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1. INTRODUCTION

As imaging constantly improves, incidental pancreatic cysts are increasingly detected
and managing patients with intraductal papillary mucinous neoplasms (IPMNs) has
become an everyday issue in our clinical practice. To understand the extent of the
problem, it is important to know that the prevalence of incidentally discovered
pancreatic cysts can even reach 19.6%, depending on the imaging modality (Zhang et
al. 2002, Lee et al. 2010, Laffan et al 2008, De Jong et al. 2010, Zerboni et al. 2019),
while the prevalence of pancreatic cysts consistent with IPMNs was estimated at 6.6%
in adult population (Laurent et al. 2017).

As the natural history of IPMNs is still unknown, the management remains very
challenging and continues to evolve. On one side, as pancreatic cancer precursors
following a classic "adenoma-carcinoma sequence”, IPMNs offer a great opportunity
for early diagnosis and prevention of pancreatic cancer (PDAC). Here, performing a
surgical resection at the right time point ensures an excellent prognosis for these
patients (Woo et al. 2008, Koh al. 2014). On the other side, we are still not able to
accurately estimate the exact risk and timing of progression of IPMNs to PDAC and
which patients may benefit more from surgery. Since the first description in 1982
(Ohashi et al. 1982), several guidelines have tried to resolve this issue supporting
clinicians in the management of IPMNs (Tanaka et al. 2017, Vege et al. 2015,
European Study Group on Cystic Tumours of the Pancreas 2018, Ohtsuka et al. 2024).
The guidelines provide relative and absolute indications for surgery, as well as
recommendations for surveillance, however with consistent differences and
controversies between them. In addition to that, many other important factors must be
considered in the decision-making process. Since pancreatic surgery is still burdened
by a high risk of morbidity and mortality, in the choice of the management physicians
have to constantly balance between the risk of progression and the risk of
complications associated with surgery (Lee et al. 2020). Here, age, comorbidities, risk
of IPMN recurrence, risk of concomitant PDAC, and not least, quality of life and costs
of surveillance play a relevant role (Marinelli et al. 2020).

In this complex setting, identifying clinical, morphological, and molecular predictors of
malignant progression is crucial to pursuing the ultimate goal of early diagnosis and
prevention of pancreatic cancer. Moreover, when PDAC occurs, the analysis of
prognostic factors also represents an important step to improve the preoperative

patients” stratification and offer them the best treatment.
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In the present habilitation, risk factors and predictors of malignant progression in
IPMNs were investigated. To improve patients” stratification and management, further

prognostic predictors and surgical aspects were also analyzed.



2. RELATED PROJECTS AND THEIR RELEVANCE IN THE FIELD

2.1. Analysis of clinical, morphological, and molecular predictors of

malignancy in IPMNs

2.1.1 Clinical predictors

It is well-known that IPMNs occur more frequently in the sixth or seventh decades, and
in males (Crippa et al. 2010, Tanaka et al. 2017). As the incidence of IPMNs increases
with time, age represents an important risk factor for the development of this disease
(Marchegiani et al. 2018). Interestingly, in young patients (< 50 years) IPMNs are not
only less common, but they present also a different histological and prognostic profile
(Morales et al. 2017). In a cohort of 1693 resected patients, we found that the 90
patients (5%) younger than 50 years of age were harboring more frequently an IPMN
of oncocytic and intestinal epithelial subtype located in the pancreatic head and
uncinate process compared to older patients. Moreover, young patients were less likely
to have an invasive carcinoma arising from IPMN, but when they had, this was
frequently of the colloid type and showed a better prognosis. By contrast, no age-
dependent differences in terms of symptoms, radiological worrisome features, or high-
risk stigmata of malignancy were found. (Morales et al. 2017).

Other clinical risk factors, such as smoking, obesity, chronic pancreatitis, and a family
history of PDAC demonstrated to predispose to the development of IPMN and its
progression (Capurso et al. 2013, Capurso et al. 2020, Carr et al. 2017). It is widely
known that IPMNs are frequently asymptomatic. In patients under surveillance, up to
80% of patients show no symptoms (Pergolini et al. 2017, Petrone et al. 2018).
However, when symptoms are present, they may identify a more advanced disease.
Accordingly, some of them, such as jaundice and acute pancreatitis, were included in
the guidelines as absolute or relative indications for surgery, respectively (Tanaka et
al. 2017). In this context, scant attention has been paid in the past to diabetes mellitus
(DM) and other metabolic disorders (Pergolini et al. 2021). In the guidelines of the
American Gastroenterological Association and the revised Fukuoka guidelines (Vege
et al. 2015, Tanaka et al. 2017), DM and other metabolic factors were not mentioned.

For the first time in 2018, the European guidelines for the management of IPMN
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introduced new-onset diabetes as a relative indication for surgery, however with a low
level of evidence (European Study Group on Cystic Tumours of the Pancreas et al.
2018). For this reason, in 2019 we decided to conduct a systematic review and meta-
analysis to evaluate the role of DM in IPMNs (Pergolini et al. 2021). As main result,
we found a big lack of knowledge on this topic in the literature, and overall, only two
papers specifically focused on DM (Morales et al. 2017, Leal et al. 2015). In most
papers, there are no details on the definition, onset, and assessment of DM or its
association with other clinical and pathological features, such as type of IPMN or grade
of dysplasia, and DM was just reported as a comorbidity or symptom. In our systematic
review, the prevalence of DM among the included studies was globally 25% but with a
wide range (15%-43%). The prevalence of DM was higher than in the general
population of the United States and increased in presence of malignancy. The meta-
analysis showed that patients with diabetes had an increased risk of harboring a more
aggressive IPMN in comparison with non-diabetic patients. Patients with DM had more
frequently MD-IPMN and invasive cancer, but most importantly, DM was significantly
associated with the presence of high-grade dysplasia (HGD). This means that patients
with IPMN and a history of DM should probably deserve closer observation to earlier
detect HGD, and in presence of other worrisome features, more promptly receive
surgical treatment. Given this lack of knowledge, we decided to analyze DM and its
association with other clinical, morphological, and histological features in patients who
underwent resection for a histologically confirmed IPMN at our institution (Pergolini et
al. 2021). In our series, a higher proportion of patients with DM were male and older
than non-diabetic ones. DM was significantly associated with main-duct involvement
(odds ratio [OR], 2.827; 95% CI, 1.059-7.546; P = 0.038) and the presence of HGD or
invasive carcinoma (OR, 2.692; 95% ClI, 1.283-5.651; P = 0.009). This risk was even
higher in patients with new-onset or worsening DM (OR, 4.615; 95% CI, 1.423-14.698;
P =0.011). In PDAC, DM has been investigated more extensively and seems to play
a dual role, as risk factor but also as manifestation or consequence of it (Pannala et al.
2009, Magruder et al. 2011). Moreover, DM in patients with PDAC demonstrated to be
“paradoxically” associated with weight loss and both seem to occur a lot of time before
the cancer diagnosis (Hart et al. 2011, Sah et al. 2013, Pannala et al. 2009).
Interestingly, also in our cohort of resected IPMNs, patients with weight loss at the time
of diagnosis had more frequently DM compared to those with constant weight [weight
loss: 18/31 (58%) vs constant weight: 31/97 (32%), P = 0.009]. In addition, this
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association between DM and weight loss was still present when patients with invasive
carcinoma were excluded and the analysis was limited only to IPMN with HGD and
low-grade dysplasia (LGD). Here, 50% (8/16) of patients with weight loss at diagnosis
had DM vs 21% (12/66) of patients without weight loss (P = 0.024). By contrast, DM
and weight loss were no longer associated when the analysis was restricted only to
patients with LGD [5/12 (42%) vs 9/44 (21%), P = 0.133]. In other words, in malignant
IPMNs as in PDAC, DM is paradoxically associated with weight loss. But, most
interestingly, this association occurs already in patients with HGD and is no longer
present with benign IPMNs (LGD) (Pergolini et al. 2021). Recently, new onset or
recent exacerbation of DM, although the definitions of “new onset” and “acute
exacerbation” of DM have not been determined yet, were introduced in the revised
version of the international guidelines for the management of IPMNs as new worrisome
feature (Ohtsuka et al. 2024).

2.1.2 Morphological predictors

In addition to clinical parameters, several morphological features are crucial in
predicting the presence of malignancy and were included in the guidelines for the
management of IPMNs. Here, the most important predictors of malignancy are main-
duct dilatation and solid-enhancing nodules, in both resected IPMNs and those under
surveillance (Tanaka et al. 2017, Marchegiani et al. 2018, Zhao et al. 2022, Del Chiaro
et al. 2020, Sugimoto et al. 2017, Wu et al. 2021, Petrone et al. 2018). In a surgical
series of 901 consecutive patients, del Chiaro et al. found that main duct (MPD)
dilatation is the best predictor of HGD or invasion in resected IPMNs, identifying a cut-
off of 5 to 7 mm to discriminate between malignant and benign lesions (Del Chiaro et
al. 2020). This result was also confirmed in other series of resected IPMNs, as well as
in systematic reviews and meta-analyses (Sugimoto et al. 2017, Wu et al. 2021). In
addition, mural nodules and MPD dilatation >5 mm showed a significant association
with malignancy also in branch-duct IPMNs (BD-IPMNs) under surveillance (Petrone
et al. 2018). In our series of 167 patients, both features correlated significantly with
malignancy in the univariate and multivariate analysis (P = 0.004 and P = 0.001,
respectively) and MPD dilatation proved to be the strongest independent risk factor of
progression (OR = 24.5) (Petrone et al. 2018). Accordingly, a recent systematic review

and meta-analysis by Zhao et al. confirmed that enhanced solid component or mural



nodule and main duct dilation are the most important predictors of HGD/invasive
cancer in BD-IPMNs under follow-up (Zhao et al. 2022).

Despite these findings, in IPMNs the risk of overlooking a malignant lesion or
performing an unnecessary or too extensive resection unfortunately remains high.
Considering the still high morbidity and mortality rate in pancreatic surgery, the risk of
overtreatment represents certainly an important issue to investigate. In a series of 93
resected main duct-/mixed-type IPMNs (MD-IPMNs), where in principle a surgical
resection is recommended, we found an overtreatment rate of 19% (18/93) (Crippa et
al. 2016). In our study, overtreatment was registered in 10 patients who received a too
extensive resection (malignancy was localized only in a part of the surgical specimen)
and in 8 patients where the operation was even unnecessary (in the specimen other
cystic lesions rather than IPMN, chronic pancreatitis or LGD-IPMNs were found).
Twelve of these 18 patients who were overtreated had no symptoms or mild symptoms
such as vague abdominal pain. Total pancreatectomy was the most common
procedure (67%, 12/18) associated with overtreatment. Five of these 12 patients had
severe postoperative complications, requiring a reoperation in 2 patients and causing
death in 2 cases. In 21 patients who globally underwent upfront total pancreatectomy,
a diffuse main duct involvement by IPMN was recognized only in the surgical specimen
of 14 patients (67%). In the other 7 cases (33%), IPMN was located only in the head
of the pancreas, while chronic pancreatitis was found in the rest of the gland. Of note,
the median size of the main duct in the area with IPMN was 12 mm, while was 7 mm
in the area where only chronic pancreatitis was found (P < 0.05) (Crippa et al. 2016).
Collectively, these results suggested that the risk of overtreatment is not negligible,
even in MD-IPMNs, and each predictor of malignancy should be considered not
singularly but together with other worrisome features. In this light, Marchegiani et al.
(Marchegiani et al. 2018) showed that patients with MPD dilatation associated with
other worrisome features had an increased 5-year cumulative incidence of malignancy
compared to patients without a dilated duct (11% versus 1.2%; P < 0.001) or with a
dilated main duct alone (4% versus 1.2%; P = 0.448). Therefore, especially in
asymptomatic patients with mild MPD dilatation (5-7 mm) and without other worrisome
features or high-risk stigmata, surgery should be carefully considered and partial

pancreatic resection should be preferred.



