met the inclusion and exclusion criteria by
manually screening the articles. Discrepancies between the two reviewers were resolved by discussion
and achieving a team consensus.

2.3. Statistical Analysis

All statistical analyses were performed using SPSS Statistical software (version 25.0; SPSS Inc.,
Chicago, IL, USA). The continuous variables were expressed as means ± standard deviations or ranges,
and the categorical variables were expressed as frequencies or percentages. The Student’s t-test was
used to compare the continuous variables, and the chi-square tests and Fisher’s exact tests were
used to compare the categorical data. The Kaplan–Meier method was used for the analysis of the
OS. To identify the potential factors predicting the OS, univariate and multivariate analyses of the
clinicopathological variables were performed using Cox-proportional hazard regression models with
backward elimination. A p-value < 0.05 was considered statistically significant.
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3. Results

3.1. General Characteristics of the Patients

A total of 727 potential studies were identified. Overall, 692 studies were excluded on reviewing the
title and abstract. Thirty-five studies were selected for full-text review [3,4,6,8–38]. Of these, 15 studies
met the inclusion criteria and were included in our pooled analysis [8,11–15,17,21,23–25,29–31,39]
(Figure 1). The 15 studies are summarized in Table 1.

 

Figure 1. Flow chart for study selection.

The overall incidence of isolated local recurrence in the remnant pancreas was reported in 8
of 15 articles and showed a distribution of 0.3–5.3%. Among 50 patients, 18 male and 32 female
patients with a mean age of 65.0 (range 57.15–72.85) years were identified. Pancreaticoduodenectomy
was performed for 32 (64.0%) patients, distal pancreatectomy for 17 (34.0%) patients, and partial
pancreatic resection for 1 (2.0%) patient as the initial pancreatectomy for pancreatic cancer. The mean
time interval from initial pancreatectomy to repeated pancreatectomy was 41.3 (range 12.21–70.39)
months. Completion total pancreatectomy was most commonly performed as repeated pancreatectomy
(46 patients, 92.0%), and partial pancreatic resection was performed for only 4 (10.3%) patients. Twenty
(40.9%; missing data, 17 patients, 34.0%) patients received postoperative chemotherapy following
repeated pancreatectomy (Table 2).
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Table 2. Characteristics of the patients undergoing repeated pancreatectomy for recurrent pancreatic
ductal adenocarcinoma included in the pooled analysis.

n = 50

Age 65.0 ± 7.85
Sex, male 18 (40.9)

Type of 1st OP
PD 32 (64.0)
DP 17 (34.0)
TP 0 (0.0)
PP 1 (2.0)

Combined resection 11 (22.0)
R status, 1st OP

R0 43 (91.5)
R1 or R2 4 (8.5)

Adjuvant CTx., 1st OP 25 (58.1)
Time interval 41.3 ± 29.09

Type of 2nd OP
CTP 46 (92.0)
PP 4 (10.3)
R status, 2nd OP

R0 32 (84.2)
R1 or R2 6 (15.8)

30-day mortality 0 (0.0)
90-day mortality 1 (2.0)

Adjuvant CTx., 2nd OP 20 (40.9)

OP, operation; PD, pancreaticoduodenectomy; DP, distal pancreatectomy with or without splenectomy; TP, total
pancreatectomy; PP, partial pancreatectomy; CTx, chemotherapy; CTP, completion total pancreatectomy.

3.2. Long-Term Oncologic Outcomes

The median OS was 60 (95% confidential interval (CI): 45.9–74.0) months after repeated
pancreatectomy for isolated local recurrence in the remnant pancreas (Figure 2A). The median OS was
markedly longer if the follow-up duration was calculated from the time of the initial pancreatectomy
(107 months, 95% CI: 80.3–133.0, Figure 2B). The time interval between the initial and repeated
pancreatectomy was not associated with the long-term oncologic outcome of repeated pancreatectomy
(p = 0.254; Figure 2C). In univariate analysis, the time interval between the initial and repeated
pancreatectomy, R1 resection, and adjuvant chemotherapy were not associated with the OS after
repeated pancreatectomy (Table 3).

Figure 2. (A) Overall survival after repeated pancreatectomy. (B) Overall survival calculated from the
time of the initial pancreatectomy. (C) Overall survival according to the time interval from the initial
radical pancreatectomy.

9



J. Clin. Med. 2020, 9, 3945

Table 3. Univariate analysis of the predictors of overall survival after repeated pancreatectomy.

Variables HR 95% CI p-Value

Time interval
≤24 months 0.280

24 <months ≤ 60 0.460 0.152–1.390 0.169
>60 months 1.096 0.308–3.907 0.887

R1 resection, repeated pancreatectomy 2.785 0.287–27.007 0.377
Adjuvant CTx after repeated pancreatectomy 3.704 0.788–17.418 0.097

CTx, chemotherapy; CI, confidence interval.

3.3. Short-Term Operative Outcomes

Of those 50 patients, none experienced 30-day mortality, and only one patient died within
90 days after repeated pancreatectomy. Postoperative complications mentioned explicitly in the
literature were delayed gastric emptying (n = 2), intra-abdominal abscess (n = 4), sepsis (n = 1),
focal hepatic infarction (n = 1), and subcutaneous abscess (n = 1). Among all 50 cases, 11 did not
mention postoperative complications.

4. Discussion

In this study, we aimed to evaluate the potential role of local repeated pancreatectomy for recurrent
PDAC in the remnant pancreas, and we found that repeated pancreatectomy improved the survival
outcomes for patients with isolated local recurrent PDAC in the remnant pancreas. Pancreatic cancer is
considered one of the dismal malignant diseases in the gastrointestinal system. Only margin-negative
resection is essential for long-term survival; however, the resection rate at diagnostic stage is low,
and recurrence is commonly noted within 2 years, even after radical pancreatectomy [40]. Finally, disease
progression leading to cancer-related mortality during chemotherapy is inevitable in patients with
recurrence. However, this clinical scenario may not always hold true owing to the recent changes in
clinical oncology, such as the development of advanced surgical techniques, perioperative management
strategies, and improved potent chemotherapeutic agents.

Unlike systemic recurrence, isolated local recurrence of pancreatic cancer is considered a topic
of interest for pancreatic surgeons because recurrence can be controlled by local treatment, such as
repeated pancreatectomy, in selected patients. Especially, considering the potential role of neoadjuvant
chemotherapy in treating pancreatic cancer, chemotherapy for local recurrence in the remnant pancreas
followed by repeated pancreatectomy may potentially be an option for treating isolated local recurrent
pancreatic cancer [41]. Neoadjuvant chemotherapy is used for treating isolated recurrence of pancreatic
cancer in the remnant pancreas with the aim of treating possible microscopic systemic metastasis that
cannot be detected, and assessing tumor biology for selecting the appropriate patients.

With respect to the long-term oncologic outcomes of repeated pancreatectomy for isolated local
recurrence of pancreatic cancer, Yamada, et al. reported 114 patients with remnant pancreatic cancer
after initial pancreatectomy [6]. Ninety patients underwent repeated pancreatectomy; the median
survival was 26 months, which was superior to that noted for patients who did not undergo resection
(hazard ratio (HR): 0.56, p = 0.012). Hashimoto et al. reviewed 12 published studies reporting
on recurrent pancreatic cancer in the remnant pancreas following initial pancreatectomy, and they
showed that the OS after repeated pancreatectomy for remnant pancreatic cancer was 14–35.5 months,
which was markedly longer than that noted for patients with unresectable pancreatic cancer in recent
studies [24]. Groot et al. performed a systemic review of the treatment of isolated local recurrence of
pancreatic cancer. Based on eight published studies including 100 patients who underwent re-resection
of recurrent pancreatic cancer, they concluded that local re-resection of recurrent pancreatic cancer may
be feasible, safe, and effective in the selected patients [33]. They demonstrated that the postoperative
morbidity and mortality rates were 29% and 1%, respectively. In addition, the median survival was
markedly higher (32 months) compared to that for other treatment modalities, such as chemotherapy
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(19 months) and radiotherapy (16 months). Zhou et al. reported that repeated pancreatectomy can be
safely performed in recurrent PDAC and showed good long-term results by conducting a literature
review from 2000 to 2016 with pooled analysis, which is the same analysis method as the present
study [32]. The present study was conducted for a literature review by adding case reports or case
series for the extended period.

The reason why patients with isolated local recurrence of pancreatic cancer have better prognosis
than those with other sites of distant dissemination of the disease is a matter of debate. What is the
reasonable basis for better survival in isolated local recurrence of pancreatic cancer? At first, taking
into account the biological background of isolated local recurrence patients, obtaining a survival
benefit through surgical treatment could be a well-founded treatment strategy. Research has shown
that pancreatic cancer is likely to be exposed to distant metastasis prior to surgical resection [42].
In an autopsy series, Haeno et al. revealed that a small subset of patients died with only locally
advanced disease, suggesting that some tumors may lack metastasis-promoting factors (or have
metastasis-suppressing factors) or may have metastases that are especially sensitive to systemic
chemotherapy [43]. This is thought to be directly related to the high median OS highlighted in the
present study. Furthermore, the role of adjuvant therapy is also significant. In the ESPAC-4 trial,
the patient group using the combination of gemcitabine with capecitabine showed a better DFS and
OS than the group of patients using gemcitabine alone [44]. This result should be considered for
one factor that improves survival. Although further study is necessary, the first surgery dissects the
soft tissue (nerve, lymphatics) and blocks the route to propagate the tumor to the surrounding area.
Besides, most patients recur in a highly attenuated state of potential residual cancer cells by adjuvant
chemotherapy after the first surgery. Therefore, there is a possibility that it remains purely isolated
recurrence, and there is room for improvement in oncologic outcome through repeated pancreatectomy.

Operating on a recurrent PDAC in the remnant pancreas is challenging as the procedure may
be associated with high morbidity or mortality due to adhesion of the tumor with the surrounding
tissue and anatomical deformation after the surgery. However, according to recent reports, repeated
pancreatectomy is safe [4]. According to our limited experiences, completion total pancreatectomy
for isolated recurrence in the remnant pancreas after initial pancreaticoduodenectomy is technically
demanding as a safe surgical procedure, especially when the previous pancreatic division line is above
the Superior mesenteric vein-splenic vein-portal vein confluence. Pancreaticojejunostomy associated
postoperative pancreatic fistula (POPF) may result in severe adhesion around these venous vascular
systems and the celiac axis where the remnant distal pancreas and these major vascular structures
should be dissected safely; thus, difficulties are encountered in performing repeated pancreatectomy.
Therefore, as Fortner suggested, the pancreatic division may be performed distal to the splenic artery
origin during the initial pancreaticoduodenectomy for resectable pancreatic cancer, considering the
possibility of subsequent repeated pancreatectomy for isolated recurrent pancreatic cancer in the
remnant pancreas [45].

Although long-term follow-up is required to address the potential role of repeated pancreatectomy
for recurrent pancreatic cancer, recent studies and the present pooled analysis strongly suggest the
oncologic benefits of this approach [36,37]. In the present study, the median OS was estimated to be
60 months from the time of repeated pancreatectomy and 107 months from the time of initial radical
pancreatectomy. Although the R1 resection rate after repeated pancreatectomy was higher than that
noted after the first pancreatectomy (8.5% vs. 15.5%, Table 2), the R1 resection rate was not associated
with the OS after pancreatectomy in univariate analysis (Table 3). Therefore, repeated pancreatectomy
is a challenging procedure, but preparing for R1 resection and attempting surgical treatment may
benefit the patient with respect to the OS.

In addition, it is quite difficult to differentiate between local recurrence and de novo carcinogenesis,
especially when the duration from the initial pancreatectomy is quite long. However, regardless of the
duration, the present pooled analysis showed that there was no difference with respect to survival after
repeated pancreatectomy was successfully performed. Therefore, medical oncologists and pancreatic
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surgeons should consider that the patients with isolated local recurrence in the remnant pancreas
following initial radical pancreatectomy may not show poor prognosis but may be able to survive
long-term if repeated pancreatectomy can be safely performed.

When reviewing the literature, it was found that isolated local recurrence is rare compared to
systemic recurrence following radical pancreatectomy for pancreatic cancer. Therefore, it is thought
that very selected cases were collected and analyzed, resulting in difficulty for generalization. However,
despite a rare recurrent pattern of resected pancreatic cancer, these patients are potentially encountered
in clinical practice. In addition, with the advance of laparoscopic technique, even laparoscopic repeated
pancreatectomy seems to be feasible in recurred pancreatic cancer [46]. What shall we do for them?
The present analysis may not be generalized but can at least provide potential treatment options for
the patients. Further experiences and investigations are mandatory to reveal the potential oncologic
role of local resection in isolated local recurrence of resected pancreatic cancer.

A limitation of the present study is that potential clinically important factors, such as tumor
differentiation, lymph node metastasis, and perineural invasion, were not considered in this
analysis. A more reliable analysis would have been possible if the original data of the cohort
study, including a relatively larger number of cases specifying clinic-pathological variables, could be
obtained. In the near future, a risk model for predicting isolated local recurrence following initial
pancreatectomy for pancreatic cancer should be developed based on data from a well-designed
multicenter collaborative study.

In conclusion, we revealed that repeated pancreatectomy for isolated local recurrence in the
remnant pancreas could improve survival outcomes based on the pooled analysis of data from published
studies. Hence, a case-specific surgical approach for repeated pancreatectomy for recurrent pancreatic
cancer, such as indications, the extent of surgery, and prognostic factors, should be established based
on consensus and more reliable, convincing data.

5. Conclusions

Repeated pancreatectomy cannot completely replace the role of adjuvant chemotherapy but
should be considered for patients with isolated local recurrent PDAC in the remnant pancreas.
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Abstract: Low muscle mass is associated with reduced survival in patients with different cancer
types. The interest in preoperative sarcopenia and pancreatic cancer has risen in the last decade
as muscle mass loss seems to be associated with poorer survival, higher postoperative morbidity,
and mortality. The aim of the present study was to review the literature to compare the impact of
low muscle mass on the outcomes of patients undergoing surgery for pancreatic adenocarcinoma.
An extensive literature review was conducted according to the 2009 Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines and 10 articles were analyzed in detail
and included in the meta-analysis. Data were retrieved on 2811 patients undergoing surgery for
pancreatic cancer. Meta-analysis identified that patients with low muscle mass demonstrated a
significantly reduced OS when compared to patients without alterations of the muscle mass (ROM
0.86; 95% CI: 0.81–0.91, p < 0.001), resulting in a 14% loss for the former. Meta-analysis failed to
identify an increase in the postoperative complications and length of stay of patients with low muscle
mass. Our analysis confirms the role of low muscle mass in influencing oncologic outcomes in
pancreatic cancer. Its role on surgical outcomes remains to be established.

Keywords: low muscle mass; sarcopenia; pancreatic adenocarcinoma; pancreatic cancer; pancreatic
surgery; body composition

1. Introduction

Skeletal muscle accounts for 40–50% of the total mass in healthy-weight individuals [1]
and serves as a body protein reservoir [2]. It is a plastic and highly adaptive organ that can
increase or decrease its size, functional capacity, and metabolism in response to different
pathophysiological stimuli. Since the muscle is an endocrine and exocrine organ, its
adaptations have an impact on the entire organism’s well-being and the muscle metabolic
state has been proposed as a disease modifier [2–4].

Pathological conditions such as cancer compromise the mechanisms that regulate
muscle homeostasis, resulting in severe muscle wasting, functional impairment, and altered
metabolism, impacting profoundly on the health of the host and leading to cancer cachexia
syndrome.

Low muscle mass (‘secondary’ or disease-related sarcopenia) [5] is part of the diagnos-
tic criteria to define cancer cachexia in association with body weight loss and body mass
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index (BMI) [6], and is associated with increased treatment toxicity and reduced survival
in patients with different cancer types. In addition to low muscle mass, low muscle quality
characterized by fatty infiltration (myosteatosis) is a predictor of poor outcomes after
resection of various malignancies including pancreatic cancer [7–15].

The prognosis for pancreatic cancer is generally poor, with five-year survival rates in
the range of 6% to 10% [16,17]. Radical surgical resection represents the only potential cure.
Over the years, advances in surgical technique and perioperative care have led to progres-
sive improvements of outcomes after pancreatectomy for cancer. However, postoperative
morbidity rates remain high; up to 40% of patients will experience complications after
surgical resection [18]. Several studies have focused on investigating preoperative factors
that are able to influence postoperative course and secondary sarcopenia has been proposed
as a patient-related condition with potential impacts on short and long-term surgical out-
comes [19]. In fact, the interest in preoperative sarcopenia and pancreatic cancer has risen
in the last decade as muscle mass and adipose tissue loss seems to be associated with higher
postoperative morbidity and increased mortality [8,20,21]. Moreover, among solid tumors,
pancreatic cancer carries the highest prevalence of cancer cachexia and involuntary weight
loss [22]. Patients with cancer are prone to metabolic modifications, such as the Warburg
effect, leading to a dramatically altered nutrient utilization [19]. Furthermore, in the case
of pancreatic cancer patients, malnutrition is worsened by the exocrine insufficiency that
might ensue [10].

There are multiple radiological methods that have been approved to perform body
composition analysis, evaluate muscle mass, and define sarcopenia such as computed to-
mography (CT), magnetic resonance imaging (MRI), and dual energy X-ray absorptiometry
(DXA). DXA is not usually available in cancer settings, though, and it cannot discriminate
visceral adipose tissue, decipher changes between tumor mass and lean muscle mass, and
it has decreased precision in obese patients [23]. Computed tomography (CT) scans have
been used and proposed as the gold standard to evaluate cancer-associated changes in body
composition and its association with the prognosis [11,24]. Indeed, the imaging resolution
of adipose, skeletal muscles, and the precision of measures of a tissue cross-sectional area of
a CT scan is excellent. Moreover, it is a practical choice as CT images are routinely acquired
in the standard care of cancer patients and can provide information on body composition
over time without incremental cost or radiation exposure [24]. CT scan analyses quantify
skeletal muscle mass and other tissues, such as adipose or connective tissue, allowing
the detection of low mass and decreased muscle radiodensity due to myosteatosis. CT
image analyses reveal low levels of muscle also in individuals who are overweight or obese
(sarcopenic obesity) [24–27].

The aim of the present study was to review the published literature to compare the
impact of low muscle mass (evaluated by CT scan) on the short and long-term outcomes in
patients with pancreatic ductal adenocarcinoma (PDAC) undergoing surgery.

2. Materials and Methods

2.1. Literature Search Strategy

Eligibility criteria were established a priori. A systematic search of literature published
in English from January 2010 to September 2020 was performed to identify all original
articles on patients undergoing surgical resection of PDAC in which a preoperative ab-
dominal CT scan was used to assess skeletal muscle mass. The Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were followed [28]. The
following terms were used to search through the literature (PubMed and Web of Science
databases): ‘sarcopenia’, ‘analytic morphomics’, ‘body composition’, ‘muscle depletion’,
‘muscle mass’, ‘psoas area’, ‘myopenia’, ‘core muscle’, ‘lean body mass’, or ‘muscular
atrophy’, and ‘pancreatic cancer’, ‘surgery’, ‘pancreatic resection’, or ‘pancreatectomy’.
The “related articles” function and all citations were used to broaden the search. Three
independent researchers (ESP, LM, and GZ) reviewed the relevant titles. After excluding
duplicates, abstracts were reviewed and included for initial analysis if the inclusion cri-
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teria were met. Records without abstracts, case reports, review articles, opinion articles,
and experimental studies were excluded. In case of disagreement, a fourth author (MV)
participated in the discussion. A manual search of the reference lists in precedent reviews
and eligible articles was also performed.

2.2. Inclusion and Exclusion Criteria

Inclusion criteria were: (1) studies reporting the assessment of body composition by
CT scan in human subjects with PDAC receiving surgical treatment; (2) body composition
defined as total muscle area or total psoas area/volume at the lumbar level; (3) studies
reporting on the prevalence of muscle alterations and at least one of the following outcomes:
postoperative mortality, postoperative complications, length of hospital stay (LOS), disease-
free survival (DFS), and overall survival (OS); and (4) studies published in English.

Exclusion criteria were: (1) review articles or case series (<5 patients); (2) publications
comprising of patients with either a benign or malignant disease in which the surgical and
oncological outcome were not presented separately; and (3) body composition analyzed
using methods other than those described in the inclusion criteria (e.g., MRI, DEXA, etc.).

2.3. Measured Outcomes and Data Extraction

Data were registered in digital sheets. Data regarding authors, year of publication,
country of publication, study type, characteristics of populations and of their present
disease, muscle mass evaluated, cut-offs’ selection, muscle loss prevalence, incidence of
major complications (graded ≥2 according to Clavien–Dindo classification [29]), DFS, and
OS were retrieved. When reported by the authors, data regarding sarcopenic obesity,
myosteatosis prevalence, and impact on outcomes were collected.

2.4. Terminology and Definitions

Regarding low muscle mass, the CT scan-determined muscle parameters, cut-off
values used, muscles, and vertebral level analyzed to define low muscle mass (secondary
sarcopenia) in the papers considered are reported in Table 1 and discussed in the results
section. Sarcopenic obesity is defined as sarcopenia accompanied by obesity (an increase in
the adipose tissue) [30]. The definitions of sarcopenic obesity used in the papers considered
are reported in Table 1. Myosteatosis is the skeletal muscle fat infiltration diagnosed by CT
scan-determined low muscle radiodensity (radiation attenuation in Hounsfield units). The
cut-off values used to define myosteatosis in the papers considered are reported in Table 1.
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2.5. Statistical Analysis

Three meta-analyses were conducted in line with the Cochrane Collaboration guide-
lines on the meta-analysis of observational studies in epidemiology [42,43]. The first
analysis focused on OS in months, the second on the prevalence of major complications
according to the Clavien–Dindo classification (≥2), and the third on the length of hospital
stay after pancreatic surgery in patients with or without muscle loss.

A fixed-effect meta-analytical model was used for OS and major complications,
whereas a random-effects meta-analytical model was used for LOS. OS was retrieved from
the published studies as median values and ranges and converted into means and standard
deviations (SD) using appropriate statistical algorithms according to Hozo et al [44]. The
analysis requires the specification of maximal and minimal survival which was extrapo-
lated from the figures for the purpose of this study when not clearly reported in the paper.
LOS was already reported in means and SDs. Major complications are reported as percent-
ages. The effect on the endpoints were meta-analyzed either as mean difference (MD) or as
ratio of means (ROM) [43]. Values of MD < 0 or ROM < 1 indicate a disadvantage in the
survival for patients with low muscle mass. The opposite holds true for the prevalence of
major complications and mean LOS. Cochran’s Q statistic and the I2 statistic were used to
test between-study heterogeneity [45]. If the Q statistic was significant at the 0.5 level, the
summary effect and corresponding 95% confidence interval (CI) were obtained with the
Mantel–Haenszel random effects model [46]. For I2 < 50%, between-study heterogeneity
was judged to be low-moderate, while for I2 ≥ 50% it was considered substantial. The
point estimate of MD and ROM was considered statistically significant when p was <0.05.
Publication bias was assessed visually using a funnel plot and the number of missing
studies was estimated using the trim-and-fill method [43].

All analyses were conducted using R version 3.5.2 [47].

3. Results

The search flowchart is presented in Figure 1. A total of 5711 article titles were
reviewed by following the inclusion and exclusion criteria set beforehand and after a related
article and cross-reference search, a total of ten original articles in English were included
in the present review. All articles were single-center retrospective cohort studies with a
total of 2811 patients with PDAC undergoing surgery with curative intent. Amini et al. [32]
ran two separate analyses with two different low muscle mass definitions according to the
total psoas area (TPA) or total psoas volume (TPV), hence they were included individually
in the meta-analysis. Studies’ characteristics are depicted in Table 2, while data used for
the meta-analyses are reported in Table 3.
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Figure 1. Studies’ inclusion flowchart according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [28].

Table 2. Characteristics of the studies included in the systematic review.

Author Year Country Study Accrual Period Study Type Patients (n)

Peng P et al. [31] 2012 Baltimore, USA 1999–2010 RCS 557

Amini et al. [32] 2015 Baltimore, USA 1996–2014 RCS 763

Clark et al. [33] 2016 Tampa, USA 2004–2012 RCS 100

Delitto et al. [34] 2016 Gainesville, FL, USA 2010–2014 RCS 73

Okumura et al. [35] 2017 Kyoto, Japan 2004–2015 RCS 301

Ninomiya et al. [36] 2017 Nagoya, Japan 2005–2014 RCS 265

Sugimoto et al. [37] 2018 Rochester, MN, USA 2000–2015 RCS 323

Choi MH et al. [38] 2018 Seoul, Korea 2008–2015 RCS 180

Gruber et al. [39] 2019 Vienna, Austria 2005–2010 RCS 133

Peng YC et al. [40] 2020 Taipei, Taiwan 2005–2018 RCS 116

RCS = retrospective cohort study.
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3.1. Low Muscle Mass Definitions

Six articles defined muscle mass as the area occupied by all the muscles at the level
of L3 normalized for height (L3-SMI) [35–40]. Four articles defined muscle mass as the
total psoas area normalized for height [31,32] or normalized for the cross-sectional area
of the body at the level of L3 [34] or L5 [33]. Amini et al. also evaluated the total psoas
volume normalized for height at the level of L3 (see Table 1 for details) [32]. Three articles
defined low muscle mass as sarcopenia using predefined cut-offs already published in the
literature [36,39,40]. Six articles [31,32,34,35,37,38] used self-determined cut-offs, whereas
Delitto et al. [34] and Clark et al. [33] conducted correlation analyses as depicted in Table 1.

3.2. Prevalence of Low Muscle Mass in Patients with Pancreatic Adenocarcinoma

The reported prevalence of low muscle mass varies from 17.2% to 64.2% [31,32,35–40].
Two authors did not report any percentage [33,34] and one [33] did not define a cut-off as
they conducted a correlation analysis to identify the relationship between low muscle mass
and long-term survival. Moreover, three authors [35,38,40] reported data also regarding
the prevalence of myosteatosis, ranging from 33.3% to 47.8%. Six studies [31,32,35,36,39,40]
reported the numbers of sarcopenic obese patients, whose prevalence ranges from 2.5%
to 25.6%.

3.3. Preoperative Patients’ Characteristics

Eight studies [31,32,34–36,38–40] investigated a relationship between age and low
muscle mass but only 3 authors [34,36,40] found that patients with low muscle mass were
significantly older. All studies reported data regarding the gender distribution of patients
but only two authors [36,39] found a difference in the prevalence of low muscle mass
between male and female patients with contrasting results. Specifically, higher rates of
prevalence of sarcopenia were found in males by Gruber et al. [39] and in females by
Ninomiya et al [36].

Six studies [34,35,37–40] reported data regarding the albumin levels and three stud-
ies [34,35,39] found significant lower levels of pre-operative albumin in the group with
low muscle mass. The prevalence of diabetes was reported in two studies [38,40]. No
significant difference was found in SMI values in patients with or without diabetes but
sex-specific standardized skeletal muscle density was lower in diabetic patients [40]. BMI
stratified according to muscle mass status was reported in five articles [35,36,38–40]. In
four studies [35,36,38,40] BMI was significantly lower in the low muscle mass group.

Three authors [34,35,39] reported data regarding the neoadjuvant treatment. Delitto
et al. reported that even if the neoadjuvant treatment was not associated with differences
in the mean psoas index, a decrease in the psoas index during therapy is associated with a
poor prognosis [34]. A higher rate of treated patients was found in the sarcopenic group by
Gruber et al. [39] but not by Okumura et al [35].

3.4. Low Muscle Mass and Postoperative Outcomes

Data regarding postoperative outcomes were reported in nine studies [31,32,34–40].
The comparison of overall morbidity rates between patients who have low muscle mass and
non-low muscle mass were reported in seven papers [31,32,35,36,38–40]. An increased post-
operative morbidity rate in low muscle mass patients was found only by Amini et al. [32]
and patients with a lower TPV were at a higher risk for postoperative complications (OR:
1.79, 95% CI: 1.25–2.56; p = 0.002). Moreover, in a multivariate logistic regression model,
TVP-sarcopenia was confirmed to be independently associated with a higher risk for
postoperative complications (OR: 1.69, 95% CI: 1.16–2.46; p = 0.006). Regarding specific
postoperative complications, two papers [35,39] reported the rate of pancreatic fistula
between the sarcopenic and non-sarcopenic group, although no correlation was found
with low muscle mass. Data on 90-day postoperative mortality were reported in four pa-
pers [31,32,35,36] and no differences were noted in regard to muscle mass status. Complete
data on major postoperative complications and on postoperative LOS were reported by
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seven [31,32,35,36,38–40] and four papers [31,32,38,40], respectively, and were included
in the meta-analysis. Meta-analysis failed to identify a higher prevalence ratio of major
complications after pancreatic surgery in the low muscle mass group (PR: 1.07; 95% CI:
0.93–1.24, p = 0.22) (Figure 2). There was no heterogeneity between studies (I2 = 0%, p =
0.70) and publication bias analysis estimated one study missing, nonetheless obtaining
comparable results (PR: 1.00; 95% CI: 0.88–1.15, p = 0.95) (Figure 3). The difference in the
prevalence of major complications in patients with vs. without low muscle mass was 0.02
(95% CI: −0.01–0.04, p = 0.32) (Figure 4). There was some heterogeneity between studies
(I2= 18.8%, p = 0.28). There was no evidence of publication bias (Figure 5).

Figure 2. Forest plot for the prevalence ratio of major complications. Meta-analysis did not identify
a higher prevalence ratio of major complications after pancreatic surgery in the low muscle mass
group.

Figure 3. Funnel plot for the prevalence ratio of major complications after pancreatic resection. Black
circles identified studies included in the meta-analysis. Publication bias analysis estimated one study
missing (white circle).
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Figure 4. Forest plot for the difference in the prevalence of major complications. The difference in
prevalence of major complications in patients with vs. without low muscle mass was not significant.

Figure 5. Funnel plot for the difference in the prevalence of major complications. No publication bias
was evident.

Meta-analysis failed to identify an increase in the mean LOS of patients with or
without low muscle mass (ROM: 1.08; 95% CI: 0.97–1.20, p = 0.17). There was heterogeneity
between the studies (I2 = 64.3%, p = 0.02) without any publication bias. Similarly, the
difference of the mean LOS was not significantly different between the two groups (low
muscle mass vs. non-low muscle mass) (MD: 0.8; 95% CI: −0.3–1.9, p = 0.14). There was
heterogeneity (I2 = 52.6%, p = 0.076) and no publication bias was present.

Moreover, some authors investigated the correlation between postoperative outcomes
and sarcopenic obesity or muscle attenuation. Amini et al. reported that patients with sar-
copenic obesity based on TPV had a more pronounced risk of complications compared with
patients who did not have sarcopenia (TPV-sarcopenic obesity, 74.1% vs. non-sarcopenia
42.2%, p = 0.003) [32]. Peng YC et al. found no significant differences between sarcopenic
patients and sarcopenic obese patients in terms of LOS and major complications [40].
Okumura compared patients with or without sarcopenic obesity and found no correla-
tion in terms of major complications or postoperative pancreatic fistula incidence [35].
Furthermore, Okumura investigated the correlation between muscle attenuation and the
postoperative outcomes, finding no correlation between myosteatosis and major complica-
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tions or pancreatic fistula [35]. Apart from the study of Okumura et al. [35], Choi et al. also
found no correlation between low muscle attenuation and the overall morbidity rate [38].

3.5. Low Muscle Mass and Survival

The effects of alterations of preoperative muscle mass on OS were reported in nine
studies [31,32,34–40]. Seven studies were included in the meta-analysis [31,32,36–40],
in which two studies’ [34,35] data on survival required for meta-analysis could not be
retrieved in the text. Meta-analysis identified that patients with low muscle mass who un-
derwent pancreatic resection demonstrated a significantly reduced OS when compared to
patients without alterations of the muscle mass (ROM: 0.86; 95% CI: 0.82–0.91, p < 0.001), re-
sulting in a 14% loss for the former (Figure 6). There was no heterogeneity between studies
(I2 = 0%, p = 0.46) and publication bias analysis estimated one study missing, nonetheless
obtaining comparable results (ROM: 0.87; 95% CI: 0.82–0.92, p < 0.001) (Figure 7). The
mean survival loss for patients with low muscle mass was 3.4 months (95% CI: −4.62,
−2.18 p < 0.001) (Figure 8). There was some heterogeneity between studies (I2 = 14.6%,
p = 0.32) with no publication bias identified (Figure 9). Nine studies performed multi-
variate analysis, identifying low muscle mass as a significant independent risk factor for
mortality [31,32,34–40].

Figure 6. Forest plot for the difference ratio of overall survival. Meta-analysis identified that patients
with low muscle mass who underwent pancreatic resection demonstrated a significantly reduced OS
when compared to patients without alterations of the muscle mass.

Figure 7. Funnel plot for the difference ratio of overall survival. Publication bias analysis estimated
one study missing (white circle).
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Figure 8. Forrest plot for the mean difference of overall survival. The mean survival loss for patients
with low muscle mass was 3.4 months.

Figure 9. Funnel plot for the mean difference of overall survival. No publication bias was identified.

Moreover, five studies [35,37–40] analyzed the impact of low muscle mass on the
DFS. Okumura determined that DFS rates were significantly lower in patients with low
muscle mass [35] and Sugimoto et al. reported that a smaller sex-standardized SMI was
independently associated with a shorter DFS [37]. On the contrary, three studies found that
DFS was not significantly different between patients with or without sarcopenia [38–40].
As data were missing, meta-analysis was not possible. Regarding sarcopenic obesity, three
authors [35,39,40] reported data regarding the OS and DFS. Peng YC et al. [40] found an
association in the univariate analysis between sarcopenic obesity and OS (HR = 3.19, 95%
CI = 0.98–10.37, p = 0.041), although data were not confirmed in the multivariate analysis
(HR = 1.29, 95% CI = 0.23–7.19, p = 0.768). Okumura et al. [35] found a correlation between
sarcopenic obesity and OS both in the univariate (HR = 1.91, 95% CI = 1.30–2.75, p = 0.001)
and multivariate analysis (HR = 2.01, 95% CI = 1.31–3.03, p = 0.002). Gruber et al. reported
an impaired OS in the obese sarcopenic patients compared to non-sarcopenic obese [39].
While Peng YC et al. [40] and Gruber at al. [39] found no association between sarcopenic
obesity and DFS, Okumura et al. [35] found the association to be relevant both in the
univariate (HR = 1.83, 95% CI = 1.31–2.53, p = 0.001) and multivariate analysis (HR = 1.87,
95% CI = 1.32–2.61, p = 0.001). Two authors [38,40] found no association between muscle
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attenuation and OS or DFS. On the contrary, Okumura et al. [35] found a significantly
reduced OS and DFS in patients with preoperative reduced muscle attenuation both in the
univariate (HR = 1.93, 95% CI = 1.40–2.67, p < 0.001 for OS; HR = 1.56, 95% CI = 1.18–2.07,
p = 0.002 for DFS) and multivariate analysis (HR = 1.63, 95% CI = 1.13–2.36, p = 0.01 for OS;
HR = 1.37, 95% CI = 1.02–1.84, p = 0.037 for DFS).

4. Discussion

Cancer cachexia is defined as a multifactorial syndrome characterized by ongoing
loss of skeletal muscle mass (with or without loss of fat mass) that can be partially but not
entirely reversed by conventional nutritional support [6]. This muscle loss is defined as
secondary sarcopenia, also known as disease-related sarcopenia, in which a causal factor
other than (or in addition to) aging is evident [5]. As opposed to primary sarcopenia,
secondary sarcopenia has predominantly focused on the loss of muscle mass without an
emphasis on muscle function [48]. Indeed, none of the retrospective studies considered
in this review documented muscle strength or performance. Secondary sarcopenia could
represent an individual characteristic to target in order to improve the outcome. In fact,
patients with solid tumors frequently experience malnutrition due to reduced food intake,
malabsorption, energy expenditure, and altered metabolism. Treatment options include
physical training, modifications of nutritional intake (including appetite stimulants), and
pharmacological treatment tested in clinical trials [49]. Among solid tumors, pancreatic
cancer carries the highest prevalence of cancer cachexia and weight loss [49]. Its overall
survival rate is still dismal with little improvements over the last decade [50] and postoper-
ative complications remain an important burden after pancreatic surgery, with morbidity
rates still up to 40% [18]. Surgical complications such as pancreatic fistula, hemorrhage,
and delayed gastric emptying not only affect patient convalescence and quality of life but
negatively impact oncological outcomes, delay adjuvant treatment, and affect survival [51].
Sarcopenia has been proposed as an indicator of frailty and therefore as a potential mean to
predict the risk of postoperative morbidity [52]. In fact, low muscle mass or radiodensity
can lead to impaired wound healing, depressed immunity, and inability to mobilize after
surgery, thus affecting postoperative outcomes [53]. While several studies have reported
the association between sarcopenia and outcomes following surgery for various oncologic
diseases [54], the actual impact of sarcopenia on surgical morbidity after pancreatic surgery
and on survival remains poorly defined with a high heterogeneity of results. As depicted
by our meta-analysis, sarcopenia plays a significant role in the OS, while the influence
on postoperative outcomes remains uncertain. The meta-analyses we conducted failed to
demonstrate a certain relationship between low muscle mass and major complications or
LOS. On the contrary, other authors have found a correlation between low muscle mass
and postoperative outcomes [55]. The inhomogeneity among the considered populations
could be a possible explanation of the different results reported. Another potential bias to
be considered is the different assessment parameters used to define the presence of low
muscle mass. Similarly to Amini et al. [32], previous studies reported divergent results
when using different assessment parameters. In addition, Pecorelli et al. [9] reported that
sarcopenia using the total abdominal muscle area (TAMA) was not a significant prognostic
factor for 60-day postoperative mortality (p = 0.224). However, the ratio of visceral fat area
(VFA) to TAMA was found to be a significant predictor for 60-day mortality when the ratio
was 3.2 in the multivariate analysis [OR 6.76, 95% CI: 2.42–18.99; p < 0.001]. The lack of
a univocal definition of sarcopenia and, even worse, too many different self-determined
cut-offs, obtained by means of optimum stratification in populations with different ethnici-
ties, BMI results, age, and cancer types, determine a void in research and clinical practice.
For instance, it is worth noticing that cut-offs from previous western studies, such as in
Prado et al. [26], might be inappropriate for Asian populations such as that studied by
Ninomiya et al [36]. Moreover, the cut-offs described by Prado et al. were obtained in a
subset of obese patients (BMI > 30) and therefore their application on non-obese patients
may be inappropriate.
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In fact, the study of sarcopenia in humans is complicated by the large variability
among individual and multiple factors affecting muscle (comorbidities, drugs, lifestyle,
nutritional aspects, and environmental influences), which can vary in different populations.
This muscle loss (secondary sarcopenia) is caused or worsened by cancer treatments and
the tumor itself. Moreover, different studies are focused on different muscles and presently
there is no consensus in the methodology of the assessment of muscle mass in the diagnosis
of sarcopenia or cancer cachexia. Despite the importance of evaluating muscle mass in
cancer, the definition of “low” muscle mass is difficult to be standardized when different
cut-off values are applied. As depicted in our literature review, all included studies used
a different cut-off to define sarcopenia and the reported prevalence of low muscle mass
varied from 17.2% to 64.2%. Hence, more collective and coordinated efforts are required to
compile and compare data obtained in different populations of cancer patients.

The rising subject in the field of muscle wasting and frailty regards the quality of
the muscle rather than the quantity. Akahori et al. [56] focused on the muscle density
as a possible prognostic factor in pancreatic patients and found a significant association
between reduced muscle attenuation after chemo-radiotherapy and overall survival. Simi-
larly, other authors found a correlation of a progression/outcome of cancer with muscle
attenuation [7,15,27,53,57]. Moreover, some recent results demonstrated that sarcopenia
and myosteatosis represent two separate and distinct clinical phenotypes accompanied by
different biological profiles in patients with pancreatic adenocarcinomas [53]. Yet again,
there are no standardized cut-offs and thus it is difficult to compare the literature results.

Our study has some limitations to consider. The relatively small number of studies
analyzed and their heterogeneity and retrospective nature could represent a significant
risk of selection bias. Moreover, due to the lack of data in some studies, we could not
measure outcomes such as overall postoperative morbidity rates or specific complications
of pancreatic surgery. Therefore, we were unable to fully investigate the potential role of
low muscle mass on postoperative short-term outcomes. New prospective and multicentric
studies are necessary in order to draw more definitive results.

5. Conclusions

Although we cannot draw unequivocal conclusions, we can expect sarcopenia to have
an impact on the surgical and oncological outcomes of cancer patients. Our meta-analysis
on patients with PDAC undergoing surgery demonstrates a reduced survival in those with
sarcopenia; however, a clear correlation with the short-term postoperative outcomes was
not evident. We believe results can be compromised by the diverse definitions and cut-off
values utilized. We advocate a joint effort to standardize body composition evaluation
methods, assessment parameters, and cut-off values. This enables risk stratification in order
to implement nutritional and pre-/re-habilitation interventions with the aim of reducing
physical disability, improving the quality of life, and prolonging survival.
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Abstract: P-element-induced wimpy testis (PIWI) proteins have been described in several cancers.
PIWIL1 and PIWIL2 have been recently evaluated in pancreatic cancer, and elevated expression of
PIWIL2 conferred longer survival to patients. However, PIWIL3’s and PIWIL4’s role in carcinogenesis
is rather controversial, and their clinical implication in pancreatic cancer has not yet been investigated.
In the present study, we evaluated PIWIL1, PIWIL2, PIWIL3 and PIWIL4 expression in pancreatic
cancer-derived cell lines and in one non-tumor cell line as healthy control. Here, we show a differential
expression in tumor and non-tumor cell lines of PIWIL3 and PIWIL4. Subsequently, functional
experiments with PIWIL3 and/or PIWIL4 knockdown revealed a decrease in the motility ratio of
tumor and non-tumor cell lines through downregulation of mesenchymal factors in pro of epithelial
factors. We also observed that PIWIL3 and/or PIWIL4 silencing impaired undifferentiated phenotype
and enhanced drug toxicity in both tumor- and non-tumor-derived cell lines. Finally, PIWIL3 and
PIWIL4 evaluation in human pancreatic cancer samples showed that patients with low levels of
PIWIL4 protein expression presented poor prognosis. Therefore, PIWIL3 and PIWIL4 proteins may
play crucial roles to keep pancreatic cell homeostasis not only in tumors but also in healthy tissues.

Keywords: PIWI proteins; PIWIL3; PIWIL4; pancreatic cancer; EMT; chemoresistance; motility;
HNF4A; survival

1. Introduction

Pancreatic cancer (PC) has arisen as one of the tumors with higher incidence in developed countries.
Indeed, the incidence of PC is expected to be higher than breast, prostate or colorectal cancers and to
reach the second cause of cancer-related death by 2030 [1]. The 5-year survival rate is 50% when tumors
are <2 cm in size and close to 100% for tumors <1 cm [2]; unfortunately, PC is normally asymptomatic,
and it is often diagnosed when the tumor has metastasized to distant organs [3]. Adjuvant treatment for
complete resected patients (R0) is usually based on Gemcitabine [4], or 5-fluorouracil for six months [5].
Regimens based on Gemcitabine in combination with Nanoalbumin bound-Paclitaxel (Nab-Paclitaxel)
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is recommended to patients with advanced disease [6]. Nevertheless, PC develops multi-pathways
chemoresistance as a result of the interaction between tumor cells, cancer stem cells and the tumor
microenvironment [7].

P-element-induced wimpy testis (PIWI) proteins belong to the Argonaute (AGO) family and have
been firstly discovered in germline cells [8]. Based on their protein sequence, eight members of the
Argonaute family have been classified into two subfamilies: the PIWI subfamily (PIWIL1, PIWIL2,
PIWIL3 and PIWIL4) and the AGO subfamily (AGO1, AGO2, AGO3 and AGO4) [9]. The AGO family
regulates gene expression through complementary recognition and guidance of short RNAs against their
target genes [10]. Recently, it has been reported how PIWI proteins are expressed during the epigenetic
remodeling and meiosis of the germline [11]. They also recognize and bind a unique type of non-coding
small RNAs called piRNAs (PIWI-interacting RNAs), which constitutes the so-called piRNA-induced
silencing complex (piRISC). PIWI proteins have an important role in epigenetic regulation, silencing of
transposable elements, protection of genome integrity, gametogenesis and piRNA biogenesis [12].
Indeed, the expression of PIWI proteins promotes some of the hallmarks of cancer such as cell
proliferation, genomic integrity, apoptosis, invasion and metastasis [13]. Therefore, an increasing
number of studies report their differential expression patterns between healthy and tumor samples and
how their modulation affects the behavior of tumor cells. PIWIL1 downregulation drastically reduces
the proliferation, invasion and migration of hepatocellular carcinoma cells [14]. Other studies describe
how PIWIL1 downregulation in sarcoma inhibits cell growth and allows cell differentiation and support
the idea that PIWIL1 tumorigenic activity is due to its ability to regulate DNA hypermethylation [15].
Downregulation of PIWIL1 suppresses cell proliferation, migration and invasion of gastric cancer and
lung cancer cells [16–18]. These studies sustain the oncogenic features of PIWIL1 and support the idea
that PIWIL1 could be used as a target for anticancer therapies. In contrast, other reports showed that
overexpression of PIWIL1 decreases proliferation and migration of chronic myeloid leukemia cells
through inhibition of expression of matrix metalloproteinase-2 and -9 [19]. Our group has recently
described the prognostic role of PIWIL1 and PIWIL2 protein expression in PC, especially PIWIL2 protein,
which exhibited higher prognostic potential to predict longer progression-free survival (p = 0.029)
and longer overall survival (p = 0.025). Furthermore, we provided new insight into the link between
PIWIL1 and PIWIL2 with the progenitor molecular subtype of PC [20].

PIWIL3 is expressed in stage III epithelial ovarian cancer in both primary tumor and metastatic
tissues compared with their adjacent normal tissues (p < 0.01), and the expression is higher in the
metastatic foci [21]. PIWIL3 is also considered a prognostic biomarker of breast cancer since its
upregulation was significantly associated to a short progression-free survival (p = 0.01) and a poor
overall survival (p = 0.02) [22]. Furthermore, PIWIL3 seems to play a crucial role in melanoma
progression, and its expression is higher with the higher tumor stage [23]. In gastrointestinal cancers,
expression of PIWIL3 was also higher in tumors compared with their paired untransformed tissues [24].
Furthermore, upregulation of PIWIL3 increases proliferation, migration and invasion of gastric cancer
cells [24]. In contrast, PIWIL3 seems to play a protective effect due to its overexpression-reduced
proliferation, migration and invasion of glioma cells in vitro and decreased tumor size in vivo [25].

The role of PIWIL4 involves chromatin modifications in human somatic cells [26], and it is able
to process precursor hairpins to generate several miRNAs in the absence of the endoribonuclease
DICER [27]. The lack of PIWIL4 could derive to the development of type 2 diabetes since its
downregulation in pancreatic beta cells resulted in defective insulin secretion [28]. However, its function
in tumorigenesis is rather controversial. On the one hand, high expression of PIWIL4 is found in
tumor tissues of colorectal cancer [29], cervical cancer [30], gastric cancer [31] and primary and
metastatic foci of ovarian cancer [21] compared with their adjacent tissues. Its downregulation not only
enhanced significantly the apoptotic effect of treatment in Leydig cell tumor [32] but also apoptosis,
migration and invasion of breast cancer cells in vitro [33,34]. In hepatocellular carcinoma, the nuclear
expression of PIWIL4 together with PIWIL2 has been found to confer worse outcome [35]. On the
other hand, other studies have reported that low PIWIL4 expression was significantly associated
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with a worse prognosis in hepatocellular carcinoma [36], soft tissue sarcoma [37], non-small cell lung
cancer [38] and renal cell carcinoma [39]. Low levels of PIWIL4 were also found in hepatocellular
carcinoma tissues [36] and in other tumors like breast tumors [22] and non-small cell lung cancer [38]
compared to the non-cancerous tissues. Moreover, the lack of PIWIL4 expression caused by CpG island
hypermethylation has also been found in testicular tumors [40].

Since PIWIL3 and PIWIL4 expression has not been studied in PC and the functions of PIWI
proteins in cancer seem to be rather controversial, we have evaluated the role of PIWIL3 and PIWIL4
expression in pancreatic cells and dissect their prognostic potential in PC.

2. Experimental Section

2.1. Cell Lines and Cell Culture

The human PC-derived cell lines PANC 04.03(ATCC ref: CRL-2555), PL45(ATCC ref: CRL-2558),
BxPC-3(ATCC ref: CRL-1687) and one non-tumor human pancreatic ductal epithelial cell line
hTERT-HPNE (ATCC ref: CRL-4023) were purchased and cultured under American Type Culture
Collection (ATCC) recommendations. RWP1 and PANC-1 were kindly provided by Dr. Fatima Gebauer
(CRG, Barcelona, Spain). RWP1, PANC-1 cells were routinely grown in RPMI supplemented with 10%
fetal bovine serum (FBS) and 1% Penicillin-Streptomycin (P/S). All cell lines were maintained at 37 ◦C
in a humidified atmosphere with 5% CO2.

2.2. Patient Samples

We evaluated the prognostic potential of PIWIL3 and PIWIL4 in a training set and in a validation
set of PC samples with tissue microarrays (TMA). TMA of the training set was performed with 44
formalin-fixed, paraffin-embedded tumor samples from BioBank of University Hospital Fundacion
Jimenez Diaz—Universidad Autonoma de Madrid (PT13/0010/0012), and the TMA for validation set
was constructed with 182 available formalin-fixed and paraffin-embedded tumor samples from
BioBank of University Hospital Clinico San Carlos (B.0000725; PT17/0015/0040; ISCIII-FEDER).
(Detailed descriptions of all experimental procedures are provided in Supplementary Information 1:
Materials and Methods)

3. Results

3.1. PIWIL3 and PIWIL4 Are Overexpressed in Non-Tumor and Tumor-Derived Cell Lines

All human PIWI proteins were evaluated by Western blot and by immunohistochemistry
(IHC) in a panel of five PC-derived cell lines: four from duct-adenocarcinoma differentiation
(BxPC-3, Panc04.03, PL45 and RWP1), and one from epithelioid-carcinoma differentiation (PANC-1).
Moreover, PIWI proteins were determined in one non-tumor cell line developed from human pancreatic
duct transduced with a retroviral expression vector containing the human TERT gene (hTERT-HPNE)
(Figure 1A,B).

Protein expression was compared with the expression of human testis as positive control.
PIWIL1 and PIWIL2 showed very scarce expression in all pancreatic cell lines, not only in the
tumor-derived but also in the non-tumor cell lines. PIWIL1 expression in all cell lines was not
detected by WB (Figure 1A), although it could be visualized in some cells of BxPc-3 or Panc04.03 by
IHC (Figure 1B). Expression levels of PIWIL2 were unnoticeable by both techniques (Figure 1A,B).
In contrast, PIWIL3 and PIWIL4 showed overexpression in almost all tumor-derived cell lines, and
in the non-tumor pancreatic cell line compared to control (Figure 1A,B). Both PIWIL3 and PIWIL4
exhibited a clear cytoplasmic expression pattern with some nuclear staining (Figure 1B). Panc04.03
was the only PC-derived cell line with the lowest expression levels of PIWIL3 or PIWIL4 (Figure 1A,B).
Since PIWIL3 and PIWIL4 are expressed in the immortalized non-tumor pancreatic cell line, we cannot
conclude that PIWIL3 or PIWIL4 could act as an oncogene. Then, we wondered whether PIWIL3 or
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PIWIL4 take part in other mechanisms and which is the response of cells after PIWIL3 or PIWIL4
downregulation in the absence of PIWIL1 and PIWIL2. To this aim, we downregulated PIWIL3 and/or
PIWIL4 with two different validated siRNA sequences. The highest expression levels have been shown
in two pancreatic ductal adenocarcinoma-derived cell lines (PL45 and RWP1) (Figure 1C,D) and the
non-tumor pancreatic cell line (hTERT-HPNE) (Figure 1E). As PL45 showed almost five-fold PIWIL3
expression levels compared with control, and two independent combinations with two different siRNA
were necessary to downregulate PIWIL3 (Figure 1C). We also decided to evaluate PIWIL3 or PIWIL4
downregulation on hTERT-HPNE by IHC rather than by Western blot due to the low cellularity that
exhibited this cell line. Here, we found that maximum PIWIL3 or PIWIL4 downregulation was achieved
later in both tumor cell lines than in non-tumor cell line. Higher PIWIL3 or PIWIL4 downregulation
in both tumor cell lines was achieved between the fifth/sixth days (Figure 1C,D) compared with the
second day obtained in the non-tumor cell line (Figure 1E).

Figure 1. P-element-induced wimpy testis (PIWI) proteins present differential expression in pancreatic
cancer (PC), and a late downregulation of PIWIL3 or PIWIL4 in tumor cell lines was found
compared to non-tumor cell line. (A) Western blot analysis, and (B) representative micrographs
of immunohistochemical staining of a panel of five human PC-derived cell lines and one non-tumor
pancreatic cell line (hTERT-HPNE). A human testis tissue was used as positive control. Two independent
downregulations of PIWIL3 (top) and PIWIL4 (bottom) were performed to carry out functional
experiments with PL45 (C), RWP1 (D) and hTERT-HPNE (E). Crtl: control. kDa: kilodalton.
Scr: Scramble. D1–6: Days 1–6. PIWIL3/Actin or PIWIL4/Actin ratio is represented under each
protein band. Scale bar: 50 μm.
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3.2. PIWIL3 and/or PIWIL4 Are Necessary for Cell Motility of Both Non-Tumor and Tumor-Derived Cell Lines

Since one of the characteristics of PC is its ability to migrate and metastasize to distant organs,
we evaluated the role of PIWIL3 or PIWIL4 in cell motility. Here, we performed functional experiments
with two different tumor-derived cell lines and one non-tumor cell line. Interestingly, wound healing
assay showed a delay in the motility ratio in all cell lines, normal and tumoral, after PIWIL3 and/or
PIWIL4 silencing (Figure 2A).

Figure 2. Downregulation of PIWIL3 and/or PIWIL4 decreased motility of PC and non-tumor cell lines
through regulation of epithelial-to-mesenchymal transition (EMT). (A) Micrographs of wound healing
assay showed reduced cell motility after PIWIL3 and/or PIWIL4 silencing in both PC-derived cell lines
and in the non-tumor pancreatic-derived cell line. Representative images have been taken at 0 and 24 h
after scratching. Broken lines indicate migration heads. (B) Statistical analyses of the motility ratio for
each cell line according to PIWIL3 and/or PIWIL4 silencing. (C) Representative images from Boyden
chamber assay of different cell lines taken at 24 h after seeding. (D) Statistical analyses of the number of
migrated cells for each cell line according to PIWIL3 and/or PIWIL4 silencing. (E) Western blot for the
expression of PIWIL3 (left) or PIWIL4 (right), Fibronectin, Vimentin, Slug, E-Cadherin and Occludin in
PL45 and RWP1 after PIWIL3 or PIWIL4 silencing. The ratio of each protein/Actin ratio is represented
under each protein band. Color-coding for each protein downregulation is indicated in the legend box.
kDa: kilodalton. Scale bar: 50 μm. *p < 0.05; ***p < 0.001.
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Statistical analyses compared to control revealed a significant reduction in the motility ratio
of all cell lines downregulated for PIWIL3 or PIWIL4 individually or in combination (p < 0.05)
(Figure 2B). To verify our previous results, a Boyden chamber assay was performed as previously
described by Chen [41]. Although all cell lines and scrambles were cultured with the same chemotactic
agent (20% FBS), the number of migrating cells decreased significantly after individual PIWIL3
and/or PIWIL4 knockdown alone or in combination compared to scramble (p < 0.001) (Figure 2C,D).
Interestingly, this fact was not only observed in tumor cell lines but also in the normal cell line,
which also decreased its motility after PIWIL3 and/or PIWIL4 downregulation. These results suggest
that PIWIL3 and PIWIL4 not only modulate invasiveness of tumor cells but also motility of normal
cells, which could impair wound healing processes of adult healthy tissues.

To further study how PIWIL3 and PIWIL4 affect cell motility, we evaluated the expression of different
markers involved in epithelial-to-mesenchymal transition (EMT). Interestingly, the mesenchymal proteins
Fibronectin and Vimentin reduced their expression after PIWIL3 or PIWIL4 downregulation (Figure 2E).
Transition factor Slug highly reduced its protein level after PIWIL3 or PIWIL4 downregulation (Figure 2E).
Moreover, epithelial markers like Occludin increased its expression after PIWIL3 or PIWIL4 knockdown
in both cell lines, while E-Cadherin raised its protein levels only after PIWIL3 silencing (Figure 2E).
These results highlight the role of PIWIL3/PIWIL4 in cell motility and wound healing of pancreatic
cells through regulation of EMT factors. Taking into consideration that downregulation of PIWIL3 or
PIWIL4 reverses EMT of normal cell line, the modulation of these two proteins could affect adult tissue
reconstruction after trauma, toxic treatments or inflammatory processes.

3.3. Downregulation of PIWIL3 and/or PIWIL4 Impairs Undifferentiated Phenotype

Following with functional experiments with PIWIL3 and/or PIWIL4 downregulation, we evaluated
the ability of both tumor and non-tumor pancreatic derived cell lines to form pancreatic spheres in
stem cell enrichment culture media (Figure 3A).

PL45 was not able to dedifferentiate, and to the best of our knowledge, no detailed research
reached PL45 dedifferentiation. The spheres observed from scramble controls ranged from 2 to 4 μm of
diameter and formed between 10 and 20 spheres per 10,000 seeded cells. Non-tumor cell line presented
the lowest number of spheres and the lowest sphere diameter in control conditions. Remarkably,
we observed that PIWIL3 and/or PIWIL4 knockdown dropped drastically the number and diameter
of spheres of tumor cell line RWP1 (p < 0.001) (Figure 3B). However, the same effect was observed
on the non-tumor cell line, hTERT-HPNE, not only in the number of spheres (p < 0.001) but also
in their diameter (p < 0.05) (Figure 3C). These results suggest the role of PIWIL3 and PIWIL4 in
the maintenance of undifferentiated phenotype of pancreatic cells; however, it seems not to be only
necessary for neoplastic cells, but also for normal cells differentiation. These results hamper the clinical
use of PIWIL3 or PIWIL4 modulation in PC patients because it may disrupt the dedifferentiation
mechanism not only of tumor cells but also of other healthy tissues and could lead to a severe medical
condition for patients.
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Figure 3. PIWIL3 and PIWIL4 impair undifferentiated phenotype. (A) Representative micrographs of
undifferentiated pancreatic spheres derived from RWP1 and hTERT-HPNE transfected with siRNA for
PIWIL3 (siPIWIL3) or PIWIL4 (siPIWIL4) downregulation individually or in combination. (B) Statistical
analyses of number and diameter of spheres according to PIWIL3 and/or PIWIL4 downregulation
of RWP1 cell line. (C) Statistical analyses of number and diameter of spheres according to PIWIL3
and/or PIWIL4 downregulation of the non-tumor hTERT-HPNE cell line. Color-coding for each protein
downregulation is indicated in the legend box. Scr: scramble. Scale bar: 50 μm. * p < 0.05; *** p < 0.001.

3.4. PIWIL3 and PIWIL4 Downregulation Potentiate the Cytotoxic Effect of Chemotherapies

Gemcitabine is one of the gold standard adjuvant treatments for PC management, alone or in
combination with Nab-Paclitaxel. Therefore, we wondered whether PIWIL3 and/or PIWIL4 regulate
response to these chemotherapies. To evaluate the cytotoxicity of these two factors, tumor and normal
cell lines were treated with Gemcitabine or Nab-Paclitaxel individually or in combination after PIWIL3
and/or PIWIL4 knockdown. Then, logarithmically growing tumor-derived cell lines, RWP1 and
PL45, and normal cell line, hTERT-HPNE, were treated with previously determined IC50 doses of
Gemcitabine or Nab-Paclitaxel (Supplementary file). To determine doses for treatment combination for
each cell line, IC25 dose of Nab-Paclitaxel was set due to its high toxicity, and different concentrations
of Gemcitabine were tested to achieve 50% of cell death as previously reported by Awasthi N. et al. [42].
Individual protein downregulation was not enough to achieve an effect, and PIWIL3 and PIWIL4 double
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downregulation were necessary to decrease significantly cell viability of RWP1 after single treatments
(p = 0.023 for Gemcitabine; p = 0.038 for Nab-Paclitaxel). PIWIL4 downregulation per se achieved a
significant effect on the combined treatment (p = 0.038); although, double downregulation achieved the
maximum effect (p = 0.001) (Figure 4A). In contrast, neither PIWIL3 nor PIWIL4 knockdown affected
cytotoxicity of PL45 cell line, neither with individual treatments nor in combination (Figure 4B).

Figure 4. PIWIL3 and PIWIL4 downregulation potentiates the cytotoxic effect of chemotherapy.
(A) Cell viability analyses after PIWIL3 and/or PIWIL4 silencing according to Gemcitabine (left) or
Nab-Paclitaxel (center) individual treatments or in combination (right) of RWP1 cell line, PL45 (B)
and hTERT-HPNE (C) cell lines. (D) Scatterplot and statistical analysis of HNF4A mRNA expression
(y axis) and PIWIL4 mRNA expression (x axis) of 178 patient cohort from The Cancer Genome Atlas
(TCGA). (E) Representative micrographs of HNF4A low expression (top-left) and high expression
top-right). Statistical association between HNF4A and PIWIL4 protein expression of 182 PC samples
(bottom). Color-coding for each protein downregulation is indicated in the legend box. Scale bars:
50 μm. * p < 0.05; ** p < 0.01; *** p < 0.001.
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On the other hand, non-tumor cell line hTERT-HPNE initially presented a complete resistance to
Gemcitabine; then, functional experiments were performed with the highest concentration of Gemcitabine
tested (250 μM). This concentration was 42,000 times higher than IC50 concentration of Gemcitabine for
RWP1 and 700 times higher than IC50 concentration of Gemcitabine for PL45. Furthermore, IC50 dose of
Nab-Paclitaxel for non-tumor cell line (235μM), which was 21 times higher than IC50 dose of Nab-Paclitaxel
for RWP1 and 1.6 times higher than for PL45. Interestingly, the highest effect of all treatments was observed
in the non-tumor derived cell line. Indeed, PIWIL3 and/or PIWIL4 silencing overcame Gemcitabine
resistance of the non-tumor cell line (p < 0.001), and significantly increased the other treatment effects
(p = 0.003 for Nab-Paclitaxel; p = 0.001 for Gemcitabine +Nab-Paclitaxel) (Figure 4C). Therefore, these
results support PIWIL3 and PIWIL4 as crucial factors in chemoresistance of PC tumor cells and in the
toxicity of normal cells. However, from a clinical point of view, depletion of PIWIL3 or PIWIL4 proteins
with target therapies should be done with great care due to the potential high toxicity and adverse events
that they could bring to PC patients.

In order to dissect one of the underlying mechanisms whereby PIWIL3 or PIWIL4 expression
confers chemoresistance, we evaluated the link between these two proteins and hENT1, which is
responsible for Gemcitabine uptake and effect on cells [43]. For this, we used 178 available expression
profile data from a 186-patient dataset from The Cancer Genome Atlas (TCGA, Firehose Legacy),
and statistical correlation was assessed using cBioPortal [44,45]. In this first attempt, piwil3 or piwil4
showed no correlation with hEnt1 at mRNA level (p = 0.26 and p = 0.19, respectively). Another factor
that drives cytotoxicity of tumor cells is HNF4A. It has been previously described to be a negative
regulator of hENT1 and necessary for cell proliferation and drug resistance in PC [46]. Then, we assessed
the correlation between piwil3 or piwil4 and hnf4a; however, piwil3 mRNA expression did not show
any connection with hnf4a at the mRNA level (p = 0.36). Interestingly, mRNA analysis showed a
moderate positive correlation between piwil4 and hnf4a (r = 0.32; p = 0.00001) (Figure 4D). To validate
this result, we stained by IHC 182 PC patient samples with anti-HNF4A antibody. HNF4A exhibited a
clear nuclear staining and a marked differential expression pattern between samples (Figure 4E, top).
The statistical analysis revealed a link between PIWIL4 and HNF4A at the protein level in patient
samples (p = 0.033)(Figure 4E, bottom). We also assessed an association between PIWIL3 and HNF4A
at the protein level. Although no association was found, statistical analysis revealed a high trend
towards significance (p = 0.080). These results highlight a connection between PIWIL3 and PIWIL4
with HNF4A factor, which could explain a feasible mechanism of chemoresistance of PC cells and
cytotoxicity of normal cells.

3.5. Low Expression of PIWIL4 Is a Poor Prognosis Factor of Pancreatic Cancer Patients

To study the prognostic potential of PIWIL3 or PIWIL4 in PC, we evaluated their protein expression
levels in a cohort composed of 44 patients from Fundacion Jimenez Diaz Hospital. To assess the
survival analysis all samples with positive margins of resection (R1) were excluded from the study
(n = 7 patients) (Table 1).

Immunohistochemical staining of patient samples showed differential expression levels of PIWIL3
and PIWIL4. All the samples that stained positively for PIWIL3 exhibited a cytoplasmic localization,
especially in those cases with high PIWIL3 expression (Figure 5A). The expression pattern of PIWIL4
was limited to cytoplasm and cell membrane of tumor cells, and no positive nuclear staining was found
(Figure 5B). Survival analyses were assessed with this data set. Nevertheless, neither PIWIL3 nor
PIWIL4 associated significantly with progression-free or overall survival of PC patients (Figure 5C,D).
However, although statistical analyses revealed no significant association between these PIWI proteins
and prognosis, we found that patients with low expression levels of PIWIL3 or PIWIL4 presented shorter
progression-free and overall survival than high levels of both proteins. The mean progression-free
survival of patients with low PIWIL3 expression was 17 months (95% CI = 7–27 months), while the
mean time-to-progression of high PIWIL3 expression was 30 months (95% CI= 6–54 months) (Figure 5C,
top). Concerning overall survival, patients with low PIWIL3 expression exhibited a mean survival of
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37 months (95% CI = 22–53 months), and those with high PIWIL3 expression lived a mean of 62 months
(95% CI = 33–90 months) (Figure 5C, bottom). Similarly, low PIWIL4 expression presented shorter
mean progression-free and overall survival than high-expression patients. The mean progression-free
survival of patients with low PIWIL4 expression was 19 months (95% CI = 6–31 months), while the
mean time-to-progression of high PIWIL4 expression was 23 months (95% CI= 8–39 months) (Figure 5D,
top). Furthermore, patients with low PIWIL4 expression presented shorter overall survival (mean = 39
months; 95% CI = 23–56 months) than patients with high PIWIL4 expression (mean = 56 months; 95%
CI = 30–82 months) (Figure 5D, bottom).

Figure 5. Prognostic impact of PIWIL3 or PIWIL4 in PC patients from the training set. (A) Representative
micrographs of tumors with low (left), intermediate (middle) and high PIWIL3 expression (right).
(B) Representative micrographs of tumors with low (left), intermediate (middle) and high PIWIL4
expression levels (right). (C) Kaplan–Meier curves according to PIWIL3 protein expression for both
progression-free (top) and overall survival (bottom). (D) Kaplan–Meier curves according to PIWIL4
protein expression for both progression-free (top) and overall survival (bottom). p-values were obtained
by log-rank test. Scale bars: 50 μm.
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Table 1. Clinico-pathologic characteristics of completed resected R0 pancreatic cancer patients from the
training set.

Clinical Characteristics N % Clinical Characteristics N %

Age Neural invasion
<65 years 16 43 No 12 32
>65 years 21 57 Yes 25 68
Gender Lymph nodes involved

Male 21 57 N0 14 38
Female 16 43 N1 23 62

Size Adjuvant treatment
<2 cm 20 54 No 21 57
>2 cm 17 46 Yes 14 38
Stage N/A 2 5

I 9 24 pT
II 28 76 T1 6 16

Grade T2 5 14
High 30 81 T3 26 70
Low 7 19 N/A 3 2

Vascular invasion
No 12 32 Total 37 100
Yes 25 68

N: number of patients; N/A: not available; cm: centimeters.

One of the possible reasons that may justify the lack of statistical significance of these analyses could
be the limited sample size of the study. Therefore, we evaluated the expression of PIWIL3 and PIWIL4 in
a larger cohort composed of 182 patients samples from Clinico San Carlos Hospital. As before, all samples
with positive margins of resection were excluded from the study (n = 54 patients) (Table 2).

Table 2. Clinico-pathologic characteristics of complete resected R0 pancreatic cancer patients from the
validation set.

Clinical Characteristics N % Clinical Characteristics N %

Age Grade
<65 years 25 20 High 19 15
>65 years 103 80 Low 105 82
Gender N/A 4 3

Male 63 49 Vascular invasion
Female 65 51 No 75 59

Diabetes Mellitus Yes 43 33
No 88 69 N/A 10 8
Yes 33 26 Neural invasion
N/A 7 5 No 47 37

Adjuvant treatment Yes 71 55
No 75 58 N/A 10 8
Yes 24 19 pT
N/A 29 23 T1 30 23
Size T2 44 35
<2 cm 31 24 T3 51 40
>2 cm 69 54 N/A 3 2
N/A 28 22 Lymph nodes involved
Stage N0 70 55

I 46 36 N1 51 40
II 74 58 N/A 7 5

N/A 8 6 Total 128 100

N: number of patients; N/A: not available; cm: centimeters.
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We assessed survival analyses with patients with available data of progression-free survival
(n = 113) or overall survival (n = 118). Here, PIWIL3 expression did not associate either with
progression-free survival (p = 0.214) or overall survival (p = 0.337) (Figure 6A,B). Thus, these results
led us to exclude PIWIL3 expression as a prognostic biomarker for PC. Interestingly, those PC patients
with low expression of PIWIL4 presented not only a shorter progression-free survival (p = 0.002) but
also a shorter overall survival (p < 0.001) than patients with high expression levels (Figure 6C,D).
Here, patients with low PIWIL4 expression showed a mean progression-free survival of 31 months (95%
CI = 20–41 months), while patients with high PIWIL4 expression presented a mean progression-free
survival of 75 months (95% CI = 54–96 months) (Figure 6C). Overall survival of patients with low
PIWIL4 expression presented a mean of 29 months (95% CI = 21–37 months), while that of patients
with high PIWIL4 expression was significantly longer with a mean of 68 months (95% CI = 46–89
months) (Figure 6D).

Figure 6. Prognostic impact of PIWIL3 or PIWIL4 in PC patients from the validation set. (A) Kaplan–Meier
curves according to PIWIL3 protein expression for progression-free survival. (B) Kaplan–Meier curves
according to PIWIL3 protein expression for overall survival. (C) Kaplan–Meier curves according to PIWIL4
protein expression for progression-free survival. (D) Kaplan–Meier curves according to PIWIL4 protein
expression for overall survival. p-values were obtained by log-rank test.
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In order to validate the prognosis potential of PIWIL4 expression with respect to other
clinico-pathological characteristics, we performed a Cox proportional hazards model for both
progression-free and overall survival of patients (Table 3). The univariate analysis for progression-free
survival revealed that patients with a low expression of PIWIL4 showed a higher risk of recurrence
after surgery compared with patients with high expression (hazard ratio (HR) = 1.979; 95% CI:
1.178–3.325; p = 0.010). As survival curves confirmed previously, PIWIL3 did not raise significance
to predict progression-free survival (p = 0.227). Other pathological characteristics that associated
significantly with high risk of progression in the univariate analysis were tumor size (HR = 3.023; 95%
CI: 1.413–6.465; p = 0.004), T stage (HR = 1.682; 95% CI: 1.033–2.738; p = 0.037), tumor stage (HR = 1.866;
95% CI: 1.105–3.151; p = 0.020) and neural invasion (HR = 1.757; 95% CI: 1.027–3.007; p = 0.040). In
the multivariate analysis, low PIWIL4 expression remained statistically significant for a higher risk of
progression (HR = 2.036; 95% CI: 1.025–4.044; p = 0.042) together with tumor size (HR = 3.095; 95%
CI: 1.237–7.744; p = 0.016). Univariate analyses for overall survival also revealed low expression of
PIWIL4 as a high risk factor (HR = 2.093; 95% CI: 1.344–3.260; p = 0.001). Other clinico-pathologic
characteristics that associated significantly with shorter overall survival were T stage (HR = 1.679;
95% CI: 1.110–2.540; p = 0.014), tumor stage (HR = 1.795; 95% CI: 1.148–2.807; p = 0.010), lymph
nodes positive (HR = 1.573; 95% CI: 1.025–2.414; p = 0.038) and neural invasion (HR = 1.658; 95%
CI: 1.060–2.593; p = 0.027). However, the only clinical variable that associated significantly with
reduced overall survival in the multivariate analysis was low PIWIL4 expression (HR = 2.185; 95% CI:
1.313–3.636; p = 0.003) (Table S3). Thus, these results highlight the detrimental role of low expression
of PIWIL4 and allow the identification of two different risk subgroups of PC patients to be managed
with differential treatment strategies to improve survival.

Table 3. Uni- and multivariate proportional hazards model for progression-free and overall survival of
patients from the validation cohort.

Univariate PFS (95% CI) Univariate OS (95% CI)

HR Lower Upper p HR Lower Upper p

Age (< 65 years vs. > 65 years) 1.060 0.604 1.860 0.840 1.198 0.723 1.986 0.484
Gender (Male vs. Female) 1.494 0.920 2.425 0.104 1.182 0.785 1.778 0.423

Diabetes Mellitus (No vs. Yes) 1.070 0.614 1.864 0.811 1.113 0.694 1.784 0.658
Adjuvant treatment (Yes vs. No) 1.016 0.556 1.857 0.959 1.226 0.781 2.094 0.456

Size (<2 cm vs. >2 cm) 3.023 1.413 6.465 0.004 1.255 0.754 2.087 0.382
pT (I / II vs. III) 1.682 1.033 2.738 0.037 1.679 1.110 2.540 0.014
Stage (I vs. II) 1.866 1.105 3.151 0.020 1.795 1.148 2.807 0.010

Grade (low vs. high) 1.406 0.695 2.845 0.343 1.221 0.664 2.245 0.522
Lymph nodes involved (No vs. Yes) 1.548 0.943 2.540 0.084 1.573 1.025 2.414 0.038

Vascular invasion (No vs. Yes) 1.348 0.807 2.252 0.254 1.481 0.959 2.287 0.077
Neural invasion (No vs. Yes) 1.757 1.027 3.007 0.040 1.658 1.060 2.593 0.027

PIWIL3 (high vs. low) 1.380 0.819 2.327 0.227 1.237 0.798 1.917 0.342
PIWIL4 (high vs. low) 1.979 1.178 3.325 0.010 2.093 1.344 3.260 0.001

Multivariate PFS (95% CI) Multivariate OS (95% CI)

Size (<2 cm vs. > 2 cm) 3.095 1.237 7.744 0.016
pT (I / II vs. III) 1.339 0.609 2.944 0.467 1.178 0.608 2.284 0.627
Stage (I vs. II) 1.596 0.655 3.890 0.304 1.691 0.683 4.188 0.256

Lymph nodes involved (No vs. Yes) 1.084 0.549 2.141 0.817
Neural invasion 1.232 0.620 2.449 0.551 1.229 0.761 1.985 0.398

PIWIL4 (high vs. low) 2.036 1.025 4.044 0.042 2.185 1.313 3.636 0.003

PFS: progression-free survival; OS: Overall survival; HR: hazard ratio; CI: confidence interval; vs.: versus;
cm: centimeters.

In view of these results, we verified whether PIWIL3 or PIWIL4 could be related to any of
the pathological characteristics registered in our study (Table S4). In this analysis, low levels of
PIWIL3 associated significantly with neural invasion (p = 0.050). Low PIWIL4 expression associated
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significantly with female patients (p = 0.050). Furthermore, a higher percentage of patients with T3
tumors associated significantly with low PIWIL4 expression (p = 0.020); the same occurred with neural
invasion and low PIWIL4 expression (p = 0.019) (Table 4). These results suggest the lack of PIWIL4
expression as a deleterious effect in PC and support previous survival results.

Table 4. Statistical association between PIWIL3 and PIWIL4 protein expression with clinico-pathological
characteristics.

PIWIL3
Low

PIWIL3
High

PIWIL4
Low

PIWIL4
High

Parameters N (%) N (%) p-Value N (%) N (%) p-Value

Gender 0.946 0.050
Male 43 (34%) 20 (16%) 34 (26%) 29 (23%)

Female 44 (34%) 21 (16%) 46 (36%) 19 (15%)
Age 0.630 0.227

<65 years 18 (14%) 7 (5%) 13 (10%) 12 (9%)
>65 years 69 (54%) 34 (27%) 67 (53%) 36 (28%)

Diabetes Mellitus 0.724 0.939
No 59 (49%) 29 (24%) 54 (45%) 34 (28%)
Yes 21 (17%) 12 (10%) 20 (16%) 13 (11%)

Stage 0.791 0.204
I 30 (25%) 16 (13%) 26 (22%) 20 (16%)
II 50 (42%) 24 (20%) 49 (41%) 25 (21%)

pT 0.503 0.020
I/II 48 (38%) 26 (21%) 40 (32%) 34 (27%)
III 36 (29%) 15 (12%) 38 (31%) 13 (10%)

Adjuvant
treatment 0.704 0.085

No 50 (51%) 25 (25%) 52 (53%) 23 (23%)
Yes 17 (17%) 7 (7%) 12 (12%) 12 (12%)
Size 0.264 0.705
<2 cm 19 (19%) 12 (12%) 19 (19%) 12 (12%)
>2 cm 50 (50%) 19 (19%) 45 (45%) 24 (24%)

Lymph nodes
involved 0.956 0.713

No 47 (39%) 23 (19%) 43 (36%) 27 (22%)
Yes 34 (28%) 17 (14%) 33 (27%) 18 (15%)

Vascular Invasion 0.950 0.875
No 51 (43%) 24 (20%) 46 (34%) 29 (30%)
Yes 29 (25%) 14 (12%) 27 (25%) 16 (11%)

Neural Invasion 0.050 0.019
No 27 (23%) 20 (17%) 23 (20%) 24 (20%)
Yes 53 (45%) 18 (15%) 50 (42%) 21 (18%)

Grade 0.095 0.917
Low 68 (55%) 37 (30%) 65 (52%) 40 (32%)
High 16 (13%) 3 (2%) 12 (10%) 7 (6%)

N: Number of patients; cm: centimeters.

4. Discussion

PC is an extremely lethal malignancy, in which an early diagnosis is crucial to increase patient
survival. Therefore, molecular biomarkers will play an important role in the future management of
this neoplasm. To date, the only biomarkers approved by the Food and Drug Administration (FDA) for
PC are preoperative levels of CA19-9; however, the applicability of this biomarker has been questioned
due to the fact that the biliary obstruction can also increase CA19-9 levels, not to mention that up to 10%
of the population cannot synthesize this antigen [47]. Therefore, new biomarkers that combine high
sensitivity and specificity are needed in the clinical management of PC. Recently, novel proteins called
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PIWI have been discovered, and their expression was found in several types of tumors; thus, these
factors may provide new perspectives in the clinical practice of PC [12]. In the present study, we have
evaluated the expression of the four members of the PIWI family in PC-derived cell lines and one
normal pancreatic cell line used as control. Interestingly, both PIWIL1 and PIWIL2 presented nearly
undetectable expression levels in all cell lines. Indeed, this fact could be explained by the presence
of CpG islands in the promoter region of PIWIL1 [48] and PIWIL2 [49]. It has been reported that
downregulation of PIWIL1 and PIWIL2 by promoter CpG island hypermethylation has been observed
in other types of tumors like testicular or non-small cell lung cancer [38]. It has also been described
how PIWIL1 downregulation regulates migration of Schwann cells for peripheral nerve regeneration
after injury [50]. Since we found low levels of PIWIL1 and PIWIL2 in a pancreatic normal cell line, this
event seems not to be exclusive of tumor cells. In fact, these genes play crucial roles in spermatogenesis,
and their downregulation impairs germ cell development that might associate with male infertility [51].

On the other hand, PIWIL3 and PIWIL4 showed higher protein levels and a differential expression
pattern throughout cell lines, which includes a non-tumor cell line. This first attempt implied that
PIWIL3 and PIWIL4 might not act as an oncogene in PC. Nevertheless, the role of PIWIL3 and PIWIL4
in tumorigenesis is rather controversial. For this, we decided to evaluate their role with functional
experiments in tumor cell lines and a non-tumor cell line as normal control. Some studies have reported
the expression of these proteins with oncogenic features; e.g., one study described how cancer cells
re-express PIWIL3 to promote cancer cell growth [52]. Other research highlighted that PIWIL3 and
PIWIL4 presented oncogenic potential in several types of cancers [13]. In contrast, PIWIL3 exhibited a
protective effect in glioma cells [25], and low expression of PIWIL4 has been found in tumor cells from
hepatocellular carcinoma [36], breast cancer [22] and non-small cell lung cancer [38]. Therefore, the role
of PIWIL3 and PIWIL4 in tumor initiation and development remains still unclear. In our functional
experiments, we were able to evaluate cell response to PIWIL3 and/or PIWIL4 downregulation.
Moreover, the inclusion of a non-tumor cell line in these experiments led us to discern between a
true oncogenic role and a normal cell function. Our experiments, designed to evaluate cell motility,
chemoresistance and undifferentiated phenotype, revealed that the effect observed after PIWIL3 and/or
PIWIL4 downregulation in tumor cells were also shown by the non-tumor cell line. Here, we observed
how PIWIL3 and PIWIL4 knockdown decreased motility of both tumor and normal cells through
a mesenchymal arrest in favor of the epithelial phenotype. This reduction of the cell motility by
PIWIL4 downregulation has previously been described in breast cancer cells through an impairment
of Vimentin and N-Cadherin [33]. However, this study only provided evidence of migration delay
in MCF-7 tumor cell line but not in a non-tumor cell line. Then, it is still unknown whether PIWIL4
downregulation exclusively affects cell motility of breast cancer cells or also impairs motility of normal
cells. For this concern, it has been reported how PIWIL2 regulates invasion abilities of prostate cancer
cells through modulation of EMT protein expression [53]. HPV16 is also able to increase PIWIL2
levels to increase proliferation and invasion of cervical cancer cells [54]. However, not only do PIWI
proteins play a role as invasion promoting factors, but also their associated piRNAs. It has been
described how downregulation of piRNA-36712 promotes invasion and migration of tumor cells;
thus, it is considered a potential tumor suppressor in breast cancer [55]. Another study supports the
tumor-suppressive properties of piR-823 because its upregulation inhibits tumor cell growth in gastric
cancer models [56]. In addition, piR-823 downregulation suppressed cell proliferation of colorectal
cancer cells by a direct modulation of the transcriptional activity of HSF1 [57]. Other functional
experiments have demonstrated that piR-651 promotes tumor formation in non-small cell lung cancer
mediated by Cyclin D1 and CDK4 [58]. To the best of our knowledge, we have described for the first
time the implication of PIWIL3 and PIWIL4 in cell motility through EMT modulation of tumor and
non-tumor pancreatic cells. From a clinical point of view, this connection between PIWIL3/PIWIL4 and
EMT should be managed carefully since EMT is the most critical mechanism by which adult tissues,
including pancreatic β-cells, are repaired after inflammatory, toxic or trauma injuries [59–61].
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Many works have reported that PIWI proteins have the ability to regulate transposable elements
to maintain genomic stability of stem cells [62]. In our functional studies, we observed a diminished
undifferentiated phenotype of pancreatic cells, and we found a decrease in the number and size of
pancreatic stem-cell-like spheres after PIWIL3 and/or PIWIL4 downregulation. This result supports the
role of PIWIL3/PIWIL4 in the maintenance of undifferentiated phenotype both in tumor and in normal
cells, as was previously observed in normal spermatogenesis of mammals [63]. Moreover, downregulation
of PIWIL2 decreased proliferation and survival of breast cancer stem cells through a decrease in the
protein levels of STAT3, BCL-XL and Cyclin D1 [64]. This link between PIWI proteins and undifferentiated
phenotype has also been demonstrated when downregulation of PIWI proteins impaired whole-body
regeneration of certain marine organisms [65]. Hence, the role of PIWIL3/PIWIL4 seems not to be exclusive
of tumorigenesis and suggests a crucial function in fundamental tissue maintenance.