In BD-IPMNSs, as the cysts are mostly small and indolent, the choice of the optimal
treatment and surveillance policy is even more difficult. Since our knowledge is mostly
based on retrospective surgical series and observational studies with short median
surveillance periods, the natural history of BD-IPMNs and the risk of progression over
time are still unclear (Tanaka et al. 2017). The AGA guidelines in 2015 recommended
stopping surveillance after 5 years in case of asymptomatic cystic lesions, while other
guidelines have not provided any specific end-point to surveillance (Vege et al. 2015,
Tanaka et al. 2017, European Study Group on Cystic Tumours of the Pancreas et al.
2018). This controversy generated a big debate, also considering the increasing
incidence of incidentally discovered pancreatic cysts and the elevated cost of follow-
up policies. In this setting, we decided to evaluate the risk of development of pancreatic
cancer after 5 years of follow-up in a large cohort of patients with BD-IPMNs under
surveillance, and, at the same time, to identify a subset of BD-IPMNs at low risk of
progression where follow-up may safely forego after 5 years (Pergolini et al. 2017). In
this study, 577 patients with a median follow-up time of 82 months (range, 6-329
months) were included; of these, 363 patients (63%) were followed for more than 5
years and 121 (21%) for more than 10 years. In this cohort, which to our knowledge
remains one of the largest in the current literature, malignancy (HGD and invasive
cancer) occurred after 5 years of follow-up in 5.5% of patients (20/363), and 35% of
these were asymptomatic. In 5 patients (5/121, 4.1%), malignant progression occurred
even after 10 years of surveillance. Among the 282 patients (282/363) without
worrisome features or high-risk stigmata at the 5-year mark, in which for the AGA
guidelines a discontinuation of surveillance can be considered, 12 (4.3%) developed
HGD or invasive cancer afterward. In addition, the age-standardized incidence rate of
pancreatic malignancy in these 282 patients was 18.8 times (95% confidence interval,
9.7-32.8; P < 0.001) higher than expected in the comparable US population. Overall,
these results demonstrated that the risk of progression in BD-IPMNs under
surveillance persists after 5 years and even after 10 years of follow-up. Even among
the cystic lesions without signs of malignancy within the first 5 years of follow-up, the
risk of pancreatic cancer cannot be excluded and is 18.8 times higher than in the
general population. According to these results, we strongly suggested continuing
surveillance after 5 years from the initial diagnosis, however, with an exception. In fact,
we could identify a possible subgroup of BD-IPMNs in which the surveillance might be

discontinued. In our cohort, among the 108 patients followed for more than 5 years and
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with a cyst size stably <1.5 cm, only 1 patient (0.9%) developed malignancy 65 months
after the initial diagnosis of BD-IPMN. By contrast, 19 patients (7.5%) with cysts >1.5
cm progressed to HGD/invasive carcinoma (P = 0.01), and in 5 cases this occurred
even after 10 years of follow-up. Moreover, the 1.5 cm cutoff showed a negative
predictive value for malignancy of 99% and a sensitivity of 95% (Pergolini et al. 2017).
The validity and safety of this cut-off were confirmed by a subsequent study (Ciprani
et al. 2020), in which patients under surveillance with cysts measuring <1.5 cm and
without worrisome features at diagnosis had a rate malignancy of 1.7%, which is similar
to the risk of pancreatic cancer in the general population (1.6%). Moreover, the analysis
showed that the risk of malignancy in small pancreatic cysts (< 1.5 cm) is higher in the
first 3 years and becomes considerably lower over time (Ciprani et al. 2020). Overall,
if confirmed in other series, the discontinuation of follow-up in this specific subset of
patients with very small and stable cysts, which represent the majority of incidentally

discovered pancreatic cystic lesions, should be considered.

In the last years, clinical and morphological predictors were combined to develop
prognostic tools, such as nomogram models, to assess the probability of high-risk
IPMNs and to reduce the risk of overtreatment (Attiyeh et al. 2018, Lee et al. 2020,
Wu et al. 2020). An example is the independently validated nomogram model
presented by Attiyeh et al. (Attiyeh et al. 2018). Here, cyst size > 3.0 cm, solid
component/mural nodule, pain symptoms, dilated duct > 10 mm, and weight loss were
significantly associated with high-risk IPMNs and were included. This nomogram
model demonstrated the ability to discriminate between low- and high-risk disease in

81% of cases.

2.1.3 Molecular predictors

To date, clinical and morphological predictors are still the most valuable factors used
in clinical routine to predict the risk of malignancy in IPMNs and choose the
management. For the near future, the identification of molecular predictors represents
a great hope for achieving early prediction of pancreatic cancer. Accordingly, several
research groups are investing their efforts in liquid biopsy and molecular analysis of

pancreatic cyst fluid.
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An important study that analyzed the circulating tumor-derived extracellular vesicles
(EVs) in the plasma of patients resected for benign and malignant pancreatic disease
was included in this habilitation. Here, a signature of five markers able to detect PDAC
with an accuracy of 84% [95% confidence interval (Cl), 69 to 93%] was indentified
(Yang et al. 2017).

In another study, a novel murine monoclonal antibody called mAb Das-1 was
developed and tested in intraoperatively aspirated cyst fluid samples by ELISA assay.
The analysis of mAb Das-1 was able to identify high-risk pancreatic cystic lesions
(cysts with invasive carcinomas, HGD, or intestinal-type IPMNs with intermediate-
grade dysplasia) with 88% sensitivity and 98% specificity (Das et al. 2019).

Another multi-institutional study analyzed the cystic fluid of 149 IPMNs collected
intraoperatively by a multianalyte bead array analysis (Luminex) for 4 protein markers.
Here, 2 models based on the combinations of these markers were validated with high
objective predictive ability for the identification of high-risk IPMNs (HGD or invasive
cancer) (Al Efishat et al. 2018).

2.2. Prognostic predictors in malignant IPMNs

As described above, clinical, morphological, and molecular predictors in patients with
IPMNs are critical in achieving early diagnosis and prevention of pancreatic cancer.
When pancreatic cancer occurs, the proper prognostic stratification of patients is also
very important to know which patient may benefit from surgery.

Despite the progress made thanks to neoadjuvant therapy, only a minority of patients
with PDAC are resectable, and unfortunately, also in these patients the survival
outcomes are negatively influenced by early recurrence due to unrecognized or rapidly
progressive metastatic disease (Barugola et al. 2009). Overall, the diagnosis of occult
metastases and the appropriate assessment of resectability in patients with PDAC is
still troublesome (Wong et al. 2008, Callery et al. 2009, Farma et al. 2008, Kaneko et
al. 2010). In this setting, identifying prognostic factors predictive of early recurrence
and poor outcomes is important to offer the best treatment option, avoid useless

resections, and consider neoadjuvant chemotherapy instead of upfront surgery.
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2.2.1 Preoperative predictors

In this context, a useful tool could be (18)fluoro-deoxyglucose positron emission
tomography/computed tomography (18FDG-PET/CT), that in different malignancies,
such as prostate and lung cancers, is used for the diagnosis and staging (Lordick et
al. 2010, Fischer et al. 2009, Ruers et al. 2002). As its role in pancreatic cancer is
unclear, we decided to analyze the use of 18FDG-PET/CT as a prognostic tool to
predict recurrence and survival in patients undergoing surgery for resectable
pancreatic cancer and improve their preoperative stratification (Pergolini et al. 2018).
In this study, 46 patients who preoperatively received 18FDG-PET/CT were included
in the analysis. Interestingly, patients who recurred within 12 months showed a
significantly higher preoperative median SUVmax (maximum standard uptake value)
(8.1 vs 6.1, P = 0.039). Receiver operating characteristics (ROC) curves for disease-
free survival (DFS) and disease-specific survival (DSS) identified SUVmax of 6.0 as
the optimal cut-off. Patients with SUVmax 26.0 had a significantly worse median
disease free survival (DFS) and disease specific survival (DSS) compared with those
with SUVmax <6.0 (DFS: 13 vs 25 months, P = 0.003; DSS: 23 vs 44 months, P <
0.001). In a multivariate analysis, SUVmax = 6.0 demonstrated to be an independent
predictor of poor DFS (HR 2.288, P = 0.024) and DSS (HR 4.875, P < 0.001).
Importantly, the prognostic potential of SUVmax was even higher when combined with
elevated CA19.9 (= 200 U/ml). Patients with SUVmax 26.0 and CA19.9 2200 U/ml had
significantly shorter DFS (8 vs 20 months, P < 0.001) and DSS (14 vs 33 months, P <
0.001) than those without concordantly increased values and, maybe, they can benefit
more from neoadjuvant chemotherapy than upfront resection. According to the results
of this analysis, but conscious of the high cost of this imaging procedure, we suggested
to consider the use of 18FDG-PET/CT in selected patients in which the assessment of
resectability is particularly difficult and, preferably in combination with other stigmata

of a more aggressive tumor biology, like high levels of CA19.9.

2.2.2 Histological predictors

In the same light and with the same purpose, we evaluated the expression of Ki-67
and its prognostic value in a cohort of patients with PDAC who underwent surgical
resection (Pergolini et al. 2019). The expression of Ki-67 is a well-known tumor

proliferation marker that correlates with progression, risk of metastasis, and prognosis
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of several tumors, such as prostate, lung, and breast cancers (Jalava et al. 2006,
Scholzen et al. 2000, de Azambuija et al. 2007, Berlin et al. 2017, Wei at al. 2018). In
pancreatology, Ki-67 is routinely used in the staging of pancreatic neuroendocrine
neoplasms (PanNENs) and is recognized as an independent predictor of survival
(Falconi et al. 2016, Kloppel et al. 2018, Lloyd et al. 2017). Some colleagues also
reported the valuable use of Ki-67 index preoperatively in PanNEN samples obtained
by endoscopic ultrasonography—fine-needle aspiration (EUS—FNA) to predict tumor
aggressiveness (Hasegawa et al. 2014, Farrell et al. 2014, Weynand et al. 2014). In
PDAC, the staining for Ki-67 in surgical specimens is not routinely performed and its
prognostic value of Ki-67 is unclear. In our study, 170 patients, in which the
immunohistochemical analysis of Ki-67 in the surgical specimen was additionally
performed, were included in the analysis. Here, Ki-67 index demonstrated to be an
independent predictor of poor DFS [hazard ratio (HR) 0.52, 95% CI 0.29 to 0.91; P =
0.022] and DSS (HR 0.53, 0.31 to 0.91; P = 0.022), as well as tumor grading, nodal
and resection margin status. Interestingly, Ki-67 index was strongly associated with
tumor grade (P < 0.001), and patients with a low differentiated tumor (G3) and a Ki-67
index above 50% showed worse survival outcomes compared with the rest of the
cohort (P <0.001 for both DFS and DSS). Overall, these results showed that the Ki-67
index is the expression of a more biologically unfavorable disease, and accordingly,
might help to discriminate which patients should receive more aggressive adjuvant
treatment. In the future, if the feasibility of preoperative assessment of the Ki-67 index
by EUS—FNA will be proved in PDAC, as in PanNENSs, this may also help to identify
patients who may benefit more from neoadjuvant chemotherapy than upfront surgery.
The prognostic value of other histological parameters, such as perineural invasion and
lymph node involvement, was also studied. In a multicenter retrospective study that
included 778 patients undergoing PDAC resection, the impact of perineural invasion
on tumor recurrence, especially in "early stage disease" (size < 20 mm, RO, NO), was
analyzed (Crippa et al. 2022). In the entire cohort, patients with perineural invasion
had worse DFS at univariate analysis (median DFS: 20 vs 15 months, P < 0.01), but
not in the multivariate analysis (P = 0.07). By contrast, the presence of perineural
invasion was an independent predictor of overall survival (27 vs 50 months, P = 0.01),
together with G3 tumors, pN1 status, CA19.9, and pain, but not of DFS. Most
importantly, the presence of perineural invasion was the only independent predictor of
DFS in RO/NO tumors (HR: 2.2) and in PDAC smaller than 20 mm (HR: 1.8). This
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finding supports the hypothesis that invasion of nerves by cancer cells is relevant and
has a driving role in pancreatic cancer progression already at an early stage.
Therefore, perineural invasion, especially in PDACs at early stages, might be an
important discriminator to distinguish patients at higher risk of recurrence and
deserving more aggressive adjuvant treatments.

In another study, we investigated the different timing and patterns of recurrence of
PDAC in relation to the lymph nodes involvement (Honselmann et al. 2020). In a
cohort of 546 patients with PDAC who underwent surgery upfront or after neoadjuvant
therapy, the presence of positive lymph nodes was found to be predictive of the timing
of recurrence, but not of the location of recurrence. In fact, patients with positive lymph
nodes developed more frequently tumor recurrence (upfront surgery: pNO 55% vs. pN1
77%, P <0.001 and pNO 64% vs. pN1 78%, P = 0.040 in the neoadjuvant group) and
even earlier (upfront surgery: median 16 mo pNO vs. 10 mo pN1 P <0.001; pNO 21 mo
vs. 11 mo pN1, P < 0.001 in the neoadjuvant group). By contrast, no differences in the
site of first recurrence (local vs. distant recurrence) were found depending on the nodal
status. Moreover, regardless of nodal involvement, local recurrence was independently
associated with R1 resection, suggesting a possible benefit of local tumor therapy in
addition to systemic therapy in these patients. By contrast, both pNO and pN1 patients
are more likely to develop distant metastases, emphasizing the need for multi-modality

systemic therapy in PDACs.