Since expression of PIWI proteins increased resistance to drugs in cervical cancer [66] and in
non-small cell lung cancer [67], we decided to evaluate whether PIWIL3 or PIWIL4 were able to
modulate chemoresistance of PC. Here, we described how PIWIL3 and PIWIL4 downregulation
increases the effect of the gold standard chemotherapies against PC. Surprisingly, PL45 cell line
showed no effect after individual or combined downregulation. However, the lack of effect in PL45
could be explained not only by its mutations in KRAS, TP53 or DPC4, which are commonly found in
PC, but also by its mutation in BRCA2 gene, which could confer chemoresistance in PC as recently
described by Wang et al. [68]. As we observed and as previously reported in the literature, non-tumor
cell line hTERT-HPNE showed Gemcitabine resistance [69]. Nevertheless, it reverted completely
its chemoresistance after PIWIL3 and/or PIWIL4 knockdown and significantly increased the effect
of Gemcitabine alone or in combination with Nab-Paclitaxel. However, this statistically significant
drug response exhibited after double downregulation achieved neither additive nor synergic effect
compared with individual protein downregulation in the presence of single treatment or combination.
The fact that PIWIL3 and/or PIWIL4 downregulation increased considerably drug response on the
normal cell line does not make modulation of PIWIL3 or PIWIL4 suitable for future drug design
against PC. This effect on normal cells could imply higher toxicity and adverse events, which could
compromise tolerability and safety of patients. In order to explain the link between these two PIWI
proteins and chemoresistance, we explored factors related to Gemcitabine or Nab-Paclitaxel resistance
in PC. Hepatocyte Nuclear Factor Alpha (HNF4A) appeared rapidly as a potential factor that may
account for this finding. HNF4A is overexpressed in hepatocytes, enterocytes and pancreatic β-cells.
It also ensures expression of intermediary genes required for metabolism of glucose and lipids, and it
is necessary for cell differentiation [70]. In PC, high expression levels of HNF4A have been correlated
with poor prognosis. HNF4A has been described as conferring chemoresistance in other types of
tumors like breast cancer, where it has been the most upregulated gene after hypoxic conditions and led
to a higher Doxorubicin resistance [71]. Indeed, a synthetic HNF4A antagonist is under investigation to
selectively eradicate cancer cells [72]. Moreover, the mechanism of HNF4A to confer chemoresistance
to Gemcitabine is through (a) direct regulation of hENT1, which is responsible for Gemcitabine uptake
of tumor cells [46]. At first glance, neither PIWIL3 nor PIWIL4 exhibited a correlation with hENT1.
Nevertheless, a high trend towards significance was found between PIWIL3 and HNF4A at the protein
level, and a statistically significant correlation was found between PIWIL4 and HNF4A both at mRNA
and at the protein level. Therefore, these results support the role of these PIWI proteins as crucial
factors for regulation of chemotherapy uptake of cells.

Finally, we assessed survival analyses by staining PIWIL3 or PIWIL4 in PC samples. We were struck
in particular by the fact that PIWIL3 and PIWIL4 were expressed in pancreatic normal tissues [73,74];
consequently, our hypothesis as oncogenes was found baseless and was simply discarded. Furthermore,
survival analyses revealed that low expression of PIWIL4 associated significantly with both shorter
progression-free and overall survival. These results suggested a deleterious effect of low levels
of PIWIL4. Since PC is a deadly disease and survival of patients is rather limited, our findings
allow the identification of two different risk subgroups of PC patients that can be clinically managed
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independently to improve survival. Only tumor size higher than 2 cm emerged as statistically
significant together with low PIWIL4 expression in Cox multivariate analysis for progression-free
survival. This result could be expected, since tumor size at diagnostic is closely related to survival.
It has been reported that the 5-year survival rate is around 50% when tumors are below 2 cm [75]
and close to 100% when tumors are below 1 cm [76]. Moreover, we found that a higher percentage of
patients with low PIWIL4 expression exhibited a link with T3 tumors and neural invasion compared
with those with high PIWIL4 expression.

On the other hand, the fact that low levels of PIWIL4 are related to reduced cell motility seemed
to go against our results that suggest it as a poor prognostic biomarker of PC. However, our results
suggest that the lack of PIWIL4 could increase treatment toxicity and adverse events to patients, an
impaired tissue repair driven by a delay in cell motility through EMT reversion, and a default on
cell differentiation. All these mechanisms could retard the healing process of PC patients and lead to
shorter progression-free and overall survival.

5. Conclusions

In our study, we have compiled some functional experiments and survival analysis according
to PIWIL3 or PIWIL4 expression to dissect the role of these proteins in PC. Our findings support
PIWIL3 and PIWIL4 as crucial factors in the regulation of cell motility, stem cell maintenance and drug
resistance both in tumor and healthy pancreatic cells. Moreover, low PIWIL4 expression is able to
predict shorter survival of PC patients. These results provide new insights into the knowledge of PIWI
proteins functions and their controversial role in tumorigenesis.
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Abstract: Background: Serotonin-secreting pancreatic neuroendocrine tumours (5-HT-secreting
pNETs) are very rare, and characterised by high urinary 5-hydroxyindole-acetic acid (5-HIAA) levels
(or high serum 5-HT levels). Methods: Patients with 5-HT-secreting pancreatic neoplasms observed
in our unit (1986–2015) were included. Diagnosis was based on urinary 5-HIAA or serum 5-HT
levels. Results: Seven patients were enrolled (4 M/3 F), with a median age of 64 (range 38–69) years.
Two patients had a carcinoid syndrome. Serum 5-HT was elevated in four patients. Urinary 5-HIAA
levels were positive in six patients. The median tumour size was 4.0 (range 2.5–10) cm. All patients
showed liver metastases at diagnosis. None underwent resective surgery; lymph node/liver biopsies
were taken. Six lesions were well-differentiated tumours and one a poorly differentiated carcinoma
(Ki67 range 3.4–70%). All but one patient received chemotherapy. Four patients received somatostatin
analogues; three patients underwent ablation of liver metastases. One patient is alive with disease
117 months after observation. All the others died from disease progression after a follow-up within
158 months. Conclusions: Primary 5-HT-secreting pNETs are mostly metastatic to the liver; patients
are not amenable to resective surgery. Despite high 5-HIAA urinary levels, few patients present with
carcinoid syndrome. A five-year survival rate of 42.9% may be achieved with multimodal treatment.

Keywords: pancreatic neuroendocrine neoplasm; primary pancreatic carcinoid; serotonin-secreting
pancreatic tumour; serotonin-producing pancreatic tumour

1. Introduction

“Carcinoid tumours” were originally classified into foregut (including those arising in the pancreas),
midgut and hindgut tumours, according to their embryologic origin [1]. The term “carcinoid” has been
used for a long time to indicate midgut or small intestinal neuroendocrine tumours (NETs), which
produce serotonin (5-HT), and cause the typical “carcinoid syndrome”. These NETs can be identified
by twenty-four-hour measurement of urinary 5-hydroxyindole-acetic acid (5-HIAA), which has an 88%
specificity for 5-HT-producing NETs [2].

Pancreatic NETs (pNETs) may show positive immunostaining for hormones, neuropeptides and
amines, including 5-HT [3,4], and about 4–8% of small pNETs can show a variable portion of cells
staining for 5-HT [5,6], even if they are non-functioning (in which case the patient will not complain of
symptoms related to hormonal hypersecretion). Recently, small pNETs with a positive 5-HT staining
have been called “serotoninomas” [7], while La Rosa [6] in 2011 proposed the term “5-HT-producing
EC cell tumours of the pancreas”.

In the literature, there are different definitions of “pancreatic carcinoids”, and it is not always
clear whether reports refer to 5-HT-secreting, or 5-HT-staining pancreatic tumours. The term
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“foregut carcinoid”, used before the year 2000, includes pNETs with normal levels of 5-HT and
urinary 5-HIAA [8], and some pancreatic adenocarcinomas with neuroendocrine differentiation and
carcinoid-like symptoms [9,10]. Therefore, it is difficult to estimate the actual incidence and prevalence
of 5-HT-secreting tumours of the pancreas.

The aim of the present study is to focus on pancreatic NETs secreting 5-HT, rare entities that
may be defined as “5-HT-secreting pNETs” and diagnosed in the presence of a pancreatic mass, an
increased urinary 5-HIAA level above the upper limit of normal, and/or an increased serum 5-HT level.
The experience of a single high-volume pancreatic and referral centre for NETs is analysed, and the
clinic-pathological features, treatment and prognosis of these patients are discussed.

2. Methods

Clinical records of patients who were observed for a 5-HT-secreting pNET from January 1986 to
December 2015 in our unit were retrieved. The diagnosis of 5-HT-secreting pNET was made in the
presence of a pancreatic mass assessed by imaging studies, an increased urinary 5-HIAA level above
the upper limit of normal, and/or an increased serum 5-HT level. Patients with only a positive 5-HT
immunostaining should be defined as having a non-functioning 5-HT-staining pNET, and were not
included in the present study. Patients were diagnosed with a pNET using the following imaging
studies: computed tomography-CT scan, magnetic resonance imaging-MRI, 111In-Scintigraphy and/or
18F-FDG positron emission tomography (PET)/CT. Patients presenting with a pNET and a concomitant
small intestinal NET, or who had previously been operated on for a small intestinal NET, were not
included in the present study. At the time of initial evaluation, plasma and urine samples of the
patients were assayed for 5-HT and 5-HIAA, respectively, which since 1992 has been carried out using
high-pressure liquid chromatography. Serotonin levels were measured in serum after separation of
platelets, apart from the first patient (case n.1), for whom an old radiometric method was used.

The following data were analysed: age, gender, medical history and clinical presentation,
blood and urinary tests (serum 5-HT, 24-h urinary 5-HIAA, and other serum tumour markers and
gastrointestinal hormones), tumour location in the pancreas, and type of surgery or tumour biopsy.
The diagnosis and grading of pancreatic neuroendocrine neoplasms were carried out according to
the World Health Organization (WHO) 2019 Classification of Digestive System Tumours [11] and the
European Neuroendocrine Tumor Society (ENETS) TNM classification [12]. In particular, tumour size
(cm), lymph node metastases (Nx, N0, N1), distant metastases (Mx, M0, M1) and tumour grade (G1, G2
and G3, assessed by mitotic index and Ki67 labelling index) were evaluated. Immunohistochemical
analysis was performed for synaptophysin, chromogranin A (CgA) and neuron-specific enolase (NSE),
and for expression of other hormones and neuroendocrine markers (insulin, glucagon, somatostatin,
pancreatic polypeptide, 5-HT, gastrin, vasoactive intestinal peptide and calcitonin).

All the patients had a regular follow-up, with clinical evaluation, blood and urinary tests
(in particular, serum 5-HT and urinary 5-HIAA) and imaging studies as above (including
68Ga-DOTA-peptide PET/CT) to define the extent of the tumour and detect any tumour progression.
Other non-surgical treatments, liver metastases embolisation or ablation treatments were recorded.
Overall survival (OS) was evaluated in all patients, based on death certificates, or if still living either
using a telephone interview or at the last follow-up visit. Follow-up closed in December 2019. Survival
curves were estimated using the Kaplan–Meier method. The research was conducted ethically in
accordance with the World Medical Association Declaration of Helsinki. Subjects have given their
written informed consent to data processing anonymously for research purposes. The ethics committee
of the Azienda Ospedaliera di Padova approved the present study (project code: 2872p).
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3. Results

3.1. Patient Characteristics and Laboratory Diagnosis

Among 239 patients with a histologically confirmed pNET observed in our unit during the study
period, seven (2.9%) patients had a 5-HT-secreting pNET. The study population consisted of four men
and three women, with a median age of 64 (range 38–69) years. Only two patients had symptoms
related to a carcinoid syndrome with flushing and diarrhoea (Figure 1); all the others presented with
a non-functioning pNET. The leading presenting symptom was weight loss in three (43%) patients,
and two (29%) patients complained about abdominal pain (Figure 2). One patient had a cervical
lymphadenopathy, and another presented with jaundice and ascites due to portal vein thrombosis
(Figure 3).

 
Figure 1. Angiography of the celiac trunk showing a mass in the pancreatic head (big arrow) and
multiple liver metastases (small arrow) in a patient with carcinoid syndrome (case n.1).

  

(a) (b) 

Figure 2. Computed tomography scan 2 (a) and 18F-FDG positron emission tomography/CT 2
(b) showing a pancreatic neuroendocrine tumor in the body of the pancreas (white arrow) with multiple
liver metastases (case n.7).
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Figure 3. Abdominal magnetic resonance imaging showing several huge mesenteric and left gastric
vein compensation collateral circles due to portal vein thrombosis and portal hypertension (case n.6).

Six patients had increased urinary 5-HIAA levels (up to 18x the upper limit of normal), and four
patients had an increased serum 5-HT (up to 5x the upper limit of normal). Notably, four patients with
high urinary 5-HIAA levels, two of them also with increased serum 5-HT levels, had no symptoms
related to a carcinoid syndrome. Some patients showed a co-secretion of other peptides: four patients
had an increased serum CgA, and three had raised calcitonin levels (Table 1).

Table 1. Clinical presentation and laboratory tests at diagnosis in patients with serotonin-secreting
pancreatic NETs.

No. Obs
Gender/

Age
Clinical

Presentation
Carcinoid
Syndrome

24-h Urinary
5-HIAA *

Serum
5-HT *

Other Serum NE
Markersand GI

Hormones

normal elevated

1 1986 F/67 Abdominal pain
Yes

(flushing,
diarrhoea)

n.a. 5.1x
Gastrin,

Glucagon,
Calcitonin

NSE

2 1995 M/64 Asymptomatic No 12.3x 3.8x Gastrin NSE,
Calcitonin

3 1999 M/69 n.a. n.a. 5.2x n.a.

NSE,
Insulin,
Gastrin,

Calcitonin

no

4 2002 M/44 Weight loss,
dyspepsia

No
diarrhoea 1.8x n.a. NSE,

Gastrin

CgA,
Glucagon,
Calcitonin

5 2004 F/44 Cervical
lymphadenopathy No 6.7x n.a. NSE,

Insulin CgA

6 2010 F/38

Weight loss,
jaundice, portal
vein thrombosis,
ascites, fatigue

Yes
(flushing,
diarrhoea)

17.4x 1.3x
NSE, SS,

VIP,
Calcitonin

CgA,
Gastrin

7 2011 M/68
Abdominal pain,

weight loss,
fatigue

No
diarrhoea 4.5x 2.1x Gastrin

CgA,
NSE,

Calcitonin

Obs year of observation, F female, M male, n.a. not applicable, 5-HIAA 5-hydroxyndoleacetic acid, 5-HT
5-hydroxytryptamine, NE neuroendocrine, GI gastrointestinal, NSE neuron specific enolase, SS somatostatin, VIP
vasoactive intestinal peptide, CgA chromogranin A. * Expressed as “times the upper limit of normal”.
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3.2. Histology and Immunohistochemical Features

The median primary tumour size was 4.0 (range 2.5–10) cm, and the primary tumour was located
in the pancreatic body in four out of seven cases. Despite all patients showing bilobar liver metastases
at diagnosis, only two presented with a carcinoid syndrome. None of the patients underwent a
pancreatic resection. Therefore, final diagnosis of pNET was made in five patients after a liver biopsy
and in the others by lymph node biopsies. Tumour grading (used since 1998) was available in three
cases, two G2 NETs (3.4% and 16%) and one G3 NET (70%). Of the other four cases, three were
well-differentiated NETs and one was a poorly differentiated large cell neuroendocrine carcinoma
(NEC). In particular, the NEC was characterised by a solid growth pattern, large areas of necrosis and
large polygonal cells having amphophilic cytoplasm, vesicular chromatin and prominent nucleoli.
Data on immunohistochemical analysis were available in five cases, all of them showing a positivity
for CgA; in addition, two patients had a positive 5-HT staining (Figure 4). Unfortunately, no remaining
tissue was available to perform 5-HT staining, or to detect the other peptides secreted by the tumour.

  

a 

  

b 

Figure 4. Representative hematoxylin and eosin stain 4 (a) and serotonin immunostaining 4 (b) of
case n.7. The neoplasia was characterized by a trabecular pattern of growth, high mitotic activity
(MIB1-labelling index > 70%), areas of necrosis, and high-grade cytonuclear pleomorphism. A final
diagnosis of G3 neuroendocrine tumour (NET G3) was reached. The lesion showed a heterogeneous
serotonin pattern of staining, which was positive in most neoplastic cells (original magnifications, 20×).

3.3. Prognosis and Follow-Up

All the patients were evaluated in terms of OS, after a median follow-up of 29 (range 5–158) months.
Four patients were treated with somatostatin analogues (SS-A), two of whom had a carcinoid syndrome
and showed an improvement of symptoms. Three patients also underwent a local ablation of liver
metastases (trans-arterial (chemo)-embolisation, microwave ablation), and all but one patient received
polychemotherapy regimens. Multimodal treatment with chemotherapy, SS-A and/or loco-regional
liver ablation was performed in all the patients, and they demonstrated, occasionally, a long survival
(up to 158 months). One patient is still alive with the disease at late evaluation 117 months after
diagnosis. All the others died due to disease progression after a median follow-up of 22.5 (range 5–158)
months Table 2. Disease-related survival at 1, 3 and 5 years was 71.4%, 42.9% and 42.9%, respectively
(Table 2).
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Table 2. Pathological findings and follow-up in patients with serotonin-secreting pancreatic NETs.

No.
Pancreatic

Site
Size (cm)

Distant
Metastases

Biopsy
TNM

Stage [12]
NET/NEC

Ki67
Immunohistochemistry

Other
Therapies

Follow-Up
(Months)

Status

Positive Negative

1 Head
4.0

Bilobar
liver Liver T2 Nx M1

IV
NET
n.a.

5-HT
20–20–30%
Grimelius

Insulin, Gastrin,
PP SS-A, CT a 158 DOD

2 Tail
2.5

Bilobar
liver Liver T2 Nx M1

IV
NET
n.a. CgA n.a. TACE 12 DOD

3 Body
4.0

Bilobar
liver,

mediastinal
LN

Liver T2 N1 M1
IV

NET
n.a.

CgA,
Grimelius n.a. CT b 29 DOD

4 Tail
6.0

Bilobar
liver

Abdominal
LN

T3 N1 M1
IV

NET
3.4%

CgA, Syn,
NSE

5-HT, Insulin,
Gastrin,

Glucagon, SS,
PP, Calcitonin

SS-A, CT b,
TAE,
PRRT

96 DOD

5 Body
10.0

Bilobar
liver,

cervical
LN

Cervical
LN

T4 N1 M1
IV

NEC
n.a. n.a. n.a. SS-A, CT c 16 DOD

6 Body
4.0

Bilobar
liver Liver T2 N1 M1

IV
NET
16% CgA, Syn n.a.

Biliary
stent

SS-A, CT d

Liver MW
Everolimus

117 AWD

7 Body
3.6

Bilobar
liver Liver T2 Nx M1

IV
NET
70%

5-HT,
CgA, Syn,
Calcitonin

NSE, Insulin,
Gastrin,

Glucagon, SS,
PP, VIP

CT e 5 DOD

LN lymph node, NET neuroendocrine tumour, NEC neuroendocrine carcinoma, n.a. not applicable, 5-HT
5-hydroxytryptamine, CgA chromogranin A, Syn synaptophysin, NSE neuron specific enolase, PP pancreatic
polypeptide, SS somatostatin, VIP vasoactive intestinal peptide, SS-A somatostatin analogue, CT chemotherapy,
TACE transarterial chemoembolisation, TAE transarterial embolisation, PRRT peptide receptor radionuclide therapy,
MW microwave, DOD died of disease, AWD alive with disease. a Dacarbazine. b not available. c First line: paclitaxel,
cisplatin, and gemcitabine; second line: doxorubicin and streptozotocin. d First line: 5-fluorouracil, dacarbazine,
and epirubicin; second line: capecitabine. e Epirubicin, 5-fluorouracil and dacarbazine.

4. Discussion

The old term “pancreatic carcinoids”, corresponding to 5-HT-producing pNETs, accounts for
0.58% to 1.4% of two large series of “carcinoids” [13,14], but it is difficult to estimate the actual incidence
of 5-HT-secreting pNETs, because pNETs causing a clinically evident carcinoid syndrome are very
rare [6]. In fact, in a large series of so-called “pancreatic carcinoids”, Soga et al. [14] observed only 23%
of patients complaining of a carcinoid syndrome.

Currently, 5-HT staining and urinary 5-HIAA measurement are not routinely tested
or recommended in pNETs [6,7,15]; it is likely that the true incidence and prevalence of
5-HT-producing/secreting pNETs may be underestimated. In our experience, the systematic
measurement of urinary 5-HIAA or serum 5-HT in patients with a pNET (although asymptomatic)
allowed the selection of a subset of primary pNETs with an excess of 5-HT secretion in the bloodstream,
revealed by the excretion of its urinary metabolite 5-HIAA.

In our series, patients were affected by large pNETs (median size 4 cm, up to 10 cm in size), with
multiple liver metastases at presentation. A similar rate of liver metastases (95%) in 22 patients with
5-HT-secreting pNETs has been reported by Zandee et al. [16]. Despite liver metastases and urinary
5-HIAA levels increasing to up to 18 times the upper limit of normal, in our series only two out of
seven patients presented with a carcinoid syndrome. Maurer et al. [8] showed similar results in a
review of 29 cases of 5-HT-secreting “pancreatic carcinoids”; in these patients, no complete typical
carcinoid syndrome occurred, despite the evidence of distant metastases in 69%, and elevated urinary
5-HIAA levels in 85% of cases.

We can only speculate on the reasons why a high tumour burden and high levels of 5-HT
metabolite (and thus of 5-HT secretion) are not always associated with the carcinoid syndrome: (1) no
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(or not enough, or with low affinity) 5-HT receptors are available in the target tissues (thus limiting its
effects); (2) a hyperactivation of 5-HT clearance in specific tissue prevents any secondary effects of
5-HT. Moreover, some of the several factors and substances involved in the development of carcinoid
syndrome may be lacking or inactive. In fact, diarrhoea and flushing in carcinoid syndrome may be
due to a variety of tumour substances released, including 5-HT, tachykinins (substance P, neurokinin A
and neuropeptide K) and prostaglandins [17], and several hypotheses have been proposed to explain
the pathophysiology of these symptoms [18–20]. In our series, almost all patients showed a co-secretion
of other hormones and substances detected in the serum, mostly CgA, NSE, calcitonin and gastrin.
Zandee et al. [16] reported about 78% of patients with 5-HT-secreting pNETs with a serum CgA of
more than 20 times the upper limit of normal, reflecting high tumour burden and a poor prognosis [16].
In addition, co-secretion of other ectopic hormones (i.e., calcitonin, gastrin and 5-HT) from an endocrine
neoplasm may suggest a de-differentiation usually related to a more aggressive behaviour.

Multihormonal immunostaining (including 5-HT) has been found in one third of all pNETs [21];
thus, it is a common finding without prognostic significance. In our series, even a G3 NET demonstrated
positive immunostaining for 5-HT, chromogranin and also for calcitonin. Unfortunately, due to the
small amount of tissue in biopsy samples in our series of unresectable tumours, we were unable
to perform a complete immunohistochemical analysis in all patients, selecting those studies useful
to define the neuroendocrine origin and the grade of the tumour. Serotonin-secreting pNETs may
originate as de-differentiated tumours with a mixed cellularity, showing a co-secretion of other
substances/hormones (i.e., 5-HT, calcitonin, gastrin, substance P, neurokinins, etc.), or from pancreatic
enterochromaffin cells well differentiated in 5-HT production. In fact, small numbers of EC cells
producing substance P, neurokinins, and 5-HT have been found in the human pancreas, scattered in
the pancreatic duct and acini [22], and even the β-cells, as well as some other islet cell types, express
all the genes required to synthesise, package, and secrete 5-HT [23]. This is in line with our findings,
where all but one patient had a well-differentiated pNET.

Non-functioning pNETs may show positive immunostaining for hormones, neuropeptides and
amines, including 5-HT [3,4]. Serotonin-secreting pNETs have a very different prognosis from
5-HT-staining pNETs. The former (with or without associated carcinoid syndrome) are usually of
large size at diagnosis and metastatic in up to 88% of cases [24], whereas 5-HT-staining pNETs are
usually small, and patients can undergo surgery, providing the chance of a complete histologic and
immunostaining study. In our series, no patient underwent a pancreatic resection, and all but one died
from disease progression after a median time of 22.5 (range 5–158) months.

Recently, using data from the SEER database, Dasari et al. [25] reported a median OS of 3.6 years
for pancreatic NETs. Notably, G1–G2 pNETs with distant metastases diagnosed between 2000 and
2012 showed a median survival of 60 months, and 3- and 5-year survival rates were 62% and 50%,
respectively [25]. In the present study, after multimodal treatment consisting mainly of chemotherapy,
SS-A and/or ablation of liver metastases, patients demonstrated a 5-year disease-related survival rate
of 42.9%, with an occasional long survival (up to 158 months). Zandee et al. [16] observed a 5-year
survival rate of 46% in patients with 5-HT-secreting pNETs. Whether high levels of urinary 5-HIAA
are related to a worse prognosis in pNETs or not is unknown, and the same topic is still a matter of
debate in the more frequent small intestinal NETs [26]. It has been reported that the presence of a
carcinoid syndrome is associated with a worse prognosis in pNETs [6]. In our experience, the two
patients presenting with a carcinoid syndrome had the longest OS; one died of disease 158 months
after diagnosis and another is still alive 117 months after diagnosis.

In conclusion, 5-HT-secreting pancreatic NETs are rare entities, which include those tumours
able to secrete high levels of 5-HT in the bloodstream, and consequently have high excretion of
their urinary metabolite 5-HIAA. Although presenting with large pancreatic masses with liver
metastases not amenable to resective surgery, patients complain of carcinoid syndrome in a minority
of cases. This subset of pNETs are not associated with a worse prognosis than other stage IV pNETs
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reported in the literature; in fact, a five-year disease-related survival of 42.9% can be achieved with
multimodal treatment.
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Abstract: Background: The association between optimal carbohydrate antigen (CA) 19-9 concentration
after neoadjuvant chemotherapy (NACT) and prognosis has not been confirmed in patients
with borderline resectable (BRPC) and locally advanced pancreatic cancer (LAPC). Methods:
This retrospective study included 122 patients with BRPC and 103 with LAPC who underwent
surgery after NACT between 2012 and 2019 in a tertiary referral center. Prognostic models were
established based on relative difference of the CA 19-9 (RDC), with their prognostic performance
compared using C-index and Akaike information criterion (AIC). Results: CA 19-9 concentrations
of 37–1000 U/mL before NACT showed prognostic significance in patients with BRPC and LAPC
(hazard ratio [HR]: 0.262; 95% confidence interval [CI]: 0.092–0.748; p = 0.012). Prognostic models
in this subgroup showed that RDC was independently prognostic of better overall survival (HR:
0.262; 95% CI: 0.093–0.739; p = 0.011) and recurrence free survival (HR: 0.299; 95% CI: 0.140–0.642;
p = 0.002). The prognostic performances of RDC (C-index: 0.653; AIC: 227.243), normalization of CA
19-9 after NACT (C-index: 0.625; AIC: 230.897) and surgery (C-index: 0.613; AIC: 233.114) showed no
significant differences. Conclusion: RDC was independently associated with better prognosis after
NACT in patients with BRPC or LAPC. Decreased CA19-9 after NACT was a prognostic indicator of
better survival and recurrence, as was normalization of CA 19-9 after both NACT and surgery.

Keywords: pancreatic cancer; neoadjuvant chemotherapy; response; carbohydrate antigen 19-9

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a rare gastrointestinal cancer, with patients having a
dismal prognosis. Surgical treatment is the mainstay for curative treatment. However, only 15–20% of
diagnosed patients have resectable disease, and only 30% have borderline resectable disease [1]. Radical
surgery, including vascular reconstruction, has been reported as technically feasible, expanding surgical
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indications for PDAC [2]. Moreover, recent studies showed that patients with borderline resectable
(BRPC) or locally advanced pancreatic cancer (LAPC) who underwent surgery after neoadjuvant
chemotherapy (NACT) had better survival outcomes than those who underwent upfront surgery [3–6].

Although the optimal NACT regimen has not yet been determined, a recent meta-analysis
found that FOLFIRINOX-based NACT yielded better oncologic outcomes than gemcitabine-based
NACT, despite the former having greater toxicity [1,7]. The resection rate after NACT was 65.3%,
with 57.4% of the patients who underwent surgery achieving R0 resection [7]. However, prognostic
markers for responders to NACT have not yet been identified except circulating tumor cell or DNA [8].
Although several studies found that normalization of carbohydrate antigen (CA) 19-9 concentration
is associated with better patient prognosis [9], 5–10% of patients with PDAC have normal CA 19-9
at diagnosis because of a Lewis-negative phenotype, and waiting until normalization of CA 19-9 is
difficult in real-world practice [10,11]. This study investigated the ability of reduced CA 19-9 rather
than normalized CA 19-9 after NACT to predict oncologic outcomes in patients with BRPC or LAPC.
The present study also compared the prognostic ability of reduced and normalized CA 19-9 to evaluate
response after NACT in patients with BRPC and LAPC.

2. Methods

2.1. Patients and Study Design

The present study included patients with BRPC and LAPC who underwent surgery following
NACT at a tertiary referral center between July 2012 and August 2019. BRPC was defined as a tumor in
contact with the common hepatic artery without extension to the celiac axis or hepatic artery bifurcation;
a tumor in contact with ≤180◦ of the circumference of the superior mesenteric artery; a tumor in contact
with >180◦ of the circumference of the superior mesenteric vein or portal vein; and a tumor in contact
with ≤180◦ of the circumference of either vein and with a contour irregularity or thrombosis of the
vein but with possible reconstruction [12]. Patients who underwent upfront surgery were excluded.

NACT was administered based on each patient‘s general condition, and concurrent radiotherapy
was not used routinely. The patients were evaluated by serial abdominal computed tomography (CT)
and positron emission tomography (PET), and by measuring CA 19-9 concentrations during NACT.
CT was evaluated using modified Response Evaluation Criteria in Solid Tumors [13]. Surgery after
NACT was evaluated by a multidisciplinary team based on regressive or stable tumor with possibility
of resectability of involved vessels. Pathologic response after surgery was reported using the College of
American pathologist regression grading system [14]. After operation, the patients were administered
chemotherapy except those with complete resolution of PDAC. Radiotherapy was used in the patients
with R1 resection. The response to chemotherapy after surgery was evaluated every 3 months for
2 years by means of abdominal CT and tumor markers. Recurrence was diagnosed based on serial
imaging studies with changing tumor markers and biopsy if possible.

CA 19-9 concentrations were measured before and after NACT, and after surgery, with relative
difference of the CA 19-9 (RDC) calculated as follows: [(CA19-9 after NACT) − (CA 19-9 before
NACT)]/(CA 19-9 before NACT). The association between RDC and prognosis was investigated,
and prognostic models were constructed for predicting overall survival (OS) and recurrence free
survival (RFS). The abilities of normalized and reduced CA 19-9 concentrations to predict outcomes
were compared.

Clinical data were obtained from patients’ medical records. Recorded preoperative factors included
age, sex, body mass index (BMI), American Society of Anesthesiologists (ASA) score, and imaging
results before and after NACT, with tumor markers. Intraoperative factors included extent of resection,
operation time, intraoperative transfusion, and estimated blood loss. Pathologic factors included
tumor regression grade, node metastasis, the number of retrieved lymph nodes, and the presence
of lympho-vascular or perineural invasion. Postoperative factors included length of hospital stay,
postoperative complication based on Clavien-Dindo classification, 30-day mortality, recurrence, and
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survival. Informed consent was obtained from each patient before surgery. The study protocol was
approved by the Institutional Review Board of Asan Medical Center (IRB No: 2018-1336).

2.2. Statistical Analyses

Continuous variables are reported as the mean (standard deviation) and are compared by Student’s
t-tests, and categorical variables are reported as numbers and percentages and are compared by χ2

tests. Survival rates were estimated by the Kaplan–Meier method and compared by log-rank tests.
A multivariable Cox proportional hazards model was used to identify factors prognostic of OS and
RFS. These variables were selected based on their clinical significance and statistical significance in a
univariate Cox model, with caution to avoid overfitting and to ensure generalizability. To compare
three methods of parameterization of CA19-9 (RDC, normalization after NACT, and postoperative
normalization of CA19-9), c-indices were calculated for the final Cox model: one with RDC, the same
model with RDC replaced by post-NACT normalization of CA 19-9, and the same model with RDC
replaced by postoperative normalization of CA19-9. To evaluate the statistical difference of these three
c-indices and Akaike information criterion (AIC), their standard errors were determined using 500
bootstrap samples, and their p-values were calculated. All statistical analyses were performed using
SPSS® version 22.0 (SPSS Corp., Chicago, IL, USA) and R 3.5.1 (R Foundation for Statistical Computing,
Vienna, Austria) software, with two-sided p-values <0.05 considered statistically significant.

3. Results

3.1. Patient Characteristics

Gemcitabine or FOLFIRINOX based NACT were administered to 816 patients. Of these, 225 (27.5%)
patients underwent curative intent surgery after NACT. A review of the medical records at our
institution identified 225 eligible patients of mean age 59.7 years, including 115 (51.1%) men and
110 (48.9%) women. Their mean CA 19-9 concentrations before and after NACT were 676.5 U/mL
and 188.4 U/mL, respectively, and their median RDC was 0.62 (with interquartile range: 0.21–0.85).
Of these patients, 122 (54.2%) had BRPC and 103 (45.8%) had LAPC, with 96 (42.7%), 27 (12%),
and 95 (42.3%) found to have invasion of the adjacent vein, artery, and both, respectively. The NACT
regimen consisted of FOLFIRINOX-based chemotherapy in 167 (74.2%) patients and gemcitabine-based
chemotherapy in 58 (25.8%), with 7 (3.1%) patients receiving concurrent radiotherapy. Surgery
consisted of pancreaticoduodenectomy in 138 (61.3%) patients, distal pancreatectomy in 67 (29.8%),
total pancreatectomy in 16 (7.1%), and palliative surgery in 4 (1.7%) depending on the tumor site,
with 122 (54.2%) patients also undergoing adjacent vessel resection and 173 (76.9 %) undergoing R0
resection (Table 1).

3.2. Prognostic Implications of RDC Based on CA19-9 Concentration before NACT

Of 225 patients, 30 (13.3%) patients showed increased CA19-9 after NACT, which means RDC < 0,
and 188 (83.6 %) patients showed decreased or similar CA19-9 after NACT, which means RDC ≥ 0.
We compared oncologic outcomes between RDC ≥ 0 and RDC < 0 groups. The patients with RDC ≥ 0
showed better median recurrence free period compared with RDC < 0 significantly (10.9 vs. 6.8
months, p = 0.016; Figure 1). There was no significant difference in median survival period between
RDC ≥ 0 and RDC < 0 groups (37.1 vs. 26.3 months, p = 0.293; Figure 2). Perioperative variables
were compared between two groups. The patients with RDC < 0 showed higher nodal stage than
RDC ≥ 0 group (p = 0.037). Otherwise, there were no significant differences between the two groups
(Supplementary Table S1). We investigated the effect of prognosis based on CA 19-9 concentration
before NACT and the degree of reduction during NACT. Normal and high CA 19-9 concentrations were
defined as < 37 U/mL and >1000 U/mL, respectively, with concentrations of 37–1000 U/mL classified as
intermediate [15]. Neither the 62 patients with CA19-9 < 37 U/mL nor the 26 patients with CA 19-9
>1000 U/mL before NACT showed significant improvements in OS and RFS during NACT. However,
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the 133 patients with CA 19-9 37–1000 U/mL before NACT showed better OS (hazard ratio [HR]: 0.262;
95% confidence interval [CI]: 0.092–0.748; p = 0.012) and RFS (HR: 0.290; 95% CI: 0.134–0.628; p = 0.002)
after NACT. Because these CA 19-9 concentrations before NACT were prognostically significant of
survival outcomes after NACT, we established prognostic models and compared their prognostic
performance in this patient subgroup (Table 2).

Table 1. Patient characteristics (n = 225).

n (%) or Mean ± SD

Age (years) 59.7 ± 8.6
Sex (M/F) 115 (51.1)/110 (48.9)

ASA score (I/II/III) 15 (6.7)/189 (84)/19 (8.4)
BRPC/LAPC 122 (54.2)/103 (45.8)

Invasion (SMV/SMA/Both) 96 (42.7)/27 (12)/95 (42.3)
NACT regimen

Gemcitabine based 58 (25.8)
FOLFIRINOX based 167 (74.2)

NACT cycle 6.5 ± 3.3
Concurrent neoadjuvant radiotherapy 7 (3.1)

CA19-9 before NACT (U/mL) 676.5 ± 3142.3
CA19-9 after NACT (U/mL) 188.4 ± 522.1

Median relative change of CA19-9 during NACT 0.62 (interquartile range: 0.21–0.85)
CA19-9 7 days after surgery (U/mL) 166.0 ± 1500.4

Preoperative response on CT (PR/SD) 67 (29.8)/158 (70.2)
Operation time 315.2 ± 97.4

Operation (PD/DP/TP/Palliative surgery) 138 (61.3)/67 (29.8)/16 (7.1)/4 (1.7)
Intraoperative transfusion 37 (16.4)

Vessel resection (vein/artery) 95 (57.8)/41 (18.2)
Adjacent organ resection 19 (8.4)

Postoperative complication 44 (19.6)
Differentiation (CR/WD/MD/PD/UD) 5 (2.2)/26 (11.6)/172 (76.4)/16 (7.1)/2 (0.9)

T-stage (CR/1/2/3/4), AJCC 8th 5 (2.2)/63 (28.0)/124 (55.1)/29 (12.9)/4 (1.8)
N-stage (0/1/2), AJCC 8th 122 (54.2)/80 (35.6)/23 (10.2)
Resection margin (R0/R1) 173 (76.9)/48 (21.3)

SD, standard deviation; ASA, American Society of Anesthesiologists; BRPC, borderline resectable pancreatic
cancer; LAPC, locally advanced pancreatic cancer; NACT, neoadjuvant chemotherapy; FOLFIRINOX, 5-fluorouracil,
irinotecan, and oxaliplatin; CA 19-9, carbohydrate antigen 19-9; CT, computed tomography; PR, partial response; SD,
stable disease; PD, pancreaticoduodenectomy; DP, distal pancreatectomy; TP, total pancreatectomy; CR, complete
regression; WD, well differentiated; MD, moderately differentiated; PD, poorly differentiated; UD, undifferentiated;
AJCC, American Joint Committee on Cancer.

Table 2. Prognostic effects of carbohydrate antigen 19-9 concentration before neoadjuvant chemotherapy
on overall survival and recurrence free survival.

CA19-9 before NACT HR 95% CI p-Value

Overall survival <37 U/mL (n = 62) 0.851 0.100–7.241 0.882
37–1000 U/m (n = 133) 0.262 0.092–0.748 0.012
>1000 U/mL (n = 26) 8.075 0.163–399.699 0.294

Recurrence free survival <37 U/mL (n = 62) 0.708 0.222–2.257 0.560
37–1000 U/mL (n = 133) 0.290 0.134–0.628 0.002
>1000 U/mL (n = 26) 1.016 0.211–4.888 0.985

HR, hazard ratio; CI, confidence interval; CA19-9, carbohydrate antigen 19-9; NACT, neoadjuvant chemotherapy.
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Figure 1. Kaplan-Meier analysis of recurrence free survival in patients with relative difference of
carbohydrate antigen 19-9 (RDC) ≥ 0 and < 0. Median recurrence free survival was significantly longer
in patients with RDC ≥ 0 than in those with RDC < 0 (10.9 vs. 6.8 months; p = 0.016 by log-rank test).

Figure 2. Kaplan-Meier analysis of overall survival in patients relative difference of carbohydrate
antigen 19-9 (RDC) ≥ 0 and < 0. Median overall survival showed no significant difference between
patients with RDC ≥ 0 and RDC < 0 (37.1 vs. 26.3 months; p = 0.293 by log-rank test).

3.3. Establishment of Prognostic Model for Survival and Recurrence in Patients with pre-NACT 37–1000 U/mL

The 3-year OS and RFS rates were 43.7% and 24.8%, respectively. Univariate analysis showed
that adjacent vein resection (HR: 2.121; 95% CI: 1.028–4.377; p = 0.042), low RDC as a continuous
variable (HR: 0.262; 95% CI: 0.092–0.748; p = 0.012), and intraoperative transfusion (HR: 2.172; 95%
CI: 1.022–4.619; p = 0.044) were significantly associated with worse OS. Multivariate analysis showed
that low RDC was the independent prognostic factor for worse OS (HR: 0.262; 95% CI: 0.093–0.739;
p = 0.011; Table 3). Univariate analysis of factors prognostic of RFS found that adjacent vein resection
(HR: 1.687; 95% CI: 1.075–2.649; p = 0.023), advanced T-stage (p = 0.013), and low RDC (HR: 0.290; 95%
CI: 0.134–0.628; p = 0.002), were significantly prognostic of reduced RFS. Multivariate analysis showed
that low RDC (HR: 0.299; 95% CI: 0.140–0.642; p = 0.002) and adjacent vein resection (HR: 1.612; 95%
CI: 1.021–2.545; p = 0.040) were independently prognostic of early recurrence (Table 4).
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Table 3. Univariate and multivariate analyses of factors associated with overall survival in patients
with pancreatic cancer and carbohydrate antigen 19-9 concentrations of 37–1000 U/mL before
neoadjuvant chemotherapy.

Univariate Analysis Multivariate Analysis

Variables HR 95% CI p-Value HR 95% CI p-Value

Age 1.019 0.978–1.062 0.368
Sex 0.884 0.434–1.801 0.734

Partial response on preoperative CT 1.076 0.792–1.460 0.640
Adjacent vein resection 2.121 1.028–4.377 0.042 1.923 0.897–4.122 0.093

Cell differentiation WD,MD/PD,UD 3.202 1.243–8.245 0.016
T-stage (AJCC 8th) 1,2/3,4 1.124 0.500–2.524 0.777
N-stage (AJCC 8th) N0 (ref) 1 0.560

N1 1.144 0.524–2.496 0.736
N2 1.806 0.649–5.021 0.257

Tumor regression grade 0,1/2,3 1.139 0.403–3.219 0.806
Lympho-vascular invasion 1.637 0.802–3.342 0.175

Perineural invasion 1.306 0.531–3.209 0.561
RDC 0.262 0.092–0.748 0.012 0.262 0.093–0.739 0.011

R1 resection 1.366 0.621–3.004 0.437
Intraoperative transfusion 2.172 1.022–4.619 0.044 1.977 0.910–4.296 0.085

HR, hazard ratio; CI, confidence interval; CT, computed tomography; WD, well differentiated; MD, moderately
differentiated; PD, poorly differentiated; UD, undifferentiated; AJCC, American Joint Committee on Cancer; RDC,
relative difference of CA19-9.

Table 4. Univariate and multivariate analyses of factors associated with recurrence free survival in
patients with pancreatic cancer and carbohydrate antigen 19-9 concentrations of 37–1000 U/mL before
neoadjuvant chemotherapy.

Univariate Analysis MultivAriate Analysis

Variables HR 95% CI p-Value HR 95% CI p-Value

Age 0.987 0.965–1.010 0.263
Sex 1.161 0.745–1.808 0.509

Partial response on preoperative CT 0.873 0.600–1.270 0.478
Adjacent vein resection 1.687 1.075–2.649 0.023 1.612 1.021–2.545 0.040

Cell differentiation WD,MD/PD,UD 1.184 0.577–2.429 0.198
Tumor regression grade 0,1/2,3 1.531 0.800–2.930 0.198

Lympho-vascular invasion 1.337 0.847–2.110 0.212
Perineural invasion 1.261 0.751–2.118 0.381
T-stage (AJCC 8th) 1,2/3,4 0.923 0.568–1.501 0.747
N-stage (AJCC 8th) N0 (ref) 0.159

N1 1.550 0.208–11.553 0.669
N2 1.883 0.984-3.607 0.056

RDC 0.290 0.134–0.628 0.002 0.299 0.140–0.642 0.002
R1 resection 1.459 0.873–2.437 0.150

Intraoperative transfusion 1.171 0.667–2.056 0.583

HR, hazard ratio; CI, confidence interval; CT, computed tomography; WD, well differentiated; MD, moderately
differentiated; PD, poorly differentiated; UD, undifferentiated; AJCC, American Joint Committee on Cancer; RDC,
relative difference of carbohydrate antigen 19-9.

3.4. Comparative Prognostic Performance of Reduced and Normalized CA 19-9 after NACT and after Surgery

We compared prognostic performance of model using factors related with prognosis in this study.
Prognostic model for OS included adjacent vein resection, and intraoperative transfusion, Additionally,
Model 1, 2, and 3 included RDC as a continuous variable, normalization of CA19-9 after NACT,
and normalization of CA19-9 after surgery, respectively. Model 1, 2, and 3 had C-index values for OS
of 0.653, 0.625, and 0.613, respectively. Although the C-index of model 1 was higher than those of
models 2 and 3, the differences were not statistically significant (p = 0.904 and p = 0.680, respectively).
The AIC values for OS of models 1, 2, and 3 were 227.243, 230.897, and 233.114, respectively, with
no statistically significant differences between model 1 and models 2 (p = 0.896) and 3 (p = 0.912).
Prognostic model for RFS included adjacent vein resection. Additionally, Model 1, 2, and 3 included
RDC as a continuous variable, normalization of CA19-9 after NACT, and normalization of CA19-9
after surgery, respectively. The three models had C-index values for RFS of 0.604, 0.584, and 0.602,
respectively, with no statistically significant differences between model 1 and models 2 (p = 0.812) and
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3 (p = 0.592). The AIC values for RFS of models 1, 2, and 3 groups were 636.138, 640.246, and 638.247,
respectively, with no statistically significant differences between model 1 and models 2 (p = 0.900) and
3 (p = 0.924). Thus, the prognostic performances of the three models for OS and RFS were similar
(Table 5).

Table 5. Prognostic performance of models that included decreases and normalization of carbohydrate
antigen 19-9 concentration after neoadjuvant chemotherapy and surgery on overall survival and
recurrence free survival.

Outcome Prognostic Model C-Index 95% CI
p-Value
(1 vs. 2)

p-Value
(1 vs. 3)

AIC 95% CI
p-Value
(1 vs. 2)

p-Value
(1 vs. 3)

Overall
survival

Model 1 0.653 0.530–0.784 0.904 0.680 227.243 142.091–297.964 0.896 0.912
Model 2 0.625 0.501–0.767 230.897 145.695–303.928
Model 3 0.613 0.523–0.760 233.114 148.409–305.646

Recurrence
free

survival

Model 1 0.604 0.534–0.676 0.812 0.592 636.138 546.638–726.578 0.900 0.924
Model 2 0.584 0.532–0.654 640.246 548.808–727.833
Model 3 0.602 0.547–0.673 638.247 545.773–722.073

CI, confidence interval; AIC, Akaike information criterion; Model 1, prognostic model including decreased
carbohydrate antigen 19-9 concentration during neoadjuvant chemotherapy; Model 2, prognostic model including
normalization of carbohydrate antigen 19-9 concentration after neoadjuvant chemotherapy; Model 3, prognostic
model including normalization of carbohydrate antigen 19-9 concentration after surgery.

3.5. Prognostic Models in Patients with Borderline Resectable Pancreatic Cancer and Locally Advanced
Pancreatic Cancer

We evaluated performance for the prognostic model in patients with CA19-9 concentration of
37–1000 U/mL before NACT for BRPC (n= 73) and LAPC (n= 60) subgroup. In BRPC subgroup, adjacent
vein resection (HR: 2.806; 95% CI: 1.116–7.051; p = 0.028) and RDC (HR: 0.456; 95% CI: 0.211–0.986;
p = 0.046) were independent prognostic factors for OS. RDC (HR: 0.279; 95% CI: 0.137–0.570; p < 0.001)
was an independent prognostic factor for RFS. We evaluated prognostic performance among models
including prognostic factors in BRPC subgroup. Model 1 (C-index; 0.680, AIC; 126.030), 2 (C-index;
0.693, AIC; 126.403), and 3 (C-index; 0.682, AIC; 128.347) for OS showed no statistical significance
among groups. Prognostic model 1 (C-index; 0.624, AIC; 302.496), 2 (C-index; 0.647, AIC; 302.562), and
3 (C-index; 0.622, AIC; 314.809) for RFS showed similar results without statistical significance. In LAPC
subgroup, Cell differentiation (HR: 86.399; 95% CI: 5.806–1285.760; p = 0.001) was an independent
prognostic factor for OS. T stage (HR: 2.545; 95% CI: 1.060–6.110; p = 0.037), and RDC (HR: 0.634;
95% CI: 0.451–0.889; p = 0.008) were independent prognostic factors for RFS. Prognostic models for
OS showed no statistical significance among model 1 (C-index; 0.919, AIC; 49.475), 2 (C-index; 0.907,
AIC; 49.327), and 3 (C-index; 0.896, AIC; 49.476). Prognostic models for RFS showed no statistical
significance among model 1 (C-index; 0.646, AIC; 193.838), 2 (C-index; 0.606, AIC; 199.314), and 3
(C-index; 0.661, AIC; 193.408) (Supplementary Table S2–S7).

4. Discussion

This study showed that a decrease in CA19-9 concentration after NACT was an indicator of better
prognosis in patients with BRPC or LAPC. Furthermore, comparisons of three prognostic models of
reduced and normalized CA 19-9 after NACT, and of normalized CA 19-9 after surgery, showed that
the three models were similarly predictive of OS and RFS.

CA19-9 is a Lewis blood group oligosaccharide, also called sialyl Lewis A antigen, which is
synthesized by exocrine epithelial cells. It has shown a 70–90% predictive value for diagnosing
pancreatic cancer [16]. However, elevated CA 19-9 has also been associated with other gastrointestinal
tumors, as well as with biliary tract inflammation. Moreover, 5–10% of patients with PDAC are
Lewis antigen negative, with normal CA 19-9 concentrations [11]. CA 19-9 concentration after NACT
may be a biologic marker in patients with BRPC and LAPC because normalized or reduced CA
19-9 concentration after NACT has been reported to be an important prognostic marker of better
OS and RFS [17]. Compared with patients with RDC ≤ 0.5, those with RDC > 0.5 experienced
better survival and higher resectability after NACT, suggesting that early surgery may benefit rapid
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responders [18]. However, 83% of responders had RDC > 0.5 after NACT; of these, 24% had resectable
PDAC, suggesting they were biologically good responders. Although normalization of CA19-9 after
NACT was found to be more prognostic of survival outcomes than reduced CA 19-9, that study
included patients with CA 19-9 >1000 U/mL, with this subgroup showing higher CA19-9 and a
lower normalization rate after NACT than patients with CA19-9 <1000 U/mL [9]. In addition, the
evaluation of the relationship between RDC and OS in that study also included patients with high
CA 19-9 concentrations. The present study found that RDC after NACT affected patient prognosis.
High preoperative CA 19-9 was shown to be associated with early recurrence and lower resectability
rates [16,19,20]. Patients with CA19-9 >1000 U/mL were classified as having BRPC, with NACT
recommended even in patients with resectable tumors [15]. In the present study, only 14% of patients
with high CA 19-9 before NACT achieved normalization after NACT, with survival outcomes being
poorer than in patients with CA19-9 <1000 U/mL before NACT, although the differences were not
statistically significant. Other markers are required to evaluate tumor response in this subgroup.
By contrast, evaluation of response to NACT using CA19-9 is inadequate for patients with CA19-9
<37 U/mL. These patients may have a Lewis-negative phenotype, suggesting that other markers, such
as CEA and CA125, are needed to check their biologic status [21]. However, CA 19-9 concentrations
were found to be elevated in patients with pancreatic cancer, despite 27.4% of these patients being
Lewis antigen negative, suggesting that CA19-9 may be helpful in diagnosing pancreatic cancer in
Lewis-negative patients, except in those with extremely low CA19-9 ≤5 U/mL [10,21].

This study found that RDC was an independent prognostic factor and that survival outcomes were
better in good responders. Similarly, a previous study showed that RDC > 0.5 was an independent
predictor of OS and that RDC> 0.9 was associated with pathologic complete regression [18]. The present
study also showed similar prognostic performances of reduced and normalized CA 19-9 after NACT.
That is, prognosis was similar in patients with higher RDC after NACT and in patients with normalized
CA 19-9 after NACT or surgery.

The present study also found that the change of CA 19-9 was unable to predict the need for
resection of adjacent vessels, R0 resection, or tumor regression grade. RDC was not a biologic marker
predictive of curative resection after NACT. Similarly, normalization of CA 19-9 was not associated
with a histopathologic response, with a negative predictive value of 28% [22]. Furthermore, radiologic
response was not related to histologic response [23–25]. Additional studies are needed to identify
biomarkers of resectability after NACT [26,27].

This study had several limitations, including its retrospective design, which may have resulted in
potential selection bias. Furthermore, the relatively small number of patients was another limitation.
However, this disease entity is rare, indicating a need for multicenter studies to evaluate larger
patient populations.

5. Conclusions

RDC was independently prognostic of better OS and RFS rates in patients with CA19-9
concentrations of 37–1000 U/mL prior to NACT. Although normalization of CA19-9 after NACT
is an indicator of good patient prognosis, its prognostic performance was comparable to a decrease in
CA 19-9 during NACT.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/5/1477/s1,
Table S1: Characteristics of patients with relative difference of CA19-9 < 0 and ≥ 0, Table S2: Prognostic factors
associated with overall survival in patients with borderline resectable pancreatic cancer and carbohydrate antigen
19-9 concentrations of 37–1000 U/ml before neoadjuvant chemotherapy (N = 73), Table S3: Prognostic factors
associated with recurrence free survival in patients with borderline resectable pancreatic cancer and carbohydrate
antigen 19-9 concentrations of 37–1000 U/ml before neoadjuvant chemotherapy (N = 73), Table S4: Prognostic
performance of models that included decreases and normalization of carbohydrate antigen 19-9 concentration
after neoadjuvant chemotherapy and surgery on overall survival and recurrence free survival for borderline
resectable pancreatic cancer, Table S5: Prognostic factors associated with overall survival in patients with locally
advanced pancreatic cancer and carbohydrate antigen 19-9 concentrations of 37–1000 U/ml before neoadjuvant
chemotherapy (N = 60), Table S6: Prognostic factors associated with recurrence free survival in patients with locally
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advanced pancreatic cancer and carbohydrate antigen 19-9 concentrations of 37–1000 U/ml before neoadjuvant
chemotherapy (N = 60), Table S7. Prognostic performance of models that included decreases and normalization of
carbohydrate antigen 19-9 concentration after neoadjuvant chemotherapy and surgery on overall survival and
recurrence free survival for locally advanced pancreatic cancer.
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Abstract: There are currently no known preoperative factors for determining the prognosis in
pancreatic cancer. The aim of this study was to examine the role of 18-fluorodeoxyglucose (18-FDG)
positron emission tomography/computed tomography (18-FDG-PET/CT) as a prognostic factor for
patients with resectable pancreatic cancer. Data were obtained from a retrospective analysis of
patients who had a preoperative PET scan and then underwent pancreatic resection from January
2007 to December 2015. The maximum standardized uptake value (SUVmax) of 18-FDG-PET/CT was
calculated. Patients were divided into high (>3.65) and low (≤3.65) SUVmax groups, and compared in
terms of their TNM classification (Union for International Cancer Contro classification), pathological
grade, surgical treatment, state of resection margins, lymph node involvement, age, sex, diabetes and
serum Carbohydrate Antigen 19-9 (CA 19-9) levels. The study involved 144 patients, 82 with high
SUVmax pancreatic cancer and 62 with low SUVmax disease. The two groups’ disease-free and overall
survival rates were significantly influenced by tumor stage, lymph node involvement, pathological
grade, resection margins and SUVmax. Patients with an SUVmax ≤ 3.65 had a significantly better
survival than those with SUVmax > 3.65 (p < 0.001). The same variables were independent predictors
of survival on multivariate analysis. The SUVmax calculated with 18-FDG-PET/CT is an important
prognostic factor for patients with pancreatic cancer, and may be useful in decisions concerning
patients’ therapeutic management.

Keywords: fluorodeoxyglucose; pancreatectomy; pancreatic cancer; positron emission tomography;
prognosis; standardized uptake value

1. Introduction

Pancreatic cancer is only the 12th most common cancer worldwide, but it is the 7th most common
cause of cancer-related death [1]. The number of new cases of pancreatic cancer will continue to
rise in future, largely due to population aging and growth. In the United States, pancreatic cancer
was the second most common gastrointestinal malignancy in 2018 [2]. In the European Union (EU),
it was estimated that deaths from pancreatic cancer surpassed those due to breast cancer in 2017,
making the disease the third most important cause of cancer-related death in the EU, after lung
and colorectal cancer [3]. The prognosis for pancreatic cancer is generally poor, with five-year
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survival rates in the range of 6% to 10% [4,5]. Approximately 80% of patients have regional spread or
metastatic disease at the time of their diagnosis. Hence the need for enhanced screening modalities,
early detection, accurate preoperative staging, and improved treatment options. Surgery is the only
potentially curative treatment for pancreatic cancer [6]. Unfortunately, only 15–20% of patients are
candidates for pancreatectomy due to the above-mentioned high proportion of cases of advanced
disease at presentation. Neoadjuvant therapy, defined as treatment (chemotherapy and/or radiation)
administered prior to surgery, has been advocated for locally-advanced pancreatic cancer, and also for
potentially resectable disease. The possible benefits lie in earlier treatment reducing the likelihood of
distant disease, and tumor downstaging optimizing resection. The potential problems associated with
neoadjuvant treatments for resectable tumors concern the risk of the cancer progressing to unresectable
tumor during such therapy, the differences in the neoadjuvant therapy protocols adopted at different
centers, and the current lack of strong evidence to support its efficacy [7].

Many circulating, molecular and clinicopathological factors have been thoroughly investigated in
efforts to predict the survival of patients with pancreatic cancer [8]. Attention has focused especially on
tumor stage and pathological grade [9,10], resection margins [11], preoperative serum CA 19-9 levels,
postoperative normalization of tumor markers [12,13], and the demonstration of disseminated tumor
cells [14]. There have been conflicting results, however, and a different survival for patients with the
same stage of disease is not infrequent.

18-fluorodeoxyglucose positron emission tomography (18-FDG-PET) is a noninvasive imaging
technique based on the principle of specific tissue metabolism, with a selective 18-FDG uptake and
retention by malignant cells [15,16]. PET has been proposed for diagnosing and staging various
malignancies, including pancreatic carcinoma [17,18]. There is evidence of 18-FDG uptake in malignant
tumors being related to a tumor’s aggressiveness. Some authors [19–21] have reported on prognostic
information obtained with 18-FDG-PET in patients with pancreatic cancer, or outlined the role of PET
in predicting early recurrences after surgery [22–24]. The numbers of patients included in these studies
were too small to draw any final conclusions, however. This is particularly true for patients with
localized pancreatic cancer (stage I–II) amenable to resection as part of a multimodality approach to
pancreatic adenocarcinoma. We previously found PET an independent prognostic marker in a series of
patients with pancreatic cancer, including a small subset of resectable tumors (n = 16) [25].

The aim of the present study on a series of patients with resectable pancreatic adenocarcinoma was
to ascertain whether glucose metabolism, as assessed with 18-fluorodeoxyglucose positron emission
tomography/computed tomography (PET/CT), provides additional prognostic information, over and
above the established prognostic factors, in patients with pancreatic cancer.

2. Materials and Methods

2.1. Patients Population

Data were obtained from a retrospective analysis of a prospective database of patients who
underwent pancreatic resection at our department between January 2007 and December 2015. Patients
with intraductal papillary mucinous neoplasms, endocrine tumors, cystic neoplasms, pancreatic
metastases, and duodenal, ampullary and bile duct cancers were excluded. This left 144 consecutive
patients with pancreatic cancer who had a PET/CT scan (with semiquantitative analysis of the tracer
uptake) as part of their preoperative work-up within 30 days before undergoing pancreatic resection,
who were enrolled in the present study. Informed consent was obtained from each patient.

The sample was a mean 66.3 years old (range 48–82), and consisted of 70 males and 74 females.
Pancreatic ductal adenocarcinoma was confirmed at histology on surgical specimens in all cases.
All resection procedures were performed by the same surgical team. A limited involvement of the
superior mesenteric-portal axis (less than 2 cm) in the absence of extrapancreatic disease, or involvement
of the superior mesenteric artery and/or celiac trunk, were not considered as contraindications to
surgery. None of the patients received neoadjuvant therapies. Resection of the pancreas entailed
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pylorus-preserving pancreaticoduodenectomy (PD) for tumors of the head of the pancreas, and distal
pancreatectomy with splenectomy for tumors of the body and tail. Total pancreatectomy was reserved
for cases where the resection margin of the pancreas was involved by the tumor or when a pancreatic
anastomosis was judged at high risk of leakage. All patients underwent standard lymph node
dissection—5, 6, 8a, 12b1, 12b2, 12c, 13a, 13b, 14a and 14b right lateral side, 17a, 17b, [26] and para-aortic
node sampling for pancreatic head carcinoma, and 8a, 9,10,11, 18 for patients with pancreatic body and
tail cancers. Para-aortic nodes were excised by harvesting the lymphocellular aortocaval tissue located
below the left renal vein up to the origin of the inferior mesenteric artery (station 16b1). Resections
were defined as curative (R0) when the pathology report confirmed negative resection margins, or R1
in the presence of tumor ≤ 1 mm from the resection margins, according to Leeds criteria [27]. Tumors
were staged according to the Union for International Cancer Control (UICC)TNM classification [28].
Each patient’s clinical and pathological records were reviewed, and the following characteristics were
included in our analysis—age, sex, diabetes, type of surgery, preoperative serum CA 19-9 levels (RIA,
Centocor Inc., Malvern, PA, reference: < 37 kU/L), tumor stage, lymph node status, pathological grade,
R0 resection, disease-free survival and overall survival. Disease-free survival (DFS) was measured
from the date of surgery to the date of radiologically detected recurrence or censoring. Overall survival
(OS) was measured from the date of surgery to the date of death or censoring. All patients underwent
regular follow-up, which included a physical examination, abdominal CT or US, and tumor marker
assay every 3 months for the first 2 years, and every 6 months thereafter. Adjuvant gemcitabine-based
chemotherapy was scheduled for all patients, whenever applicable.

Ethical approval: All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national research committee and with
the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.

2.2. 18-FDG-PET/CT Imaging

18-FDG-PET/CT images were obtained using two different dedicated tomographs—Biograph-16™,
Siemens Healthcare GmbH, Erlangen-Germany from 2007 to 2012, and Discovery™, GE-Healthcare,
Boston USA in the years 2013–2015.

Each scan was performed 50–70 min postinjection of 150–400 MBq of FDG in fasting patients
(almost 6 hours), with serum levels of glucose < 110 mg/dL for nondiabetic patients and < 200 mg/dL
in diabetic ones; in order to avoid interferences due to hyperglycaemia, blood glucose was checked
just before the procedure.

The acquisitions were performed with standard modalities (scan length from base skull to 1/3 prox
of legs, 6–7 beds, 2–3 min/bed); when necessary, a limited second scan of 2 beds with the same
modalities was repeated on the hepato-pancreatic region at 90-100 min postinjection.

Images were reconstructed with standard algorithms, and the SUV value was calculated in the
suspected neoplastic foci (SUV = tissue tracer concentration/injected dose/body weight); for the SUV
analysis, a circular region of interest was placed over the area of maximal focal FDG uptake suspected
to be a tumorous focus (SUVmax).

After acquisition, scan images were interpreted and referred by an experienced Nuclear Medicine
physician, well-trained in PET/TC (almost five years).

2.3. Statistical Analyses

Statistical analyses were run using STATA, version 14.1 (4905 Lakeway Drive College Station,
Texas, 77845, USA). Receiver operating characteristic (ROC) curve analysis was used to ascertain the
optimal cut-off for predicting DFS and OS after pancreatectomy. The optimal cut-off was identified as
the point of intersection nearest the top left-hand corner between the ROC curve and the diagonal line
from the top right-hand corner to the bottom left-hand corner of the graph. For the univariate analysis,
the patients were divided into two groups, with SUVmax (> vs. ≤ 3.65) as the cut-off. Differences
between the characteristics of the patients in the two groups were tested for significance using the
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Mann–Whitney U test, chi-square test, Fisher’s exact test or t-student test. Univariate and multivariate
analysis were used to investigate the effect of the following variables on survival—age, sex, tumor stage,
pathological grade, lymph node involvement, resection margins, diabetes, and serum CA 19-9 levels.
Survival data were estimated with the Kaplan–Meier method and examined using the log-rank test.
Multivariate analysis of survival was performed using Cox’s proportional hazards model. Significance
was set at p < 0.05.

3. Results

Table 1 shows the clinical and pathological details of the 144 patients. Fifty-three patients
had diabetes, and 93 had preoperative serum CA 19-9 levels above the normal limit. The surgical
procedure involved pylorus-preserving PD in 106 patients, distal pancreatectomy with splenectomy
in 34, and total pancreatectomy in four. A segmental portal-mesenteric vein resection was included
in 21 cases. The resection margins were positive (R1) in 38 patients (26.4%). Lymph node metastases
(stage II1) were identified in 103 patients, 114 had stage I-II tumor, and 95 tumors (66%) were
well- or moderately-differentiated. A total of 132 patients (92%) received gemcitabine-based
adjuvant chemotherapy.

Table 1. Standardized Uptake Values and Patients’ Clinical and Pathological Details.

All Patients SUVmax ≤ 3.65 SUVmax > 3.65 p Value

Patients, n (%) 144 62 (43.1%) 82 (56.9%)

Age, yrs (mean ± SD) 66.32 ± 11.40 66.48 ± 09.32. 67.55 ± 10.31

Sex M 70 32 38

F 74 30 44

UICC
0.158I–II, n (%) 114 (79.2%) 52 (45.6%) 62 (54.4%)

III–IV, n (%) 30 (20.8%) 10 (33.3%) 20 (66.7%)

Grade, n (%)
0.023Well- or moderately

differentiated (G1–G2) 95 (66%) 47 (49.5%) 48 (50.5%)

Poorly-differentiated
(G3) 49 (34%) 15 (30.6%) 34 (69.4%)

Resection margins
0.232R0, n (%) 106 (73.6%) 48 (45.3%) 58 (54.7%)

R1, n (%) 38 (26.4%) 14 (36.8%) 24 (63.2%)

Lymph nodes
0.036Negative, n (%) 41 (28.5%) 23 (56.1%) 18 (43.9%)

Positive, n (%) 103 (71.5%) 39 (37.9%) 64 (62.1%)

Diabetes
0.170No, n (%) 90 (62.5%) 42(46.7%) 48(53.3%)

Yes, n (%) 54 (37.5%) 20 (37%) 34 (63%)

SUVmax, mean (±SD) 5 (±3.2) 2.6 (±1.2) 6.9 (±3.1)

Serum CA 19-9, mean
(±SD) 524.5 (±1123) 392.9 (±1051.9) 623.9 (±1172.1) 0.88

Serum CA 19-9,
median (IQR), range

114 (IQR 23–382)
range 1–6637

52.9 (IQR 18–256)
range 1–6637

154.35 (IQR 27–470)
range 1–5460 0.032

CA 19-9 < 114 kU/L 81 (56.3%) 41 (50.6%) 40 (49.4%)
0.028CA 19-9 > 114 kU/L 63 (43.7%) 21 (33.3%) 42 (66.7%)

OS, median (95%CI) 22 (19–27) 28 (24–37) 19 (16–22) 0.002

DFS, median (95%CI) 12 (10–14) 20 (14–23) 9 (8–11) 0.001

The median SUVmax of the 144 patients was 4.0 (range 1.0 to 12.0). From the ROC analysis, the
best cut-offwas identified at 3.65. The area under the ROC curve (AUC) was 0.66 (95%CI 0.542–0.77)
(Figure 1). When patients were grouped by low SUVmax (≤ 3.65) versus high SUVmax (> 3.65), the two
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groups did not differ statistically in terms of age, sex, number of patients with of diabetes, tumor
stage, type of treatment, or number of patients given adjuvant therapy. Median values of CA 19-9,
numbers of patients with lymph node metastases and those with poorly-differentiated tumors were
significantly higher in the high SUVmax group (Table 1). The 144 patients’ median serum CA 19-9
level was 114 kU/L (range 1.0 to 6637 kU/L). Follow-up was available for all patients, and ranged from
6 to 152 months.

Figure 1. Receiver operator characteristic (ROC) curve for maximum standardized uptake value
(SUVmax) cut-off, showing that the most effective cut-offwas 3.65 (AUC 0.659, 95%CI 0.542–0.77).

3.1. Disease-Free Survival

With a median follow-up of 56.7 months (range 2–70), pancreatic cancer recurred in 126/144 patients
(87.5%). The median DFS was 11.6 months.

On univariate Cox regression analysis (Table 2), lymph node metastases, pathological grade,
resection margins, tumor stage, and SUVmax correlated significantly with DFS, while diabetes and
serum CA 19-9 levels did not. Multivariate Cox regression analysis (Table 2) showed that the same
parameters were independent predictors of DFS. Patients with a preoperative SUVmax > 3.65 had
a significantly shorter DFS than patients with a SUVmax ≤ 3.65 (p = 0.001) (Figure 2). When the
patients grouped by SUVmax were stratified by stage of disease, 18-FDG-PET/CT uptake correlated
with survival even among patients in stage I-II, with a better survival for patients with SUVmax ≤3.65
(p = 0.0004) (Figure 3)

Table 2. Association Between Preoperative Variables and Disease-Free Survival on Univariate a and
Multivariate b Cox Regression Model. HR = hazard ratio.

Variables HR a 95%CI a P Value a HR b 95%CI b P Value b

Lymph node metastases 2.33 1.511–3.596 <0.0001 1.779 1.130–2.800 0.013

Pathological grade 1.581 1.090–2.293 0.016 1.661 1.137–2.426 0.009

Radicality 2.047 1.377–3.044 <0.0001 1.840 1.223–2.769 0.003

Stage 2.181 1.429–3.330 <0.0001 1.787 1.144–2.794 0.011

Diabetes 1.352 0.942–1.941 0.102 - - -

SUVmax 1.106 1.051–1.165 <0.0001 1.085 1.025–1.148 0.004

CA 19-9 1.001 0.999–1.001 0.312 - - -
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Figure 2. Kaplan–Meier curve for disease-free survival estimated for patients with preoperative
SUVmax > 3.65 and those with SUVmax ≤ 3.65.

 
Figure 3. Kaplan–Meyer estimates for disease-free survival based on preoperative tumor stage and
high or low SUVmax.

3.2. Overall Survival

With a median follow-up of 100.8 months (range 6–152), 125/144 patients (87%) died of pancreatic
cancer, and another two patients died of causes unrelated to their pancreatic disease. The median OS
for the whole cohort was 22.4 months (range 19–27). At univariate Cox regression analysis (Table 3)
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lymph node metastases, pathological grade, resection margins, tumor stage, and SUVmax correlated
significantly with OS. Multivariate Cox regression analysis (Table 3) identified the same variables
as being significantly associated with OS. As in the case of DFS, diabetes and CA 19-9 serum levels
were not independent predictors of OS. Survival analysis with the Kaplan–Meier method showed a
significantly lower OS for patients with a preoperative SUVmax > 3.65 than for those with a SUVmax
≤ 3.65 (p < 0.001) (Figure 4). When the patients grouped by SUVmax were stratified by tumor stage,
18-FDG uptake correlated with OS among patients with stage I-II (better survival for patients with
SUVmax≤ 3.65, p = 0.0002), but not for those with stage III–IV tumors (p = 0.71). The survival curves for
patients with stage I–II and SUVmax > 3.65 did not differ statistically from those of patients with stage
III–IV and SUVmax ≤ 3.65. (Figure 5). At latest follow-up, 17 patients were alive (16 disease-free): 13
in the group with SUVmax ≤ 3.65, and 4 in the group with SUVmax > 3.65 (one with recurrent cancer).

Table 3. Association Between Preoperative Variables and Overall Survival on Univariate a and
Multivariate b Cox Regression Model.

Variables HR a 95%CI a P Value a HR b 95%CI b P Value b

Lymph node metastases 2.433 1.588–3.721 <0.0001 1.730 1.101–2.719 0.017
Pathological grade 1.493 1.030–2.165 0.034 1.484 1.017–2.163 0.040

Radicality 2.352 1.583–3.495 <0.0001 2.079 1.374–3.147 0.001
Tumor stage 2.489 1.637–3.784 <0.0001 2.127 1.369–3.305 0.001

Diabetes 1.222 0.851–1.756 0.278 - - -
SUVmax 1.074 1.025–1.124 0.002 1.055 1.001–1.111 0.044
CA 19-9 1.001 0.999–1.001 0.196 - - -

 
Figure 4. Kaplan–Meier curves for overall survival of patients with preoperative SUVmax > 3.65 and
those with SUVmax ≤ 3.65.
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Figure 5. Kaplan-Meyer curves for overall patient survival by preoperative stage and SUVmax category.

4. Discussion

An accurate pretreatment prognosis for patients with pancreatic cancer would be very helpful for
the purpose of tailoring their treatment (either surgery or multimodality clinical management). This is
particularly true for apparently localized, resectable carcinoma of the pancreas because several authors
have recommended neoadjuvant therapy for such patients rather than upfront surgery, the benefits
of which have yet to be definitely established. The rationale for using PET/CT preoperatively for
prognostic purposes in cases of pancreatic cancer stems from evidence of an accelerated glucose
transport rate and increased rate of glycolysis being among the most characteristic biochemical markers
of malignant transformation. Overexpression of glucose transporter 1 (Glut-1) [29] and glycolytic
enzymes [30] has been demonstrated in human pancreatic adenocarcinoma. 18-FDG is a glucose
analog actively taken up into the pancreatic cell by Glut-1 and phosphorylated by hexokinase in the
first step of glycolysis. Its accumulation thus reflects the rate of carbohydrate metabolism and the
malignant activity of a pancreatic cancer [22]. The standardized uptake value (SUV), a semiquantitative
parameter of glucose consumption that enables a quantitative estimation of 18-FDG accumulation,
can easily be obtained preoperatively on PET/CT. 18-FDG-PET/CT is therefore useful for distinguishing
benign from malignant tumors, for diagnosing tumor recurrences, and for assessing the effects of
neoadjuvant chemoradiation therapies [20,31,32]. Preliminary evidence of the correlation between
18-FDG uptake and prognosis for pancreatic adenocarcinoma has been reported in small series of
patients [21,25,33]. Nakata et al. [33] introduced 18-FDG PET and SUV as metabolic prognostic factors
in patients with pancreatic carcinoma. In a small series of 14 patients, they found survival significantly
shorter in the high SUV group (>3.0) than in the low SUV group (<3.0) (p < 0.05). These results
were only partially confirmed, however, by the same authors four years later [19] in 37 patients with
histologically-confirmed pancreatic cancer. While SUV was unable to predict survival for patients
with resectable tumor, among those with unresectable disease, patients with a low SUV survived
significantly longer than those with a high SUV (p = 0.03); furthermore, multivariate analysis confirmed
tumor SUV as an independent prognostic indicator for patients with unresectable tumors.

In the present study, we analyzed 18-FDG uptake in a cohort of patients (n = 144) with
histologically-confirmed pancreatic cancer. When grouped by high (> 3.65) versus low (≤ 3.65)

84



J. Clin. Med. 2020, 9, 2169

SUVmax, patients did not differ statistically in terms of age, sex, tumor stage, pathological grade,
serum CA 19-9 levels, diabetes, or type of treatment. DFS and OS were significantly influenced by
SUVmax, however, being 20 and 28 months, respectively, for low-SUVmax patients as opposed to
9 and 19 months for high-SUVmax patients (p = 0.001). Among the clinicopathological variables
considered, tumor stage, pathological grade, lymph node involvement, and resection margins correlated
significantly with both DFS and OS after univariate analysis. Multivariate analysis confirmed SUVmax,
tumor stage, grade, resection margins and lymph node status as independent predictors of DFS and OS.

Interestingly, when patients in the two SUVmax groups were stratified by tumor stage, 18-FDG
uptake significantly influenced survival for cases in stage I–II, but not for those in stage III–IV.
Serum CA 19-9 levels and diabetes had no influence on survival. The different biological aggressiveness
of the tumor indicated by the SUVmax may explain the different survival rates after potentially
curative resection with otherwise similar prognostic variables. 18-FDG-PET/CT is known to be a
less accurate indicator in diabetic patients, and may be unable to predict their survival adequately.
Some authors [34,35] recently reported that preoperative SUVmax and serum CA 19-9 independently
predicted pathological stages and OS. However, it is hard to establish an optimal cut-off value of
CA 19-9 as a reproducible preoperative prognostic factor, because 10–15% of the population does not
express CA 19-9 and because the levels of such tumor markers are notoriously influenced by liver and
renal insufficiency [36].

Our results confirm previous evidence [22,23,37–42] of SUVmax (measured in terms of the
tumor’s uptake of 18-FDG) being a simple and reliable pretreatment prognostic parameter, as in other
malignancies. A summary of the results of other studies on SUVmax as a prognostic factor in cases of
resectable pancreatic cancer is given in Table 4.

Table 4. The Literature Reporting Differences in Overall Survival and Disease-Free Survival by SUVmax.

Author Year Design n SUVmax OS (mo) p DFS (mo) p

Okamoto et al. [22] 2011 R 56 <5.5 >5.5 NA - NA 0.025

Choi et al. [38] 2013 R 64 ≤3.5 >3.5 45.4 vs. 23.5 0.011 26.1 vs. 9.2 0.002

Lee et al. [40] 2014 R 87 ≤4.7 >4.7 34.4 vs. 20.6 0.03 12.9 vs. 9.9 0.03

Kitasato et al. [39] 2014 R 41 ≤3.4 >3.4 NR - 610 vs. 354 days 0.04

Yamamoto et al. [23] 2015 R 128 <6.0 ≥6.0 37 vs. 18 <0.001 23 vs. 6 <0.001

Ariake et al. [41] 2018 R 138 <4.85 ≥4.85 50.4 vs. 21.5 <0.001 24.3 vs. 10.3 <0.001

Present series 2020 R 144 ≤3.65 >3.65 <0.001 <0.001

R = retrospective; OS = overall survival; DFS = disease-free survival; NR = not reported; NA =not applicable;
mo =months.

Including ours, seven studies have been published [22,23,38–41], all retrospective, concerning a
total of 658 patients. SUVmax cut-offs vary greatly, but all the studies report a significantly longer
DFS for patients with a low SUVmax, and 4 studies also describe a significantly better OS [23,38,40,41].
Since SUVmax only gives an indication of peak metabolic activity, not of tumor burden, some
authors have explored the value of metabolic tumor volume (MTV) and total lesion glycolysis (TLG)
as predictors of pancreatic cancer outcome [40,43,44]. Xu et al. [44] found that MTV and TLG
independently predicted OS and DFS, and did so better than CA 19-9 levels, SUVmax, or tumor
size. These findings were confirmed by Lee et al. [40] in 87 patients with resectable carcinoma of the
pancreas (30 treated with neoadjuvant therapy)—MTV and TLG were independent prognostic factors
irrespective of neoadjuvant therapy. On the other hand, SUVmax is less time-consuming and easier to
calculate, and in our and others’ experience, it provides the same important information.

Several previous studies found the tumor’s histological characteristics important in establishing
the prognosis for pancreatic cancer patients [8–14], but most of them are only available after surgery.
The great advantage of the SUVmax calculated on 18-FDG-PET/CT is that it can be obtained before any
treatment is undertaken. As the prognostic value of SUVmax is equivalent to that of tumor staging,
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stratifying patients by extent of disease on multidetector CT scans and SUVmax may improve our
understanding of the actual effect of different treatments.

There is evidence to suggest that glycolytic activity as measured from 18-FDG uptake gives an
indication of a tumor’s growth and biological behavior, enabling a prediction of patients’ DFS and
OS. 18-FDG-PET/CT might therefore be used to identify patients with resectable pancreatic cancer
at higher risk of early recurrence and shorter survival who could benefit from neoadjuvant therapy.
The feasibility and clinical usefulness of this approach would need to be confirmed in prospective trials.

Another topic of interest could be the evaluation of SUVmax with 18-FDG PET/CT measured
before and after chemotherapy in those patients scheduled for neoadjuvant therapy and its association
with their survival.

There are some limitations of our study to mention. First, it was a retrospective study conducted
at a single institution. Second, various drugs were used for adjuvant therapy during the study
period, and this may have influenced the results. The significant number of patients and PET findings
considered nonetheless sufficed to show statistically significant and clinically relevant differences.

5. Conclusions

The SUVmax calculated on 18-FDG-PET/CT provides useful prognostic informations in patients
with pancreatic cancer before any surgical or medical treatment is administered, and may therefore
help stratify patients for prospective studies comparing different treatment options (surgery
versus chemotherapy).
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal and aggressive cancers
with a less than 6% five-year survival rate. Circulating microRNAs (miRNAs) are emerging as a
useful tool for non-invasive diagnosis and prognosis estimation in the various cancer types, including
PDAC. Our study aimed to evaluate whether miRNAs in the pre-operative blood plasma specimen
have the potential to predict the prognosis of PDAC patients. In total, 112 PDAC patients planned for
surgical resection were enrolled in our prospective study. To identify prognostic miRNAs, we used
small RNA sequencing in 24 plasma samples of PDAC patients with poor prognosis (overall survival
(OS) < 16 months) and 24 plasma samples of PDAC patients with a good prognosis (OS > 20 months).
qPCR validation of selected miRNA candidates was performed in the independent cohort of PDAC
patients (n = 64). In the discovery phase of the study, we identified 44 miRNAs with significantly
different levels in the plasma samples of the group of good and poor prognosis patients. Among these
miRNAs, 23 showed lower levels, and 21 showed higher levels in plasma specimens from PDAC
patients with poor prognosis. Eleven miRNAs were selected for the validation, but only miR-99a-5p
and miR-365a-3p were confirmed to have significantly lower levels and miR-200c-3p higher levels in
plasma samples of poor prognosis cases. Using the combination of these 3-miRNA levels, we were
able to identify the patients with poor prognosis with sensitivity 85% and specificity 80% (Area Under
the Curve = 0.890). Overall, 3-miRNA prognostic score associated with OS was identified in the
pre-operative blood plasma samples of PDAC patients undergoing surgical resection. Following
further independent validations, the detection of these miRNA may enable identification of PDAC
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patients who have no survival benefit from the surgical treatment, which is associated with the high
morbidity rates.

Keywords: Pancreatic ductal adenocarcinoma; prognosis; microRNAs

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) constitutes 90% of all pancreatic cancers and is
associated with the worst survival, with only 5–7% of patients living longer than five years from
diagnosis [1,2]. In comparison to other types of pancreatic cancer [3], PDAC, due to its aggressive
biological behavior, has a high incidence/mortality ratio reaching 94%, which makes this disease the 4th
most common cause of cancer-associated mortality in developed countries [2]. Among the available
treatment strategies, including radical pancreatectomy, chemotherapy, radiotherapy, or integrated
multimodal treatment, radical surgical resection of the tumor in its early stages (IA–IIB) remains the
only option that may increase the five-year survival rate to 16–21% [4–6]. Nevertheless, most of the
patients are diagnosed at an advanced inoperable stage of the disease, and only 15–20% of PDAC
patients can be considered candidates for radical surgical resection. Clinical studies revealed that
there is a subset of PDAC patients, who develop disease recurrence shortly after resection without
any improvement in survival [7–9]. Compared to PDAC patients with inoperable disease receiving
only chemotherapy, this subset of poor prognosis patients has no clinical benefit from the surgical
resection, which is associated with a high morbidity rate. Therefore, pre-operative estimation of the
prognosis is essential to avoid treatment-related risks for those patients who would unlikely benefit
from this treatment approach [10,11]. One of the reasons behind poor outcomes is the presence of
micro-metastatic disease, which cannot be detected during pre-operative staging examination and
even during intraoperative assessment [10]. Unfortunately, there is still a lack of powerful biomarkers,
that would contribute to better individualization of PDAC patients’ treatment strategies. Currently,
all PDAC patients with localized disease and operable tumors evaluated through imaging methods
are candidates for surgical treatment [12]. Carbohydrate antigen 19-9 (CA19-9) is the only approved
blood-based biomarker used in PDAC patients, but it is mainly useful for monitoring of PDAC patients
following the surgical resection rather than for pre-operative survival prognostication [13]. In the last
few years, there has been increasing evidence suggesting circulating cell-free microRNAs (miRNAs)
present promising non-invasive biomarkers in cancer.

MiRNAs are highly conserved, small, non-coding RNAs, 18–25 nucleotides in length. miRNAs are
involved in post-transcriptional regulation of gene expression. miRNAs act as powerful regulators of
gene expression, mostly via interacting with the 3′ UTR of target mRNAs, which inhibit translation or
induces mRNA degradation [14]. Additionally, they can also bind to 5’UTR of target mRNAs or bind
to coding sequence regions [15]. A number of studies have revealed that miRNAs are involved in the
regulation of cell homeostasis by controlling important cellular processes including the development,
differentiation, proliferation, apoptosis and stress reaction. Furthermore, aberrant expression of
miRNAs can promote carcinogenesis through direct or indirect regulation of oncogenes or tumor
suppressor genes [16].

In PDAC, many investigators have detected changes in miRNA expression patterns, which influenced
multiple genetic aberrations that contribute to initiation of tumorigenesis progression, invasion,
and metastatic processes. Subsequently, miRNAs correlate with disease-free, overall survival of PDAC
patients, and their response to treatment [17].

Interest in the minimally invasive biomarkers is growing because they would significantly
contribute to improving the outcome of PDAC patients by individualization of the therapeutic
approach. The presence of tumor-derived miRNAs in body fluids offers an opportunity to obtain such
biomarker and became the subject of intense investigation. miRNAs are selectively and specifically
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released into circulation under various pathological conditions including cancer. Moreover, circulating
miRNAs present many favorable advantages for application as liquid biopsy-based biomarkers,
such as high stability, high abundance, and their presence in nearly all body fluids including blood
plasma [18–20].

The aim of our study was to enable identification of the PDAC patients who will not benefit
from the surgical resection (patients with the same or shorter overall survival (OS) as PDAC patients
without surgical resection) and therefore give the rationale for the clinical decision, whether to perform
surgical resection or give preference to non-surgical therapeutic modalities and quality of life.

To this end, we performed global profiling of blood plasma miRNAs using small RNA sequencing
followed by the validation of miRNA candidates in the independent cohort of PDAC patients to assess
the potential of plasma miRNAs for pre-operative prognostic stratification of PDAC patients planned
for radical surgical resection.