2.2.3. Translational models

In recent years, the treatment possibilities of patients with PDAC, before and after
surgery, have increased significantly. Patients with borderline/locally advanced
pancreatic cancer who underwent neoadjuvant chemotherapy with FOLFIRINOX
showed after surgery even better survival outcomes than those with resectable tumors
who received surgery upfront (Michelakos et al. 2019, Schorn et al. 2017). Also
patients with resectable PDAC seem to benefit more from neoadjuvant treatments than
upfront surgery (Versteijne et al. 2018, Versteijne et al. 2020). In addition to these
findings, new protocols have enriched the possibilities of adjuvant treatment
(Neoptolemos et al. 2017, Conroy et al. 2022). Despite all this, PDACs are often
chemoresistant and only poor survival improvements have been achieved. As a
possible explanation, recent advances in genomics have revealed great biological
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heterogeneity in pancreatic cancer (Group Young Researchers In Inflammatory
Carcinogenesis et al. 2021, Mi et al. 2022). Due to this heterogeneity, personalized
therapies will probably become the new frontier of treatment in patients with PDAC in
the future (Tesfaye et al. 2018). To study cancer biology, there are several in vitro and
in vivo preclinical models, such as cell lines and xenograft tumors derived from them,
genetically engineered mouse models, organoids, and also patient-derived xenograft
(PDX) tumors. These latter seem to reproduce very faithfully the original tumor biology,
mimicking the genetic complexity and the features of the microenvironment of human
cancer, and for this reason, might be very useful in the study of pancreatic cancer. In
a study, we subcutaneously implanted 133 primary and metastatic PDAC tumors into
immunodeficient mice and evaluated the validity of this model to histologically
reproduce pancreatic cancer (Pergolini et al. 2017). In addition, we analyzed the
clinical and pathological features associated with successful tumor engraftment and
xenograft growth rate, as well as its prognostic value, to better understand the
mechanisms behind tumor engraftment and to get insights regarding PDAC tumor
biology. The tumor was subcutaneously implanted into the flank of each mouse and
then monitored weekly for tumor growth. When the tumor engraftment was successful
(tumor growth > 1 cm), it was harvested and a little fragment was reimplanted into new
mice, and so for more passages. Mice in which the tumor was not palpable after 6
months, as well as those removed from the study due to health reasons before, were
categorized as no engraftment. Fifty-seven tumors (43%) were successfully engrafted.
The histological analysis showed that the grade of differentiation and the stromal
features of the human tumors were retained in each of the corresponding xenografts,
even after extensive passaging of reimplantation (10x). Moreover, PDXs contained a-
smooth muscle actin-expressing fibroblasts, as well as collagen composition and
subtypes similar to the original patient tumors. Interestingly, the analysis of the
clinicopathological features of patients who provided the implanted tumor revealed that
more aggressive human tumors could engraft more frequently and more rapidly. Here,
lymphovascular invasion (75% vs 50%, P = 0.001), worse recurrence-free survival
(median, 7 vs. 16 months, log-rank P = 0.047), and overall survival (median, 13 vs. 21
months, log-rank P = 0.038) were significantly associated with the success of xenograft
tumor engraftment. Human tumors with lymph node metastasis were also able to grow
more rapidly (P = 0.022). Of note, in patients who developed recurrence during the

follow-up, xenograft tumors developed a median of 166 days before the diagnosis of
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recurrence. Overall, the results of this study showed that PDXs can faithfully reproduce
the original pancreatic tumors and their aggressiveness. For this reason, this model
can be considered a valuable tool in precision medicine, to study the biology of
pancreatic cancer, to predict patients at very high risk of disease recurrence, and to

test new therapeutic alternatives (Garrido-Laguna et al. 2011).
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3. SUMMARY

In the management of IPMNSs, there are still several unresolved problems and open
issues. Given the increasing incidence of pancreatic cystic lesions, as clinicians, we
will have to face this disease more and more frequently. On one hand, we pursue the
goal of "saving" patients with IPMNs from the progression to PDAC and operating them
at the right time-point, when they still harbor HGD. On the other hand, pancreatic
surgery still has high morbidity and mortality, and performing unnecessary or too
extensive resections should be avoided. The current guidelines are very helpful in the
management of IPMNs, however, identifying which patients are harboring HGD and
deserve a surgical resection remains difficult. Overall, amid this abundance of
pancreatic cysts, the risk of failure is not negligible. In this context, the search for
predictors of malignancy, as well as for prognostic factors, that could help in the
decision-making process, continues unabated.

In the studies included in this work, several clinical, morphological, and molecular risk
factors and predictors of malignancy in IPMNs were analyzed. Furthermore, surgical
aspects, new prognostic predictors to improve the treatment choice before and after
surgery, as well as new models to study the biology of pancreatic cancer were
investigated.

Among the clinical risk factors, age certainly represents an important one. In fact,
IPMNs occur more frequently in the sixth or seventh decades and the incidence
increases with age. In a study, we analyzed whether young patients (<50 years) with
IPMNs present a different profile of the disease (Morales et al. 2017). Interestingly,
we found that younger patients had more often IPMNs of oncocytic and intestinal
epithelial subtype located in the pancreatic head than older patients, without
differences in terms of symptoms or radiological worrisome features or high-risk
stigmata of malignancy. When invasive carcinoma from IPMN occurs, in younger
patients the tumor was more frequently of the colloid type and showed a better
prognosis.

Among clinical risk factors and predictors, the role of diabetes (DM) and other
metabolic disorders in IPMNs is not well-known. In 2019, we performed a systematic
review and meta-analysis on this topic and this revealed that only two papers until then
were specifically focused on the role of DM in IPMNs. DM was reported in most papers
as a symptom or comorbidity and a consensus on the definition of new-onset diabetes
was lacking (Pergolini et al. 2021). To fill this gap, we analyzed DM in relation to other
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clinical, morphological, and pathological features and to survival outcomes in our
cohort of resected IPMNSs, with a focus on its association with weight loss (Pergolini
et al. 2021). First, we found that the prevalence of DM was pretty high (37%) reaching
50% in patients with invasive carcinoma arising from IPMN, similar to the prevalence
reported in patients with PDAC. DM showed to be the expression of a more aggressive
disease and was significantly associated with MPD involvement and the presence of
HGD and invasive carcinoma in the surgical specimen. This association was even
stronger with new-onset DM (onset < 2 years from IPMN diagnosis). In this series, as
in PDAC, DM was “paradoxically” associated with weight loss. Most interestingly, this
association between DM and weight loss was already present in IPMNs with HGD, and
not only in those with invasive cancer arising from IPMN. By contrast, among benign
lesions (IPMNs with LGD), this association was no longer recognized. Recently, new
onset or recent exacerbation of DM was included as new worrisome feature in the
revised international guidelines for the management of IPMNs (Ohtsuka et al. 2024).
However, further investigations are needed to understand the mechanisms behind this
association.

To date, in addition to clinical parameters, morphological predictors of malignancy
have played a central role in the choice of management of IPMNs. Among them, the
presence of dilation of the MPD and mural nodules represents the most relevant ones
(Petrone et al. 2018). According to the guidelines, due to their higher malignant
potential, MD-IPMNs undergo surgery more frequently. However, even in these
patients, it is not difficult to incur misdiagnosis or overtreatment. We analyzed the risk
of performing unnecessary operations (for cysts rather than IPMN, chronic pancreatitis,
or LGD-IPMNSs) or too extensive resections (when malignancy was localized only in a
part of the surgical specimen) in a cohort of patients resected for a preoperatively
presumed MD-IPMN. Here, we registered a rate of misdiagnosis or overtreatment of
19% (Crippa et al. 2016). Severe complications occurred in a relevant percentage of
these patients (42%) and total pancreatectomy was the most common procedure
associated with overtreatment (67%). Overall, only 50% of all performed
pancreatectomies were appropriate for extension of the resection and indication.

In BD-IPMNSs, as the natural history of these lesions and their real malignant potential
are still unclear, the choice of management is even more difficult than in MD-IPMNs,
and the risk of overtreatment is higher. In a large cohort of presumed BD-IPMNs under

surveillance, we investigated the risk of malignant progression after 5 years of follow-
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up and we sought to find a subset of patients in which the surveillance might be
discontinued (Pergolini et al. 2017). In this series, which to our knowledge remains
one of the largest in the current literature, we showed that the risk of malignancy (HGD
and invasive cancer) persisted after 5 years of follow-up, and even after 10 years. Also
in patients without worrisome features at 5 years from the diagnosis (in which AGA
guidelines suggest surveillance discontinuation), the risk of progression was still
present in the years ahead. According to these findings, we suggest that the
surveillance should not be stopped after 5 years from diagnosis. However, in patients
with a cyst stably smaller than 1.5 cm for 5 years of follow-up, we demonstrated that
the risk of progression is negligible and the discontinuation of the surveillance might
be probably considered.

In addition to clinical and morphological predictors, the identification of molecular
predictors is certainly a goal that we must continue to pursue in the future to achieve
early prediction of pancreatic cancer. Liquid biopsy, as well as the analysis of cystic
fluid, and nomogram models that combine molecular factors with clinical and
morphological parameters, showed interesting and promising results, as those
included in this habilitation (Yang et al. 2017, Das et al. 2019, Al Efishat et al. 2018),
and represent a field of research in which new efforts and further investigations should
be invested.

When invasive carcinoma occurs in patients with IPMNs, identifying prognostic factors
is also very important to stratify patients correctly and offer them the optimal treatment.
Sometimes the assessment of resectability is challenging and it is difficult to establish
which patients could benefit more from neoadjuvant therapy rather than upfront
surgery. Also postoperatively, as the treatment protocols for adjuvant therapy are
increasing and the cancer biology revealed to be very heterogeneous, prognostic
factors additionally to the tumor stadium, and new models for personalized therapy
could help to choose the most effective therapy for each patient.

In this setting, we evaluated if 18FDG-PET/CT can help predict recurrence and survival
outcomes and improve the stratifications of patients with PDAC (Pergolini et al. 2017).
In our series, patients in which the tumor recurred within 12 months after resection
showed in the preoperative 18FDG-PET/CT a significantly higher median SUVmax. In
particular, patients with a tumor with SUVmax = 6.0 showed significantly worse survival
outcomes than those with SUVmax <6.0. The prognostic value of SUVmax was even

higher when combined with increased CA19.9 (= 200 U/ml). According to these
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findings, but conscious of the high cost of the procedure, we suggested considering
the use of 18FDG-PET/CT in selected patients in which the assessment of
resectability, as well as the choice of the management, results more complex.

A study that evaluated the role of Ki-67 as prognostic predictor in pancreatic cancer
was also included in this work (Pergolini et al. 2019). The expression of Ki-67 is a
well-known tumor proliferation marker and, in pancreatology is routinely used in the
staging of pancreatic neuroendocrine tumors. Moreover, the preoperative assessment
of Ki-67 in EUS-FNA samples demonstrated to be able to predict the tumor
aggressiveness and guide the treatment choice. In PDAC, the analysis of Ki-67 is not
routinely performed and its prognostic value is still unknown. Therefore, we decided to
perform this additional histological examination in the surgical specimen of resected
PDACs and compare its expression to the survival outcomes. Interestingly, in our
series, Ki-67 demonstrated to be an independent prognostic predictor, equal to other
pathological parameters, like tumor grading, nodal, and resection margin status.
Moreover, Ki-67 expression significantly correlated with tumor grading, and patients
with G3 tumors and Ki-67> 50% showed the worst survival outcomes in the entire
cohort. These interesting findings show that Ki-67 is the expression of biological
aggressiveness and a valuable prognostic factor also in PDAC. Accordingly, Ki-67
index might help to discriminate which patients should receive more aggressive
adjuvant treatments, or, when the feasibility of its preoperative assessment by EUS—
FNA in PDAC will be proved, to identify those who may benefit more from neoadjuvant
chemotherapy than upfront surgery. Of note, several studies showed that Ki-67 seems
to be a predictor of malignancy also in IPMNs able to distinguish between LGD and
HGD or invasive carcinoma (Shimura et al. 2016, Takeshita et al. 2012).

Other histological prognostic factors were also evaluated in this work. In a large
multicentric study (Crippa et al. 2022), perineural invasion was shown to have an
important prognostic value in predicting recurrence, especially in PDACs at early stage
(with size < 20 mm, RO, NO). In this subset of patients, perineural invasion was the only
prognostic predictor of DFS, suggesting a possible driving role of perineural invasion
in the pancreatic cancer progression already at an early stage and the need in these
patients of a more aggressive systemic therapy. Next to the perineural invasion, in a
large multicentric study, nodal involvement showed to have an important role in the
prediction of the timing of recurrence, but not in the location of recurrence

(Honselmann et al. 2020). Both pNO and pN1 patients are more likely to develop
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distant metastases, emphasizing, once again, the need for multi-modality systemic
therapy in PDACs.

As explained above, new models are necessary to increase our knowledge of the
complex biology of pancreatic cancer and develop new treatments, even in a
personalized manner. In a study, we evaluated the feasibility of patient-derived
xenograft (PDX) tumors to histologically reproduce pancreatic cancer. We also
analyzed clinical and morphological tumor characteristics associated with successful
tumor engraftment and xenograft growth speed (Pergolini et al. 2017). Fragments of
tumor tissue harvested during surgery were implanted subcutaneously in a large cohort
(N=133) of immunodeficient mice and reimplanted for several passages in other mice
after successful growth within 6 months. PDACs successfully engrafted in 43% of
cases. Here, the grade of differentiation and the stromal features of the human tumors
were maintained in the corresponding xenografts, even after extensive passaging of
reimplantation (10x). Engraftment and growth rapidity were associated with more
aggressive human tumors and with worse survival outcomes. Interestingly, tumors
harvested from patients who developed recurrence were able to engraft on average a
long time before the recurrence. In our cohort, PDXs demonstrated to be a valuable
model that reproduces faithfully the original tumor and, therefore, might be useful to
study the biology of pancreatic cancer and to test new medications. Moreover, as
tumors engrafted on average long before recurrence, PDXs might offer new

perspectives for personalized therapy.