2. Material and Methods

2.1. Study Population Characteristic

Treatment-naive patients with histologically confirmed pancreatic ductal adenocarcinoma were
recruited from the University Hospital Brno (UHB; Brno, Czech Republic), University Hospital Olomouc
(UHO; Olomouc, Czech Republic), and Masaryk Memorial Cancer Institute (MMCI; Brno, Czech
Republic). Only patients undergoing radical surgical resection were enrolled in our study. Subjects
were of the same ethnicity (Caucasian). Patient characteristics are summarized in Table 1. The study
was approved by multi-centric Ethical Board (UHB) and written informed consent was provided
by each study participant. Approximately 10 mL of peripheral venous blood was collected in an
ethylenediaminetetraacetic acid (EDTA)-treated Vacutainer before surgical resection and any other
treatment. Within one hour after collection, plasma fraction was separated by centrifugation at 1200×
g for 10 min at 4 ◦C and stored at −80 ◦C till further processed.

Table 1. Clinical and histopathological characteristics of pancreatic ductal adenocarcinoma patients.

Discovery Cohort Validation Cohort

n (Patients) 48 64

Age
65 years 15 24
>65 years 33 40

Sex
Male 24 24
Female 24 40

Tumor location
pancreatic head 38 50
pancreatic body/tail 10 14

pT stage
T2 0 9
T3 48 55

pN stage
N0 5 20
N1-2 43 44

pM stage
M0 48 64

CA19-9
High 22 30
Low 18 20
NA 8 14

Adjuvant chemotherapy
Yes 42 44
No 6 20

Poor survival group (median 9, range 4–14 months) 24 14

Good survival group (median 27, range 20–47 months) 24 16
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2.1.1. RNA Isolation from Blood Plasma Specimens

Cell-free miRNAs were isolated from 250 μL of blood plasma using Qiagen miRNeasy
Serum/Plasma Kit (Qiagen, GmbH, Hilden, Germany) according to manufacturers’ protocol. We used
glycogen during isolation step as an RNA carrier, since exogenous RNA can interfere—via non-specific
hybridization or amplification—with the results of small RNA sequencing [21]. Concentration and
purity of RNA was measuring by both UV spectrophotometry (NanoDrop ND-2000, Thermo Fisher
Scientific, Walthman, MA, USA) and fluorometry (Qubit, Thermofisher Scientific, Walthamn, MA,
USA). The purified RNA was stored at −80 ◦C until further analysis or processed immediately.

2.1.2. Small RNA Libraries Preparation and Next Generation Sequencing

In the discovery phase of the study, we used a blood plasma samples collected pre-operatively
from PDAC patients, which have been already available in the biobank of Masaryk Memorial Cancer
Institute (Brno, Czech Republic). For small RNA sequencing, libraries were prepared from 2 μL of total
RNA using the QIAseq™miRNA Library Kit and QIAseq miRNA NGS 48 Index IL (Qiagen, Hilden,
Germany). Following 3′ and 5′ adapter ligation, small RNAs were reverse transcribed, using unique
molecular identifier (UMI) primers of random 12-nucleotide sequences. This way, precise linear
quantification of miRNAs is achieved, overcoming potential PCR-induced biases. cDNA libraries
were amplified by PCR for 24 cycles, with a 3′ primer that includes a 6-nucleotide unique index.
Following size selection and cleaning of the sequencing libraries with magnetic beads, quality control
was performed by measuring library concentration with a Qubit fluorometer using a dsDNA High
Sensitivity (HS) assay kit (Thermo Fisher Scientific, Walthamn, MA, USA) and confirming library
size with TapeStation D1000 (Agilent). Further, libraries were multiplexed and sequenced on a single
NextSeq 500/550 v2 flow cell (Illumina, San Diego, CA, USA) with 75bp single read and 6bp index read
(80 cycles).

2.1.3. Quantitative Real-Time PCR (qRT-PCR)

In the validation phase of the study, we used a prospectively collected plasma samples withdrawn
pre-operatively from PDAC patients at University Hospital Brno (Brno, Czech Republic) and
University Hospital Olomouc (Olomouc, Czech Republic). For miRNA qRT-PCR, plasma RNA
was reverse-transcribed to complementary DNA (cDNA) using a miRCURY LNA Universal RT cDNA
Synthesis Kit (Qiagen, Hilden, Germany). Initial RNA input used in reverse transcription reaction
was optimized by running a few individual assays with different volumes of RNA samples according
to manufacture requirements. We used 2 μL of RNA template in 10 μL of final reaction volume for
all samples, which correspond to 16 μL of original blood plasma specimens. Reverse Transcription
was performed using T100™ Thermal Cycler (Bio-Rad, Hercules, CA, USA) at 42 ◦C for 60 min and
90 ◦C for 5 min. The final product of reaction was diluted in ratio 1:30 with nuclease free water.
Three microliters of diluted cDNA were added to qPCR mixture (miRCURY SYBR Green PCR Kit)
containing LNA-enhanced primers specific for each miRNA (miRCURY LNA miRNA PCR primers;
hsa-miR-9-5p; hsa-miR-30e-5p; hsa-miR-365a-3p; hsa-miR-22-3p; hsa-miR-885-5p; hsa-miR-99b-5p;
hsa-miR-99a-5p; hsa-miR-200c-3p; hsa-miR-122-5p; hsa-miR-100-5p; hsa-let-7e-5p; hsa-miR-93-5p).
All samples were run using Quant Studio 12K Flex Sstem (Applied Biosystems, Foster City, CA, USA).

2.1.4. Data Normalization and Statistical Analysis

The raw sequencing images from Illumina NextSeq 550 (change for the right machine used) were
demultiplexed and converted to fastq format using bcl2fastq (version 2.20.0). Adapter sequences in
raw sequencing data were identified by Kraken package (15-065) and trimmed using Cutadapt (version
1.18). Collapsing was performed utilizing unique molecular identifiers (UMIs) with FASTX-Toolkit
(version 0.0.14). Subsequently, reads were quality trimmed and these shorter than 15bp were discarded.
Reads originating from snoRNAs, snRNAs, rRNAs, tRNAs, piRNAs, and YRNAs (downloaded
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from Ensembl and RefSeq) were identified using Bowtie (version 1.2.2) and removed from the data.
Remaining reads were mapped against the miRBase (version 21) using the miraligner tool (version
1.2.4). Statistical analysis, including normalization for library depth, was carried out in R (version 3.4.3)
with DESeq2 package (version 1.18.1).

The threshold cycle data were calculated by QuantStudio 12K Flex software. All real-time PCR
reactions were run in duplicates. All PCR reactions where the difference between Ct values in duplicate
were higher than 0.25 were repeated. The average expression levels of all measured miRNAs were
normalized using miR-93-5p which was found to be suitable reference gene based on consensus of two
algorithm, namely NormFinder and geNorm. Quantification of target miRNA relative to reference
endogenous control was determined by the 2−ΔCt method [22]. Statistical differences between the
levels of analyzed miRNAs in plasma samples of poor and good prognosis cases were evaluated by
two-tailed non-parametric Mann–Whitney U-test. Further, receiver operating curve (ROC) analyses
were performed to assess the diagnostic performance of analyzed miRNAs. Survival analyses were
carried out using the log-rank test and Kaplan–Meier analysis. All calculations were performed
using GraphPad Prism version 7.01 (GraphPad Software) p-values of less than 0.05 were considered
statistically significant.

3. Results

In total, 112 patients with PDAC were enrolled in the study. These patients were divided into two
cohorts: discovery (n = 48) and validation (n = 64) cohort. In terms of prognosis, patients with overall
survival (OS) shorter than 16 months were classified as poor prognosis cases, conversely patients
with OS longer than 20 months (without event) were classified as good prognosis cases. According
to this definition of prognostic groups, there was 24 good prognosis and 24 poor prognosis cases in
the discovery cohort and 16 good prognosis and 14 poor prognosis cases in the validation cohort.
Remaining 34 cases in the validation cohort were included in the survival analysis but were not used
for the group analysis due to the short follow-up or intermediate OS between the good and poor
prognosis survival ranges.

In this discovery phase of the study, we performed small RNA sequencing of the pre-operative
blood plasma specimens, and we identified 44 miRNAs to have significantly different levels in the
plasma samples of the 24 patients with good prognosis cases and 24 with poor prognosis (p < 0.05).
Among these miRNAs, 21 showed higher expression and 23 showed lower expression in blood plasma
from PDAC patients with poor prognosis (Table 2). Out of these 44 miRNAs identified in discovery
phase, 11 miRNAs (miR-99a-5p, miR-9-5p, miR-365a-3p, miR-22-3p, miR-885-5p, miR-200c-3p, let-7e-5p,
miR-100-5p, miR-122-5p, miR-99b-5p, miR-30e-5p) were selected for the validation phase of the study
to evaluate their ability to distinguish PDAC patients with poor and good prognosis. These miRNAs
were selected based on the p-value (p < 0.02), log2(fold-change) ≥ 0.45 or ≤−0.45, and the average
number of reads across all sequenced samples (at least 10). Lower threshold for the fold-change was
selected based on the pleiotropic regulatory effects of miRNAs and related biological relevance of even
subtle expression changes compared to the mRNAs.

The blood plasma levels of miRNA candidates from the discovery cohort were determined by
use of individual qPCR assays and statistically evaluated between the groups of patients with good
and poor prognosis. Using two-tailed non-parametric Mann–Whitney U test and ROC analysis,
only miR-99a-5p and miR-365a-3p were confirmed to have significantly lower levels and miR-200c-3p
significantly higher levels in the blood plasma of the patients with poor prognosis (p-values and AUC
values are summarized in Table 3 and Figure 1A–F). Other tested miRNAs were not confirmed to have
different levels in blood plasma samples of PDAC patients with different prognosis. These results
were also confirmed using the Kaplan–Meier analysis. Patients with lower levels of miR-99a-5p
and miR-365a-3p and higher levels of miR-200c-3p in blood plasma had significantly shorter overall
survival (Figure 1D–I).

93



J. Clin. Med. 2020, 9, 2440

Table 2. List of the miRNAs with significantly different levels in blood plasma of patients with good
(overall survival (OS) > 20 months) and poor prognosis (OS < 16 months) identified in the discovery
phase of the study.

microRNA BaseMean log2FC p-Value

miR-99a-5p 200.59 −1.19 0.001
miR−9-5p 12.70 1.48 0.002

miR-365a-3p 16.54 −1.75 0.002
miR-362-5p 3.39 1.07 0.005
miR-627-5p 4.33 −1.26 0.006
miR-22-3p 566.82 −0.61 0.006

miR-885-5p 27.65 −1.50 0.008
miR-1273h-5p 7.55 0.90 0.009

miR-940 0.89 1.49 0.011
miR-499a-5p 2.38 −1.50 0.011
miR-34c-3p 2.09 2.11 0.012

miR-200c-3p 79.59 0.49 0.012
miR-101-5p 1.28 −2.17 0.012
miR-18b-3p 0.66 −2.01 0.014

let-7e-5p 843.66 0.54 0.014
miR-30e-5p 3565.64 −0.35 0.015
miR-100-5p 99.16 −0.97 0.015
miR-122-5p 196,465.98 −1.14 0.016
miR-99b-5p 298.30 0.45 0.019

let-7b-3p 9.59 −1.02 0.020
let-7f-5p 24,401.75 0.33 0.024

miR-6770-3p 0.64 1.65 0.025
miR-181c-5p 6.71 0.81 0.026
miR-5010-5p 9.20 0.74 0.028
miR-30a-5p 954.09 −0.66 0.030

miR-4676-3p 2.38 1.11 0.030
miR-885-3p 109.35 −1.16 0.030

miR-193b-3p 1.43 −1.69 0.034
miR-12135 3.27 0.95 0.035
miR-1275 5.86 −0.69 0.037

miR-202-3p 2.46 −1.30 0.037
miR-552-5p 2.50 −1.03 0.037
miR-99b-3p 29.24 0.74 0.038
miR-210-3p 14.32 −0.69 0.041
miR-3146 2.11 1.31 0.043

miR-148a-3p 12,136.24 −0.66 0.043
miR-1249-3p 0.83 2.18 0.043
miR-6875-5p 1.63 1.25 0.044
miR-6796-5p 0.68 1.51 0.045
miR-548bc 2.49 1.47 0.046
miR-191-5p 8975.04 0.45 0.047

miR-378a-3p 677.18 −0.63 0.047
miR-224-5p 485.23 −0.66 0.049
miR-96-5p 63.60 −0.78 0.050

Log2FC: Logarithm to the base 2 of fold-change; baseMean: Average of the normalized read numbers; bolded
miRNAs were selected for validation in the independent cohort of PDAC patients based on the pre-defined selection
criteria. Bold: miRNAs selected for independent validation.
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Table 3. Results of the validation of miRNA candidates by qPCR in the independent cohort of
PDAC patients.

microRNA

NGS Discovery
Cohort

qPCR Group Comparison
Validation Cohort

qPCR Survival Analysis
Validation Cohort

Log2FC p-Value Log2FC p-Value p-Value

miR-99a-5p −1.188 0.001 −1.324 0.03 0.006
miR-365a-3p −1.752 0.002 −1.39 0.003 0.013
miR-200c-3p 0.493 0.012 0.766 0.04 0.012

Log2FC: Logarithm to the base 2 of fold-change; NGS: Next-generation sequencing; qPCR: Quantitative polymerase
chain reaction.
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Figure 1. miRNAs with significantly different levels in blood plasma of pancreatic ductal adenocarcinoma
(PDAC) patients with good and poor prognosis after surgical resection. Results of Mann–Whitney
U-test for miR-99a-5p (A), miR-365a-3p (B), and miR-200c-3p (C); ROC analysis for miR-99a-5p
(D), miR-365a-3p (E) and miR-200c-3p (F); and Kaplan-Meier survival analysis for miR-99a-5p (G),
miR-365a-3p (H) and miR-200c-3p (I). AUC: Area under the curve; Sens.: Sensitivity; Spec.: Specificity.
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Subsequent ROC analysis revealed that the usage of 3-miRNA-combined prognostic score (PScore
= −0.6430 + 0.8689 *miR-99a-5p + 0.9261 *miR-365a-3p-17.5256 *miR-200c-3p), as established by a
bidirectional stepwise logistic regression, enabled the identification of the patients with poor prognosis
after surgical resection (OS < 16 months) with sensitivity of 85% and specificity of 80% (area under
the curve (AUC) = 0.890; cut-off value = 0.5522; Figure 2). Prognostic score based on the combination
of three miRNAs enabled us to increase the AUC from 0.791, which was the highest in reached by
individual miRNA, to 0.890.
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Figure 2. Receiver operating characteristic analysis of the use of miR-99a-5p, miR-365a-3p,
and miR-200c-3p combination (Pscore) in the discriminating between the PDAC patients with good
and poor prognosis. AUC: area under the curve.

4. Discussion

Complete removal of the tumor at its early stage is considered only as an curative option for
PDAC patients. However, a significant percentage of PDAC patients that undergo primary tumor
resection rapidly develop a disease recurrence, whereas other patients benefit from surgery and
have long disease-free survival. Identifying the patients at risk of early disease recurrence could
enable adjustments in rational treatment selection to perform surgical resection or give preference
to non-surgical treatment modalities and quality of life. There is increasing evidence that cell-free
miRNAs are suitable candidates for the prediction of PDAC progression due to their altered expression
during tumorigenesis and their stability in the body fluids [19,23].

Herein, we present results of a multicenter study where we sought to identify circulating cell-free
miRNAs with the potential of pre-operative prognostic stratification of PDAC patients in a minimally
invasive way. For this purpose, we implemented a small RNA sequencing technique for global miRNA
in pre-operative plasma samples from treatment-naive patients with PDAC at the operable stage of
the disease. Patient populations in both the discovery and validation cohorts were divided into two
prognostic groups according to their survival after curative-intend surgery. The cut-off for prognostic
stratification was established according to the median overall survival of inoperable, advanced PDAC
patients. Small RNA sequencing revealed 44 miRNAs significantly associated with the PDAC patients’
survival after surgery. Out of these, the most promising miRNAs that met the established selection
criteria were subjected to further evaluation as prognostic biomarkers in the independent patients’
cohort. Finally, a comparison of miRNA expression level in the validation phase confirmed ability
of three miRNAs (miR-99a-5p, miR-200c-3p, and miR-365a-3p) to discriminate PDAC patients with
poor outcomes after resection from those with longer survival. Validation confirmed that a high
level of miR-99a-5p in pre-operative plasma is associated with better survival of PDAC patients who

96



J. Clin. Med. 2020, 9, 2440

underwent curative surgery. This finding is indicating its dual role during tumorigenesis and cancer
progression. MiR-99a-5p belongs to the twenty most abundant miRNAs in human plasma exosomes,
indicating that its appearance in bloodstream is a result of coordinated release from cell in response to
different stimuli and could reflect disease status [24]. The role of miR-99a-5p in various cancer types
has been described; aberrant expression of this miRNA has been linked with both oncogenic and
tumor suppressive function. While results provided by Dhayata et al. imply pro-oncogenic regulatory
activity of miR-99a-5p, our observation indicates its protective functioning in the progression of
PDAC [25,26]. However, a number of other reports support our observation, indicating miR-99a roles
in a suppression of various cancer types. Decreased expression of miR-99a-5p was found to predict
worse survival in lung adenocarcinoma [27], cervical cancer [28], and breast cancer [29]. MiR-99a-5p
was found to play important tumor-suppressive roles, including inhibition of cell proliferation and
tumorigenesis by suppressing mTOR signaling pathway and downregulation of insulin-like growth
factor 1 receptor [30], and also inhibition of migration and invasion of cancer cells by decreasing
MTMR3 protein (Myotubularin-related protein 3) in oral cancer [31].

The second successfully validated miRNA was miR-200c-3p. However, log2(FC) in both discovery
and validation cohort was below 1, which could limit its application as a potential biomarker.
This miRNA belongs to the miR-200 family and is well described as an epithelial marker in solid
tumors, including PDAC. It plays an important role in regulating of epithelial phenotype of tumor cells
during both epithelial mesenchymal transition (EMT) and mesenchymal epithelial transition (MET)
processes. Results of the metanalysis of Wang et al. demonstrated that low expression of miR-200c
in tumor tissue and high expression in serum is correlated with poorer survival in solid tumors [32].
The main targets of or miR-200c are transcriptional repressors, namely E-cadherin and ZEB1 and
ZEB2. Insufficient expression of this miRNA led to the loss of epithelial features of cancer cells,
thereby, cells acquire the ability to escape from primary localization and further enter to circulation.
During reverse process, miR-200c-3p is upregulated, and tumor cells with mesenchymal phenotype
acquire epithelial phenotype necessary to final metastatic colonization and formation of macroscopic
metastases in the distant organs. The reason for poor prognosis in PDAC patients is rapid disease
progression and early dissemination [10]. Therefore, we speculate that higher levels of miR-200c in
the blood plasma of PDAC patients with shorter survival results from the presence a non-detectable
metastatic disease in the time of tumor resection suggesting diverse roles of miR-200c-3p in different
stages of PDAC development.

Finally, we found that a higher level of miR-365a-3p in pre-operative plasma might predict the
longer survival of PDAC patients following curative radical resection. To support our observation,
reports of Yin et al. note an association between low expression of miR-356a-3p and PDAC progression
by in vitro, in vivo, and patient tissue studies [33]. Increased expression of miR-365a-3p inhibits NF-κB
activity by downregulating c-Rel and thus reduced the viability of PDAC cells and induced apoptosis.

A combination of circulating miRNAs may considerably improve cancer diagnosis and prognosis,
and some miRNAs panels have already been described as non-invasive biomarkers for PDAC
disease. For example, Cao et al. established two plasma miRNAs-based panels with high diagnostic
accuracy. The first panel comprising three miRNAs, namely, miR-486-5p, miR-126-3p, and miR-106b-3p,
had high accuracy for distinguishing pancreatic cancer (PC) from chronic pancreatitis (CHP) with AUC
values of 0.891. Furthermore, panel including 6 microRNAs; miR-486-5p, miR-126-3p, miR-106b-3p,
miR-938, miR-26b-3p, miR-1285 accurately discriminate between PC patients and CHP with AUC 0.889.
Moreover, both miRNA panels showed higher diagnostic accuracy than CA19-9 (AUC = 0.775) [34].
Most recently, Zou et al. identified a panel of six serum miRNAs (let-7b-5p, miR-192-5p, miR-19a-3p,
miR-19b-3p, miR-223-3p, and miR-25-3p) with potential to distinguish PC patients and healthy donors
with AUC = 0.910. Besides, the analysis provided in their study revealed that the combination of
miRNAs showed higher diagnostic value than the individual miRNA [35].

Herein, we showed that three miRNAs-based biomarkers can significantly predict PDAC patients’
survival time after curative surgery. Multiple miRNAs combined are considered as a more superior
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diagnostic tool than a single miRNA-based test. This thesis can be verified based on the mechanisms
of miRNAs in cancer development and progression, whereas a series of miRNAs, rather than a single
one, are involved in the pathological process. Moreover, the same miRNAs are deregulated in different
types of malignancies suggesting that single miRNAs could not be specific to a cancer type. In this
sense, it is reasonable that a combination of miRNAs guarantee that the biomarker is specific to a
cancer type. miRNA panels are based on the combination of two miRNAs up to several miRNAs.
Nevertheless, an optimal clinical model must have a high sensitivity and specificity and a suitable cost
and time-effectiveness.

5. Conclusions

In conclusion, we identified miRNAs associated with OS in the pre-operative blood plasma
samples of PDAC patients undergoing surgical resection. Following further independent validations,
the detection of these miRNA may enable identification of PDAC patients who have no survival benefit
from the surgical treatment, which is associated with the high morbidity rates. However, our study
suffers from some limitations. As the main limitation, we recognize that the validation part of the
study is based on a small prospective sample cohort and further validation with larger sample size
is required to validate the efficacy of candidate miRNAs. Although several challenges remain to be
addressed, plasma miRNAs can potentially be useful for the prognostic stratification of PDAC patients
undergoing curative resection.
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Abstract: Background: The aim of this study was to evaluate the safety and efficacy of a flowable
hemostatic matrix, and their effects for postoperative pancreatic fistula (POPF) after pancreatectomy.
Methods: This was a randomized, clinical, single-center, single-blind (participant), non-inferiority,
phase IV, and parallel-group trial. The primary endpoint was the incidence of POPF. The secondary
endpoints were risk factors for POPF, drain removal days, incidence of complication, 90-day mortality,
and length of hospital stay. Results: This study evaluated a total of 53 patients, of whom 26 patients
were in the intervention group (flowable hemostatic matrix) and 27 patients were in the control
group (thrombin-coated collagen patch). POPF was more common in the control group than in
the intervention group (59.3% vs. 30.8%, p = 0.037). Among participants who underwent distal
pancreatectomy, POPF (33.3% vs. 92.3%, p = 0.004), and clinically relevant POPF (8.3% vs. 46.2%, p =
0.027) was more common in the control group. A multivariate logistic regression model identified
flowable hemostatic matrix use as an independent negative risk factor for POPF, especially in
cases of distal pancreatectomy (DP) (odds ratio 17.379, 95% confidential interval 1.453–207.870, p
= 0.024). Conclusion: Flowable hemostatic matrix application is a simple, feasible, and effective
method of preventing POPF after pancreatectomy, especially for patients with DP. Non-inferiority
was demonstrated in the efficacy of preventing POPF in the intervention group compared to
the control group.

Keywords: pancreatic fistula; pancreatectomy; pancreatic neoplasm
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1. Introduction

Pancreatectomy including pancreaticoduodenectomy (PD) and distal pancreatectomy (DP) are
standard surgical procedures in cases of pancreatic neoplasms, respectively [1–3]. However, the morbidity
of this procedure is still high, ranging from 30% to 40% for PD [1,4]. The complication rate of PD is
higher than that of other operations, and the high morbidity is mainly attributed to the occurrence
of postoperative pancreatic fistula (POPF). In addition, POPF remains the leading cause of morbidity
after DP, with a frequency ranging from 13% to 64% [3,5,6]. The clinically significant complication after
pancreatectomy is POPF, which can lead to secondary complications such as intra-abdominal abscess,
sepsis, and bleeding.

Despite attempts at reducing the incidence of POPF, which include pancreaticoenteric anastomosis,
use of fibrin sealants, pancreatic stent insertion, and administration of octreotide, the incidence of
POPF after PD has not considerably decreased. In addition, there are no validated recommendations
or guidelines for the closure of the pancreatic remnant after DP, and no consensus exists on an optimal
method for closure of the pancreatic stump [7,8]. The use of several different methods to secure
the pancreatic remnant, including duct ligation, ultrasonic dissection, fibrin glue, patches and meshes,
pancreaticoenteric anastomosis, and handsewn and stapler closure, possibly with bovine pericardial
buttress, demonstrates the ongoing controversy [9–11].

Collagen has low antigenicity, hemostatic effects, and cell adhesion ability, and it is commonly
used as a major component of hemostatic agents and artificial tissue substitutes [7,12–19]. In addition,
collagen provides an environment in which fibroblasts can proliferate and induces wound healing
by inactivating elastase and matrix metalloproteinases (MMPs) [20–22]. The prevention of POPF by
applying collagen-based fibrin sealant patches to the anastomosis site or pancreatic stump has been
reported previously. However, the usefulness of using fibrin sealant patches at the pancreatectomy site
is still unclear [7,12–17,23].

CollaStat® (Dalim Tissen Co. Ltd., Seoul, Korea) is a novel flowable hemostatic agent that
combines a collagen matrix with thrombin, a paste-like matrix that exhibits both passive and active
mechanisms of actions, which are similar to FloSeal® (Baxter Healthcare, Deerfield, IL, USA) [18,19].
To the best of our knowledge, no studies have evaluated the efficacy of a flowable hemostatic matrix
for the prevention of POPF. The aim of this study was to evaluate the safety and efficacy of a flowable
hemostatic agent compared with a thrombin-coated collagen patch (CollaSeal®, Dalim Tissen Co.
Ltd., Seoul, Korea) and their effect on clinical outcomes including POPF in a randomized controlled
clinical trial.

2. Methods

2.1. Trial Design

We enrolled patients who underwent pancreatectomy in the Division of Hepato-Biliary
and Pancreatic Surgery of the Department of Surgery at Asan Medical Center between February
2018 and September 2018. This was a randomized, clinical, single-center, single-blind (participant),
non-inferiority, phase IV, and parallel-group trial. The study complied with the Declaration of Helsinki
and was approved and overseen by the institutional review board (Number: 2017-1062) of Asan
Medical Center. This study was registered at clinicaltrials.gov (NCT04357483) and performed according
to CONSORT guidelines [24].

2.2. Inclusion and Exclusion Criteria

Patients were included if they (1) were 20–80 years on the day of enrollment; (2) had Eastern
Cooperative Oncology Group (ECOG) performance scores of 0–2; (3) had potentially curable benign,
premalignant, or malignant pancreatic disease, as shown by preoperative imaging (computed
tomography, magnetic resonance imaging, and/or positron emission tomography); (4) had appropriate
bone marrow function (WBC count of at least 3000/mm3, platelet count of at least 100,000/mm3); (5) had
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appropriate liver function (AST/ALT less than 3 times the upper limit of normal); (6) had appropriate
renal function (creatinine level greater than 1.5 times the upper limit of normal); (7) provided written
informed consent. Patients were excluded if they (1) had active or uncontrolled infections; (2) had
severe psychiatric or neurological disorders; (3) had alcohol or other drug addictions; (4) were included
in other clinical studies that may affect this study; (5) had uncontrolled heart disease; (6) had moderate
or severe comorbidities that are thought to have affected the quality of life or nutritional status; (7) had
pelvic tumors, benign tumors, or malignant tumors in other organs; (8) were pregnant or planning on
becoming pregnant during the follow-up period; (9) had lymphatic or coagulation disease; or (10) had
known sensitivity or allergy to bovine and/or porcine substance(s).

2.3. Surgical Technique and Study Protocol

The procedures for PD and DP in our institution have been reported previously [4,6,17,25,26].
Furthermore, the detailed description of pancreaticojejunostomy (PJ) during PD is in detail in our
previous study [17]. PJ was carried out using the double-layered, end-to-side duct-to-mucosa method.
In addition, when left-sided pancreatectomy was performed, to transect the pancreas safely in both
the open and laparoscopic procedures, straight or rotated endoscopic linear staplers of various sizes
(staple height, 3.5 to 4.2 mm) were used depending on the thickness or hardness of the pancreas. After
transecting the pancreas, 4 or 5 small titanium clips were applied along the stapling line to prevent
pancreatic fistula and bleeding from the resected stump.

Before closure, a 1–3 closed suction drain was inserted into the bed of the removed portion of
the pancreas and maintained for at least 3 days postoperatively to prevent intra-abdominal fluid
collection and identify POPF. Each patient was allowed sips of water on postoperative day (POD)
1 and a soft blended diet on POD 2. Postoperative assessment included repeated measurements of
amylase concentrations in the serum and drainage fluid while the drain was in place. POPF was defined
as a drain fluid amylase concentration greater than 3 times the upper normal serum concentration after
POD 3 as defined by the International Study Group on Pancreatic Surgery (ISGPS) criteria [27].

2.4. Application of Thrombin-Containing Collagen Hemostatic Matrix (T-C Matrix) in the Intervention Group

The T-C matrix (CollaStat®; Dalim Tissen Co. Ltd., Seoul, Korea) is a flowable collagen-based
hemostatic matrix [18,19]. The T-C matrix is comprised of two connectable syringes, syringe A and syringe
B. Syringe A contains porcine skin-derived atelocollagen, thrombin. Syringe B contains calcium chloride
solution (Figure 1). The collagen granules of T-C matrix are made from highly purified type I atelocollagen
derived from the porcine dermis, which shows biocompatibility due to the minimally immunogenic,
biocompatible, and biodegradable properties of atelocollagen. The matrix can be prepared after mixing
the materials in the syringes. In the intervention group, T-C matrix was applied to the anastomosis
site and pancreatic stump after PJ or DP. The matrix was approved for use by the Korean Food
and Drug Administration.

 

Figure 1. Preparation of CollaStat®. (A) CollaStat consists of two syringes: one for collagen granules
and thrombin and the other for CaCl2 solution. (B) CollaStat® can be easily prepared by connecting
the two syringes and mixing them. (C) After mixing and detaching the CaCl2 syringe, CollaStat is
ready for use by connecting the enclosed application tip.
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2.5. Application of Thrombin-Coated L-Dopa-Containing Collagen Patch (T-CD Patch) in the Control Group

For patients in the active control group, a 5.0 cm × 5.0 cm T-CD patch (CollaSeal®; Dalim Tissen
Co. Ltd., Seoul, Korea) was applied to the front and back of the anastomosis site. The T-CD patch,
which has been clinically used for the prevention of POPF and postpancreatectomy hemorrhage
(PPH), is a sponge-like wound dressing incorporated with thrombin and L-DOPA. Owing to thrombin
and L-DOPA, a T-CD patch can effectively accomplish hemostasis and adhere to the wound site. In
addition, a T-CD patch has a honeycomb-like porous structure, which contributes to a good absorption
capacity for blood or exudates.

2.6. Outcome Measures

The primary endpoint of this study was the incidence of POPF. The evaluation of pancreatic
fistula was based on the ISGPS criteria [27]. According to the criteria, POPF was defined as a drain
fluid amylase concentration greater than 3 times the upper normal serum concentration after POD 3.
The secondary endpoints were risk factors for POPF, drain removal days, incidence of complication
according to the Clavien–Dindo classification [28], 90-day mortality, and length of hospital stay.

2.7. Sample Size

The POPF prevention rate of fibrin sealants has been reported as 88% previously [7].
The non-inferiority limit was calculated to be 0.22 based on the case where more than 75% of
88% of existing treatments were confirmed. When the lower limit of the 95% CI for the difference
between the two groups was greater than −0.22, it was judged that TC-matrix was not inferior to T-CD
patch. Based on this hypothesis, a sample size of 54 patients (27 in each group) was estimated based on
type 1 error α = 0.05 and power (1 − β) = 0.8 using a two-sided χ2 test. Factoring in a 10% dropout
rate, we recruited 60 patients (30 per group).

2.8. Randomization

A total of 58 patients were randomized with block randomization before surgery. We performed
block randomization to correct the imbalance between the intervention and control groups. We
assigned A to the intervention group and the groups were determined as follows: (1) ABBA, (2) BBAA,
(3) ABAB, (4) BABA, (5) AABB, and (6) BAAB. We selected blocks and allocated surgical procedures
based on the number of a die rolled once. Independent researchers randomized patients for this study.

2.9. Statistical Analysis

The results are presented as the mean with standard deviation (SD) or median with interquartile
range (IQR). Patient demographics and clinical characteristics were compared using the χ2 test
or Fisher’s exact test for categorical variables and the Student’s t-test and Mann–Whitney test for
continuous variables. In assessing the risk factors associated with overall POPF and clinically relevant
POPF, only variables statistically significant in univariate analysis were included in multivariate
analysis, which was performed using logistic regression. All statistical analyses were performed
using SPSS version 21.0 (IBM Corp., Armonk, NY, USA) with p values less than 0.05 considered
statistically significant.

3. Results

Participants were recruited from February 2018 to September 2018 and followed up until February
2019. A total of 60 patients were enrolled; however, 2 patients declined to participate. Of the 58
randomized patients, 4 patients had to withdraw consent to undergo surgery, and the remaining 54
patients were allocated to two groups (intervention group: n = 26, active control group: n = 28). One
patient in the control group did not undergo pancreatectomy due to the progression of pancreatic
cancer; thus, this participant was excluded from further analysis. Therefore, this study evaluated
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a total of 53 patients, with 26 patients in the intervention group and 27 patients in the control group
(Figure 2).

Figure 2. CONSORT flow diagram of the trial.

Age, sex, Charlson comorbidity score, operative type, operative name, additional organ resection,
operative time, estimated blood loss, pathological diagnosis, pancreatic texture, mass size, pancreatic
duct size, alternative fistula risk score, and neoadjuvant chemotherapy were not statistically different
between the two groups (Table 1).
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Table 1. Clinicopathological features of patients who underwent pancreatectomy.

Variable .
Intervention

(n = 26)
Control
(n = 27)

p Value 1

Age (years) Median, IQR 59 (56~63) 63 (52~70) 0.849
Sex, n (%) Female 14 (53.8%) 12 (44.4%) 0.494

Male 12 (46.2%) 15 (55.6%)
Diabetes Mellitus Yes 2 (7.7%) 7 (25.9%) 0.077

Preoperative Fasting glucose (mg/dL) Yes 9 (34.6%) 13 (48.1%) 0.406
BMI (kg/m2) Mean, SD 24.2 ± 3.2 22.4 ± 2.4 0.026

ASA classification, n (%) <3 26 (100.0%) 26 (96.3%) >0.999
≥3 0 (0.0%) 1 (3.7%)

Charlson comorbidity score, n (%) <4 13 (50.0%) 9 (33.3%) 0.218
≥4 13 (50.0%) 18 (66.7%)

Operative type, n (%) Laparotomy 13 (50.0%) 12 (44.4%) 0.685
Minimal invasive 13 (50.0%) 15 (55.6%)

Operative name, n (%) Whipple’s operation 14 (53.8%) 14 (51.9%) >0.999
Distal pancreatectomy 12 (46.2%) 13 (48.1%)

Additional resection, n (%) Yes 6 (22.2%) 3 (11.1%) 0.467
Gallbladder 0 1
SMV or PV 3 2

Total
gastrectomy/celiac axis 1 0

Right hemicolectomy 1 0
Liver 1 0

Operative time, min Mean, SD 293.5 ± 108.3 280.0 ± 110.9 0.656
Estimated blood loss, n (%) ≤400 mL 24 (92.4%) 25 (92.6%) >0.999

401~700 mL 1 (3.8%) 1 (3.7%)
≥701 mL 1 (3.8%) 1 (3.7%)

Pathological diagnosis, n (%) Malignancy 15 (57.7%) 11 (40.7%) 0.217
PDAC 14 (53.8%) 9 (33.3%)
Benign 11 (42.3%) 16 (59.3%)

Pancreas texture, n (%) Soft 12 (46.2%) 15 (55.6%) 0.494
Firm or hard 14 (53.8%) 12 (44.4%)

Mass size, cm Mean, SD 3.4 ± 2.1 3.3 ± 1.7 0.793
Pancreatic duct size, mm Mean, SD 3.1 ± 1.9 3.0 ± 1.7 0.816

Neoadjuvant therapy, n (%) Yes 4 (15.4%) 1 (3.7%) 0.192
Alternative fistula risk score, n (%) 2 Low 4 (14.8%) 8 (29.6%) 0.264

Intermediate 15 (55.6%) 15 (55.6%)
High 8 (29.6%) 4 (14.8%)

1 The p value was calculated using Student’s t-test or Mann–Whitney U test for continuous variables and χ2

test or Fisher’s exact test for binary variables; 2 The alternative fistula risk score was determined according to
the definition of the Dutch Pancreatic Cancer Group; IQR, interquartile range; ASA classification, American Society
of Anesthesiologists physical status classification; SD, standard deviation; BMI, body mass index; PDAC, pancreatic
ductal adenocarcinoma; SMV, superior mesenteric vein; PV, portal vein.

3.1. Primary Outcomes

POPF was more common in the active control group than in the intervention group (59.3% vs.
30.8%, p = 0.037; Table 2). However, there was no statistical difference in clinically relevant POPF
between the two groups (15.4% vs. 29.6%, p = 0.409).

As a result of evaluating the POPF prevention rate in this study, it was 60.2% (18/26 patients) for
the intervention group and 40.7% (11/27 patients) for the control group. The upper limit of the 95%
confidence interval for the difference in the POPF prevention rate between the two groups was −2.83%,
which was less than the non-inferiority margin of 22%.

106



J. Clin. Med. 2020, 9, 3085

Table 2. Outcomes of postoperative pancreatic fistula and morbidities for all patients.

Variable .
Intervention

(n = 26)
Control
(n = 27)

p Value 1

Drain removal, days Median, IQR 4 (3~5) 5 (3~6) 0.241
POPF, n (%) 2 Yes 8 (30.8%) 16 (59.3%) 0.037

POPF grade, n (%) 2 BL 4 (15.4%) 8 (29.6%) 0.438
B 4 (15.4%) 7 (25.9%)
C 0 (0.0%) 1 (3.7%)

Clinically relevant POPF, n (%) 2 Yes 4 (15.4%) 8 (29.6%) 0.409
Postoperative complication, n (%) 2 Yes 9 (34.6%) 17 (63.0%) 0.039

Complication grade, n (%) 2 ≥Grade III 5 (19.2%) 3 (11.1%) 0.444
Length of hospital stay, days Median, IQR 8 (7~11) 9 (7~14) 0.284

90-day mortality, n (%) Yes 0 (0.0%) 0 (0.0%) >0.999
Readmission, n (%) Yes 5 (19.2%) 3 (11.1%) 0.409

1 The p value was calculated using Student’s t-test or Mann–Whitney U test for continuous variables and χ2 test or
Fisher’s exact test for binary variables; 2 Postoperative pancreatic fistula (POPF) and overall complications were
assessed and graded based on the criteria of the International Study Group on Pancreatic Surgery (ISGPS) and the
Clavien–Dindo complication classification, respectively; IQR, interquartile range; BL, biochemical leakage.

3.2. Secondary Outcomes

The postoperative outcomes of all patients are shown in Table 2. There were no significant
differences in postoperative outcomes except for the occurrence of POPF (Table 2). The median length
of hospital stay (8 days vs. 9 days, p = 0.284) and median drain removal days (4 days vs. 5 days, p
= 0.241) were not significantly different between the two groups. In addition, the complication rate
was significantly different (34.6% vs. 63.0%, p = 0.039). By limiting the Clavien–Dindo classification
to ≥grade 3, there was no significant difference in the complication grade between the intervention
and control groups (19.2% vs. 11.1%, p = 0.444). There was no difference in the 90-day mortality
between the two groups.

There were 4 patients with clinically relevant POPF in the intervention group, and all of them had
grade B POPF. Among these patients, 1 patient underwent antibiotic therapy, and 2 patients underwent
endoscopic ultrasound-guided gastrocystostomy for intra-abdominal complicated fluid collection.
The other patient underwent embolization for pseudoaneurysm of the gastroduodenal artery stump.
In the control group, there were 8 patients with clinically relevant POPF, and 1 of them had grade C
POPF (this patient underwent reoperation for surgical site infection). A total of 6 patients underwent
antibiotic therapy, and 1 patient underwent anticoagulation therapy for portal vein thrombosis. Red
blood cell (RBC) transfusions were made only to 2 patients in each group. The amount of RBC was
the same as 720 ± 113.14 mL in both groups. The readmission rate (19.2% vs. 11.1%, p = 0.409) was not
different between the two groups.

3.3. Sub-Analysis of Patients Who Underwent Distal Pancreatectomy

Among patients who underwent DP, POPF (33.3% vs. 92.3%, p = 0.004) and clinically relevant
POPF (8.3% vs. 46.2%, p = 0.027) were more common in the control group than in the intervention
group. There were no statistically significant differences in drain removal days, length of hospital
stay, 90-day mortality, readmission rate, and complication rate. Furthermore, the complication rate
was significantly different (33.3% vs. 92.3%, p = 0.004). By limiting the Clavien–Dindo classification
to ≥ grade 3, there was no significant difference in the complication grade between the intervention
and control groups (8.3% vs. 23.1%, p = 0.593) (Table 3).
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Table 3. Sub-analysis of postoperative pancreatic fistula and morbidities for patients who underwent
distal pancreatectomy.

Variable .
Intervention

(n = 12)
Control
(n = 13)

p Value 1

Drain removal, days Median, IQR 4 (3~5) 4 (3~6) 0.167
POPF, n (%) 2 Yes 4 (33.3%) 12 (92.3%) 0.004

POPF grade, n (%) 2 BL 3 (25.0%) 6 (46.2%) 0.018
B 1 (8.3%) 5 (38.5%)
C 0 (0.0%) 1 (7.7%)

Clinically relevant POPF, n (%) 2 Yes 1 (8.3%) 6 (46.2%) 0.027
Postoperative complication, n (%) 2 Yes 4 (33.3%) 12 (92.3%) 0.004

Complication grade, n (%) 2 ≥Grade III 1 (8.3%) 3 (23.1%) 0.593
Length of hospital stay, days Median, IQR 7 (6–9) 7 (6–14) 0.274

90-day mortality, n (%) Yes 0 (0.0%) 0 (0.0%) >0.999
Readmission, n (%) Yes 1 (8.3%) 1 (7.7%) >0.999

1 The p value was calculated using Student’s t-test or Mann–Whitney U test for continuous variables and χ2 test
or Fisher’s exact test for binary variables; 2, Postoperative pancreatic fistula (POPF) and overall complications
were assessed and graded based on the criteria of the International Study Group on Pancreatic Surgery and the
Clavien–Dindo complication classification, respectively; IQR, interquartile range; BL, biochemical leakage.