22



4. REFERENCES

Barugola G, Partelli S, Marcucci S, Sartori N, Capelli P, Bassi C, et al.
Resectablepancreatic cancer: who really benefits from resection? Ann Surg
Oncol2009;16(12):3316-22.

Berlin A, Castro-Mesta JF, Rodriguez-Romo L, Hernandez-Barajas D, Gonzalez-
Guerrero JF, Rodriguez-Fernandez IA, Gonzalez-Conchas G, Verdines-Perez A,
Vera-Badillo FE. Prognostic role of Ki-67 score in localized prostate cancer: A
systematic review and meta-analysis. Urol Oncol. 2017 Aug;35(8):499-506. doi:
10.1016/j.urolonc.2017.05.004. Epub 2017 Jun 23. PMID: 28648414.

Callery MP, Chang KJ, Fishman EK, Talamonti MS, William Traverso L, LinehanDC.
Pretreatment assessment of resectable and borderline resectable pancre-atic cancer:
expert consensus statement. Ann Surg Oncol 2009;16(7):1727-33.

Capurso G, Boccia S, Salvia R, Del Chiaro M, Frulloni L, Arcidiacono PG, Zerbi A,
Manta R, Fabbri C, Ventrucci M, Tarantino |, Piciucchi M, Carnuccio A, Boggi U,
Leoncini E, Costamagna G, Delle Fave G, Pezzilli R, Bassi C, Larghi A; Italian
Association for Study of Pancreas (AISP); Intraductal Papillary Mucinous Neoplasm
(IPMN) Study Group. Risk factors for intraductal papillary mucinous neoplasm (IPMN)
of the pancreas: a multicentre case-control study. Am J Gastroenterol. 2013
Jun;108(6):1003-9.

Capurso G, Crippa S, Vanella G, Traini M, Zerboni G, Zaccari P, Belfiori G, Gentiluomo
M, Pessarelli T, Petrone MC, Campa D, Falconi M, Arcidiacono PG. Factors
Associated With the Risk of Progression of Low-Risk Branch-Duct Intraductal Papillary
Mucinous Neoplasms. JAMA Netw Open. 2020 Nov 2;3(11):e2022933.

Carr RA, Roch AM, Shaffer K, Aboudi S, Schmidt CM 2nd, DeWitt J, Ceppa EP,
House MG, Zyromski NJ, Nakeeb A, Schmidt CM. Smoking and IPMN malignant
progression. Am J Surg. 2017 Mar;213(3):494-497.

Ciprani D, Weniger M, Qadan M, Hank T, Horick NK, Harrison JM, Marchegiani G,
Andrianello S, Pandharipande PV, Ferrone CR, Lillemoe KD, Warshaw AL, Bassi C,
Salvia R, Fernandez-Del Castillo C. Risk of malignancy in small pancreatic cysts
decreases over time. Pancreatology. 2020 Sep;20(6):1213-1217. doi:
10.1016/j.pan.2020.08.003. Epub 2020 Aug 10. PMID: 32819844; PMCID:
PMC8168401.

Conroy T, Castan F, Lopez A, Turpin A, Ben Abdelghani M, Wei AC, Mitry E, Biagi JJ,
Evesque L, Artru P, Lecomte T, Assenat E, Bauguion L, Ychou M, Bouché O, Monard
L, Lambert A, Hammel P; Canadian Cancer Trials Group and the Unicancer-Gl-
PRODIGE Group. Five-Year Outcomes of FOLFIRINOX vs Gemcitabine as Adjuvant

23



Therapy for Pancreatic Cancer: A Randomized Clinical Trial. JAMA Oncol. 2022 Nov
1;8(11):1571-1578. doi: 10.1001/jamaoncol.2022.3829. Erratum in: JAMA Oncol. 2022
Nov 23;: PMID: 36048453; PMCID: PMC9437831.

Crippa S, Fernandez-Del Castillo C, Salvia R, Finkelstein D, Bassi C, Dominguez |,
Muzikansky A, Thayer SP, Falconi M, Mino-Kenudson M, Capelli P, Lauwers GY,
Partelli S, Pederzoli P, Warshaw AL. Mucin-producing neoplasms of the pancreas: an
analysis of distinguishing clinical and epidemiologic characteristics. Clin Gastroenterol
Hepatol. 2010 Feb;8(2):213-9.

de Azambuja E, Cardoso F, de Castro G Jr, Colozza M, Mano MS, Durbecq V et al.
Ki-67 as prognostic marker in early breast cancer: a meta-analysis of published studies
involving 12 155 patients. Br J Cancer 2007; 96: 1504—-1513.

de Jong K, Nio CY, Hermans JJ, et al. High prevalence of pancreatic cysts detected
by screening magnetic resonance imaging examinations. Clin Gastroenterol Hepatol
2010;8:806—811

Del Chiaro M, Beckman R, Ateeb Z, Orsini N, Rezaee N, Manos L, et al. Main duct
dilatation is the best predictor of high-grade dysplasia or invasion in intraductal
papillary mucinous neoplasms of the pancreas. Ann Surg. 2020;272(6):1118-1124.
doi: 10.1097/SLA.0000000000003174.

Falconi M, Eriksson B, Kaltsas G, Bartsch DK, Capdevila J, Caplin M et al.; all other
Vienna Consensus Conference participants. Consensus guidelines update for the
management of functional p-NETs (F-p-NETs) and non-functional p-NETs (NF-p-
NETs). Neuroendocrinology 2016; 103: 153-171.

Farma JM, Santillan AA, Melis M, Walters J, Belinc D, Chen DT, et al. PET/CTfusion
scan enhances CT staging in patients with pancreatic neoplasms. AnnSurg Oncol
2008;15(9):2465-71.

Farrell JM, Pang JC, Kim GE, Tabatabai ZL. Pancreatic neuroendocrine tumors:
accurate grading with Ki-67 index on fine-needle aspiration specimens using the WHO
2010/ENETS criteria. Cancer Cytopathol 2014; 122: 770-778.

Fischer B, Lassen U, Mortensen J, Larsen S, Loft A, Bertelsen A, et al.
Preoperativestaging of lung cancer with combined PET-CT. N Engl J Med
2009;361(1):32-9.

Garrido-Laguna |, Uson M, Rajeshkumar N V., Tan AC, De Oliveira E, Karikari C, et
al. Tumor engraftment in nude mice and enrichment in stroma-related gene pathways
predict poor survival and resistance to gemcitabine in patients with pancreatic cancer.
Clin Cancer Res. 2011;

24



Group Young Researchers In Inflammatory Carcinogenesis, Wandmacher AM,
Mehdorn AS, Sebens S. The Heterogeneity of the Tumor Microenvironment as
Essential Determinant of Development, Progression and Therapy Response of
Pancreatic Cancer. Cancers (Basel). 2021 Sep 30;13(19):4932.

Hart PA, Kamada P, Rabe KG, Srinivasan S, Basu A, Aggarwal G, Chari ST. Weight
loss precedes cancer-specific symptoms in pancreatic cancer-associated diabetes
mellitus. Pancreas. 2011 Jul;40(5):768-72.

Hasegawa T, Yamao K, Hijioka S, Bhatia V, Mizuno N, Hara K et al. Evaluation of Ki-
67 index in EUS-FNA specimens for the assessment of malignancy risk in pancreatic
neuroendocrine tumors. Endoscopy 2014; 46: 32-38.

Jalava P, Kuopio T, Juntti-Patinen L, Kotkansalo T, Kronqvist P, Collan Y. Ki67
immunohistochemistry: a valuable marker in prognostication but with a risk of
misclassification: proliferation subgroups formed based on Ki67 immunoreactivity and
standardized mitotic index. Histopathology 2006; 48: 674—-682

Kaneko OF, Lee DM, Wong J, Kadell BM, Reber HA, Lu DS, et al. Performanceof
multidetector computed tomographic angiography in determining surgi-cal resectability
of pancreatic head adenocarcinoma. J Comput Assist Tomogr2010;34(5):732-8.

Kidppel G, La Rosa S. Ki67 labeling index: assessment and prognostic role in
gastroenteropancreatic neuroendocrine neoplasms. Virchows Arch 2018; 472: 341—
349.

Koh YX, Chok AY, Zheng HL, Tan CS, Goh BK. Systematic review and meta-analysis
comparing the surgical outcomes of invasive intraductal papillary mucinous neoplasms
and conventional pancreatic ductal adenocarcinoma. Ann Surg Oncol. 2014
Aug;21(8):2782-800.

Laffan TA, Horton KM, Klein AP, et al. Prevalence of unsuspected pancreatic cysts on
MDCT. Am J Roentgenol 2008;191:802-807.

Laurent L, Vullierme MP, Rebours V, Maire F, Hentic O, Francoz C, Durand F,

Ruszniewski P, Lévy P. Estimation of the prevalence of intraductal papillary mucinous
neoplasm of the pancreas in the French population through patients waiting for liver
transplantation. United European Gastroenterol J. 2017 Jun;5(4):499-503.

Leal JN, Kingham TP, D’Angelica MI, et al. Intraductal papillary mucinous

neoplasms and the risk of diabetes mellitus in patients undergoing resection
versus observation. J Gastrointest Surg. 2015;19:1974e1981.

25



Lee KS, Sekhar A, Rofsky NM, et al. Prevalence of incidental pancreatic cysts in the
adult population on MR imaging. Am J Gastroenterol 2010;105:2079-2084.

Lee SJ, Park SY, Hwang DW, Lee JH, Song KB, Lee W, Kwon J, Park Y, Kim SC.
Surgical Decisions Based on a Balance between Malignancy Probability and Surgical
Risk in Patients with Branch and Mixed-Type Intraductal Papillary Mucinous
Neoplasm. J Clin Med. 2020 Aug 26;9(9):2758.

Lloyd R, Osamura RY, Kloppel G, Rosai J. WHO Classification of Tumours: Pathology
and Genetics of Tumours of Endocrine Organs (4th edn). IARC: Lyons, 2017.

Lordick F, Ott K, Krause BJ. New trends for staging and therapy for
localizedgastroesophageal cancer: the role of PET. Ann Oncol 2010;21(Suppl. 7):294—
9.

Magruder JT, Elahi D, Andersen DK. Diabetes and pancreatic cancer: chicken or egg?
Pancreas. 2011 Apr;40(3):339-51.

Marchegiani G, Andrianello S, Morbin G, Secchettin E, D'Onofrio M, De Robertis R,
Malleo G, Bassi C, Salvia R. Importance of main pancreatic duct dilatation in IPMN
undergoing surveillance. Br J Surg. 2018 Dec;105(13):1825-1834. doi:
10.1002/bjs.10948. Epub 2018 Aug 14. PMID: 30106195.

Marchegiani G, Andrianello S, Perri G, Pollini T, Caravati A, Secchettin E, Malleo G,
Bassi C, Salvia R. The role of age in pancreatic intraductal papillary mucinous
neoplasms of the pancreas: Same risk of death but different implications for
management. Dig Liver Dis. 2018 Dec;50(12):1327-1333. doi:
10.1016/j.d1d.2018.06.002. Epub 2018 Jun 11. PMID: 29941281.

Marchegiani G, Andrianello S, Borin A, Dal Borgo C, Perri G, Pollini T, Romano G,
D'Onofrio M, Gabbrielli A, Scarpa A, Malleo G, Bassi C, Salvia R. Systematic review,
meta-analysis, and a high-volume center experience supporting the new role of mural
nodules proposed by the updated 2017 international guidelines on IPMN of the
pancreas. Surgery. 2018 Jun;163(6):1272-1279. doi: 10.1016/j.surg.2018.01.009.
Epub 2018 Feb 14. PMID: 29454468.

Marinelli V, Secchettin E, Andrianello S, Moretti C, Donvito S, Marchegiani G, Esposito
A, Casetti L, Salvia R. Psychological distress in patients under surveillance for
intraductal papillary mucinous neoplasms of the pancreas: The "Sword of Damocles"
effect calls for an integrated medical and psychological approach a prospective
analysis. Pancreatology. 2020 Apr;20(3):505-510. doi: 10.1016/j.pan.2020.01.006.
Epub 2020 Jan 13. PMID: 31948794.

26



Mi H, Sivagnanam S, Betts CB, Liudahl SM, Jaffee EM, Coussens LM, Popel AS.
Quantitative Spatial Profiling of Immune Populations in Pancreatic Ductal
Adenocarcinoma Reveals Tumor Microenvironment Heterogeneity and Prognostic
Biomarkers. Cancer Res. 2022 Dec 2;82(23):4359-4372. doi: 10.1158/0008-
5472.CAN-22-1190. PMID: 36112643; PMCID: PMC9716253.

Neoptolemos JP, Palmer DH, Ghaneh P, Psarelli EE, Valle JW, Halloran CM, Faluyi
O, O'Reilly DA, Cunningham D, Wadsley J, Darby S, Meyer T, Gillmore R, Anthoney
A, Lind P, Glimelius B, Falk S, Izbicki JR, Middleton GW, Cummins S, Ross PJ, Wasan
H, McDonald A, Crosby T, Ma YT, Patel K, Sherriff D, Soomal R, Borg D, Sothi S,
Hammel P, Hackert T, Jackson R, Buchler MW; European Study Group for Pancreatic
Cancer. Comparison of adjuvant gemcitabine and capecitabine with gemcitabine
monotherapy in patients with resected pancreatic cancer (ESPAC-4): a multicentre,
open-label, randomised, phase 3 trial. Lancet. 2017 Mar 11;389(10073):1011-1024.
doi: 10.1016/S0140-6736(16)32409-6. Epub 2017 Jan 25. PMID: 28129987 .

Ohashi K, Murakami Y, Maruyama M, Takekoshi T, Ohta H, Ohhashi |. Four cases of
mucus-secreting pancreatic cancer (in Japanese). Prog Dig Endosc. 1982;20:348-51.

Ohtsuka T, Fernandez-Del Castillo C, Furukawa T, Hijioka S, Jang JY, Lennon AM,

Miyasaka Y, Ohno E, Salvia R, Wolfgang CL, Wood LD. International evidence-based
Kyoto guidelines for the management of intraductal papillary mucinous neoplasm of
the pancreas. Pancreatology. 2024 Mar;24(2):255-270.

Pannala R, Basu A, Petersen GM, Chari ST. New-onset diabetes: a potential clue to
the early diagnosis of pancreatic cancer. Lancet Oncol. 2009 Jan;10(1):88-95.

Ruers T, Langenhoff B. Value of positron emission tomography with fluo-
rodeoxyglucose in patients with colorectal liver metastases: a prospectivestudy. J Clin
Oncol 2002;20(2):388-95.

Sah RP, Nagpal SJ, Mukhopadhyay D, Chari ST. New insights into pancreatic cancer-
induced paraneoplastic diabetes. Nat Rev Gastroenterol Hepatol. 2013 Jul;10(7):423-
33.

Scholzen T, Gerdes J. The Ki-67 protein: from the known and the unknown. J Cell
Physiol 2000; 182: 311-322.

Schorn S, Demir IE, Reyes CM, Saricaoglu C, Samm N, Schirren R, Tieftrunk E,
Hartmann D, Friess H, Ceyhan GO. The impact of neoadjuvant therapy on the
histopathological features of pancreatic ductal adenocarcinoma - A systematic review
and meta-analysis. Cancer Treat Rev. 2017 Apr;55:96-106. doi:
10.1016/j.ctrv.2017.03.003. Epub 2017 Mar 14. PMID: 28342938.

27



Shimura T, Kofunato Y, Okada R, Yashima R, Okada K, Araki K, Hosouchi Y, Kuwano
H, Takenoshita S. MIB-1 labeling index, Ki-67, is an indicator of invasive intraductal
papillary mucinous neoplasm. Mol Clin Oncol. 2016 Aug;5(2):317-322. doi:
10.3892/mc0.2016.908. Epub 2016 May 20. PMID: 27446570; PMCID: PMC4950762.

Sugimoto M, Elliott IA, Nguyen AH, Kim S, Muthusamy VR, Watson R, Hines OJ,
Dawson DW, Reber HA, Donahue TR. Assessment of a Revised Management
Strategy for Patients With Intraductal Papillary Mucinous Neoplasms Involving the
Main Pancreatic Duct. JAMA Surg. 2017 Jan 18;152(1):e163349. doi:
10.1001/jamasurg.2016.3349. Epub 2017 Jan 18. PMID: 27829085.

Takeshita A, Kimura W, Hirai |, Takasu N, Moriya T, Tezuka K, Watanabe T.
Clinicopathologic study of the MIB-1 labeling index (Ki67) and postoperative prognosis
for intraductal papillary mucinous neoplasms and ordinary ductal adenocarcinoma.
Pancreas. 2012 Jan;41(1):114-20. doi: 10.1097/MPA.0b013e318220c1fa. PMID:
22143341.

Tanaka M, Fernandez-del Castillo C, Kamisawa T, et al. Revisions of interna-
tional consensus Fukuoka guidelines for the management of IPMN of the
pancreas. Pancreatology. 2017;17:738e753.

Tesfaye AA, Kamgar M, Azmi A, Philip PA. The evolution into personalized therapies
in pancreatic ductal adenocarcinoma: challenges and opportunities. Expert Rev
Anticancer Ther. 2018 Feb;18(2):131-148. doi: 10.1080/14737140.2018.1417844.
Epub 2017 Dec 19. PMID: 29254387; PMCID: PMC6121777.

The European Study Group on Cystic Tumours of the Pancreas. European
evidence-based guidelines on pancreatic cystic neoplasms. Gut. 2018;67:
789e804.

Thomas RM, Truty MJ, Kim M, Kang Y, Zhang R, Chatterjee D, et al. The Canary in
the Coal Mine: The Growth of Patient-Derived Tumorgrafts in Mice Predicts Clinical
Recurrence after Surgical Resection of Pancreatic Ductal Adenocarcinoma. Ann Surg
Oncol 2015; 22(6):1884+92.

Vege SS, Ziring B, Jain R, et al. American gastroenterological association institute
guideline on the diagnosis and management of asymptomatic neoplastic pancreatic
cysts. Gastroenterology 2015;148:819-822.

Versteijne E, Vogel JA, Besselink MG, Busch ORC, Wilmink JW, Daams JG, van Eijck
CHJ, Groot Koerkamp B, Rasch CRN, van Tienhoven G; Dutch Pancreatic Cancer
Group. Meta-analysis comparing upfront surgery with neoadjuvant treatment in
patients with resectable or borderline resectable pancreatic cancer. Br J Surg. 2018

28



Jul;105(8):946-958. doi: 10.1002/bjs.10870. Epub 2018 Apr 30. PMID: 29708592;
PMCID: PMC6033157.

Versteijne E, Suker M, Groothuis K, Akkermans-Vogelaar JM, Besselink MG, Bonsing
BA, Buijsen J, Busch OR, Creemers GM, van Dam RM, Eskens FALM, Festen S, de
Groot JWB, Groot Koerkamp B, de Hingh IH, Homs MYV, van Hooft JE, Kerver ED,
Luelmo SAC, Neelis KJ, Nuyttens J, Paardekooper GMRM, Patijn GA, van der Sangen
MJC, de Vos-Geelen J, Wilmink JW, Zwinderman AH, Punt CJ, van Eijck CH, van
Tienhoven G; Dutch Pancreatic Cancer Group. Preoperative Chemoradiotherapy
Versus Immediate Surgery for Resectable and Borderline Resectable Pancreatic
Cancer: Results of the Dutch Randomized Phase |Il PREOPANC Trial. J Clin Oncol.
2020 Jun 1;38(16):1763-1773. doi: 10.1200/JC0O.19.02274. Epub 2020 Feb 27. PMID:
32105518; PMCID: PMC8265386.

Wei DM, Chen WJ, Meng RM, Zhao N, Zhang XY, Liao DY, Chen G. Augmented
expression of Ki-67 is correlated with clinicopathological characteristics and prognosis
for lung cancer patients: an up-dated systematic review and meta-analysis with 108
studies and 14,732 patients. Respir Res. 2018 Aug 13;19(1):150. doi: 10.1186/s12931-
018-0843-7. PMID: 30103737; PMCID: PMC6088431.

Weynand B, Borbath |, Bernard V, Sempoux C, Gigot JF, Hubert C et al. Pancreatic
neuroendocrine tumour grading on endoscopic ultrasound-guided fine needle
aspiration: high reproducibility and inter-observer agreement of the Ki-67 labelling
index. Cytopathology 2014; 25: 389-395.

Wong JC, Lu DSK. Staging of pancreatic adenocarcinoma by imaging studies.Clin
Gastroenterol Hepatol 2008;6(12):1301-8.

Woo SM, Ryu JK, Lee SH, Yoo JW, Park JK, Kim YT, Yoon YB. Survival and prognosis
of invasive intraductal papillary mucinous neoplasms of the pancreas: comparison with
pancreatic ductal adenocarcinoma. Pancreas. 2008 Jan;36(1):50-5.

Wu JY, Wang YF, Ma H, Li SS, Miao HL. Nomograms predicting long-term survival in
patients with invasive intraductal papillary mucinous neoplasms of the pancreas: A
population-based study. World J Gastroenterol. 2020 Feb 7;26(5):535-549.

Wu YHA, Oba A, Beaty L, Colborn KL, Rodriguez Franco S, Harnke B, Meguid C,
Negrini D, Valente R, Ahrendt S, Schulick RD, Del Chiaro M. Ductal Dilatation of =5
mm in Intraductal Papillary Mucinous Neoplasm Should Trigger the Consideration for
Pancreatectomy: A Meta-Analysis and Systematic Review of Resected Cases.
Cancers (Basel). 2021 Apr 22;13(9):2031. doi: 10.3390/cancers13092031. PMID:
33922344; PMCID: PMC8122854.

Zerboni G, Signoretti M, Crippa S, Falconi M, Arcidiacono PG, Capurso G. Systematic

29



review and meta-analysis: Prevalence of incidentally detected pancreatic cystic lesions
in symptomatic individuals. Pancreatology. 2019 Jan;19(1):2-9.

Zhang X-M, Mitchell DG, Dohke M, et al. Pancreatic cysts: depiction on single-shot fast
spin-echo MR images. Radiology 2002;223:547-553.

Zhao W, Liu S, Cong L, Zhao Y. Imaging Features for Predicting High-Grade Dysplasia
or Malignancy in Branch Duct Type Intraductal Papillary Mucinous Neoplasm of the
Pancreas: A Systematic Review and Meta-Analysis. Ann Surg Oncol. 2022
Feb;29(2):1297-1312. doi: 10.1245/s10434-021-10662-2. Epub 2021 Sep 23. PMID:
34554343.

30



5. ORIGINAL ARTICLES
5.1 First Authorships

Pergolini I, Schorn S, Jager C, GO R, Novotny A, Friess H, Ceyhan GO, Demir IE.
Diabetes mellitus in intraductal papillary mucinous neoplasms: A systematic review
and meta-analysis. Surgery. 2021 Feb;169(2):411-418.

Pergolini I, Jager C, Safak O, G R, Novotny A, Ceyhan GO, Friess H, Demir IE.
Diabetes and Weight Loss Are Associated With Malignancies in Patients With
Intraductal Papillary Mucinous Neoplasms. Clin Gastroenterol Hepatol. 2021
Jan;19(1):171-179.

Pergolini I, Crippa S, Pagnanelli M, Belfiori G, Pucci A, Partelli S, Rubini C, Castelli
P, Zamboni G, Falconi M. Prognostic impact of Ki-67 proliferative index in resectable
pancreatic ductal adenocarcinoma. BJS Open. 2019 May 10;3(5):646-655.

Pergolini |, Crippa S, Salgarello M, Belfiori G, Partelli S, Ruffo G, Pucci A, Zamboni
G, Falconi M. SUVmax after (18)fluoro-deoxyglucose positron emission
tomography/computed tomography: A tool to define treatment strategies in pancreatic
cancer. Dig Liver Dis. 2018 Jan;50(1):84-90.

Pergolini I, Sahora K, Ferrone CR, Morales-Oyarvide V, Wolpin BM, Mucci LA,
Brugge WR, Mino-Kenudson M, Patino M, Sahani DV, Warshaw AL, Lillemoe
KD, Fernandez-Del Castillo C. Long-term Risk of Pancreatic Malignancy in
Patients With Branch Duct Intraductal Papillary Mucinous Neoplasm in a Referral
Center. Gastroenterology. 2017 Nov;153(5):1284-1294.e1.

Pergolini I, Morales-Oyarvide V, Mino-Kenudson M, Honselmann KC, Rosenbaum
MW, Nahar S, Kem M, Ferrone CR, Lillemoe KD, Bardeesy N, Ryan DP, Thayer SP,
Warshaw AL, Fernandez-Del Castillo C, Liss AS. Tumor engraftment in patient-derived
xenografts of pancreatic ductal adenocarcinoma is associated with adverse
clinicopathological features and poor survival. PL0oS One. 2017 Aug
30;12(8):e0182855.