The POPF rate was 28.6% (p > 0.999) in both the intervention and control groups, showing no
statistically significant difference. In addition, CR-POPF (21.4% vs. 14.3%, p > 0.999), postoperative
complication (35.7% vs. 35.7%, p > 0.999), complication ≥ Grade III (21.4% vs. 0.0%, p = 0.119), median
length of hospital stay (10 days vs. 9 days, p > 0.999), and readmission rate (28.6% vs. 14.3%, p = 0.648)
showed no difference between the two groups.

3.4. Risk Factors for POPF and Clinically Relevant POPF

A multivariate logistic regression model identified T-C matrix use (OR 4.744, 95% CI 1.172–19.210,
p = 0.029), pancreatic duct ≥ 3 mm (OR 7.120, 95% CI 1.399–36.241, p = 0.018), and form or hard
pancreatic texture (OR 6.525, 95% CI 1.668–25.529, p = 0.007) as independent negative risk factors for
POPF in the current study (Table 4). In addition, multivariate logistic regression analysis of clinically
relevant POPF identified soft pancreatic as an independent risk factor (OR: 7.353, 95% CI: 1.429~37.847,
p = 0.017).
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Table 4. Univariate and multivariate logistic regression analyses of risk factors for postoperative
pancreatic fistula.

Variable
Univariate Multivariate

OR 1 95% CI p Value 2 OR 1 95% CI p Value 2

All patients (n = 53)

Intervention 0.031 0.029
Control 3.455 1.119~10.669 4.744 1.172~19.210

Pancreatic duct size, mm 0.012 0.018
≥3
<3 6.125 1.501~24.997 7.120 1.399~36.241

Pancreatic texture 0.002 0.007
Firm or hard

Soft 7.000 2.088~23.468 6.525 1.668~25.529

Patients who underwent distal pancreatectomy (n = 25)

Intervention 0.006 0.024
Control 27.000 2.561~284.696 17.379 1.453~207.870

Pancreatic texture 0.011 0.096
Firm or hard

Soft 12.000 1.762~81.745 6.666 0.712~62.374
1 The odds ratio (OR) was estimated using a logistic regression model excluding possible confounding variables; 2 The
p value was calculated using a logistic regression model; 95% CI, 95% confidence interval; DP, distal pancreatectomy.

T-C matrix application was a negative risk factor for POPF (Table 4) and clinically relevant POPF
(OR: 10.286, 95% CI: 1.018~103.948, p= 0.048) among patients who underwent left-sided pancreatectomy.

4. Discussion

This prospective study showed that applying a T-C matrix to the PJ or pancreatic stump after
pancreatectomy significantly reduced the incidence of POPF compared with that in the active control
group (T-CD patch). POPF was more common in the control group than in the intervention group
(59.3% vs. 30.8%, p = 0.037; Table 2). In a multivariate logistic regression model, T-C matrix application
was a negative risk factor for POPF (Table 4), especially among patients who underwent DP.

To the best of our knowledge, no studies have evaluated the efficacy of a flowable hemostatic matrix
for the prevention of POPF. Two retrospective studies reported that fibrin sealant patches are feasible
and safe with 7.4%–20% POPF rates after PD with pancreaticojejunostomy [13,29]. Schindl et al. [30]
conducted a multicenter, randomized clinical trial to investigate the effect of using thrombin-coated
collagen patches after PD. In the study, the rates of POPF were 63% in the intervention group and 56%
in the control group, and clinically relevant POPF rates were 23% in the intervention group and 14% in
the control group. The study reported that there was no POPF reduction with the use of thrombin-coated
collagen patches after PD. Similarly, there was no POPF reduction in a prospective study of patients
who underwent PD in our center [17]. The POPF rate was 25.8% in the intervention group and 37.1 in
the control group (p = 0.246). In the current study, we attempted to evaluate the safety and efficacy
of a flowable hemostatic agent compared with a thrombin-coated collagen patch and their effect on
clinical outcomes including POPF. The POPF rate was 28.6% among patients who underwent PD in
the control group (thrombin-coated collagen patch) and was 28.6% among patients who underwent
PD in the intervention group (flowable hemostatic matrix); thus, there was no POPF reduction effect.
Clinically relevant POPF rates were 21.4% in the intervention group and 14.3% in the control group (p
> 0.999) among the patients who underwent PD.

Several studies have been conducted on the use of thrombin-coated collagen patches for preventing
POPF after DP. Silvestri et al. [14] reported that the use of fibrin sealant patches appeared to be associated
with a lower incidence of grade C POPF. However, the POPF rate was not different in both groups
(intervention: 36.1% vs. control: 41.6%, p = n.s). Two previous multicenter, randomized controlled
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trials reported that there was no significant effect on the rate of POPF after DP. Montorsi et al. [7]
reported POPF rates of 62% and 68% in the intervention and control groups, respectively (p = 0.267),
and Sa Cunha et al. [31] reported rates of 54.5% and 56.6%, respectively (p = 0.807). There was no
statistically significant difference in clinically relevant POPF. In another randomized trial, the POPF
rate was reported as 70.8% in the intervention group and 54.7% in the control group [10]. The study
indicated there are no clinically relevant benefits in applying a patch in terms of reducing the incidence
and severity of POPF after DP. In the current study, the POPF rate was reduced among patients
who underwent DP, and a low incidence of clinically relevant POPF was observed when a flowable
hemostatic matrix was applied (Table 3). Moreover, in a multivariate logistic regression model, T-C
matrix application was a negative risk factor for POPF, especially among patients who underwent DP
(Table 4).

In this study, the overall incidence of POPF, especially after DP, was 64.0%, and the rate of clinically
relevant POPF was 28.0%, which was greater than that reported in previous studies [7,14,31]. As
mentioned previously [10], this may be explained by the rigid application of the ISGPS criteria by
an independent research coordinator and not the doctors who were involved in this study. In addition,
several studies omitted grade A (or BL) fistula from the analyses because intra-abdominal drains were
not routinely used during surgery [32,33]. Similar to previous studies [7,31], most of the POPF cases
were biochemical leakage (n = 12, 50%) in this study.

A T-C matrix is a novel flowable collagen-based hemostatic agent. The matrix can be prepared via
the following simple steps: (1) connecting two syringes, (2) mixing the contents, and (3) application
of the mixed matrix on the defect site. This simple procedure allows the preparation of a hemostatic
matrix without a time-consuming thrombin re-constitution process. In addition, flowable hemostatic
agents may be more advantageous than non-flowable ones as they can cover irregular wound surfaces,
fill deep lesions, and easily remove excess material with irrigation [18,19]. In fact, like T-CD patch, T-C
matrix achieved successful hemostasis as intended in all cases.

This study may be underpowered as it was designed to be conducted at a single institution
in a short period, and considering the recruitment capacity, it was designed to have 80% statistical
power. Risk factor interpretation was limited because the number of cases was not high. A multicenter
randomized clinical trial with a large number of patients is needed to clarify the effects of a T-C
matrix. Furthermore, there is heterogeneity among the enrolled patients. PD and DP, which have been
reported to have differences in POPF rates, were included in this study. Consequently, the sample size
in sub-analysis is reduced, and the conclusions may be limited.

Nevertheless, this is the first prospective study to report the efficacy of a flowable hemostatic
matrix for the prevention of POPF after pancreatectomy. When the T-C matrix was applied after
pancreatectomy, POPF rates were effectively reduced, especially in cases of DP. In addition, the T-C
matrix application was a negative risk factor for POPF in this study. In addition, the upper limit of
the 95% confidence interval for the difference in the POPF prevention rate between the two groups was
−2.83%, which was less than the non-inferiority margin of 22%, thus demonstrating non-inferiority in
the efficacy of preventing POPF in the intervention group compared to the control group.

5. Conclusions

In conclusion, our findings indicated that flowable thrombin-containing collagen hemostatic
matrix (T-C matrix) application is a simple, feasible, and effective method of preventing POPF after
pancreatectomy, especially in cases of DP. A larger, randomized controlled trial may be required to
confirm the effectiveness of this method.
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Abstract: Background: Pancreatic metastases from renal-cell carcinoma (RCC-PMs) are rare.
Surgery may play a role in improving overall (OS) and disease-free survival (DFS). Methods:
Clinical-pathological features, surgery and follow-up data of patients with RCC-PMs operated on in
three pancreatic surgical centers (2000–2019) were retrospectively evaluated. Results: Thirty-nine
patients (21 male/18 female, averaging 65 years) were enrolled. RCC-PMs were metachronous in
36 patients (mean 94 months, up to 24 years after nephrectomy), multiple in 21 patients, and with a
median size of 2.5 (range, 0.7–7.5) cm. All the patients underwent pancreatic surgery (33 standard
resections, 6 limited resections). Fifteen patients had post-operative complications (morbidity 38.5%).
The median DFS was 63 months, and 19 out of 36 patients showed a disease recurrence. The median
OS was 134 months, and 13 out of 36 patients were alive with no evidence of disease. At univariate
analysis, lymph node positivity (HR 5.1, 95% CI 1.5–18), multi-visceral resection (HR 3.4, 95% CI
1.1–10) and synchronous RCC-PMs (HR 13, 95% CI 3–55) were significantly associated with a short
OS. Conclusion: Surgery may allow a DFS up to 17 years in more than one third of patients, even after
limited resections. Splenectomy and lymph node dissection are not mandatory.

Keywords: renal cell carcinoma; pancreatic neoplasms; pancreatectomy; PET-CT scan

1. Introduction

Renal cell carcinoma (RCC) incidence rate has increased, and it accounts for 2%–3% of all new
adult malignancies [1]. More than 50% of RCCs are currently detected incidentally [2], and about
20%–30% of patients have metastatic disease at presentation [3]. In localised RCC, 20%–30% of patients
will have a recurrence after nephrectomy [4]; distant metastases from RCC occur mostly to the liver,
lung and bone, and in 2.8% of patients may present in the pancreas [5]. Pancreatic metastases from
RCC (RCC-PMs) are characterized by a slow growing behavior and a long interval of about 10 years
before recurrence after nephrectomy [6].

Follow-up after nephrectomy which may include chest and abdominal imaging is rarely performed
beyond five years, unless clinically indicated [7]. Therefore, RCC-PMs are often detected incidentally
by abdominal ultrasound, computed tomography scan (CT) scan and/or magnetic resonance imaging
(MRI) performed for other reasons in asymptomatic patients. Currently, a total body functional imaging

J. Clin. Med. 2020, 9, 3278; doi:10.3390/jcm9103278 www.mdpi.com/journal/jcm113



J. Clin. Med. 2020, 9, 3278

is not part of the routine follow-up of these patients, although the systemic spread of RCC is well
known. Both on CT scan and MRI, RCC-PMs show an early enhancement after contrast medium
injection; MRI can detect RCC-PMs even without contrast-enhancement, as hyper intense lesions at
T2- and diffusion-weighted images [8]. These imaging features are common to both RCC-PMs and
pancreatic neuroendocrine neoplasms (pNENs), and the differential diagnosis with a non-functioning
pNEN may be challenging [9]. So far, a previous nephrectomy was strongly suggestive of RCC-PM,
but nowadays the endoscopic ultrasound-guided biopsy may help in differential diagnosis.

Pancreatic surgery for RCC-PMs appears to confer a survival benefit to the patients [10], and a
significantly longer overall survival (OS) when compared to PMs from other primary neoplasms
may be achieved (median 109 vs. 36 months, respectively) [11]. A surgical treatment may have a
role in improving OS and disease-free survival (DFS) in patients with RCC-PMs, even in the era of
anti-vascular endothelial growth factor agents. Since the treatment with tyrosine kinase inhibitors
(TKIs) failed to show a complete objective response in patients with metastatic setting [6], the question
is whether surgery may be extended to a larger number of patients to give them OS and/or DFS benefits.
This retrospective study collects the experience of three Italian high-volume pancreatic surgical centers
on RCC-PM in the last 20 years. Clinical-pathological features, surgical management and DFS/OS were
evaluated, and indications to pancreatic surgery and follow-up timing and imaging were discussed.

2. Patients and Methods

Clinical records of patients with RCC-PMs observed from November 2000–December 2019 in three
Italian high-volume pancreatic surgical centers (Surgery Unit 1, Padua; General Surgery Unit, Pisa;
and General and Emergency Surgery, Turin) were retrieved retrospectively. Patients who underwent
surgery for a RCC-PM in the study period were enrolled. The following data were analyzed: age (years),
gender, date and type of surgery for RCC; RCC staging (according to AJCC classification 8th ed.) [12];
date of diagnosis of PM (with “synchronous RCC-PM” defined as a PM diagnosed at the same time,
or within six months of the RCC diagnosis); disease-free interval (DFI, defined as the time from resection
of the primary RCC to the onset of PM); cross-sectional imaging studies (CT scan, MRI); functional
imaging studies, such as 18F- fluorodeoxyglucose positron emission tomography-CT (18F-FDG PET-CT),
68Gallium-DOTA-peptide PET-CT (68Ga PET-CT), and 111In-Octreotide scintigraphy; number and
pancreatic location of PM; extra-pancreatic sites of RCC metastases.

We considered type of pancreatic surgery (standard resections: pancreatico-duodenectomy, distal
pancreatectomy, total pancreatectomy; and limited resections: spleen-preserving distal pancreatectomy,
duodenum-preserving pancreatic head resection, central pancreatectomy, enucleation); associated
abdominal surgery (including splenectomy, and multi-visceral resections); operative time (min), blood
loss (mL), and hospital stay (days). Surgical outcome included overall morbidity, early post-operative
mortality (within 30 days from surgery), post-pancreatectomy haemorrhage, delayed gastric emptying,
and post-operative pancreatic fistula (according to the International Study Group on Pancreatic
Fistula definition) [13]. The following histological data were evaluated: tumor size (cm), lymph node
metastases and lymph node ratio (defined as the number of positive lymph nodes on the total number
of lymph nodes analyzed).

Follow-up closed at 31st December 2019. In all the patients with at least six months of follow-up
we evaluated OS and DFS, defined by using a personal telephone interview or at the last follow-up
visit, that included clinical evaluation and imaging studies (CT scan, MRI and/or 68Ga PET-CT) to
detect any tumor recurrences.

Kaplan-Meier survival curves for OS and DFS were plotted and compared using the log-rank
test. The Chi-square test or Fisher’s exact test were used for comparison of categorical variables, when
appropriate. Cox proportional-hazard models were used to identify risk factors associated with OS
and DFS at univariate analysis. The results were reported as hazard ratios (HRs) and 95% confidence
intervals (95% CI). A p value less than 0.05 was considered statistically significant. Statistical analysis
was performed using the R program version 3.6.3 [14].
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Statement of Ethics

The research was conducted ethically in accordance with the World Medical Association
Declaration of Helsinki. Subjects gave their written informed consent to data processing anonymously
for research purposes. The ethics committee of the Azienda Ospedaliera di Padova approved the
present study (project code: 2872p).

3. Results

Thirty-nine patients with RCC-PMs underwent open pancreatic resection and were enrolled in
the study. Clinical features, surgery, and post-operative outcome are described in Table 1.

There were 21 men and 18 women, averaging 65 years (range, 45–81 years). All primary RCC
were treated by R0 radical nephrectomy; all the patients had a clear cell RCC, and only one patient
had histologically confirmed lymph node metastases. In 36 patients RCC-PMs were metachronous
lesions, occurring after a median time of 84 (range, 7–291) months, and in one third of patients after
a DFI longer than 10 years. In 21 patients RCC-PMs were multiple lesions, located in the body-tail
of the pancreas in 28 cases (despite a left-sided nephrectomy in 23 patients), and with a median
size of 2.5 (range, 0.7–7.5) cm. Only seven patients showed concomitant extra-pancreatic metastases.
Concerning functional imaging studies, 18F-FDG PET-CT showed a moderate tracer uptake in 9 out
of 14 patients; 68Ga PET-CT demonstrated a strong tracer uptake in all three patients in which it
was performed (Figure 1), and when considered together, 68Ga PET-CT and 111In-Scintigraphy were
strongly positive in five out of seven patients.

All the patients underwent open pancreatic surgery with curative intent, and in five patients a
multi-visceral resection was needed due to other abdominal metastases. A pre-operative diagnosis
was correctly assessed in 30 patients by imaging studies and medical history. Surgery consisted
in 33 standard pancreatic resections (13 distal pancreatectomy, 12 total pancreatectomy, and eight
pancreatico-duodenectomy), and six limited resections (three spleen-preserving distal pancreatectomy,
one duodenum-preserving pancreatic head resection, and two central pancreatectomy). Ten patients
underwent multi-visceral resections, which included: nephrectomy/ipsilateral adrenalectomy (n = 2)
and hemicolectomy/ureteral resection (n = 1) for a synchronous RCC, partial/total gastrectomy
(n = 3), hemicolectomy right/left (n = 2), adrenalectomy ipsilateral/contralateral (n = 3), and partial
vena cava resection (n = 1). Histology showed an average of 18 lymph nodes counted, with an
involvement of peri-pancreatic lymph nodes in five patients. Additional splenectomy was performed
in 22 patients, and no splenic secondary lesions were detected. Fifteen patients had post-operative
complications (morbidity 38.5%). Notably, there were four post-operative pancreatic fistulas grade B,
and two post-pancreatectomy haemorrhages (in the standard resection group). Other post-operative
complications included: pneumonia/pulmonary atelectasis (n = 6), respiratory failure (n = 1), splenic
infarction after Warshaw operation (n = 1), and renal failure (n = 1). One patient with a liver hematoma
required a reoperation, and one patient died from pulmonary embolism (mortality 2.6%).
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Table 1. Clinical features, surgery, and post-operative outcome (n = 39).

Parameter

Age (years), median (range) 65 (45–81)

Sex, n
Male 21

Female 18

Nephrectomy, n
Left 23

Right 16

Stage RCC [12], n
I 2
II 14
III 20
IV 3

Timing of RCC-PM, n
Synchronous 3

Metachronous 36

Disease free interval (months), median (range) 84 (7–291)

Number of RCC-PM, n
Single 18

Multiple 21

Other sites of metastases, n
No 32

Abdominal 3 local relapse, 1 contralateral kidney, 1 adrenal
Extra-abdominal 1 lung, 1 thyroid

Pancreatic metastases size (cm), median (range) 2.5 (0.7–7.5)

Type of pancreatic surgery, n
Distal pancreatectomy 13
Total pancreatectomy 12

Pancreatico-duodenectomy 8 (1 associated enucleation)

Limited resections 3 spleen-preserving DP, 1 DPPHR, 2 CP (1 associated
enucleation)

Associated surgery, n
Splenectomy 22

Multi-visceral resections 12
Operation time (min), median (range) 350 (150–720)

Intra-operative blood loss (mL), median (range) 400 (100–1300)

Post-operative morbidity, n

Post-operative pancreatic fistula 9 (5 biochemical leak, 4 post-operative pancreatic fistula
grade B)

Post-pancreatectomy hemorrhage 2
Delayed gastric emptying 1

Other cause 9

Post-operative mortality, n 1

Reoperation rate, n 1

Hospital stay (days), median (range) 12 (6–133)

CP–central pancreatectomy, DP–distal pancreatectomy, DPPHR–duodenum-preserving pancreatic head resection,
n.a.–not available, RCC renal cell carcinoma, RCC-PM–pancreatic metastasis from renal cell carcinoma.
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Figure 1. (A) Macroscopic appearance of a RCC-PM after cutting the specimen; (B) preoperative CT
scan (white arrow for the lesion, black star for the pancreatic tail); (C) 68Ga PET-CT of a single 1.2 cm-in
size RCC metastasis in the pancreatic body.

Thirty-six patients were considered for the analysis of long-term outcome and survival as DFS
and OS. Long-term follow-up is described in Table 2.

After a median follow-up of 68 (range, 4–201) months, post-operative diabetes and exocrine
insufficiency were observed in 17 out of 36 and in 15 out of 35 patients, respectively. In the limited
resection group, all the patients had normal endocrine and exocrine pancreatic functions. After a
median DFS of 63 (range, 3–201) months, 19 patients experienced a disease recurrence, located in the
pancreas in five cases. Notably, 4 out of 19 patients in follow-up after standard resection (excluding total
pancreatectomy) showed a pancreatic recurrence after a median DFS of 20 months. When considering
the 31 patients in follow-up with PMs only, 16 of them showed a recurrence after a median DFS of
25 (range, 3–130) months, and their median residual survival after recurrence was 50 (range, 4–121)
months. The 1-, 3-, 5-, and 10-year DFS rates were 83%, 60%, 52%, and 38%, respectively (Figure 2).
Finally, 11 patients in follow-up (median 68 months) died of disease; 20 patients were still alive,
and 13 of them without evidence of disease. The median OS was 134 months; the 1-, 3-, 5-, and 10-year
OS rates were 94%, 88%, 79%, and 55%, respectively (Figure 2).
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Table 2. Long-term follow-up (n = 36).

Parameters

Post-operative diabetes, n 17

Post-operative exocrine insufficiency, n 15

Disease recurrence, n 19

Site of recurrence, n
Liver 7
Lung 7

Pancreas 5
Bone 2

Thyroid 1
Adrenal 1

Follow-up (months), median (range) 68 (4–201)

Status, n
Died of disease 11

Died of other cause 5
Alive with disease 7

Alive and no evidence of disease 13

Figure 2. Kaplan-Meier estimates for overall survival (OS) (left) and disease-free survival (DFS) (right)
of 36 patients after pancreatic surgery for RCC-PM.

At Cox-regression univariate analysis (Table 3), lymph node positivity (HR 5.1, 95% CI 1.5–18),
multi-visceral resection (HR 3.4, 95% CI 1.1–10) and synchronous RCC-PMs (HR 13, 95% CI 3–55) were
significantly associated with a short OS.
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Table 3. Univariate Cox regression analysis for OS and DFS (n = 36).

OS DFS

Event HR 95% CI p Value Event HR 95% CI p Value

Age (years) 16 19
<65 (n = 17) 9 1 11 1
≥65 (n = 19) 7 0.97 0.36–2.6 0.95 8 0.84 0.34–2.1 0.70
Stage RCC 16 19
I-II (n = 13) 5 1 8 1

III-IV (n = 23) 11 2.9 0.89–9.4 0.077 11 0.93 0.37–2.3 0.88
Timing RCC-PM 16 19

Metachronous (n = 33) 13 1 17 1
Synchronous (n = 3) 3 13 3–55 <0.001 2 4.2 0.91–19 0.065
Number RCC-PM 16 19

Single (n = 16) 6 1 9 1
Multiple (n = 20) 10 1.1 0.38–3 0.9 10 0.79 0.32–1.9 0.61
Extra-pancreatic

metastases 16 19

No (n = 30) 14 1 16 1
Yes (n = 6) 2 2.8 0.54–15 0.22 3 2.0 0.57–7.4 0.27

Pancreatic resection 16 19
Limited (n = 5) 2 1 4 1

Standard (n = 31) 14 1.8 0.41–8.3 0.43 15 0.58 0.19–1.8 0.34
Multi-visceral

resection 16 19

No (n =26) 10 1 13 1
Yes (n = 10) 6 3.4 1.1–10 0.029 6 1.8 0.66–4.7 0.25

Splenectomy 16 19
No (n =15) 8 1 10 1
Yes (n = 21) 8 0.94 0.35–2.5 0.89 9 0.74 0.3–1.8 0.52

Postoperative
complications 16 19

No (n = 23) 10 1 9 1
Yes (n = 13) 6 0.84 0.3–2.3 0.74 10 1.9 0.77–4.7 0.17

Size RCC-PM (cm) 16 19
<2.5 (n = 14) 10 1 6 1
≥2.5 (n = 22) 6 1.1 0.4–3.2 0.80 13 1.7 0.63–4.5 0.31
Lymph-node

positivity 16 19

No (n = 31) 12 1 16 1
Yes (n = 5) 4 5.1 1.5–18 0.011 3 1.4 0.4–5.1 0.59
Recurrence 16
No (n = 17) 4 1 - - -
Yes (n = 19) 12 2.6 0.81–8.1 0.11 - - - -

DFI (months) 13 17
≥60 (n = 22) 9 1 12 1
<60 (n = 11) 4 1 0.31–3.4 0.96 5 0.96 0.34–2.7 0.94

DFI–disease-free interval; DFS–disease-free survival; OS–overall survival; RCC–renal cell carcinoma; RCC-PM–
pancreatic metastasis from renal cell carcinoma.

4. Discussion

Nephron-sparing or radical nephrectomy is the standard of care for localized RCC, with a
20-30% of recurrence rate [15], and RCC-PMs are reported to occur in 2.8% of patients [5]. In our
experience, RCC-PMs were located in the body-tail of the pancreas in 28 cases (irrespective of the side
of nephrectomy), multiple in 21 patients, and only seven patients had extra-pancreatic metastases.
Confirming previous reports [6,16], 92% of RCC-PMs arose as metachronous, occurring after a median
DFI of seven years (up to 24 years) after nephrectomy. Occasionally, metastases may have occurred
earlier and been overlooked by the cross-sectional imaging studies [9]. The gold standard to detect
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hyper vascular RCC-PMs in the follow-up of RCC patients should be the CT scan, and MRI could be
an acceptable alternative option [8]. One third of our patients developed RCC-PMs after a DFI of more
than 10 years; a long follow-up over 10 years should be considered, even in asymptomatic patients.
Due to the systemic spread of RCC, functional total-body imaging studies may have some relevance in
the follow-up after nephrectomy for RCC. In our series, 18F-FDG PET-CT had a sensitivity of 64% in
detecting RCC metastases, as previously reported [17]. However, RCC-PMs showed a low/moderate
FDG uptake, whereas 68Ga PET-CT and 111In-Scintigraphy together (both binding to somatostatin
receptors) showed a strong positivity in five out of seven patients. The positivity of 111In-Scintigraphy
is a common finding in metastatic RCC [18]. Hence, 68Ga PET-CT (which replaced 111In-Scintigraphy)
could be a promising tool for the RCC staging, and it may be advisable once RCC recurrence or
metastases are suspected at CT scan.

In metastatic setting of RCC, the resection of RCC metastases is recommended as local treatment
for most sites, except brain and bone metastases [19], since the surgical treatment can lead to a long
DFS, even without a systemic therapy [20]. Concerning RCC-PMs, five-year survival was significantly
longer in patients who underwent surgery (72–73%) when compared to patients without surgery
(0–14%) [10,16]. In a recent multicenter study [6], surgery and TKIs showed comparable results,
although evaluated as PFS and DFS, respectively, but patients treated with TKIs had no complete
responses [6]. Moreover, TKI-related toxicity has been observed in most patients, with a decline in
quality of life [21]. In our surgical series, we obtained a complete objective response in 13 patients,
in terms of patients living without disease after a median follow-up of 148 months. In our study,
in RCC-PMs without extra-pancreatic metastases, 19 showed a recurrence after a median DFS of
25 months, and their median residual survival after recurrence was 50 months. Even in a subset of
patients older than 65 years, and those with a stage III-IV RCC at diagnosis, the five-year OS was
found to be 80% and 71%, respectively, after pancreatic surgery. In our study, mortality rate was
2.6%, clinically relevant post-operative pancreatic fistula (excluding total pancreatectomy) occurred
only in 15% of cases, and 62% of patients had an uneventful post-operative course. These results
are in line with a recent study on “high-risk complication” patients who underwent pancreatic
surgery [22], with morbidity and mortality rates of 42.5% and 3.5%, respectively. Particularly, morbidity
and mortality rates of patients who underwent major pancreatic surgery (total pancreatectomy and
pancreatico-duodenectomy) was 40% and nil, respectively. Thus, when performed in centers specialized
in pancreatic surgery, a correct management of expected complications will minimize the risk of severe
outcomes, and an aggressive approach for the treatment of RCC-PMs can be adopted to pursue the
goal of an R0 resection, even if this could require a major pancreatic resection.

In the univariate analysis we analyzed the possible impact of the presence of single/multiple
RCC-PMs, of the presence of extra-pancreatic disease, and of the DFI on the DFS and OS. High-volume
analyses during the last 10 years on RCC-PMs showed that results of RCC-PMs surgical resection
are not conditioned by the presence of single or multiple metastases, or the presence of synchronous
or metachronous metastases [23–26]. In our study we also reported no difference in DFS or OS at
Cox-regression univariate analysis between single or multiple metastases. On the contrary, at univariate
analysis a significantly (p < 0.001) shorter OS was associated with synchronous RCC-PMs when
compared to metachronous lesions with a HR of 13 (95% CI 3–55). However, this may be the result
of low statistical power due to the small sample size of the patients with synchronous RCC-PMs.
Furthermore, RCC-PMs without extra-pancreatic disease carry a favorable prognosis with a cumulative
five-year survival after surgery of up to 88% [27], even if this finding was not confirmed in our study.
A prolonged DFI is a characteristic feature of patients with RCC pancreatic metastases, and in our series,
we reported 13 patients with a DFI of more than 10 years, nine of which were still alive without evidence
of disease. Nevertheless, no associations between DFI and survival were observed, even when raising
the DFI cut-off from 5 to 10 years, in accordance with data published recently in the literature [24,26,28].
Therefore, when a radical resection of RCC-PMs is obtainable, this should be taken in consideration
both in the case of single or multiple RCC-PMs, or extra-pancreatic disease, and independently by
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the DFI. Moreover, we observed a disease recurrence in about half of patients either with single or
multiple PMs, confirming a previous study [16]. However, as reported by Di Franco at al., an aggressive
treatment could be taken into consideration also in case of recurrent disease after RCC pancreatic
metastases resection and multiple surgical treatment of recurrent RCC metastases, diagnosed during
the follow-up [11].

The usefulness of lymphadenectomy in pancreatic surgery performed for RCC-PMs is still
debated. Several previous reports found that a peri-pancreatic lymph node involvement with PMs
is uncommon [29], or even absent [30], especially with the pancreas as the only metastatic site [16].
In our study, only five patients had a RCC involvement of peri-pancreatic lymph nodes, but they
showed a worse five-year OS than patients with negative lymph nodes (53 vs. 82%, respectively),
confirmed at univariate analysis (p = 0.011). From our experience, lymph-node dissection should
be performed only in case of suspected lymph node involvement detected intra- or pre-operatively.
Similarly, splenectomy could be performed only for a pancreatic tail lesion close to the hilum, or if
a lymph node involvement at the splenic hilum is suspected, since splenectomy was not related to
any survival advantages. Some authors reported a high local recurrence rate after limited resections
for RCC-PMs [31], but in our study no significant differences were shown between standard and
limited resections in terms of DFS/OS. Considering long-life expectancy of these patients, limited
pancreatic resections may be an alternative to standard procedures. Pancreatic recurrence occurred in
five out of 24 patients in follow-up after pancreatic surgery (excluding total pancreatectomy), and all
but one patient had undergone a standard pancreatic resection. Thus, a pancreatic “recurrence”
may be related to undetected multiple PMs [32], rather than to the surgical procedure. Moreover,
disease relapse after pancreatic surgery occurred mostly in distant extra-pancreatic sites. From our
experience, a standard pancreatic resection with lymph node dissection (and splenectomy) may not
prevent pancreatic (and systemic) recurrence of disease, since DFS depends mostly on extra-pancreatic
metastases. Multi-visceral resections, performed with curative intent and mostly associated with
total pancreatectomy, showed a significantly short OS (p = 0.029), confirming the bad prognosis
when infiltration includes surrounding organs. Moreover, total pancreatectomy results in exocrine
insufficiency and insulin-dependent diabetes mellitus, which may affect the global quality of life,
especially for relatively young patients who had undergone nephrectomy.

Our study has some limitations due to the relatively small number of patients included and the
retrospective design and data collection. Moreover, similarly to other published studies, the lack of a
control group represents another limitation. In fact, the multicenter nature and the long period of the
study made it difficult to obtain a really comparable control group of patients that did not undergo
surgical resection in the last 20 years. However, patients with pancreatic metastases treated with sole
systemic therapies were either patients not fit for surgery because of severe comorbidities with a high
operative risk for pancreatic surgery, or patients not susceptible to undergo a R0 resection because of
plurimetastatic disease with diffuse extra-pancreatic localizations. Therefore, any comparison with
such group could have introduced a selection bias, because patients who were not operated on were
more likely to have shorter survival rates. Nevertheless, this study reported the experience of three
tertiary referral centers for pancreatic surgery, with a long time of follow-up.

In conclusion, the assessment of RCC-PMs may be improved using functional total body imaging,
particularly 68Ga PET-CT as a second-line imaging technique, and follow-up after nephrectomy for RCC
should be extended after 10 years. Indications to surgery should be taken in consideration for RCC-PMs
in which a radical resection could be obtained, both for single and multiple PMs; we have insufficient
data to extend indications to patients with extra-pancreatic disease. Limited pancreatic resections are
equivalent in terms of recurrence to standard pancreatic procedures, and splenectomy and lymph
node dissection are not mandatory, since lymph node involvement is uncommon. In pancreatic units,
resective surgery may obtain a complete objective response, with more than one third of patients living
without disease after a median follow-up longer than 12 years. Moreover, in our opinion, with the
introduction of new possible locally directed therapy, such as surgical, ablative or radiation-based
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approaches, and of new chemotherapy drugs, today each case of RCC-PM should be treated thorough
multidisciplinary evaluation performed by general surgeons, radiation therapists, interventional
radiologists, and medical oncologists. Probably, combination therapy with the newly available target
therapies will be crucial for the management of these patients in the future.
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Abstract: We examined the relationship between the daily rate of change of cancer antigen
19-9 (CA19-9) over the first 90 days of treatment (DRC90) and the pretreatment levels of neutrophils,
lymphocytes, and platelets with the overall survival (OS) and progression-free survival (PFS)
in patients with stage IV pancreatic ductal adenocarcinoma (PDA) who received chemotherapy.
We retrospectively evaluated 102 locally advanced and metastatic PDA patients treated at the
University of Kansas Cancer Center (KUCC) between January 2011 and September 2019. We compared
the ratio of the pretreatment absolute neutrophil count to the pretreatment absolute lymphocyte count
(NLR) and the ratio between the pretreatment platelet count to the pretreatment absolute lymphocyte
count (PLR) with the OS and PFS. We compared the DRC90 to the OS and PFS. The ratios were
analyzed using the log-rank trend test using the mean of the NLR, PLR, and DRC90 as the threshold
for two groups within each variable. Patients with ≥mean NLR (4.6 K/μL) had a significantly lower OS
(p = 0.0444) and PFS (p = 0.0483) compared with patients below the mean. Patients with PLR ≥mean
(3.9 K/μL) did not have a significantly different OS (p = 0.507) or PFS (p = 0.643) compared with
patients below the mean. Patients with DRC90 ≥mean (−1%) did not have a significantly different
OS (p = 0.342) or PFS (p = 0.313) compared with patients below the mean. Patients with NLR ≥mean
(4.6 K/μL) had a significantly lower OS and PFS compared with patients with NLR below the mean.
This implies the possibility of NLR as a prognostic marker in PDA that could guide treatment
approaches but still requires validation in a larger cohort.

Keywords: pancreatic cancer; pancreatic ductal adenocarcinoma; pancreatic cancer prognosis

1. Introduction

Pancreatic adenocarcinoma is the third leading cause of death from cancer in the United States
with a 5-year survival rate of 9% [1]. There currently no known sufficiently sensitive methods of
screening asymptomatic adults for pancreatic adenocarcinoma, and thus, the United States Preventive
Services Task Force (USPSTF) currently recommends against screening until symptoms develop [2].
Patients are often diagnosed at later stages, because pancreatic cancer is commonly asymptomatic in
the early stages [1]. The effects of this are grim: in patients with stage IV pancreatic adenocarcinoma,
the 5-year survival rate drops to 3% [1]. The survival of pancreatic adenocarcinoma has not improved
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substantially in forty years [3]. Additionally, few risk factors or markers of prognosis have been
identified [3].

Individual studies have examined the effect of lymphocytes, neutrophils, and platelets on the
overall survival (OS) and progression-free survival (PFS) in patients with pancreatic adenocarcinoma.
One study found that a ratio between the pretreatment platelet count to the pretreatment absolute
lymphocyte count (PLR) of >240 K/μL, a ratio of the pretreatment absolute neutrophil count to the
pretreatment absolute lymphocyte count (NLR) > 5 K/μL, and a daily rate of change of CA19-9 over
the first 90 days of treatment (DRC90) > 0.4% were significantly associated with a decreased OS [4].
Another study confirmed that an elevated NLR at or above 3.54 K/μL was significantly associated
with a decreased OS [5]. An additional study contradictorily found that NLR > 5 K/μL and CA19-9
at the time of diagnosis ≥ 437 μ/mL were significantly associated with an increased OS and PFS [6].
Further analysis of the effects of the amounts and ratios of immune cells and the rate of tumor marker
change in patients at the time of diagnosis on the overall survival is required to ascertain their utility in
predicting prognosis and guiding treatment. Thus, in this retrospective study, we analyzed the effect
of the NLR, PLR, and DRC90 on the OS and PFS in locally advanced and metastatic pancreatic cancer
patients treated at the University of Kansas Cancer Center to add to the existing knowledge regarding
the association immune cell ratios have with the prognosis in pancreatic adenocarcinoma.

2. Experimental Section

The study was a retrospective chart review of the characteristics of patients with locally advanced
or metastatic pancreatic adenocarcinoma diagnosed between January 2011 and September 2019 from
the University of Kansas Cancer Center medical records.

The primary outcomes of interest were the OS and PFS of patients with locally advanced or
metastatic pancreatic ductal carcinoma. The NLR and PLR were compared with the OS and PFS.
The complete blood cell count closest to the date of the initiation of treatment was used for the
neutrophil, lymphocyte, and platelet levels, and patients without a pre-treatment complete blood
count (CBC) available were excluded. The DRC90 was calculated and compared with the OS and
PFS. The CA19-9 at the time of diagnosis was used as the baseline for measuring the rate of change.
The DRC90 was found by calculating the daily percent change of the baseline CA19.9 and the CA19.9
at three months after the treatment initiation. Demographic data, such as the age, gender, race,
smoking status, Eastern Cooperative Oncology Group (ECOG) performance status, tumor location,
and treatment received, were also collected. All patient data was collected retrospectively via electronic
health records and stored on a secure Redcaps database.

The data were deidentified before analysis. Associations between the NLR, PLR, and DRC90
and the OS and PFS were obtained via Kaplan–Meier survival curves and log-rank trend tests using
the means of NLR (4.6), PLR (196), and DRC90 (−1%) as the threshold for the two groups within
each variable.

3. Results

3.1. Characteristics of Patients

A total of 102 patients diagnosed with locally advanced or metastatic pancreatic cancer with
pretreatment complete blood cell counts and pretreatment CA19-9 available, diagnosed between
January 2011 and September 2019 from the University of Kansas Cancer Center were included in
the study. Patients were split into two groups based on whether they fell at or above the mean
NLR, mean PLR, and mean DRC90 or below. The patient characteristics within each group are listed
in Table 1.
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Table 1. Characteristics of the patients in each group of analysis. The ratio between the pretreatment
platelet count to the pretreatment absolute lymphocyte count (PLR), the ratio of the pretreatment
absolute neutrophil count to the pretreatment absolute lymphocyte count (NLR), and the daily rate of
change of CA19-9 over the first 90 days of treatment (DRC90).

Characteristics
NLR < 4.6

K/μL
NLR ≥ 4.6

K/μL
PLR < 196

K/μL
PLR ≥ 196

K/μL
DRC90 <
−1%

DRC90 ≥
−1%

Number 66 35 59 43 66 36
Age (median) 65.5 62 63 64 64 61.5

Gender (%)

Male 62.0% 60.0% 61.0% 62.8% 60.6% 63.9%
Female 38.0% 40.0% 39.0% 37.20% 39.4% 36.1%

Race

White 57 (86.4%) 32 (91.4%) 53 (89.8%) 36 (83.7%) 60 (90.9%) 29 (80.6%)

Black or African American 2 (3.0%) 2 (5.7%) 2 (3.4%) 2 (4.7%) 0 (0.0%) 4 (11.1%)

Other 5 (7.6%) 1 (2.9%) 4 (6.8%) 5 (11.6%) 6 (9.1%) 3 (8.3%)

Smoking Status

Yes 27 (40.9%) 17 (48.6%) 30 (50.8%) 14 (32.6%) 40 (60.6%) 19 (52.8%)

No 37 (56.1%) 17 (48.6%) 27 (45.8%) 28 (65.1%) 25 (37.9) 15 (41.7%)

ECOG Status

0–1 60 (90.1%) 33 (94.3%) 54 (91.5%) 39 (90.7%) 60 (90.9%) 33 (91.7%)

2 or higher 6 (9.1%) 2 (5.7%) 5 (8.5%) 4 (9.3%) 5 (7.6%) 2 (5.6%)

Tumor Location

Head 49 (74.2%) 15 (42.3%) 40 (67.8%) 24 (55.8%) 42 (63.6%) 22 (61.1%)

Tail 9 (13.6%) 11 (31.4%) 10 (16.9%) 6 (14.0%) 16 (24.3%) 5 (13.9%)

Body 7 (10.6%) 9 (25.7%) 8 (13.6%) 13 (30.2%) 7 (10.6%) 9 (25.0%)

Neck 1 (1.5%) 0 (0.0%) 1 (1.7%) 0 (0.0%) 1 (1.5%) 0 (0.0%)

Metastatic 46 (69.7%) 33 (94.3%) 46 (78.0%) 34 (79.0%) 54 (81.8%) 33 (91.7%)

Locally Advanced 20 (30.3%) 2 (5.7%) 13 (22.0%) 9 (21.0%) 12 (18.2%) 3 (8.3%)

CA19-9 at the time of diagnosis

Normal (<38 U/mL) 11 (16.7%) 3 (8.6%) 8 (13.6%) 5 (11.6%) 5 (7.6%) 8 (22.2%)

Abnormal (>38 U/mL) 54 (81.8%) 32 (91.4%) 51 (86.4%) 38 (88.4%) 61 (92.4%) 26 (72.2%)

Treatment Received

FOLFIRINOX 40 (60.6%) 20 (57.1%) 37 (62.7%) 24 (55.8%) 40 (60.6%) 21 (58.3%)

Gemcitabine/albumin-bound
Paclitaxel (Abraxane) 16 (24.2%) 11 (31.4%) 13 (22.0%) 14 (32.6%) 18 (27.3%) 10 (27.8%)

Gemcitabine 4 (6.1%) 0 (0.0%) 4 (6.8%) 0 (0.0%) 2 (3.0%) 2 (5.6%)

Other 6 (9.1%) 4 (11.4%) 5 (8.5%) 5 (11.6%) 6 (9.1%) 3 (8.3%)

3.2. Efficacy

The median progression-free survival for patients with an NLR greater to or equal than the
population’s mean (4.6 K/μL) was 259 days (95% CI 177–308 days), and the median overall survival was
387 days (95% CI 221–455 days). For patients below the sample’s mean NLR (<4.6 K/μL), the median
PFS was 339 days (95% CI 207–592 days), and the median OS was 491 days (95% CI 391–527 days).
The log-rank test showed that the PFS and OS for patients with an NLR greater than or equal to the
mean of 4.6 K/μL and patients with an NLR less than 4.6 K/μL were significantly different (p = 0.0444,
p = 0.0483, respectively), which is shown in Figure 1a,b. An elevated NLR in comparison to the
sample population mean was associated with a lower OS and PFS in locally advanced or metastatic
pancreatic adenocarcinoma.
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Figure 1. (a) Kaplan–Meier survival curve comparison of the OS of NLR groups; (b) Kaplan–Meier
survival curve comparison of the PFS of NLR groups; (c) Kaplan–Meier survival curve comparison
of the OS of PLR groups; (d) Kaplan–Meier survival curve comparison of the PFS of PLR groups;
(e) Kaplan–Meier survival curve comparison of the OS of DRC90 groups; (f) Kaplan–Meier survival
curve comparison of the PFS of DRC90 groups.

The median PFS for patients above the sample’s PLR mean of 196 was 267 days (95% CI 177–361 days)
and the median OS was 425 days (95% CI 302–494 days). The median PFS for patients below the samples
PLR mean was 314 days (95% CI 187–484 days), and the median OS was 477 days (95% CI 381–527 days).
The log-rank test did not show significant differences in OS and PFS in patients with a PLR greater
than or equal to the sample mean and PLR below the sample mean, as shown in Figure 1c,d.

The median PFS for patients with a DRC90 greater than or equal to the sample mean (−1%) was
176 days (95% CI 101–368 days), and the median OS was 414 days (95% CI 279–547 days). The median
PFS for patients with a DRC90 less than the sample mean was 308 days (95% CI 258–455 days), and the
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median OS was 451 days (95% CI 387–521 days). There was no significant difference in the OS and PFS
between the DRC90 groups above the sample mean of −1% and below it, as shown in Figure 1e,f.

4. Discussion

Our findings of a significant association between an elevated NLR and lower OS and PFS agree
with the findings of Das et al. and Dede et al., and are contradictory to the findings of Desai et al [4–6].
Thus, three separate studies have now found a significant association between an elevated NLR and
lower OS and PFS in patients with locally advanced or metastatic disease, with a combined 283 patients
studied. The cutoffNLR value of 4.6 K/μL used to separate groups in this study was lower than the
NLR cutoff value of 5 K/μL used by Das et al. and higher than the NLR cutoff value of 3.54 K/μL used
by Dede et al. [4,5]. Further investigation into the exact threshold of NLR elevation at which the OS
and PFS is negatively affected is warranted in order to guide the treatment of patients with an elevated
NLR, as our study further implicates elevated NLR as a negative prognostic factor.

A numerical difference in the PFS and OS was found between the PLR groups, with groups below
the mean of 196 showing a PFS of 314 days and an OS of 477 days versus a PFS of 267 and an OS of
425 days in the groups above the sample mean PLR. Although statistical significance was not met,
this numerical difference showing a lower PFS and OS in patients with PLR below the sample mean
agrees with the statistically significant findings of Das et al., who found an association between an
elevated PLR and lower OS and PFS [4].

A numerical difference in the PFS and OS was found between the DRC90 groups, with groups
below the mean DRC90 of −1% showing a PFS of 308 days and OS of 451 days versus PFS of 176 and
OS of 414 days in the group greater than the mean. Although a statistical difference was not met,
this numerical trend agrees with the findings of Das et al. [4].

Our finding of elevated NLR as a poor marker of prognosis agrees with studies done on other
forms of cancer [7]. Neutrophils are key components of the innate immune response but have
also been implicated in the biogenesis of malignancy via their ability to blunt antitumor T cell
responses [8]. Specific subsets of mature neutrophils have shown to play an important role in the escape
of tumor cells from antitumor immunity [9]. The current treatment guidelines for metastatic pancreatic
adenocarcinoma are largely based on the ECOG status and comorbidity profile [10]. Evidence of the
importance of elevated NLR on the outcomes in metastatic pancreatic adenocarcinoma that our study
and others provide, as well as larger studies including multiple forms of malignancy, indicate the
potential for baseline NLR at the time of diagnosis to factor into treatment guidelines.

The limitations of this study include the retrospective chart review design, the small sample size
of analysis (n = 102), variability in the treatment regimens received by patients, possible homogeneity
due to the sample selection from only one treatment center, and group analysis of both metastatic
and locally advanced patients. Our analysis grouped metastatic and locally advanced patients due to
sample size limitations, and future studies should analyze these cohorts separately to assess the impact
of distant metastasis versus locally advanced disease on outcomes in patients with an elevated NLR.

A large prospective randomized study is needed to confirm our study results, to ascertain the
utility of elevated NLR as a prognostic marker in pancreatic cancer, and to further determine what
threshold of elevation is universally prognostic. Given the results of our study, which used a threshold
NLR of 4.6 K/μL to separate groups, along with the results of Des et al. with their threshold of 5 K/μL
and the threshold of 3.54 K/μL used by Dede et al., future studies might start with a threshold below
that of Dede et al. to further ascertain at what point an elevated NLR impacts outcomes.
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Abstract: The combination of nab-paclitaxel and gemcitabine demonstrated greater efficacy than
gemcitabine alone but resulted in higher rates of chemotherapy-induced peripheral neuropathy
(CINP) in patients with metastatic pancreatic cancer (mPC). We aimed to evaluate the correlation
between the development of treatment-related peripheral neuropathy and the efficacy of nab-P/Gem
combination in these patients. mPC patients treated with nab-paclitaxel 125 mg/m2 and gemcitabine
1000 mg/m2 as a first-line therapy were included. Treatment-related adverse events, mainly periph-
eral neuropathy, were categorized using the National Cancer Institute Common Toxicity Criteria
scale, version 4.02. Efficacy outcomes, including overall survival (OS), progression-free survival (PSF),
and disease control rate (DCR), were estimated by the Kaplan–Meier model. A total of 153 patients
were analyzed; of these, 47 patients (30.7%) developed grade 1–2 neuropathy. PFS was 7 months (95%
CI (6–7 months)) for patients with grade 1–2 neuropathy and 6 months (95% CI (5–6 months)) for pa-
tients without peripheral neuropathy (p = 0.42). Median OS was 13 months (95% CI (10–18 months))
and 10 months (95% CI (8–13 months)) in patients with and without peripheral neuropathy, respec-
tively (p = 0.04). DCR was achieved by 83% of patients with grade 1–2 neuropathy and by 58%
of patients without neuropathy (p = 0.03). In the multivariate analysis, grade 1–2 neuropathy was
independently associated with OS (HR 0.65; 95% CI, 0.45–0.98; p = 0.03). nab-P/Gem represents
an optimal first-line treatment for mPC patients. Among possible treatment-related adverse events,
peripheral neuropathy is the most frequent, with different grades and incidence. Our study suggests
that patients experiencing CINP may have a more favorable outcome, with a higher disease control
rate and prolonged median survival compared to those without neuropathy.

Keywords: pancreas; neuropathy; taxanes; survival

1. Introduction

Metastatic pancreatic cancer (mPC) is associated with poor survival rates, with a
worldwide 5-year survival rate lower than 5% [1]. Until recently, patients with advanced
pancreatic cancer had limited treatment options. Nab-paclitaxel plus gemcitabine (nab-
P/Gem) is a first-line treatment option approved in the US and Europe based on the
international phase III MPACT trial results for its proven superiority over gemcitabine [2].
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The median overall survival (OS) for nab-P/Gem was 8.5 months compared to 6.7 months
for gemcitabine (hazard ratio (HR), 0.72; p < 0.001), the median progression-free survival
(PFS) was 5.5 months versus 3.7 months (HR, 0.69; p < 0.001), and the overall response
rate (ORR) was 23% and 7%, respectively (p < 0.001). An updated report showed a fi-
nal OS for nab-P/Gem versus Gem alone of 8.7 months and 6.6 months, respectively
(HR, 0.72; p < 0.001) [3]. Along with its cost-effectiveness in first-line, a number of ret-
rospective series have confirmed nab-P/Gem as an active, effective, well-tolerated, and
cost-effective regimen even in pretreated patients [4–8]. Taxanes are microtubule-stabilizing
agents (MTSAs), including polyoxyethylated castor oil-based paclitaxel, docetaxel, and
ABI-007 (nab-paclitaxel) used for the treatment of various cancers. ABI-007 is a new poly-
oxyethylated castor oil-free formulation of paclitaxel developed to overcome the limitations
attributed to the solvent Kolliphor EL (previously called Cremophor EL) and improve
the therapeutic index and safety profile of solvent-based paclitaxel (sb-P) [9]. Peripheral
neuropathy (PN) is the major toxicity related to taxanes [6,10–12]. Although it is not
completely clear how taxanes cause PN, in vitro studies have demonstrated that taxanes
interrupt axonal transport mediated by microtubules, leading to neuropathy [13]. Other
data demonstrate damage to mitochondria that may underlie a metabolic axonal failure
in chemotherapy-induced peripheral neuropathy (CIPN) [14,15]. A novel study using the
zebrafish model suggested that paclitaxel-induced neuropathy may depend on interactions
between skin nerve endings and epidermal basal keratinocytes through the matrix metallo-
proteinase MMP-13 [16]. Peripheral neuropathy is a troublesome side effect experienced by
many cancer patients that should be actively managed during its course and after the end
of treatment [17,18]. This specific toxicity can be dose-limiting and may persist indefinitely
in some cases [19,20].

In phase II/III trials of various tumor types, nab-paclitaxel regimens demonstrated
improved efficacy and tolerability compared with solvent-based taxanes [21,22]. Recent
retrospective studies have reported a 30.4% to 56.8% incidence of CIPN during nab-P/Gem
combination chemotherapy [2,5,8]. In the MPACT trial, 54% of the patients experienced
any-grade CIPN. Subset analysis of the MPACT trial and the report by Cho et al. demon-
strated that the development of treatment-related peripheral neuropathy represents an
independent, positive predictive factor of OS [8,23]. Although nab-P/Gem combination
therapy is now a consolidated treatment in clinical practice, some reports suggest a possible
link with long-term prognosis [16,17]. Data regarding its possible association with survival
in the real world are still lacking. The aim of our study is to evaluate the correlation
between the development of CINP and the efficacy of nab-P/Gem combination therapy in
patients with metastatic pancreatic cancer treated in the real world.

2. Materials and Methods

2.1. Eligibility Criteria

Patients investigated in this study derive from the multicenter retrospective study
NAPA that evaluated patients with metastatic PC treated with first-line nab-P/Gem ac-
cording to clinical guidelines. This study involved patients treated at 5 Italian oncological
units (after the last amendment that has added another center) with first-line nab-P/Gem
between January 2015 and December 2018 [24]. We performed a retrospective study
of Italian oncological centers across the North, Central, and South of Italy. This study
enrolled adult patients with Eastern Cooperative Oncology Group Performance Status
(ECOG-PS) 0–1 and histologically confirmed metastatic adenocarcinoma of the pancreas.
Patients were required to have adequate hepatic, hematologic, and renal function (includ-
ing bilirubin level ≤ the upper limit of normal, absolute neutrophil count ≥ 1.5 × 109/L,
platelet count ≥ 100,000/mm3, and hemoglobin level ≥ 9 g/dL). Patients who had com-
pleted surgery or adjuvant treatments (chemotherapy or radiation therapy) for more than
6 months were evaluated. Patients who had at least one cycle of treatment completed
were included. Serious cardiovascular problems (i.e., ejection fraction < 40%, myocardial
infarction) or infections represented exclusion criteria. The protocol was approved by the
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Institutional Review Board for clinical trials of Tuscany: Section AREA VASTA CENTRO,
number:14565_oss; all patients gave their written consent.

2.2. Treatment Schedule and Response Assessments

The initial dose of nab-P/Gem was chosen according to a pivotal study: intravenous
infusion of nab-paclitaxel 125 mg/m2, followed by gemcitabine 1000 mg/m2 administered
intravenously on days 1, 8, and 15 every 4 weeks. A second or additional therapy line was
administered according to the single-center experience.

Patients received antiemetic medication at the beginning of each treatment cycle and
adequate doses of analgesic drugs to provide optimal pain control. Chemotherapeutic cy-
cles were administered with absolute neutrophil count > 1500/μL, hemoglobin ≥ 9 g/dL,
and platelets > 100,000/mm3, granulocyte-olony stimulating factor (G-CSF) was admin-
istered according to the local clinical practice. Clinical, radiological, and biochemical
pretreatment assessments were performed within 2 weeks from treatment beginning.
Blood tests were performed at baseline and before every single drug administration, while
measurement of the carbohydrate antigen (CA)19-9 serum level was performed at baseline
and every 12 weeks. Tumor response evaluation was performed every 3 months or ear-
lier when clinically required by spiral computed tomography according to the Response
Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [25].

2.3. Neuropathy Assessment

Peripheral motor/sensory neuropathy is a disorder characterized by damage or dys-
function of the peripheral motor/sensory nerves. Sensory neuropathy presents as pares-
thesia, numbness, and pain in the feet and hands [26]. Paresthesia occurs in distal lower
extremities with a glove-and-stocking distribution and is most severe on the plantar sur-
face [27]. The severity of most symptoms is mild to moderate, and symptoms generally
disappear on cessation of therapy [26,28,29]. Motor neuropathy is usually mild and presents
as muscle weakness such as foot drop or difficulty in climbing stairs, decreasing at times
fine motor skills [27,30,31]. Neuropathy is graded by subjective complaints of patients
and physical examination by clinicians. It was assessed by the National Cancer Institute
Common Toxicity Criteria for Adverse Events (NCI-CTCAE) scale, version 4.02 [32]. Grade
1 defines an asymptomatic disorder or loss of deep tendon reflexes or paresthesia where
only clinical or diagnostic observations are needed and intervention is not indicated; grade
2 involves moderate symptoms that limit instrumental activities of daily living (ADL);
grade 3 involves severe symptoms limiting self-care ADL that need an assistive device;
grade 4 involves life-threatening consequences where urgent intervention is indicated.
Dose modification, delay, and drug discontinuation related to neuropathy or other adverse
events (AE) were performed according to the guidelines.

2.4. Statistical Analysis

This study aimed to evaluate whether the development of neuropathy (grade 1–2)
positively correlates with the efficacy and survival of patients with metastatic pancreatic
cancer treated with nab-P/Gem as first-line treatment. For this purpose, patients were
split into two groups: with or without the development of neuropathy. Patient and tumor
characteristics plus treatment data were collected as frequency, percentage of categorical
variables, median with 95% confidence interval, and range (for continuous variables).
Overall survival was evaluated as the time from nab-P/Gem regimen start to death from
any cause or the date of the last follow-up visit. Progression-free survival was evaluated as
time from treatment initiation to the date of the disease progression. The Kaplan—Meier
method with log-rank test was performed to analyze PFS and OS in relation to the de-
velopment of grade 1–2 neuropathy. The Cox regression model was used to evaluate the
prognostic role of neuropathy and other clinical and/or pathological variables. Statistical
analysis was performed using STATA software with a statistical significance threshold
agreed upon p < 0.05.
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3. Results

3.1. Patient Characteristics

From January 2015 to December 2018, 153 patients diagnosed with metastatic PC and
treated with first-line nab-P/Gem were retrospectively investigated. Of these, 47 patients
(30.7%) developed grade 1–2 neuropathy, and 106 (69.3%) did not develop any neuropathy
during treatment. No grade 3 or 4 CIPN was reported. The median age was 67 years (range,
47–84) for the grade 1–2 neuropathy group and 66 years (range, 50–84) for patients without
peripheral neuropathy (p = 0.8). Eighteen (38.3%) patients with grade 1–2 neuropathy and
37 (34.9%) without neuropathy were 70 or older (p = 0.7). Males were more represented
in the no peripheral neuropathy group (58.5%) than in patients with PN (55.3 %) without
significative differences (p = 0.7). Over half of the patients presented with ECOG PS 1 in
the two groups (53.2% in patients with CIPN vs. 51.2% in those without CIPN) (p = 0.8).

Nineteen (40.4%) patients with neuropathy, and 42 (39.6%) without, presented three
or more metastatic sites (p = 0.5). Concerning previous treatments, more patients without
neuropathy underwent surgery and radiotherapy (11.3% and 25.5%) (p = 0.2) than patients
with neuropathy (4.3% and 21.3%) (p = 0.6) while a biliary stent was previously placed in
the 34% and 21.3%, respectively (p = 0.2). Basal carbohydrate antigen 19-9 (CA 19-9) levels
showed a minimal difference between the two groups (p = 0.6). Finally, pain was more
present in patients with neuropathy than in the other group (46.8% vs. 34.9%) (p = 0.2).
Baseline patient characteristics are summarized in Table 1.

Table 1. Patient characteristics.

All patients
(n = 153)

Neuropathy G1–2
(n = 47)

No Neuropathy
(n = 106)

p

Age, years
Mean 67 67.5 66 0.8
Range 50–84 47–84 50–84
≥70 55 (35.9%) 18 (38.3%) 37 (34.9%) 0.7

ECOG PS
1 80 (51.2%) 25 (53.2%) 55 (51.2%) 0.8

Sex
Male 88 (57.5%) 26 (55.3%) 62 (58.5%) 0.7

Number of metastatic sites
≥3 61 (39.9%) 19 (40.4%) 42 (39.6%) 0.5

Carbohydrate antigen 19-9—U/mL
Median 547 401 588
Range 0.8–700,000 1.8–700,000 0.8–129,718 0.6

Previous treatment
Radiation therapy 14 (9.9%) 2 (4.3%) 12 (11.3%) 0.2

Surgery 37 (24.2%) 10 (21.3%) 27 (25.5%) 0.6
Biliary stent 46 (30.1%) 10 (21.3%) 36 (34%) 0.1

Pain
Yes 59 (38.6%) 22 (46.8%) 37 (34.9%) 0.2

3.2. Neuropathy and Clinical Outcome

Forty-seven patients (30.7%) developed grade 1–2 neuropathy during treatment. Pa-
tients with neuropathy received a mean of six cycles vs. four cycles in patients without
neuropathy. Concerning efficacy data, median PFS was 6 months (95% CI (5–6 months))
while median OS was 11 months (95% CI 11 (10–13 months)); no complete responses (CR)
were observed, and the disease control rate (DCR) was 66.7% (102 out of 153 patients)
among all patients (Table 2).

134



J. Clin. Med. 2021, 10, 1846

Table 2. Best response, PFS, and OS according to neutropenia grade.

All Patients
(n= 153)

Neuropathy G1–2
(n = 47)

No Neuropathy
(n = 106)

p

PR 58 (37.1%) 16 (34%) 42 (39.6%)

0.03
SD 44 (28.8%) 23 (48.9%) 21 (19.8%)

DCR
(PR + SD) 102 (66.7%) 39 (83%) 63 (58%)

PD 42 (27.4%) 8 (17%) 34 (32.1%)

NE 9 (5.9%) 0 9 (8.5%)

PFS

0.42M-months 6 7 6
(95% IC) (5–6) (6–7) (5–6)

OS

0.04M-months 11 13 10
95% IC (10–13) (10–18) (8–13)

Cycles

0.03Median 5 6 4
Range 1–17 2–17 1–17

Delayed 51 (33.5%) 19 (41.3%) 32 (30.2%) 0.2

Interruption 51 (33.5%) 11 (23.4%) 40 (37.7%) 0.1

Dose reduction 88 (57.5%) 38 (80.8%) 50 (47.2%) 0.01

Patients who developed grade 1–2 neuropathy had a median PFS of 7 months (95% CI
(6–7 months)) compared to the PFS of 6 months (95% CI (5–6 months)) for patients without
neuropathy (Figure 1, p = 0.42).

 

Figure 1. Estimated PFS for nab−Gem according to low-grade CIPN presentation.

Meanwhile, OS was 13 months (95% CI (10–18 months)) and 10 months (95% CI
(8–13 months)) in patients with and without neuropathy (Figure 2, p = 0.04).
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Figure 2. Estimated OS for nab−Gem according to low−grade CIPN presentation.

DCR was achieved in 83% of patients with grade 1–2 neuropathy and in 58% of pa-
tients without neuropathy (p = 0.03). The results of the univariate analysis for OS show that
age ≥ 70, ECOG-PS 1, number of metastatic sites at baseline ≥ 3, and CA 19–9 ≥ 659 U/mL
were found to be negative prognostic factors, whereas previous surgery and grade
1–2 neuropathy (HR: 0.62 95% CI 0.46–0.99, p = 0.05) were found to be significantly positive
prognostic factors (Table 3).

Table 3. Univariate and multivariate analysis for OS.

HR IC 95% p

Univariate

Age ≥ 70 1.91 1.23–2.90 0.004
ECOG PS (1 vs. 0) 1.45 1.22–3.18 0.05

Sex (male vs. female) 1.20 0.79–1.83 0.48
N. of metastatic sites ≥ 3 4.48 2.54–8.09 <0.001

Carbohydrate antigen 19-9 ≥ 659 U/mL 1.68 1.10–3.22 0.01
Previous radiation therapy 0.47 0.19–1.16 0.1

Previous surgery 0.78 0.49–0.98 0.04
Previous biliary stent 0.84 0.54–1.32 0.4

Pain present 1.50 0.98–2.29 0.06
Neuropathy 0.68 0.46–0.99 0.05

Multivariate

Age ≥ 70 1.53 1.05–2.21 0.03
ECOG PS (1 vs. 0) 1.24 0.85–1.80 0.26

N. of metastatic sites ≥ 3 3.98 2.22–5.66 <0.001
Carbohydrate antigen 19-9 ≥ 659 U/mL 1.99 1.38–2.88 <0.001

Previous surgery 0.51 0.32–0.82 0.006
Neuropathy 0.65 0.45–0.98 0.03

136



J. Clin. Med. 2021, 10, 1846

The multivariate analysis confirms that age ≥ 70, number of metastatic sites, CA
19–9, previous surgery, and grade 1–2 neuropathy were independently associated with
OS (Table 3).

4. Discussion

The prognosis of metastatic pancreatic cancer is very poor, with an expected median
survival of fewer than 12 months and a long-term survival rate of approximately 5%.
Chemotherapy is the only feasible treatment and often correlates with even serious adverse
events. In MPACT—the randomized trial that established the efficacy of nab-P/Gem
combination therapy in patients with advanced stages of disease—peripheral neuropathy
was frequently reported as a distressing chemotherapy-related toxicity. A solvent-free form
of nab-paclitaxel was developed to reduce taxane-induced neurotoxicity; nevertheless,
this side effect still affects more than 50% of all treated patients [33]. CINP remains a
major clinical problem in the treatment of these patients that may require chemotherapy
dose reduction or cessation, increasing cancer-related morbidity and mortality [34,35].
Moreover, there is a lack of clinical trials focusing on the treatment of established painful
CIPN, and duloxetine remains the only treatment with sufficient evidence recommended
in the Clinical Practice Guideline from ASCO [36]. The objective of our study was to
investigate the independent prognostic role of treatment-related peripheral neuropathy.
We evaluated the association between CINP and treatment outcomes and summarized the
current knowledge regarding the significance of this correlation. The incidence and course
of CIPN vary across different studies. In recent retrospective studies, the incidence of CIPN
ranged from 30% to approximately 60%, but it may be underestimated because of the lack
of available methods to properly evaluate, report, and grade neurological toxicities. In the
MPACT trial, any-grade peripheral neuropathy was reported in 227 patients randomized
to the experimental arm (54%); of these, 70 (17%) experienced grade 3 CIPN, but no grade
4 was reported [23]. Dose reduction or treatment discontinuation were required in 10%
and 8% of patients with grade 3 CIPN, respectively [2]. In a Korean cohort study, Cho et al.
reported CIPN in more than 50% of patients, and 15 (18.5%) of these patients experienced
severe grades of toxicity [8]. In the study by You et al., 13 (14.8%) patients developed grade
2 PN, while 16 (18.2%) developed grade 3 PN; 19.3% and 18.2% of all patients needed
dose reduction and discontinuation of treatment due to PN, respectively [37]. In our study,
47 patients (30.7%) experienced grade 1–2 CIPN, and of these, 38 (80.8%) required dose
reduction, and 30 (44.7%) discontinued treatment. Unlike other retrospective studies in
which the incidence of grade 3 neuropathy ranged from 10% to 30% [4,5,27], no grade 3
CIPN was observed in our cohort.

In MPACT, the development of severe CIPN during treatment with nab-P/Gem
was associated with longer survival rates (HR 0.55; 95% CI, 0.39–0.79; p = 0.0007), and
every increase in grade was associated with a 35% reduction in the risk of death (HR,
0.65; 95% CI, 0.58–0.72; p < 0.0001). We also reported a significant association between
peripheral neuropathy and overall survival. Indeed, in our analysis, patients receiving
nab-P/Gem and developing PN had a significant 3-month longer median OS (p = 0.04)
compared to those who did report any peripheral neurotoxicity. In our study, baseline
differences in patient characteristics likely did not play a role in the observed results, and
the association between CIPN with survival was confirmed in the multivariate analysis,
adjusted for other prognostic factors. Similarly, the results of other studies were in line
with our results. Cho et al. highlighted the presence of neurologic adverse events as
independent survival prognostic factors (HR 0.302; 95% CI 0.130–0.702, p = 0.005) [8]. You
et al. reported a significantly longer survival rate in patients with CIPN compared to
those without neuropathy in the naive model (10.13 vs. 15.53 months, p = 0.007), although
this correlation was not confirmed in the landmark model at 6 months, used to reduce
lead time bias (11.4 vs. 15.3 months) (p = 0.089) [8,23,37]. Various studies of breast cancer
have been conducted to identify clinical or molecular risk factors for the development
of chemotherapy-induced neuropathy. Older age, hyperglycemia, and obesity or poor
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nutritional status, such as single-nucleotide polymorphisms (SNPs) in the FGD4, EPHA5,
and FZD3 genes and ABCB1 and GSTP1 polymorphisms, have been associated with the
development of taxane-related neuropathy [38–42]. Conversely, in pancreatic cancer, data
on risk factors for CIPN are still lacking, and the assessment of risk factors as shown for
breast cancer should be considered in future studies. Moreover, the association between
the neurologic side effects and OS improvement is not yet clear; a relationship could be
due to individual drug sensitivity and increased treatment exposure. Indeed, according to
Scheithauer et al., patients who are more chemo-responsive might have a better treatment
response and simultaneously more adverse events (AEs) [43]. As stated above, the mecha-
nism by which taxanes cause PN is not fully elucidated, although axonal damage has been
identified in some studies. Chemotherapy-related cognitive impairment (CRCI) is another
side effect of chemotherapy whose etiology is not well identified but appears to be related
to impaired white matter integrity [44]. Moreover, neuroinflammation seems to be another
possible explanatory mechanism for cognitive impairment and peripheral neuropathy, as
highlighted both in clinical and animal studies [45]. Therefore, CINP and CRCI could be
contextually assessed in patients treated with these drugs to evaluate a possible correlation
between them and highlight their relationship with efficacy outcomes [45–48].

Although we have demonstrated the favorable impact of CINP on survival, our
study has some limitations, mainly owing to its retrospective design, small population
sample, and the neuropathy assessment method. Indeed, although the National Cancer
Institute’s CTCAE is one of the most widely used clinical tools for detecting neuropathy
during chemotherapy, it was not specifically developed to assess pain, is not sensitive
to change, and has significant inter-rater variability. Methodologies to assess CIPN in
clinical trials have therefore been developed to provide improved evaluation tools and
patient-reported outcomes. The EORTC QLQ-CINP is a 20-item quality questionnaire
that quantifies symptoms and impairments of sensory, motor, and autonomic neuropathy
and has been used in large oncology clinical trials [49]. A more recent methodology,
the CIPN-R-ODS, was developed with Rasch analysis to build upon disability scales
that provide a linear measurement of CIPN-related disability and will likely be utilized
in future CIPN clinical trials [50]. Moreover, the Total Neuropathy Score (TNSc) that
incorporates quantitative neurological exams and neurophysiology was recently subjected
to Rasch analysis in patients with CIPN and could be used to assess outcomes in future
clinical trials [51]. Furthermore, other aspects such as mood, pain, depression, and fatigue
should be considered contextually through evaluation systems (e.g., Edmonton Symptom
Assessment Screen, MD Anderson Symptom Inventory, or EORTC QLQ30) to assess the
impact of neuropathy compared to other symptoms in patients’ daily living.

Currently, available data on the prognostic value of peripheral neuropathy in patients
with mPC who are treated with nab-P/Gem are limited. PN can lead to discontinuation
of treatment, affecting the overall response to chemotherapy. Considering the positive
correlation between PN and efficacy outcomes, the identification of risk factors for CINP
and its management becomes critical; indeed, as demonstrated for other drugs (e.g., Tyro-
sine Kinase Inhibitor, Anti-Epidermal Growth Factor Receptors), the occurrence of adverse
events such as hypertension or skin rash could be used as a surrogate of efficacy [52,53].
Moreover, better knowledge on symptom clusters of CIPN may help to improve symp-
tom management in clinical practice [54]. Therefore, a deeper understanding of the exact
mechanism of chemotherapy-induced peripheral neuropathy and assessing its correlation
with treatment outcomes in large, prospective trials will help to define the role of PN as a
possible surrogate marker for the efficacy of chemotherapy.

5. Conclusions

The combination of nab-P/Gem demonstrated greater efficacy but higher rates of
peripheral neuropathy versus gemcitabine in patients with metastatic pancreatic cancer. Al-
though the incidence of PN is lower in solvent-free forms of taxanes such as nab-paclitaxel,
it remains the main problem in combination therapy in pancreatic cancer patients. Despite
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the limitations of this study, our results suggest a positive correlation between nab-P/Gem
therapy response and the development of PN. Treatment-related neuropathy might be a pre-
dictor of prognosis in patients with metastatic pancreatic cancer treated with nab-paclitaxel,
although prospective large-scale trials are needed to confirm these results.
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Abstract: There is growing evidence to indicate that inflammatory reactions are involved in cancer
progression. The aim of this study is to assess the significance of systemic inflammatory biomarkers,
such as the neutrophil-to-lymphocyte ratio (NLR), the platelet-to-lymphocyte ratio (PLR), the ratio
of C-reactive protein to albumin ratio (CAR), the prognostic nutritional index (PNI) and the mod-
ified Glasgow prognostic score (mGps) in the diagnosis and prognosis of malignant intraductal
papillary mucinous neoplasms (IPMNs) of the pancreas. Data were obtained from a retrospective
analysis of patients who underwent pancreatic resection for IPMNs from January 2005 to December
2015. Univariate and multivariate analyses were performed, considering preoperative inflamma-
tory biomarkers, clinicopathological variables, and imaging features. Eighty-three patients with
histologically proven IPMNs of the pancreas were included in the study, 37 cases of low-grade or
intermediate dysplasia and 46 cases of high-grade dysplasia (HGD) or invasive carcinoma. Univariate
analysis showed that obstructive jaundice (p = 0.02) and a CAR of >0.083 (p = 0.001) were predictors
of malignancy. On multivariate analysis, only the CAR was a statistically significant independent
predictor of HGD or invasive carcinoma in pancreatic IPMNs, identifying a subgroup of patients
with a poor prognosis. Combining the CAR with patients’ imaging findings, clinical features and
tumor markers can be useful in the clinical management of IPMNs. Their value should be tested in
prospective studies.

Keywords: biomarker; C-reactive protein to albumin ratio; inflammation; intraductal papillary muci-
nous neoplasm; modified Glasgow prognostic score; neutrophyl lymphocite ratio; pancreatic cancer;
platelet-to-lymphocyte ratio

1. Introduction

In the pancreas, intraductal papillary mucinous neoplasms (IPMNs) originate from the
mucinous epithelium of the pancreatic ductal system. Their incidence is rising, probably
due to an increasingly extensive use of cross-sectional imaging, but their management
remains controversial. According to the World Health Organization (2010), IPMNs are
premalignant lesions showing a broad spectrum of dysplastic changes. According to the
different involvement of duct system, IPMNs are divided into main duct type (MD-IPMN),
branch duct type (BD-IPMN), and mixed type (MT-IPMN). For the purposes of pathological
grading, IPMNs are classified as low-, intermediate- or high-grade dysplasia, or invasive
carcinoma. IPMNs with low- and intermediate-grade dysplasia are defined as benign,
while the malignant IPMNs include those classified as high-grade dysplasia (HGD) or
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invasive carcinoma [1]. Benign IPMNs can potentially be managed conservatively, whereas
malignant IPMNs require surgical resection in accordance with international guidelines.
Malignant IPMNs carry a worse prognosis than benign IPMNs, making it essential to
predict the malignant potential of an IPMN accurately at the time of its diagnosis or follow-
up. Several clinical and radiological parameters have been considered over time with
a view to stratifying the malignant potential of pancreatic IPMNs and thereby facilitate
their management. International consensus guidelines (ICG) recommend surgery for cases
with one or more “high-risk stigmata” (HRS), while further assessment with endoscopic
ultrasonography is suggested for cases with “worrisome features” (WF) [2]. The accuracy
of these guidelines in detecting early invasive carcinoma in IPMNs is limited, however [3].
Even conventional tumor markers like CEA and CA 19.9 are not very useful in predicting
the risk of malignancy in this setting [4]. There is still a crucial need for markers capable of
identifying which IPMNs warrant surgical treatment.

There is growing evidence to indicate that inflammatory reactions and nutritional
status are involved in cancer progression. Many host-related inflammatory biomarkers mea-
surable in peripheral blood samples have been investigated as potentially effective prog-
nostic factors in several types of cancer [5–7], including pancreatic adenocarcinoma [8,9].
These serum parameters include, among others, the neutrophil-to-lymphocyte ratio (NLR),
the platelet-to-lymphocyte ratio (PLR), the ratio of C-reactive protein to albumin (CAR),
the prognostic nutritional index (PNI) and the modified Glasgow prognostic score (mGps).
The prognostic impact of these markers in patients with IPMNs has yet to be well estab-
lished, and the literature reports different results.

The NLR alone was described as an independent predictor of IPMN-associated inva-
sive carcinoma, but its sensitivity was not high enough to distinguish between degrees of
dysplasia in IPMNs [10]. On the other hand, a significant prognostic indication of malig-
nancy (both HGD and invasive carcinoma) in IPMNs could only be reached by combining
the preoperative NLR and PLR with tumor markers and imaging findings [11,12]. In short,
there is still not enough evidence regarding the predictive role of these biomarkers.

Herein we present a retrospective study on a series of patients whose IPMNs were
resected in an effort to establish the value of the NLR, PLR, CAR, PNI and mGps in
predicting which cases of IPMN are malignant.

2. Materials and Methods

Between January 2005 and December 2015, all consecutive patients with pancreatic
IPMNs who underwent surgical resection at our Department were identified using a
prospectively maintained database. The data were analyzed retrospectively. The con-
ventional workup included blood tests, tumoral markers, contrast-enhanced magnetic
resonance imaging (MRI), bilio-pancreatic endoscopic ultrasound (EUS) and positron emis-
sion tomography (PET) with fluorine-18-fluorodeoxyglucose if clinically appropriated.
Exclusion criteria were adopted to avoid potential confounding factors, including: a history
of other malignancies, autoimmune disease or transplantation requiring immunosuppres-
sant and steroid therapies; cholangitis or other forms of infection; pancreatic endocrine
tumors and cystic neoplasms other than IPMNs. Patients diagnosed with metastases were
not included. Disease-related symptoms such as visceral abdominal pain, dyspepsia (upper
abdominal fullness, nausea, belching) and compression syndrome (experience of feeling
full earlier than expected when eating, vomiting) were collected. IPMNs were confirmed
on pathological examination of surgical specimens in all cases. The cases were all retrieved
from the archives of the Surgical Pathology and Cytopathology Unit at Padova University
Hospital (Padova, Italy). Surgical specimens were examined to histologically classify cases
as low-, intermediate or HGD or invasive carcinoma, based on the recommendations of
the Baltimore consensus [13]. IPMNs were described as main duct (MD), branch duct (BD)
or combined type, based on preoperative imaging. Main-duct IPMNs are characterized
by involvement of the main pancreatic duct, with or without associated involvement of
the branch ducts (in the former case, they are called combined-type IPMNs). They usually
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present as a dilated (≥1 cm) main pancreatic duct, or as a cystic dilation of the main duct
and its branches. Branch-duct IPMNs originate in the side branches of the pancreatic
ductal system, appearing as cystic lesions communicating with a main pancreatic duct
showing no dilations [14]. All resection procedures were performed by the same surgical
team, in accordance with the International Consensus Guidelines of the time [2]. Surgery
involved pylorus-preserving pancreaticoduodenectomy (PD) for tumors of the head of the
pancreas, or distal pancreatectomy with or without splenectomy, for tumors of the body
and tail. Total pancreatectomy was reserved for cases where the resection margins of the
pancreas were affected by the tumor. More parenchyma-sparing resections of the pancreas,
such as central pancreatectomy and tumor enucleation, were performed in the case of small
to medium-sizes lesions localized in the pancreatic body.

Based on the pathological grading of the resected IPMNs, patients were divided into
a benign group (IPMNs with low- and intermediate-grade dysplasia) and a malignant
group (IPMNs associated with HGD and invasive carcinoma) [1]. Each patient’s clinical
and pathological records were reviewed, and the following characteristics were included
in our analysis: gender; age; abdominal pain; dyspepsia; tumor site; compression syn-
drome; tumor size; main pancreatic duct (MPD) diameter; cyst diameter; HRS; WF; CEA;
CA 19.9; and inflammatory biomarkers, such as the NLR, PLR, CAR, PNI and mGps.
Preoperative serum levels of CA 19-9 (RIA, Centocor Inc., Malvern, PA, USA, reference:
<37 kU/L) and CEA (EIA Kit, General Biologicals Inc., Taiwan, reference: <5 ng/mL) were
recorded. Neutrophil, lymphocyte and platelet counts, and serum albumin levels (g/dL)
were obtained from the latest blood sample collected just before surgery. The following
indexes were retrospectively calculated: the NLR (the ratio of the absolute neutrophil
count to the absolute lymphocyte count in the blood cell count); the PLR (the ratio of the
absolute platelet count to the absolute lymphocyte count in the blood cell count); the CAR
(the ratio of C-reactive protein [CRP] (mg/dL) to albumin (g/dL); the PNI (calculated as
10 × serum albumin + 0.005 x total lymphocyte counts) and the mGps, which ranged from
0 to 2. Patients with both high CRP levels (>10 mg/L) and hypoalbuminemia (<35 g/L)
had a mGps of 2; those with normal CRP and albumin levels scored 0; and those with high
CRP levels and normal albumin levels scored 1, in line with recent data [15].

Ethical approval: All procedures performed in studies involving human participants
were in accordance with the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki Declaration and its later amendments or comparable
ethical standards.

Statistical analyses were run using STATA, version 14.1 (4905 Lakeway Drive Col-
lege Station, Midtown Dr, TX, 77845, USA). Continuous and categorical variables are re-
ported as medians with the interquartile range (IQR), and as whole numbers (percentages),
respectively. The diagnostic accuracy, including sensitivity and specificity, was calculated
for each host-derived inflammatory biomarker using the cutoffs obtained from receiver
operating characteristic (ROC) curve analysis. The optimal cutoff was identified as the
point of intersection nearest the top left-hand corner between the ROC curve and a di-
agonal line drawn from the top right-hand corner to the bottom left-hand corner of the
graph. The sensitivity, specificity, positive predictive value (PPV), negative predictive
value (NPV), and accuracy of the inflammatory biomarkers and radiological imaging
findings in differentiating between malignant and benign IPMNs were calculated ac-
cording to the following formulas: sensitivity = true positive (TP)/[TP + false negative
(FN)]; specificity = true negative (TN)/[TN + false positive (FP)]; PPV = TP/[TP + FP ];
NPV = TN/[TN + FN] and accuracy = [TP + TN]/[TP + TN + FP + FN]. For the uni-
variate analysis, patients were divided into the two groups, with benign and malig-
nant IPMNs. Differences between the characteristics of the patients in these two groups
were tested for significance using the Mann-Whitney U test and chi-square test, as ap-
propriate. A multivariate analysis was performed using the logistic regression model,
and including significant variables identified in our univariate analysis only. The effect
size of the odds ratio (OR) is presented with the 95% confidence interval (CI). Box plot
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graphs were drawn to represent the distribution of the inflammatory biomarkers of proven
prognostic significance.

3. Results

Table 1 shows the clinicopathological features of the whole study cohort, comprising
83 patients with proven IPMNs. The sample was a median 69 years old (range 43–86),
and consisted of 45 males and 38 females. No cases of concomitant pancreatic ductal adeno-
carcinoma were detected. None of the patients received neoadjuvant therapies. Among the
83 patients, 40 patients (48%) had main-duct IPMNs, 10 (12%) had branch-duct IPMNs, and
33 (40%) had combined-type IPMNs. Thirty-seven tumors (44.5%) were benign (30 with
low-grade dysplasia, and 7 with intermediate-grade dysplasia), and 46 (55.5%) were ma-
lignant (7 with HGD, and 39 with invasive carcinoma). The surgical procedure involved
pylorus-preserving PD in 50 patients, distal pancreatectomy with splenectomy in 22, distal
pancreatectomy without splenectomy in 7, and total pancreatectomy in one. Tumor enucle-
ation and central pancreatectomy were performed in two and one patient, respectively.

Table 1. Clinicopathological features of the whole cohort. IPMN, intraductal papillary mucinous
neoplasm; MD, main duct; BD, branch duct; MPD, main pancreatic duct.

Variables Whole Cohort (n = 83)

Sex, male n, % 45 (54%)
Female n,% 38 (46%)

Age, median (IQR range), y 69 (62–76)

IPMN type, n (%)
MD_IPMNs 40 (48%)
BD_IPMNs 10 (12%)

Combined type_IPMNs 33 (40%)

Surgical procedure n (%)
Pancreaticoduodenectomy 50 (60%)

Distal pancreatectomy + splenectomy 22 (27%)
Spleen-preserving distal pancreatectomy 7 (9%)

Central pancreatectomy 1 (1%)
Total pancreatectomy 1 (1%)

Tumor enucleation 2 (2%)

Histological grade, n (%)
Low-grade dysplasia 30 (36%)

Intermediate dysplasia 7 (8%)
High-grade dysplasia 7 (8%)

Invasive carcinoma 39 (47%)

High-risk stigmata n (%)
Obstructive jaundice 18 (22%)

Enhancing solid component 47 (57%)
MPD ≥ 10 mm 12 (14%)

Worrisome features n (%)
Tumor ≥ 3 cm 26 (31%)

Pancreatitis 22 (27%)
Enhancing cyst wall 23 (28%)

MPD 5–9 mm 38 (46%)
Abrupt change in caliber of pancreatic duct with distal

pancreatic atrophy 39 (47%)

Four inflammatory biomarkers were examined and ROC curve analysis was set to
identify the optimal cutoffs for the NLR, PLR and CAR, while the mGps was calculated for
each patient. The optimal cutoffs were: 2.38 for the NLR (AUC 0.43, sensitivity of 46% and
specificity of 51%); 185.5 for the PLR (AUC 0.51, sensitivity of 37% and specificity of 78%);
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0.083 for the CAR (AUC 0.69, sensitivity of 60% and specificity of 70%); and 42.05 for the
PNI (AUC 0.46, sensitivity of 52% and specificity of 39%) (Figure 1).