Crippa S, Pergolini I, Rubini C, Castelli P, Partelli S, Zardini C, Marchesini G, Zamboni
G, Falconi M. Risk of misdiagnosis and overtreatment in patients with main pancreatic
duct dilatation and suspected combined/main-duct intraductal papillary mucinous
neoplasms. Surgery. 2016 Apr;159(4):1041-9. (shared first co-authorship)

31



5.2 Co-authorships

Crippa S, Pergolini |, Javed AA, Honselmann KC, Weiss MJ, Di Salvo F, Burkhart R,
Zamboni G, Belfiori G, Ferrone CR, Rubini C, Yu J, Gasparini G, Qadan M, He J,
Lilemoe KD, Castillo CF, Wolfgang CL, Falconi M. Implications of Perineural Invasion
on Disease Recurrence and Survival After Pancreatectomy for Pancreatic Head Ductal
Adenocarcinoma. Ann Surg. 2022 Aug 1;276(2):378-385.

Honselmann KC, Pergolini I, Castillo CF, Deshpande V, Ting D, Taylor MS, Bolm L,
Qadan M, Wellner U, Sandini M, Bausch D, Warshaw AL, Lillemoe KD, Keck T,
Ferrone CR. Timing But Not Patterns of Recurrence Is Different Between Node-
negative and Node-positive Resected Pancreatic Cancer. Ann Surg. 2020
Aug;272(2):357-365.

Das KK, Geng X, Brown JW, Morales-Oyarvide V, Huynh T, Pergolini I, Pitman MB,
Ferrone C, Al Efishat M, Haviland D, Thompson E, Wolfgang C, Lennon AM, Allen P,
Lillemoe KD, Fields RC, Hawkins WG, Liu J, Castillo CF, Das KM, Mino-Kenudson M.
Cross Validation of the Monoclonal Antibody Das-1 in Identification of High-Risk
Mucinous Pancreatic Cystic Lesions. Gastroenterology. 2019 Sep;157(3):720-
730.e2.

Michelakos T, Pergolini I, Castillo CF, Honselmann KC, Cai L, Deshpande V, Wo JY,
Ryan DP, Allen JN, Blaszkowsky LS, Clark JW, Murphy JE, Nipp RD, Parikh A, Qadan
M, Warshaw AL, Hong TS, Lillemoe KD, Ferrone CR. Predictors of Resectability and
Survival in Patients With Borderline and Locally Advanced Pancreatic Cancer who
Underwent Neoadjuvant Treatment With FOLFIRINOX. Ann Surg. 2019
Apr;269(4):733-740.

Al Efishat MA, Attiyeh MA, Eaton AA, Génen M, Prosser D, Lokshin AE, Castillo CF,
Lillemoe KD, Ferrone CR, Pergolini I, Mino-Kenudson M, Rezaee N, Dal Molin M,
Weiss MJ, Cameron JL, Hruban RH, D'Angelica MI, Kingham TP, DeMatteo RP,
Jarnagin WR, Wolfgang CL, Allen PJ. Multi-institutional Validation Study of Pancreatic
Cyst Fluid Protein Analysis for Prediction of High-risk Intraductal Papillary Mucinous
Neoplasms of the Pancreas. Ann Surg. 2018 Aug;268(2):340-347.

Petrone MC, Magnoni P, Pergolini I, Capurso G, Traini M, Doglioni C, Mariani A,
Crippa S, Arcidiacono PG. Long-term follow-up of low-risk branch-duct IPMNs of
the pancreas: is main pancreatic duct dilatation the most worrisome feature? Clin
Transl Gastroenterol. 2018 Jun 13;9(6):158. Erratum in: Clin Transl
Gastroenterol. 2018 Aug 1;9(7):173.

Morales-Oyarvide V, Mino-Kenudson M, Ferrone CR, Warshaw AL, Lillemoe KD,
Sahani DV, Pergolini |, Attiyeh MA, Al Efishat M, Rezaee N, Hruban RH, He J, Weiss
MJ, Allen PJ, Wolfgang CL, Fernandez-Del Castillo C. Intraductal Papillary Mucinous

32



Neoplasm of the Pancreas in Young Patients: Tumor Biology, Clinical Features, and
Survival Outcomes. J Gastrointest Surg. 2018 Feb;22(2):226-234.

Attiyeh MA, Fernandez-Del Castillo C, Al Efishat M, Eaton AA, Gonen M, Batts R,
Pergolini I, Rezaee N, Lillemoe KD, Ferrone CR, Mino-Kenudson M, Weiss MJ,
Cameron JL, Hruban RH, D'Angelica MI, DeMatteo RP, Kingham TP, Jarnagin WR,
Wolfgang CL, Allen PJ. Development and Validation of a Multi-institutional
Preoperative Nomogram for Predicting Grade of Dysplasia in Intraductal Papillary
Mucinous Neoplasms (IPMNs) of the Pancreas: A Report from The Pancreatic Surgery
Consortium. Ann Surg. 2018 Jan;267(1):157-163.

Morales-Oyarvide V, Mino-Kenudson M, Ferrone CR, Sahani DV, Pergolini I,
Negreros-Osuna AA, Warshaw AL, Lillemoe KD, Fernandez-Del Castillo C. Diabetes
mellitus in intraductal papillary mucinous neoplasm of the pancreas is associated with
high-grade dysplasia and invasive carcinoma. Pancreatology. 2017 Nov-
Dec;17(6):920-926.

Yang KS, Im H, Hong S, Pergolini I, Del Castillo AF, Wang R, Clardy S, Huang CH,
Pille C, Ferrone S, Yang R, Castro CM, Lee H, Del Castillo CF, Weissleder R.
Multiparametric plasma EV profiling facilitates diagnosis of pancreatic malignancy. Sci
Transl Med. 2017 May 24;9(391):eaal3226.

33






Surgery xxx (2020) 1-8

SURGERY
Contents lists available at ScienceDirect R

Surgery ’

journal homepage: www.elsevier.com/locate/surg

Diabetes mellitus in intraductal papillary mucinous neoplasms: A
systematic review and meta-analysis

Ilaria Pergolini, MD?, Stephan Schorn, MD?, Carsten Ja“ger, MA, PhP , Riidiger Go", MD ,
Alexander Novotny, MD?, Helmut Friess, MDY, Giiralp Onur Ceyhan, MD",
Ihsan Ekin Demir, MD?P¢d."

* Department of Surgery, Technical University of Munich, Munich, Germany
® Department of General Surgery, HPB-Unit, School of Medicine, Acibadem Mehmet Ali Aydinlar University, Istanbul, Turkey
¢ German Cancer Consortium (DKTK), Partner Site, Munich, Germany

4 CRC 1321 Modelling and Targeting Pancreatic Cancer, Munich Germany

ARTICLE INFO ABSTRACT

Article history:
Accepted 3 July 2020
Available online xxx

Background: Our current knowledge of diabetes mellitus in intraductal papillary mucinous neoplasm is
very limited and its prevalence and predictive value for malignant transformation are not clear. This
study sought to systematically review the literature to define the prevalence of diabetes mellitus in
intraductal papillary mucinous neoplasm and to evaluate the association of diabetes mellitus with the
progression to high-grade dysplasia or invasive cancer.
Methods: A PubMed/Medline systematic search was performed to identify studies reporting data on
preoperative diabetes mellitus in intraductal papillary mucinous neoplasm. Articles meeting the pre-
defined inclusion criteria were analyzed and a meta-analysis was performed. The study was preregis-
tered (PROSPERO ID: CRD42020153581).
Results: From the initially detected 827 studies, 27 studies including resected patients with histologically
confirmed intraductal papillary mucinous neoplasm were included. The global prevalence of preopera-
tive diabetes mellitus was 25% (1,112 of 4,412); whereas new-onset/worsening diabetes mellitus was
reported in 6% of patients (68 of 1,202). The meta-analysis revealed that patients with pre-existing
diabetes mellitus had an increased risk of harboring a main pancreatic duct involvement (risk ratio
1.43, 95% confidence interval: 1.21-1.69, P < .001), high-grade dysplasia (risk ratio 1.27, 95% confidence
interval: 1.01-1.59, P =.04), and invasive cancer (risk ratio 1.61, 95% confidence interval: 1.33—1.95, P <
.001).
Conclusion: The prevalence of diabetes mellitus in intraductal papillary mucinous neoplasm is high, and
diabetic patients demonstrate an increased risk of a more aggressive disease. Therefore, diabetes mellitus
should be increasingly considered in the stratification of patients with intraductal papillary mucinous
neoplasm. Further investigations to determine the mechanisms behind the association with progression
should be carried out.

© 2020 Elsevier Inc. All rights reserved.

Introduction

Intraductal papillary mucinous neoplasm (IPMN) is a common
pancreatic disease with an increasing prevalence in the general
population." A small but relevant proportion of IPMNs evolves
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over time, following the classic pattern from adenoma to invasive
carcinoma.*~’ Determining whether patients are at higher risk of
harboring or developing high-grade dysplasia (HGD) and invasive
cancer and consequently requiring surgery remains a challenge in
the management of IPMN. The detection of reliable risk factors in
IPMN offers the unique opportunity of early diagnosis and pre-
vention of pancreatic cancer, thus representing an important goal
to pursue.

The revised International Consensus Fukuoka guidelines for
the management of IPMN have reconfirmed and updated clin-
ical and radiological worrisome features and high-risk stigmata
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of malignancy, which is helpful in the clinical decision-making
of patients with IPMN; however, no attention has been drawn
to metabolic risk factors, such as diabetes mellitus (DM).® By
contrast, the European guidelines for pancreatic cystic lesions
have recently introduced new-onset DM as a relative indication
for surgery in IPMN, although with a low level of evidence.’ In
fact, our current knowledge regarding DM and other metabolic
disorders in IPMN is very limited. The majority of studies have
evaluated the impact of resection of IPMN on the postoperative
development of DM.'®!" In contrast, the association between
preoperative DM and malignant progression of IPMN and its
potential role as a predictor of malignancy have not been
established. The role of DM is better acknowledged and widely
investigated in patients with pancreatic ductal adenocarcinoma
(PDAC). DM is present in around 50% of patients with pancre-
atic cancer and is associated with a two-fold higher risk of
PDAC in comparison with the normal population.'? This asso-
ciation seems to be even stronger in cases of new-onset DM."”
Although IPMN may progress to invasive cancer, PDAC arising
from IPMN appears to have distinguished genomic and
morphologic features and it should be considered a distinct
entity.'*' Therefore, established risk factors for PDAC cannot
directly be translated into IPMN and a specific evaluation
should be carried out.

This study sought to systematically review the literature to
define the prevalence of DM in IPMNs and to evaluate the associ-
ation of DM with malignant progression.

Methods

To perform this systematic review and meta-analysis, we
adhered to the Preferred Reporting Items for Systematic Review
and Meta-Analysis (PRISMA) guidelines (PRISMA check-
list—Supplementary material 1).” As recommended by the PRISMA
guidelines, this systematic review and meta-analysis were regis-
tered in the international register of systematic reviews (PROS-
PERO) (Registration ID: CRD42020153581).

Search strategy and study selection

A systematic search of the literature was conducted on April
10, 2019, in PubMed/Ovid-Medline, using the following search

” o«

terms: “intraductal papillary mucinous neoplasm”, “intraductal
papillary mucinous tumor”, “ipmn”, “pancreatic cyst”, “pancre-
atic cystic tumor”, “pancreatic cystic neoplasm”, “pancreatic
cystic lesion”, “intraductal papillary mucinous carcinoma”
filtered by “diabetes”, “diabetes mellitus”, “hyperglycemia”, “risk
factor”, and “predictor”. The search was limited to the period
from 2000 to April 2019. Figure 1 presents the search strategy. A
review of titles and abstracts was conducted by 2 authors (LP.
and CJ.) through all identified references. Full papers were
retrieved for all abstracts deemed potentially eligible, screened
for relevance, and assessed against inclusion and exclusion
criteria. Additional publications were included using the
PubMed function “related articles” and screening the reference
list of selected articles. To avoid data duplication, when multiple
articles were published from the same study group, in case of
overlapping of study periods or patients’ selection, only the
most recent or the most informative article was included. These
indications were followed in case of multicentric studies as well.
Any disagreement during the search and selection process was
resolved by consensus. The identified publications were
screened and transferred to the program RevMan (Review
Manager, v 5.3.5, Copenhagen: Nordic Cochrane Center,

) (1dentification)

Eligibility ] [ Sereening

J(

Recordsidentified through
database searching
(n=827)

Records screened
(n=827)

Records excluded after review of
titlesand abstract
(n=680)

Full-textarticles assessed
for eligibility
(n=147)

l

Full-text articles excluded, with
reasons (n = 120)

- Same study group (n = 9)

- Other cystthan IPMN (n = 16)

- Insufficient dataon DM (n = 74)
- Otherreasons (n = 21)

Studies included in
qualitativesynthesis
(n=27)

l

Studiesincluded in
quantitativesynthesis
(meta-analysis)
(n=11)

Included

Fig. 1. Flow diagram of study selection. IPMN, intraductal papillary mucinous
neoplasm; DM, diabetes mellitus.

Cochrane Collaboration, Copenhagen, Denmark) for further
analysis.