 

Figure 1. Receiver operator characteristic (ROC) curves of neutrophil-to-lymphocyte ratio (NLR) (A),
platelet-to-lymphocyte ratio (PLR) (B), C-reactive protein to albumin ratio (CAR) (C), prognostic
nutritional index (PNI) (D).

Univariate and multivariate analyses were performed to examine the causal relation-
ship between the presence of IPMNs with a malignant potential and the inflammatory
biomarkers (Table 2), inputting patients’ preoperative clinicopathological variables and
imaging features (Table 3).

Table 2. Clinicopathological features and biomarkers univariate and multivariate analysis for predicting malignant
intraductal papillary mucinous neoplasm (IPMNs). Statistically significant values are in bold. OR: odds ratio; CI: confidence
interval; NC: not calculated; IQR: interquartile range; MPD: main pancreatic duct; mGps: modified Glasgow prognostic
score; NLR: neutrophil-to-lymphocyte ratio; PLR: platelet-to-lymphocyte ratio; CAR: C-reactive protein to albumin ratio;
PNI: prognostic nutritional index.

Univariate Multivariate

Variables Benign IPMNs (n = 37) Malignant IPMNs (n = 46) p Value OR (95% CI) p Value

Sex, male n (%) 22 (59.46%) 23 (50%) 0.39 NC

Age, median (IQR) 67.5 (62–73.5) 71 (62–78) 0.18 NC

Abdominal pain n (%) 21 (56.76%) 18 (39.13%) 0.12 NC

Dyspepsia n (%) 21 (56.76%) 17 (36.96%) 0.181 NC

Cephalic location n (%) 27 (72.97%) 27 (58.70%) 0.175 NC

Compression syndrome
n (%) 13 (35.14%) 7 (15.22%) 0.093 NC

Tumor size cm, median
(IQR) 2 (1.8–3) 2.8 (2–3.2) 0.084 NC

MPD diameter mm,
median (IQR) 6 (3–8) 7 (4–8) 0.14 NC
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Table 2. Cont.

Univariate Multivariate

Variables Benign IPMNs (n = 37) Malignant IPMNs (n = 46) p Value OR (95% CI) p Value

Cyst diameter cm,
median (IQR) 3 (2–4) 3 (2–4) 0.69 NC

High-risk stigmata,
n (%)

Obstructive jaundice 13 (35.14%) 5 (10.87%) 0.022
0.37

(0.08–0.158) 0.18

Enhancing mural nodule 25 (67.57%) 22 (47.83%) 0.09 NC
MPD > 10 mm 7 (18.92%) 5 (10.87%) 0.54 NC

Worrisome features,
n (%)

Cyst size > 3 cm 12 (32.43%) 14 (30.43%) 0.97 NC
Pancreatitis 13 (35.14%) 9 (19.57%) 0.27 NC

Enhancing cyst wall 10 (27.03%) 13 (28.26%) 0.71 NC
MPD 5–10 mm 17 (45.95%) 21 (45.65%) 0.96 NC

Abrupt change in caliber
of pancreatic duct with

distal pancreatic atrophy
17 (45.95%) 22 (47.83%) 0.39 NC

CA19.9, median (IQR) 4 (2–11) 24 (4–253) 0.42 NC

CEA, median (IQR) 1 (0–3) 2 (1–5) 0.17 NC

mGps

NC
0 31 (83.78%) 37 (80.43%) 0.46
1 4 (10.81%) 4 (8.70%) 0.52
2 2 (5.41%) 5 (10.87%) 0.32

NLR
NC<2.38 17 (45.95%) 24 (52.17%) 0.573

>2.38 20 (54.05%) 22 (47.83%)

PLR
NC<185.5 n % 28 (75.68%) 29 (63.04%) 0.217

≥185.5 n % 9 (24.32%) 17 (36.96%)

CAR

<0.083 n % 31 (83.78%) 22 (47.83%) 0.001
7.9

(2.01–31.83) 0.003

≥0.083 n % 6 (16.22%) 24 (52.17%)

PNI
NC<42.05 n % 14 (37.84%) 26 (56.52%) 0.15

>42.05 n % 23 (62.16%) 20 (43.48%) 0.07

On univariate analysis obstructive jaundice (p value 0.022) and a CAR of >0.083
(p value 0.001) emerged as predictors of malignancy. On multivariate analysis, only
the CAR was an independent predictor of malignant IPMN (OR 7.9, IQR 2.01–31.83,
p 0.003). No significant differences in gender, age, preoperative abdominal pain, dyspepsia
or compression syndrome came to light between patients with benign as opposed to
malignant IPMNs. Nor did the two groups differ in terms of tumor size, tumor site,
MPD diameter or cyst diameter. The median serum levels of tumor markers CA 19.9 and
CEA were not significantly different in the two groups of patients with IPMN. Among
the preoperative risk-related parameters considered, the frequency of enhancing mural
nodules, MPD ≥ 10 mm, cyst ≥ 3 cm, enhancing cyst walls, pancreatitis, MPD 5–10 mm,
and abrupt MPD caliber changes with distal pancreatic atrophy did not differ between the
malignant and benign IPMN groups (p > 0.05 for all).
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The distribution of the CARs in the two groups is represented with a box plot
(Figure 2). Most of the patients with benign IPMNs had a CAR lower than the study
cutoff, while almost all those with malignant IPMNs had a CAR higher than 0.083.

Figure 2. Quantification of CAR values in benign and malignant intraductal papillary mucinous
neopla (IPMNs). The red horizontal bar represents the optimal cut off (0.083) obtained with receiver
operator characteristic curves analysis and the blue ones represent the 25th and 75th percentiles.
CAR: C-reactive protein to albumin ratio.

The sensitivity, specificity, PPV, NPV and accuracy of the CAR in detecting malignancy
were 52%, 93%, 91%, 50%, and 66%, respectively, vs. 74%, 50%, 72%, 54%, and 66%,
respectively, for the ICG criteria for HRS. Combining the two parameters (patients who
demonstrate HRS according to ICG criteria and simultaneously CAR values > 0.083)
resulted in a 43% sensitivity, 97% specificity, 94% PPV, 55% NPV, and 63% accuracy for the
diagnosis of malignancy.

To judge the prognostic impact of the CAR, we first analyzed that there are no statisti-
cally significant differences between the clinicopathological and inflammatory parameters
in the patients with high and low CARs, then we examined the association between high
CARs and long-term outcomes in the 39 cases of IPMN with invasive carcinoma. Figure 3
shows the survival curves for patients with a high vs. low CAR: those with a higher CAR
had a significantly shorter overall survival (p = 0.004) than those with a lower CAR.
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Table 3. Distribution of clinicopathological features and biomarkers between patients with high and
low CAR. CAR: C-reactive protein to albumin ratio; IQR: interquartile range; MPD: main pancreatic
duct; CRP: C reactive protein; PNI: prognostic nutritional index; NLR: neutrophil-to-lymphocyte
ratio; PLR: platelet-to-lymphocyte ratio.

Variables
CAR ≤ 0.083

(n 53)
CAR ≥ 0.083

(n 30)
p Value

Sex, male n, % 28 (52.83%) 17 (56.67) 0.46

Age, median (IQR) 69.5 (63–76.5) 68 (61–75) 0.42

Abdominal pain n, % 27 (50.94%) 12 (41.38%) 0.28

Dyspepsia n, % 28 (52.83%) 10 (35.71%) 0.11

Cephalic location n, % 36 (67.92%) 18 (60%) 0.31

Compression syndrome n, % 13 (25%) 7 (25.93%) 0.57

Tumour size cm, median (IQR) 3 (2–3.75) 2.5 (1.8–3.3) 0.06

MPD diameter mm, median (IQR) 6 (4–9) 5.5 (3.5–7.5) 0.12

Cyst diameter cm, median (IQR) 3 (2–4) 2.6 (2–3.8) 0.26

High risk stigmata, n (%)
Obstructive jaundice 12 (22.64%) 6 (20%) 0.5

Enhancing mural nodule 31 (62%) 16 (53.33%) 0.3
MPD >10 mm 10 (20.41%) 2 (7.14%) 0.11

Worrisome features n (%)
Cyst size >3 cm 20 (38.46%) 6 (20.69%) 0.08

Pancreatitis 15 (29.41%) 7 (23.33%) 0.37
Enhancing cyst wall 16 (31.37%) 7 (25%) 0.37

MPD 5–10 mm 22 (44.9%) 16 (57.14%) 0.21
Abrupt change in calibre of pancreatic

duct with distal pancreatic atrophy 24 (48.98%) 15 (53.57%) 0.44

CA19.9, median (IQR) 8.5 (2–39) 17.5 (3–107) 0.24

CEA, median (IQR) 1 (0.4–3) 2 (1–4.5) 0.27

Inflammatory biomarkers
Neutrophils, median (IQR) 3.7 (2.9–4.7) 3.55 (2.9–5.3) 0.73

Lymphocytes, median (IQR) 1.5 (1.26–2.1) 1.5 (1.2–1.9) 0.62
Platelets, median (IQR) 223 (189–271) 241 (192–296) 0.48

CRP, median (IQR) 3 (2.9–5) 3 (2–4) 0.77
Albumin, median (IQR) 4.2 (4–4.4) 4.2 (4.1–4.4) 0.93

PNI ≥ 42.05, n% 4 (7.55%) 4 (13.33%) 0.31
NLR ≥ 2.38, n% 26 (49.86%) 16 (53.33%) 0.44
PLR ≥ 185.5 n % 13 (24.53%) 13 (43.33%) 0.06

Figure 3. Kaplan–Meier curve for overall survival estimated for patients with C-reactive protein to
albumin ratio (CAR) values > 0.083 or ≤ 0.083. CAR > 0.083 was significantly associated with worse
survival (p = 0.004).
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4. Discussion

The present study suggests that the CAR is useful for predicting HGD and invasive
carcinoma in patients with IPMNs, and that the value of the CAR in detecting malig-
nancies is independent of the well-established parameters indicated in the international
guidelines [2,14,16]. Univariate analysis found obstructive jaundice, and a CAR >0.083
significantly associated with malignant IPMNs, but multivariate analysis showed that
only the CAR was an independent predictor of malignant lesions (both HGD and inva-
sive carcinoma). Although the sensitivity of the CAR in detecting malignancies was low,
its specificity was higher than that of the ICG criteria for malignant IPMNs. Combining
the ICG criteria with the CAR achieved only a slight increase in the specificity and PPV.

The CAR is easily obtained from a simple blood test. It is inexpensive and can
be calculated by clinicians both at the initial examination and during the follow-up of
patients with IPMNs. Although the CRP preoperative assessment is not a common practice,
in our institution, it is included in protocols for research purposes for pancreatic diseases.
However, it is becoming more and more common in the standard workup for elective
surgery during COVID-19 era. To the best of our knowledge, this is the first study to
emphasize the role of the CAR in identifying the malignant potential of IPMNs.

Features previously suggested to predict malignancy (HGD or invasive carcinoma)
in IPMNs include: an association with symptoms; cyst wall thickening; mural nodules;
MPD dilation; abrupt pancreatic duct caliber changes; lymphadenopathy; and higher
than normal CA19-9 or CEA serum levels [17]. The rate of pointless surgical procedures
for overestimated pancreatic lesions remains high, however, which is why new, specific
biomarkers are needed for a better clinical management of patients with IPMNs. Both the
NLR and the PLR have recently been proposed as predictors of an invasive carcinoma in
pancreatic cysts [18,19]. High NLRs and PLRs may be due to neutrophilia and a systemic in-
flammatory response during the development of invasive cancer [20,21], and to a declining
lymphocyte counts caused by immune system suppression [22]. The value of the preopera-
tive NLR in predicting the malignant potential of IPMNs has been emphasized by several
authors [23–25], but the picture remains unclear. While Hata et al. [26] found the preoper-
ative NLR able to predict cases of IPMN with HGD, it was not helpful in differentiating
between high-grade and low-grade lesions in the study by McIntyre et al. [24].

In a series of 318 patients with pancreatic cystic neoplasms (including 86 IPMNs),
Goh et al. [27] found that a high preoperative PLR, but not the NLR, was an independent
predictor of malignancy. They also found that adding the PLR to the ICG criteria improved
the accuracy of the latter in detecting cases of invasive carcinoma.

A systemic inflammatory response has increasingly been recognized as an impor-
tant factor in the process of carcinogenesis and a cancer’s subsequent behavior, with
tumor growth appearing to be directly proportional to the degree of inflammation [28,29].
The NLR [23,30,31] or PLR [27], or both [32] have been suggested as useful prognostic
markers in patients with pancreatic cancer. A systematic review and meta-analysis con-
ducted by Zhou et al. [33] on 8252 patients with pancreatic cancer showed that a low NLR
was significantly associated with better disease-free and overall survival rates than a high
NLR. Patients with a low NLR had significantly smaller tumors, better differentiation,
earlier-stage disease and low CA 19-9 levels.

The CAR had been previously investigated in pancreatic cancer patients. Haruki et al. [34]
found it an independent and significant indicator of poor long-term outcomes after pancreatic
resection. Liu et al. [35] also reported finding that a high CAR was an independent factor
pointing to a poor prognosis in pancreatic cancer patients. The prognostic implications of
inflammatory biomarkers in different types of cancer have also already been reported [36,37].

In our study, the CAR was a predictor of long-term survival in patients with IPMNs
associated with invasive carcinoma: patients with a lower CAR had a significantly better
survival than those with CAR > 0.083 (p = 0.004). This would indicate that the CAR is
an important prognostic parameter to consider in the clinical management of patients
with IPMNs.
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Furthermore, CAR is a new predictive indicator that reflects both inflammatory and
nutritional status of cancer patients. This aspects play an important role in carcinogenesis
and tumor progression. The real mechanism of the relationship between CAR and survival
is unclear. Elevated CRP levels reflect an inflammatory response to tumor necrosis or local
tissue damage, which are both factors that condition the stromal microenvironment for
the engraftment and growth of metastases [38]. Moreover, PCR has been associated with
inhibiting mechanisms of tumor cell apoptosis and an increased production of endothe-
lial growth factors [39]. Likewise, hypoalbuminemia is often observed in patients with
malignant diseases and is usually correlated with malnutrition and cachexia, aspects that
inevitably affect the poor prognosis of these patients [40,41].

Our study has some limitations that need to be mentioned. First, the design was
retrospective, so the possibility of selection bias exists. Second, the sample was small and
studies on larger samples will be needed before any definitive conclusions can be drawn.
Third, we did not investigate patients whose IPMNs had not been histologically confirmed,
or patients who underwent surveillance alone: these patients could be included in future
prospective studies. These partial results will have to be validated in further international,
randomized multicentric trials in order to increase the number of enrolled patients, reduce
selection bias and sample heterogeneity.

5. Conclusions

The preoperative CAR is an independent predictor of HGD or invasive carcinoma
in IPMNs and identifies a subgroup of patients with a poor prognosis. Combined with
imaging findings, clinical features and tumor markers, the CAR can be useful in the clinical
management of IPMNs, and its value should be further investigated in international
multicentric randomized clinical studies.
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Abstract: Background: Different techniques of pancreatic anastomosis have been described, with
inconclusive results in terms of pancreatic fistula reduction. Studies comparing robotic pancreatico-
gastrostomy (PG) and pancreaticojejunostomy (PJ) are scarcely reported. Methods: The present
study analyzes the outcomes of two case-matched groups of patients who underwent PG (n = 20)
or PJ (n = 40) after pancreaticoduodenectomy. The primary aim was to compare the rate of post-
operative pancreatic fistula. Results: Operative time (375 vs. 315 min, p = 0.34), estimated blood
loss (270 vs. 295 mL, p = 0.44), and rate of clinically relevant post-operative pancreatic fistula (12.5%
vs. 10%, p = 0.82) were similar between the two groups. PJ was associated with a higher rate of
intra-abdominal collections (7.5% vs. 0%, p = 0.002), but lower post-pancreatectomy hemorrhage
(2.5% vs. 10%, p = 0.003). PG was associated with a lower rate of post-operative pancreatic fistula
(POPF) (33.3% vs. 50%, p = 0.003) in the high-risk group of patients. Conclusions: The outcomes of
post-operative pancreatic fistula are comparable between the two reconstruction techniques. PG may
have a lower incidence of POPF in patients with high-risk of pancreatic fistula.

Keywords: robotic pancreatic surgery; pancreato-gastrostomy; pancreatic fistula

1. Introduction

Pancreaticoduodenectomy (PD) is a complex operation associated with significant
post-operative mortality (1–6%) [1] and morbidity rate (10–45%) [2], even at high-volume
pancreatic centers [3].

The management of the pancreatic remnant is still controversial, and multiple re-
constructive techniques have been reported [4,5]. The main goal of each technique is to
minimize the occurrence of post-operative pancreatic fistula (POPF), and its consequence
on patient outcomes [6]. Pancreaticojejunostomy (PJ), including pancreatic invagination
or duct-to-mucosa anastomosis [7,8], and pancreaticogastrostomy (PG) are the most com-
monly used reconstructive techniques [9]. Technical details are mainly based on surgeon’s
preference, in the attempt to define the ideal technique to reduce POPF [5].

Current evidence does not show any conclusive advantage of one technique over
another. To date, there are no specific recommendations on how to manage the pancre-
atic stump after pancreaticoduodenectomy [10]. Minimal invasive pancreatic surgery is
gaining an increased interest worldwide both for distal pancreatectomy [11] and pancre-
aticoduodenectomy [12,13]. Robotic pancreaticoduodenectomy (RPD) may mitigate some
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risk factors of POPF, such as blood loss [14]. However, to date, few comparative studies
have been performed comparing RPD with PG and PJ [15]. The present study aims to
compare the post-operative outcomes of PG and PJ after RPD.

2. Materials and Methods

A retrospective analysis of a prospectively maintained database including all RPD
carried out between August 2014 and October 2019 at the Department of General Surgery,
of our Tertiary Care Center was performed.

Patients with a preoperative diagnosis of benign tumor or localized and resectable
malignant tumor at the periampullary region who did not meet any of the exclusion
criteria (Table 1) were selected for RPD and they were included in the study. All pancreatic
anastomoses in RPD until 2018 were PJ. Subsequently, the PG anastomosis technique was
adopted as the only method for pancreatic reconstruction during RPD. The same surgeon
performed all the anastomoses during the time period of the study.

Table 1. Exclusion criteria from the study.

Unsuitability for pneumoperitoneum

ASA score > III

Body mass index (BMI) < 35 kg/m2

Borderline or Locally advanced tumours

Intraperitoneal or extraperitoneal metastases

Tumor size > 5 cm

Patients who underwent total pancreatectomy

Patients requiring concomitant organ or vascular resection

Conversion to open
Abbreviation: ASA, American Society of Anaesthesiologists.

The study was approved by the Institutional Review Board of the hospital. Informed
written consent was obtained from all participants and the study has been carried out
following the declaration of Helsinki guidelines.

2.1. Study Endpoints

The primary outcome of the present study was to compare the effectiveness of the
robotic PG reconstruction versus PJ in patients undergoing RPD in terms of POPF rate.

Secondary outcomes were the length of hospital stay, duration of surgical intervention,
time needed to complete the pancreatic anastomosis, rate of surgical re-intervention and
of overall post-operative complications. The study compared the results of patients who
underwent PG (n = 20) and PJ (n = 40). The two groups were further case-matched
using four variables, in accordance with the POPF scoring system of Callery et al. (soft
pancreatic texture, disease pathology, pancreatic duct diameter <3 mm, intraoperative
blood loss) [16–18]. Based on gland texture, pathology, pancreatic duct diameter, and
intraoperative blood loss, the patients were scored according to the fistula risk score (FRS)
from a total of 0–10 points. They were then subclassified into negligible risk (0 points),
low risk (1–2 points), intermediate risk (3–6 points) and high risk (7–10 points) [16]. The
patient population was also classified and case-matched according to the recent ISGPS
classification for parenchyma risk factors proposed by Schuh et al. [19].

A risk analysis was performed to confirm all potential risk factors for POPF.

2.2. Definitions

POPF was defined and graded using the revised consensus guidelines by the Interna-
tional Study Group for Pancreatic Fistula (ISGPF) [20].
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The pancreatic texture was assessed on the resected pancreatic specimens and classi-
fied as hard or soft. Pancreatic duct diameter was measured by intraoperative ultrasound
and confirmed on the cutting surface of the remnant pancreas using a ruler.

Post-operative complications were graded according to the Clavien-Dindo classifica-
tion system, and Grade III or higher were regarded as significant complications [21]. The
highest grade of complication was considered in patients with more than one complication.

Biliary fistula, delayed gastric emptying, and post-pancreatectomy hemorrhage were
classified using international definitions [22–24]. Intra-abdominal abscess or fluid collec-
tion were diagnosed based on post-operative ultrasound or computed tomography (CT)
scans [25].

Operative time was defined as the time from skin incision to wound dressing. Intra-
operative blood loss was quantified by measuring the amount of fluid obtained from the
suction device.

Mortality was defined as a death that occurred within 90 days after surgery.

2.3. Surgical Technique

Our surgical technique for a fully robotic-assisted pylorus-preserving RPD was previ-
ously described elsewhere [26].

The PJ was fashioned with an end-to-side duct-to-mucosa two-layer anastomosis
with interrupted sutures (Cattell Warren technique). A continuous 3/0 V-loc™ (Covidien;
Mansfield, MA, USA) suture was placed between the seromuscular layer of the jejunum
and the posterior capsule of the pancreatic remnant. Then, the jejunum was opened, and
the pancreatic duct was secured to the jejunal mucosa using 5/0 polypropylene interrupted
sutures (PROLENE®). A 3/0 V-loc™ self-fixating running suture finally approximated
the anterior jejunal seromuscular layer and the anterior aspect of the pancreatic remnant
(Supplementary Video S1 Part A).

For the trans-gastric PG anastomosis, a 2.5-cm longitudinal gastrostomy was per-
formed on the anterior wall of the stomach, and the pancreas was invaginated into the
gastric lumen through a small opening on the posterior gastric wall, enlarged to approx-
imately half of the pancreatic diameter. The pancreatic remnant was pulled holding the
stay sutures previously placed as described by Giulianotti et al. during robotic PD [27].
Then, the pancreatic parenchyma was sutured to the gastric mucosa using interrupted 4/0
polydioxanone (PDS II®) sutures. The anterior gastrotomy was closed with a 3/0 PDS
running suture (Supplementary Video S1 Part B).

In all cases, an internal not secured 5-French (duct size < 4 mm) or 7-French (4–8 mm
duct size) silastic pediatric feeding tube was inserted into the pancreatic duct to assure
its patency.

Finally, an abdominal (12 French) closed-suction drain was placed behind the pancre-
atic anastomosis reaching also the anterior aspect of the hepaticojejunostomy.

2.4. Statistical Analysis

Continuous variables were expressed as mean values ± standard deviation (SD)
or as median and interquartile range (IQRs) where appropriate. Categorical data were
presented as frequency and percentages. Fisher’s exact test and Pearson Chi square test
and the Mann-Whitney U test were used to define associations between categorical and
continuous variables, respectively. Univariate analysis was carried out to identify all
significant factors which have been reported to influence POPF: age, gender (male), body
mass index >25 Kg/m2, diabetes mellitus, and cardiovascular disease [28,29].

SPSS 19.0 (SPSS Inc, Chicago, IL, USA) was used for the statistical analysis. A
p value < 0.05 was considered statistically significant. Variables with p < 0.10 were in-
cluded in the multivariate analysis.
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3. Results

A total of 60 patients underwent RPD during the study period. Twenty patients
underwent PG, while 40 patients underwent PJ. Table 2 shows the preoperative features and
final pathology data. Pancreatic ductal adenocarcinoma was the most common indication
for surgery (48.3%). In the same period, a total of 282 patients who underwent open PD
did not meet the criteria for RPD.

Table 2. Demographic, pre-operative characteristics and risk factors variables for post-operative pancreatic fistula (POPF)
of patient undergoing robotic pancreatojejunostomy (PJ) and pancreatogastrostomy (PG).

Variables PJ (n = 40) PG (n = 20) Overall (n = 60) p Value

Age, years, median (IQR) 63.2 (55.6–71.4) 61.9 (53.8–68.5) 62.9 (54.1–71.1) 0.688

Sex, n (%)

• Male 27 (67.5%) 13 (65%) 40 (66.7%) 0.627

• Female 13 (32.5%) 7 (35%) 20 (33.3%) 0.799

BMI, Kg/m2, mean (±SD) 25.1 ± 3.4 24.8 ± 2.8 25 ± 3.2 0.824

ASA score, mean (±SD) 2.5 ± 0.06 2.2 ± 0.04 2.4 ± 0.7 0.856

Pathology

• Malignant 30 (75%) 15 (75%) 45 (75%) 1

• PDAC 21 8 29

• IPMN Cancer 3 2 5

• Ampullary Carcinoma 2 2 4

• Cholangiocarcinoma 2 2 4

• Duodenal Carcinoma 1 1 2

• NEC 1 / 1

• Benign 10 (25%) 5 (25%) 15 (25%) 1

• IPMN 4 2 6

• Serous cystic Neoplasm 3 1 4

• MCN 2 1 3

• Chronic Pancreatitis 1 1 2

Tumor size, cm, mean (±SD) 2.86 ± 1.7 2.55 ± 1.4 2.8 ± 1.6 0.822

Neoadjuvant CHT, n (%) 6 (15%) 2 (10%) 8 (13.3%) 0.479

Pancreatic texture, n (%)
1• Soft 16 (40%) 8 (40%) 24 (40%)

• Hard 24 (60%) 12 (60%) 36 (60%)

Wirsung duct diameter, median ± SD 3.4 ± 2.4 2.9 ± 2.5 3.2 ± 2.4 0.627

• ≥3 mm, n (%) 31 (77.5%) 14 (70%) 45 (75%) 0.669

• <3 mm, n (%) 9 (22.5%) 6 (30%) 15 (25%) 0.611

ISGPS classification

• A 19 (47.5%) 9 (45%) 28 (46.7%) 0.821

• B 5 (12.5%) 3 (15%) 8 (13.3%) 0.793

• C 12 (30%) 5 (25%) 17 (28.3%) 0.645

• D 4 (10%) 3 (15%) 7 (11.7%) 0.612

Mean CRS-POPF ± SD 4.6 ± 2.2 5.1 ± 1.8 4.7 ± 2.1 0.433

Histopathology, n (%)

• Ampullary/Duodenal/Cystic 8 (20%) 5 (25%) 13 (21.7%) 0.523

• PDAC/IPMN/others 32 (80%) 15 (75%) 47 (78.3%)

Estimated blood loss

• ≥500 mL 8 (20%) 4 (20%) 12 (20%) 1

• <500 mL 32 (80%) 16 (80%) 48 (80%)

Categories of POPF risk, n (%)

0.788• Negligible 6 (15%) 2 (10%) 8 (13.3%)

• Low 16 (40%) 6 (30%) 22 (%)

• Intermediate 14 (35%) 9 (45%) 23 (35%)

• High 4 (10%) 3 (15%) 7 (11.7%)

BMI: Body Mass Index, ASA: American Society of Anesthesiologists, PDAC: Pancreatic Ductal Adenocarcinoma, IPMN: Intraductal Papillary
Mucinous Neoplasm, NET: Neuroendocrine Cancer, MCN: Mucinous Cystic Neoplasm, CHT: Chemotherapy, CRS: Clinical risk score, POPF:
Post-operative pancreatic fistula.
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Patients in the PJ and PG groups had similar risk factors for POPF development. The
fistula risk score (FRS) was distributed as follows: eight patients (13.3%) had a negligible
risk, 24 (40%) low risk, 21 (35%) moderate risk, and seven (11.7%) patients had high risk,
without any difference between PJ and PG groups.

The overall operative time (median ± SD) was 355 min ± 103. Patients who underwent
PG had similar operative time compared to PJ (315 vs. 375 min, p = 0.345).

The fashioning of PJ required a longer time in comparison to PG (32 ± 11 vs. 25 ± 14 min,
p = 0.002). The median (IQR) estimated blood loss was 275 mL (180–600). No statistically
significant difference was observed between the two groups (270 vs. 295 mL, p = 0.442).

A total of seven patients experienced a clinically significant POPF (11.7%), with a
similar rate after PG and PJ (12.5% vs. 10%, p = 0.820).

A 18.3% rate of severe complications was reported, with the two group of patients
showing a similar morbidity rate (20% vs. 15%, p = 0.542). Two patients in the PJ group
underwent a reoperation due to the onset of clinically relevant POPF and ascites which
required the disassembly of the pancreatic anastomosis and the fashioning of a new PJ. In
the PG group, a patient with post-operative bleeding required a surgical revision after the
failure of endoscopic approach.

The post-operative hospital stay was comparable between the two groups (14 ± 4 vs.
11 ± 6 days, p = 0.223). The overall mortality rate was 5% (Table 3).

Table 3. Postoperative outcomes of patients who underwent PJ vs. PG reconstruction.

Variables PJ (n = 40) PG (n = 20) Overall (n = 60) p Value

Operative time, min, median ± SD 375 ± 102 315 ± 110 355 ± 103 0.345

Time of the anastomoses, min, median ± SD 32 ± 11 25 ± 14 30.2 ± 12 0.002

Estimated blood loss, ml, median (IQR) 270 (180–600) 295 (200–700) 275 (180–600) 0.442

Intraoperative blood transfusion, n (%) 3 (7.5%) 1 (5%) 4 (6.7%) 0.766

Post-operative complications, n (%) 19 (47.5%) 9 (45%) 28 (46.6%) 0.635

• Grade < III −11 (27.5%) −6 (30%) −17 (28.3%) 0.826

• Grade ≥ III −8 (20%) −3 (15%) −11 (18.3%) 0.542

• Biochemical leak 5 (12.5%) 3 (15%) 8 (13.3%) 0.524
CR-POPF 5 (12.5%) 2 (10%) 7 (11.7%) 0.827

• Grade B −3 (7.5%) −1 (5%) −4 (6.7%) 0.789

• Grade C −2 (5%) −1 (5%) −3 (5%) 0.977

Delayed gastric emptying, n (%) 2 (5%) 1 (5%) 3 (5%) 0.928

Grade C Postoperative hemorrhage, n (%) 1 (2.5%) 2 (10%) 3 (5%) 0.338

Pancreatitis, n (%) 1 (2.5%) / 1 (1.4%) 0.782

Bile leakage, n (%) 1 (2.5%) 1 (5%) 2 (3.3%) 0.654

Ascites, n (%) 1 (2.5%) / 1 (1.4%) 0.782

Intra-abdominal collection, n (%) 3 (7.5%) / 3 (4.3%) 0.002

Length of hospital stays, days, median ± SD 14 ± 4 11 ± 6 15.8 ± 5 0.223

Readmission, n (%) 4 (10%) 1 (5%) 5 (8.3%) 0.524

Reoperation, n (%) 2 (5%) 1 (5%) 3 (5%) 0.928

Mortality 90-days, n (%) 2 (5%) 1 (5%) 3 (5%) 0.928

CR-POPF: Clinically Relevant Postoperative pancreatic fistula.

The case-matched analysis according to the four variables of the clinical risk score
for POPF (soft pancreatic texture, pancreatic duct diameter < 3 mm and intraoperative
blood loss > 500 mL and histopathology), showed that PJ was associated with longer
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anastomotic time (46 vs. 25 min, p = 0.002), but not with an increased risk of POPF. PJ was
associated with a higher rate of intrabdominal collection (p = 0.002), but a lower rate of
post-pancreatectomy hemorrhage (p = 0.003) (Table 4).

Table 4. Comparison of postoperative results of PJ and PG cohorts matched for the four variables
(histopathology, pancreatic texture, pancreatic duct diameter, intraoperative blood loss) of the clinical
risk score for post-operative pancreatic fistula (POPF).

Variables PJ (n = 20) PG (n = 20) p Value

Histopathology, n (%)
- PDAC/IPMN 14 (70%) 15 (75%) 0.855
- Ampullary, Duodenal, Cystic 6 (30%) 5 (25%) 0.793

Pancreatic texture, n (%)
- Soft 13 (65%) 13 (65%) 1
- Hard 7 (35%) 7 (35%) 1

Pancreatic duct diameter, mm, n (%)
- ≥3 13 (65%) 14 (70%) 0.643
- <3 7 (35%) 6 (30%) 0.635

ISGPS Classification
- A 9 (45%) 9 (45%) 1
- B 3 (15%) 3 (15%) 1
- C 5 (25%) 5 (25%) 1
- D 3 (15%) 3 (15%) 1

Intraoperative blood loss, mL, n (%)
- ≥500 5 (25%) 4 (20%) 0.617
- <500 15 (75%) 16 (80%) 0.539

Median Operative time, min (IQR) 330 (270.2–395.8) 315 (265–382) 0.75

Anastomotic time, min (IQR) 46 (28–52) 25 (18–40) 0.002

Morbidity rate, n (%) 11 (55%) 9 (45%) 0.721
- Minor 5 (25%) 6 (30%) 0.586
- Major 6 (30%) 3 (15%) 0.324

Biochemical Leak, n (%) 4 (20%) 3 (15%) 0.721
CR–POPF, n (%) 3 (15%) 2 (10%) 0.478

Delayed gastric emptying, n (%) 1 (5%) 1 (5%) 1

Post-pancreatectomy hemorrhage, n (%) / 2 (10%) 0.003

Intra-abdominal collection, n (%) 3 (15%) / 0.002

Reoperation, n (%) 2 (10%) 1 (5%) 0.474

Median length of hospital stays, days
(IQR) 14.2 (12.4–22) 11.5 (9.5–19) 0.165

In the univariate analysis, risk factors for POPF were BMI, pancreatic duct diameter,
the texture of the pancreas, and estimated blood loss. PJ was not associated with an
increased risk of POPF (Table 5). Three out of seven patients experienced a CR-POPF in the
high-risk group (Figure 1).

In the stratified analysis according to the clinical risk score, there was no significant
difference for cases included in the low-risk group (PG 0% vs. PJ 6.3%, p = 0.445) and
intermediate-risk (PJ 14.3% vs. PG 14.3%, p = 1.000) in terms of POPF. In contrast, PG
was associated with a lower rate of POPF in the high-risk group (PG 33.3% vs. PJ 50%,
p = < 0.05).
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Table 5. Risks factors for POPF.

Variables
CR-POPF

(n = 7)
No-POPF

(n = 53)

Univariate
p Value

Odds
Ratio

95% CI

Age

• ≥65 years 4 27 0.76

• <65 years 3 26

Sex

• Male 4 36 0.57

• Female 3 17

BMI

• ≥25 Kg/m2 5 14 <0.05 6.96 (1.2–40.1)

• <25 Kg/m2 2 39

Diabetes

• YES 1 10 0.77

• NO 6 43

ASA score

• ≥3 3 29 0.55

• <3 4 24

Pancreatic duct diameter

• ≥3 mm 2 43

• <3 mm 5 10 <0.05 10.7 (1.8–63.6)

Underlying pathology
PDAC/IPMN/etc. 4 43 0.16
Ampullary/Cystic/Duodenal 3 10

Tumor size

• ≥2.5 cm 2 21 0.59

• <2.5 cm 5 33

Texture of the pancreas

• Soft 6 18 <0.05 11.66 (1.3–104.4)

• Hard 1 35 -

Operative time

• ≥355 min 4 34 0.71

• <355 min 3 19

Blood loss

• ≥500 mL 5 7 <0.05 10.95 (2.1–56.3)

• <500 mL 2 46 -

Reconstruction type

• PJ 5 35 0.77

• PG 2 18

BMI: Body Mass Index, ASA: American Society of Anesthesiologist, PDAC: Pancreatic ductal adenocarcinoma,
IPMN: Intraductal Papillary Mucinous Neoplasm, PJ: Pancreatojejunostomy, PG: Pancreatogastrostomy.

At six months follow-up, three patients in the PG group were readmitted for vague
abdominal pain, dyspepsia, abdominal distension associated with changes in bowel habit.
No sign of anastomotic stricture was observed during the diagnostic tests.
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In the PJ group we observed two hospital readmissions in patients experiencing fever
and associated fatigue. In both cases, an abdominal collection was detected at diagnostic
CT-scan.

Figure 1. Rate of the clinically relevant postoperative pancreatic fistula (CR-POPF) in a subgroup
analysis.

4. Discussion

Despite significant advancements in the operative techniques and improvements in
perioperative surgical care, more than 20% of patients still develop a POPF after PD [30].

To date, there is no gold standard technique for pancreatic anastomosis and experience-
related methods are connected to the surgeon expertise, so that “the best anastomosis is
probably the one with which the surgeon is most familiar”.

A recent systematic review comparing open PG versus PJ concluded that the two
techniques are equivalent in terms of overall post-operative outcomes, nevertheless PJ
seemed associated with a slight reduction of post-operative bleeding (9.3% vs. 13.8%), but
it showed a higher risk of developing intra-abdominal abscess (14.7% vs. 8.0%) compared
to PG [10]. This was also a consistent finding in our study.

Open PD still represents the gold standard in case of resectable pancreatic head
tumors, whereas minimally invasive PD is currently performed in selected high-volume
centers [31].

In our experience, the decision for the shift in the reconstruction strategy from the
conventional PJ technique to the PG has to be found in the emerging evidence from
multicenter randomized controlled trials showing that the incidence of POPF is lower in
patients undergoing PG than in those undergoing PJ [32,33]. However, our results showed
that both techniques are equally feasible and safe, with similar morbidity rate and length
of in-hospital stay.

Significant efforts have been directed at identifying risk factors of POPF after PD.
Callery et al. validated a model for predicting clinically significant POPF after PD by
using four parameters: pancreatic texture, pathology, pancreatic duct diameter, and intra-
operative blood loss which are incorporated into a convenient scoring system of risk
categories [16].

Some risk factors, such as soft pancreatic texture, small pancreatic duct diameter and
higher BMI are no modifiable because they are inherent to the patient. Conversely, the
anastomotic technique is the only factor that can hypothetically modify the risk of POPF
after PD. In the present study, the rate of POPF after PG and PJ was not statistically different
overall, although subgroup analysis showed lesser POPF in PG in patients with high FRS.

162



J. Clin. Med. 2021, 10, 2181

A broad Cochrane systematic review published in 2017 concluded that PG may have
little or no difference compared to PJ in the overall risk of any surgical complications
and particularly in POPF formation, mortality and length of post-operative hospital stay,
concluding that there was no reliable evidence to support the use of PG over PJ [10].

A recent meta-analysis including 11 RCTs that enrolled a total of 1765 patients con-
cluded that POPF was related to a significantly lower morbidity rate in the PG group than
in the PJ group (OR = 0.67, p = 0.002). In contrast, clinically significant POPF rates were not
significantly different between the two groups (OR = 0.61, p = 0.09). PJ was also associated
with a statistically significant lower incidence of post-operative bleeding compared with
PG (OR = 1.47, p = 0.03), whereas the rate of delayed gastric emptying was not significantly
different (OR = 1.09, p = 0.54) [34].

The RPD is gaining momentum among the pancreatic surgeon community, and re-
cently the correlation between robotic approach and POPF was investigated [35]. Although
the benefits shown in terms of lower estimated blood loss and shorter length of hospital
stay, RPD failed to demonstrate a significant reduction in the POPF compared to open
PD [12,36].

A multi-institutional study using data from the American College of Surgeons Na-
tional Surgical Quality Improvement Program concluded that patients undergoing min-
imally invasive PD had higher rates of clinically relevant POPF compared to open PD
(15.3% vs. 13.0%, p = 0.03), but the surgical technique was not an independent factor asso-
ciated with POPF on the adjusted multivariate analysis (OR 1.05, 95% CI 0.87–1–26) [37].
Conversely, in tha high volume center, the RPD was associated to lower CR-POPF when
compared to OPD (6.7% vs. 15.8%, p < 0.001) [38].

The present study found similar results between the two anastomosis techniques in
terms of operative time and estimated blood loss, although PJ required longer operative
time for its fashioning. From a technical point view, the PJ was more challenging for
the higher number of sutures required and for the difficulties in exposing the posterior
row of the anastomosis. On the other hand, the PG required a major traction on the
pancreatic stump that may cause bleeding from pancreatic surface. This may account for
the higher rate of post-operative collection, but lower post-operative hemorrhage noted for
PJ compared to PG in our study.

Since 2013, the fistula risk score was developed to assess the risk of clinically relevant
POPF. While widely used, recent studies have found that not all factors were statistically
significant especially with respect to blood loss suggesting that newer predictive models
maybe necessary [18]. This includes alternative FRS comprising of pancreatic texture,
pancreatic duct diameter and body mass index (BMI) [39]. Recently, Polanco et al. found
that high BMI, high estimated blood loss, smaller tumor size and small duct diameter are
the main predictors for POPF in RPD [40].

In the present study, the univariate analysis revealed that the pancreatic duct diameter,
as well as soft consistency of the pancreas, higher BMI and higher blood loss, were associ-
ated with increased risk of POPF. The diameter of the pancreatic duct and the soft texture
of the pancreas influenced the rate of POPF heavily, as demonstrated by the fact that 66.6%
of patients who developed a POPF had a pancreatic duct diameter <3 mm and 55.6% of
patients had a soft pancreatic texture. The soft pancreas is more susceptible to ischemia
and injury. Moreover, soft texture is generally associated with a small pancreatic duct, and
a preserved exocrine function, resulting in increased activation and secretion of pancreatic
juice [41]. A narrowed pancreatic duct is not only more challenging to reconstruct, but
anastomoses in such cases are also more likely to either occlude or dehisce [40]. In our
study, the rate of POPF after PG is significantly lower in patients with high risk of POPF
as the PG obviates the need to anastomose the pancreatic duct compared to the PJ duct to
mucosa technique. Further studies are needed to determine better predictive models for
POPF. A large adequately powered well designed RCT comparing PG versus PJ in robotic
PD from experienced centers may be the next step to consider the validity of our findings
and further shed light to the optimal method for reconstruction in this complex surgery.
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Our retrospective cohort study has several limitations. It has been carried out at
a single-institution and included a small cohort of patients. The case matched study
design reduced the number of involved procedures in the analysis. Furthermore, the study
compares only one type of PJ compared to PG and its findings may not be applicable
to PJ reconstruction via other techniques. However, the bias related to variations in the
surgical technique and the post-operative management is minimal as the same pancreatic
team performed all the RPD in this series. A major experience and a growing number of
cases performed by the team in the near future will add more validity to the conclusions
drawn. A comparison among the outcomes of other experienced centers could lead to a
standardization of this complex and emerging surgical technique.

5. Conclusions

The present study showed that the rate of POPF after robotic PG and PJ were equiva-
lent with a lower rate of POPF after PG for patients at high risk of POPF.
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