Inclusion and exclusion criteria

We included original papers (eg, no review papers, no case re-
ports) providing data on DM in resected patients with histologically
confirmed IPMN. Only studies written in English, with full-text
available and including more than 35 patients, were considered.
Papers including pancreatic cystic lesions other than IPMN or
selectively evaluating a surgical procedure or a risk subgroup of
patients (ie, papers including only patients who underwent total
pancreatectomy or only patients with Fukuoka-negative IPMN)
were excluded. Because type I diabetes appears to not be associated
with pancreatic cancer,'®' studies reporting data selectively on
diabetes type I were also not considered.

Excluded studies were recorded. The number of excluded
studies and the reasons for the exclusion are presented in Fig 1 and
Supplementary material 2.

Data extraction

The following data were collected: author details, country, year
of publication, study design, period of patient recruitment, sample
size, mean/median age, sex, diabetes (as preexisting and new-
onset or worsening), localization of IPMN (head-uncinate pro-
cess, body-tail, or diffuse), surgical procedure (duodenopancrea-
tectomy, distal pancreatectomy, total pancreatectomy or other
types of resection), type of IPMN [branch duct (BD)- or main duct/
mixed-IPMN (MD-IPMN)], presence of HGD, and invasive cancer.
The definition and the modality of assessment of DM were also
recorded, when available. For the meta-analysis, the rate of DM in
relation to the type of IPMN and the progression to HGD and
invasive cancer was obtained. According to a recent international
consensus, we avoided the use of the term “malignancy” to refer
to both HGD and invasive cancer, maintaining a clearly distinct
definition (HGD/invasive cancer), even when considered in the
same category by a paper’s authors.?



Table I

Basic characteristics of studies included in systematic review and meta-analysis

Study Country Year of Recruitment Sample Age (Y) Gender Operation Pre-existing Definition of New-onset Definition of BD-/MD-IPMN LGD/ HGD+  LGD-+HGD/
publication period N (M/F) DP/distal/ diabetes pre-existing or worsening new-onset or N invasive invasive
total/other diabetes diabetes worsening N N
diabetes
Taouli et al*? France 2000 1993-1999 36 61 (mean) 19/17  24/6/5/1 7 (19%) NR NR NR 10/26 20/16 27/9
Wiesenauer et al”’ USA 2003 1988-2002 64 NR 33/31  39/18/7/5 NR NR 7 (11%) Glucose NR 4420 NR
intolerance
treated with
diet or
medication
) <2 years
Nagai et al** Japan 2007 1984-2006 72 63 (median) 44/28  37/20/10/5 NR NR 21 (29%) New-onset/  49/23 28/44 42/30
worsening
diabetes as
presenting
symptoms
Niedergethmann Germany 2008 1996-2006 97 NR NR 78/14/5/0 37 (38%) Pre-existing NR NR NR NR 29/68
et al*? diabetes
Woo et al*® South Korea 2009 1998—2005 85 63 (mean) 50/35  39/NR/NR/NR 20 (24%) NR NR NR 85/0 7114 76/9
Lubezkyetal“ Israel 2010 2002-2008 62 NR 24/38 32/16/13/1 NR NR 11 (18%) NR NR NR 39/23
Mimura et al** Japan 2010 1998-2009 82 69 (median) 49/33  50/17/14/1 29 (35%) Long-standing 1 (1%) Diagnosis <2 43/39 28/54 53/29
diabetes (>24 years
years)
Hwang et al* South Korea 2010 19942008 187 63 (mean) 114/73 78/81/14/14 45 (24%) NR NR NR 118/69 129/58 144/43
Park et al* South Korea 2011 1995-2009 103 61 (mean) 76/27  57/34/12/0 34 (35%) NR NR NR 34/69 64/39 68/35
of 98
Okabayashi et al”” Japan 2012 2000-2011 100  NR 69/31  48/34/6/10 43 (43%) NR NR NR 67/33 65/35 82/18
Winner et al** USA 2013 19942011 183 67 (mean) 76107 68/54/31/27 38 (21%) History of NR NR 53/121 of 174  121/62 155/28
diabetes
Sturm et al*® USA 2013 1992-2012 274 67 (mean) 136/138 NR 41 (15%) Self-report, NR NR 140/134 189/85 222/52
medication,
increased blood
glucose, or
increased
glycated
hemoglobin
Kawakubo et al”*  Japan 2014 1995-2011 59 66 (mean) 42/17  37/22/0/0 18 (31%) History of NR NR 45(14 NR 39/20
diabetes
Nguyen et al*’ USA 2014 1996-2012 66 69 (median) 24/42  47/12/3/4 16 (24%) NR 1(1,5%) NR 66/0 51/15 62/4
Daude” et al*® France 2015 1998—2012 74 61 (mean) 46/28  52/15/6/1 12 (16%) NR NR NR 0/74 22/52 33/41
Chaﬂgetgl“ Taiwan 2015 19942014 106 62 (mean) 53/53 NR 44 (42%) NR NR NR 66/40 45/61 80/26
Jang et al , South Korea 2016 2004-2014 74 66 (mean) 56/18  33/27/8/6 21 (28%) NR NR NR 0/74 63/11 42/32
SR‘i‘(;gt‘irggtgte;g' USA 2016 1996-2015 103 71 (median) 59/44  74/23/6/0 26 (25%) NR NR NR 0/103 39/64 62/41
Leal et al? USA 2016 2001-2013 135  65(mean) 71/64 NR 20 (15%) NR NR NR 135/0 117/18 128/7
USA 2016 2000-2013 103 64 (mean) 35/68  60/31/0/12 17 (17%) Diabetes in NR NR 57/45 of 102 88/NR 101/NR
medical record,
medication,
diabetes

diagnosed at
preoperative
workup

(continued on next page)
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Table I (continued)

LGD+HGD/
invasive

BD-/MD-IPMN  LGD/ HGD+

Definition of

New-onset
or worsening new-onset or
diabetes

Definition of

Pre-existing
diabetes

Operation

Gender
(M/F)

Recruitment Sample Age (Y)

Year of

Country

Study

invasive

N

pre-existing
diabetes

DP/distal/

publication period

worsening
diabetes

totaljother

109/177 94/192 190/96

NR

NR

91 (32%)

(median) 162/124 185/54/26/21

7 {(mean)

Japan 2017 1999—-2015 286 71

Hirono et al*®

New-onset 134{155 240/214 351{103

<1 year,

NR

Self-reported or
preoperative

2017 1990—-2016 454 231j223 NR 154 (34%)

Morales-Oyarvide USA

et al®®

recent-onset
<5 years

fasting plasma

glucose >126
mg/dL

60/0 36/24 52/8

NR

8 (13%)

9 (15%)

30/30  44/15/1/NR

66 (mean)

2006—-2017 60

2018

Belgium/

Spain

Pérez-Cuadrado-

Robles et al*!
Marchegiani

201/71

66/206 125/147

NR

NR

57 of 227 (25%) NR

2006—-2016 272 NR 158{114 NR

2018

[taly

et al’!
Khoury et al*’

381/97

370/108

NR NR

NR

NR

232/246 266/168/NR/NR 115 (24%)

{mean)
69 (median) 115/136 132/68/40/1

2018 2014 478 66

USA

NR NR NR 153/84 of 237 22724
361/363 of 724 476/320

50 of 249 (20%) NR

168 (21%)

2010-2016 251

2019

Sweden

2

Aronsson et al’®

Del Chiaro et al**

661/135

New-onset
<1 year

NR 19 (2%)

9 (median) 383/413 463/228/88/17

2004—-2017 796

Sweden/ USA 2019

NR, not reported; LGD/HGD + invasive, low-grade IPMN versus high-grade [PMN pooled together with invasive [PMN; LCD + HGD/invasive, low-grade [PMN pooled together with high-grade IPMN versus invasive [PMN; M, male;

F, female; DP, duodenopancreatectomy.,
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Outcomes

In this systematic review, we evaluated the prevalence of pre-
existing and new-onset/worsening DM in resected IPMN. Subgroup
analyses with stratification according to the type of IPMN (BD- or
MD-IPMN) were performed. The primary outcome of this meta-
analysis was to examine the impact of pre-existing and new-
onset/worsening DM on the progression of IPMN to HGD/invasive
cancer. Secondarily, we analyzed DM in relation to the involvement
of the main pancreatic duct.

Evaluation of study quality

In accordance with methods recommended by the Cochrane
Collaboration?® and using the RevMan risk-of-bias tool, we
assessed the risk of bias of each included study against the
following key criteria: selection bias, blinding of participants,
incomplete outcome data, selective outcome reporting, and other
sources of bias. The following judgments were used: low risk, high
risk, or unclear (either lack of information or uncertainty over the
potential bias).

Statistical analysis

Data were collected in an Excel database (Microsoft Excel 2016
for Windows; Microsoft Corp, Redmond, WA). Papers were pooled
in various subgroups depending on the provided data and the
sought outcome. Continuous variables were reported as mean and
standard deviation. Categorical variables were presented as
numbers and percentages. Meta-analysis was carried out using
Review Manager software (RevMan, Cochrane Collaboration), as
discussed earlier in this report, and performed using the Mantel-
Haenszel method for random effects. Results were reported as
risk ratio (RR) and 95% confidence interval (95% CI). Heterogeneity
was evaluated using the inconsistency statistic (), which repre-
sents the percentage of total variation across studies that is
attributable to heterogeneity rather than chance.?' A low-moderate
level of heterogeneity was assumed with I? less than 50%, and I*

50% defined a high level of heterogeneity. According to the rec-
ommendations of the Cochrane Collaboration, tests for funnel plot
asymmetry were not performed because the meta-analyses
included fewer than 10 studies.”’ A P value <.05 was accepted as
statistically significant.

Results

From the initially identified 827 studies, 27 studies provided
data regarding DM and met the inclusion criteria for the systematic
review for a total of 4,662 patients.”’~*® Table | presents the
descriptive characteristics of the 27 included studies.

Evaluation of study quality

All the included studies entailed a high risk of selection bias, as
they were all retrospective (Supplementary Material 3). In addition,
as retrospective studies, most of them did not specifically focus on
the evaluated topic, therefore we had to work with incomplete and
selective outcome data. Patient blinding (performance bias,
detection bias) could not be evaluated, as this is not possible with
retrospective studies. Additional bias was encountered for the
following: indications for surgery not completely stated, guidelines
for surgery or surveillance changed over time, and varying inclu-
sion criteria (Supplementary Material 3,Supplementary Figure 3).
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Table II

Studies reporting data on diabetes with distinction of the IPMN-Type

Study

BD-/MD-IPMN n

DM in BD-/MD-IPMN n (%)

Mimura et al** i 43/39 11 (26%)/18 (46%)
Okabayashi et al"’ 67/33 27 (40%)[16 (49%)
Daude” et al*® 0/74 NR/12 (16%)
Sugimoto et al*® 0/103 NR/26 (25%)
Jang et al”’ 0/74 NR/21 (28%)
Hirono et al*® 109/177 25 (23%)/66 (37%)
Morales-Oyarvide et al*’ 134/155 39 (29%)(72 (46%)
Woo et al*® . 85/0 20 (24%)/NR
Nguyen et al”? 66/0 16 (24%)/NR
Ridtitid et al* 135/0 20 (15%)/NR

Pe ‘rez-Cuadrado-Robles et al’’  60/0

9 (15%)/NR

IPMN, intraductal papillary mucinous neoplasm; BD, branch duct; MD, main duct; DM,

diabetes mellitus; NR, not reported.

Table III

Studies reporting data on pre-existing DM with distinction of grade of dysplasia
Study Sample, N Pre-existing diabetes:  Grade of dysplasia: LGD-IPMN: HGD-IPMN: LGD-+HGD- Invasive-IPMN: HGD+Invasive-

Yes/no LGD/HGD/invasive DM/non-DM n DM/non-DM n IPMN: DM/ DM/non-DM n  IPMN: DM/
n non-DM n non-DM n

Taouli et al** 36 7/29 20/7/9 NR' NR 2/25 5/4 NR
Mimura et al** 82 29/53 28/25/29 5/23 12/13 17/36 12/17 24/30
Chang et al” 106 44/62 45/35/26 NR NR 31/49 1313 NR
Hirono et al 286 91/195 94/96/96 2272 30/66 52/138 39/57 69/123
Morales-Oyarvide et al* 454 154/300 240/111/103 62/178 40/71 102/249 52/51 92/122
Khoury et al*® 478 115/363 370/11/97 83/287 NR NR NR' 32/76
Marchegiani et al*' 272 57/170 of 227 125/76/71 NR NR' 40/129 0f 169  17/410f58  NR
Aronsson et al’” 251 50/199 of 249 153/60/24 of 237  NR NR 42/183 of 225 8/16 of 24 NR
Del Chiaro et al™ 796 168/628 476/185/135 93/383 36/149 129/532 39/96 75/245

IPMN, intraductal papilllaprr%;l mucinous neoplasm; LGD + HGD-IPMN, low-grade IPMN pooled togethedr with high-grade IPMN; HGD -+ invasive-IPMN, high-grade IPMN pooled

together with invasive N; DM, diabetes mellitus; non-DM, non-diabetes mellitus;
" Not reported, only available as pooled data (LGD n HGD or HGD n invasive).

Prevalence of DM in IPMN

The global prevalence of preoperative DM obtained from 24
studies for a total of 4,412 patients was 25% (1,112 of 4,412) with a
range of 15% to 43% (Table ])2%2425-33.35-42:4445-48 Dat3 on new-
onset/worsening DM were extracted from 7 studies (1,202 pa-
tients) and, by contrast, the prevalence was 6% (68 of 1,202) with a
range of 1.5% to 29% (Table 1).233334394143.44 Of note, symptoms of
exocrine insufficiency, such as diarrhea and bloating, were reported
only in 3 papers by 8% to 17% of patients.’>>* The prevalence of
preexisting DM in resected MD—IPMN was 35% (231 of 655, 7
studies) with a range of 16% to 49%,(*%2935-374447 and in BD-IPMN
was 24% (167 of 699, 8 studies) with a range of 15% to 40%
(Table I1).282938-414447 Of note, only 4 studies included both BD-
and MD-IPMN and reported DM rate with distinction to the type of
IPMN.?824447 The prevalence of DM in MD-IPMN was significantly
higher than in BD-IPMN (P < .001).

Focusing on the grade of dysplasia, DM was present in 33% (292
of 888, 5 studies) of patients with HGD or invasive cancer, with a
range of 23% to 44%,2-303344 whereas it was 28% (118 of 417, 4
studies) with a range of 37% to 49%>%2%3344 and 22% (265 of 1,208,
5 studies) with a range of 18% to 31%°%-3%3344 in IPMN with HGD
and low-grade dysplasia (LGD), respectively (Table III). When pa-
tients with invasive cancer were separately considered, the prev-
alence of DM reached 39% (185 of 480, 8 studies) with a range of
29% to 56%226:282931-3344 (Taple 111) and was significantly higher

than IPMN with HGD or LGD (39% vs 28% vs 22%, P < .001).
DM and malignant progression of IPMN

A meta-analysis of diabetic versus non-diabetic patients
was conducted for (1) HGD plus invasive cancer (Fig 2, A); (2)

R, not reported.

for invasive cancer alone (Fig 2, B); and (3) for HGD alone (Fig
2, C).

The meta-analysis demonstrated that DM was significantly
associated with the presence of HGD/invasive (RR 1.29, 95% CI:
1.16-1.43, P < .001; DM: 292 of 557 [52.42%]; non-diabetes
mellitus [non-DM]: 596 of 1539 [38.73%]; Fig 2, A). When ma-
lignant cases were separately pooled according to the grade of
invasiveness, diabetic patients demonstrated a significantly
higher risk of harboring invasive cancer (DM: 185 of 600
[30.83%]; non-DM: 295 of 1636 [18.03%]; RR 1.61, 95% CI:
1.33-1.95, P < .001; Fig 2, B), but also HGD (DM: 118 of 300
[39.33%]; non-DM: 299 of 955 [31.32%]; RR 127, 95% CI:
1.01-1.59, P = .04) compared with patients who did not have
diabetes (Fig 2, C).

Because IPMNs with an associated dilatation of the MPD present
a higher risk of malignant progression,®® we also analyzed DM in
relation to the type of IPMN. A total of 4 studies reported data on
DM with a distinction between BD- and MD-IPMN for a total of 922
patients (Table II). The meta-analysis revealed that diabetic patients
present more frequently with involvement of the MPD in com-
parison with non-diabetic patients (DM: 172 of 317 [54.26%]; non-
DM: 232 of 605 [38.35%]; RR 1.43, 95% CI: 1.21-1.69, P < .001; Fig 3).

New-onset DM in regard to HGD/invasive cancer was evalu-
ated only in 3 studies and with various definitions of the time of
onset.”>?%*> Morales-Oyarvide et al*® described recent-onset
DM as having occurred <5 years from the diagnosis of IPMN.
Of note, the authors demonstrated that diabetic patients had a
6.9-fold significantly higher risk of invasive cancer, but not of
HGD, compared with non-diabetic patients; however, data were
not extractable for the meta-analysis.>’ Moreover, Wiesenauer
et al”® defined new-onset DM as the occurrence of glucose
intolerance within 2 y before the diagnosis of IPMN, and Del
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(A) Diabetes No diabetes Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
Mimura et al (2010) 24 29 30 53 11.9% 1.46(1.10,1.95] 2010 ——
Hirono et al(2017) 69 91 123 195 321% 1.20(1.03,1.41] 2017 —-—
Morales-Oyarvide et al(2017) 92 154 122 300 246% 1.47[1.22,1.77) 2017 ==
Khoury et al (2018) 32 115 76 363 81% 1.33[0.93,1.90] 2018 M
Del Chiaro et al(2019) 75 168 245 628 233% 1.14[0.94,1.39] 2019 T
Total (95% CI) 557 1539 100.0% 1.29[1.16, 1.43] L 2
Total events 292 596
Heterogeneity: Tau*= 0.00; Chi*= 4.79, df= 4 (P = .31); F=16% 502 045 % 5‘
Test for overall effect: Z= 4.74 (P < .00001) No Diabetes Diabetes
(B) . . S S
Diabetes No diabetes Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, 95% CI
Taouli et al (2000) 5 7 4 29 33% 5.18(1.86,14.41] 2000
Mimura et al (2010) 12 29 17 53 9.0% 1.29(0.72,2.31] 2010 =
Chang et al (2015) 13 44 13 62 7.2% 1.41[0.72,2.74] 2015 e
Morales-Oyarvide et al(2017) 52 154 51 300 206% 1.99([1.42,2.77] 2017 -
Hirono etal (2017) 39 91 57 195 21.5% 1.47 [1.06,2.02] 2017 =
Aronsson et al(2018) 8 50 16 199 53% 1.99(0.90,4.38] 2018 T
Marchegiani et al (2018) 17 57 41 170 12.3% 1.24[0.77,2.00) 2018 el
Del Chiaro et al(2019) 39 168 96 628 208% 1.52[1.08,2.11] 2019 ——
Total (95% CI) 600 1636 100.0% 1.61[1.33, 1.95] L 2
Total events 185 295
Heterogeneity: Tau®= 0.02; Chi*=9.11, df= 7 (P = .24), F= 23% 051 :2 0:5 % % 1:0
Test for overall effect: Z= 4.88 (P < .00001) No Diabetes Diabstes
(€)
Diabetes No diabetes Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl _Year M-H, Random, 95% CI
Mimura et al (2010) 12 17 13 36 13.9% 1.95[1.15,3.33] 2010
Hirono etal (2017) 30 52 66 138 30.0% 1.21(0.90,1.61) 2017 Ti=l—
Morales-Oyarvide etal (2017) 40 102 Il 249 27.9% 1.38[1.01,1.88] 2017 -
Del Chiaro et al(2019) 36 129 149 532 282% 1.00(0.73,1.36] 2019 —
Total (95% CI) 300 955 100.0% 1.27[1.01,1.59] -
Total events 299
it Tau®= - Chif= b = 15) P= [ + 4 4
Heterogeneity: Tau*= 0.02; Chi*= 5.27,df= 3 (P = .15), F= 43% 02 05 5 3

Test for overall effect: Z= 2.05 (P = .04)

No Diabetes Diabetes

Fig. 2. Forest plot of diabetic versus non-diabetic patients in the comparison of (A) high-grade dysplasia/invasive cancer rate, (B) invasive cancer rate, and (C) high-grade dysplasia.
The Forest plots revealed a higher risk of harboring (A) high-grade dysplasia/invasive cancer (RR 1.29, 95% CI: 1.16—1.43, P < .001), but also (B) invasive cancer (RR 1.61, 95% CI:

1.33—1.95, P <.001), and (C) high-grade dysplasia (RR 1.27, 95% CI: 1.01-1.59, P =.04) separately, for patients with diabetes in comparison with non-diabetic patients. M-H, Mantel-

Haenszel test; random, random effect.

Chiaro et al*> as DM occurred <1 year.>® Because of these dis-
crepancies, we decided against performing a meta-analysis on
this point.

Heterogeneity of study population

Heterogeneity analysis demonstrated low heterogeneity for the

2
analysis of MPD involvement{l = 24%, P =.27), HGD/invasive cancer

and invasive cancer alone (I =16%, P = .31 and I =23%, P = .24
respectively). For the analysis of HGD, the heterogeneity was more
pronounced but not significant (12 —43%.p_.15).

Discussion

In patients with IPMN, identifying preinvasive lesions is of
paramount importance, as it allows for a timely surgical treatment
resulting in an excellent long-term prognosis. In the last decades,
the interest in IPMN has increased; however, several questions such
as the role of DM in IPMN remain unanswered. To our knowledge,

this is the first systematic review and meta-analysis to date on this
subject.

In this systematic review, we observed a wide variation in the
prevalence of DM among 24 studies on patients undergoing
resection for IPMN (15%—43%). Such variations likely reflect dif-
ferences in patient selection, size and composition of study groups,
and methods of DM assessment. Overall, a diagnosis of DM was
present in 25% of resected patients with IPMN, which is higher
compared with the general population of the United States, where
the prevalence in subjects age 65 years and older reaches 20.8%.%°
Among patients with invasive carcinoma arising from IPMN prev-
alence of DM was 39%. In 3 studies DM even affected half of the
study cohorts,?>?%?% similarly to the reported prevalence of DM in
patients with PDAC.'>°°In contrast, a diagnosis of DM was reported
in 28% of patients with HGD-IPMN, rather than 22% of patients with
LGD.28-30.33,44

Although new-onset DM was included in the European guide-
lines as a relative indication for surgery, data on new-onset or
worsening DM were reported only in 7 studies with absent or
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Diabetes Non-Diabetes Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M.H, Random, 95% Ci M-H, Random, 95% CI
Hirono et al (2017) 66 91 11 195 47.7% 1.271.07,1.52) -
Mimura et al (2010) 18 29 2 53 128% 1.57[1.01,243) -
Morales-Oyarvide et al (2017) 72 154 83 300 31.2% 169[1.32,217) ——
Okabayashi et al (2012) 16 43 17 57 83% 1.25(0.72,2.18) ==
Total (95% CI) 317 605 100.0% 1.43[1.21, 1.69] <>
Total events 172
Heterogeneity. Tau*= 0.01; Chi*= 3.93, df= 3 (P = .27), F= 24% 0 2 055 2 5:

Test for overall effect: Z=4.16 (P < .0001)

Favours [experimental] Favours [control]

Fig. 3. Forest plot of diabetic versus non-diabetic patients in the comparison of MPD involvement rate. The Forest plot demonstrated that diabetic patients present more frequent

involvement of the MPD in comparison with non-diabetic patients.

heterogeneous definitions of the onset timing and very little in-
formation in relation to the histologic grade. Therefore, further
investigations on new-onset DM in IPMN are certainly needed.
Moreover, it is evident from the analysis of the literature that a
consensus on the definition of DM and the timing of diagnosis is
also necessary in this context.

Our meta-analysis demonstrated that diabetic patients with
IPMN had an increased risk of a more aggressive disease compared
with non-diabetic patients. As expected, and based on the literature
on PDAC, we found an association between DM and invasive
pancreatic cancer'>'®; however, even more noteworthy, our meta-
analysis demonstrated that DM was also significantly associated
with a higher risk of HGD. Therefore, patients with an IPMN and a
history of DM could potentially benefit from further diagnostic
workup to earlier detect HGD. Moreover, in the presence of other
worrisome issues, a diagnosis of DM may be helpful in the decision-
making process to a more prompt surgical approach. In fact, the
assessment of HGD is crucial given the excellent life expectancy of
patients with preinvasive lesions that are resected early in com-
parison with patients whose lesions have evolved to invasive
cancer.’' >3

Moreover, a subgroup analysis distinguishing between the types
of IPMN demonstrated that patients with pre-existing DM present
more frequent involvement of the MPD, which is also expression of
a more aggressive disease. The cause-effect relationship between
DM and the involvement of the MPD is unclear. DM could represent
a consequence of the obstruction of the ductal system by mucin
production and associated chronic pancreatitis,’* but may also
represent a risk factor for the development of MD-IPMN as sug-
gested by Capurso et al.”® It is well-known that morphologic sub-
types of IPMN correlate with distinct genomic alterations, different
clinical presentation, and prognosis. Of note, Morales-Oyarvide
et al*’ reported that patients with DM were more likely to harbor
intestinal-type IPMN and colloid carcinomas. In this setting, it
seems very worthwhile to further investigate the association of DM
with specific epithelial subtypes and histologic types of invasive
cancer arising from IPMN to comprehend the underlying
mechanisms.

This study has several limitations. As first, we observed a
notable lack of knowledge on this topic in the literature. As
mentioned earlier in this report, only two papers specifically
focused on DM as an end point,?”?° and most papers reported DM
just as a comorbidity or symptom, with no detailed information
on the definition, onset, and assessment of DM, and with no data
on DM in relation to the type of IPMN and the grade of dysplasia. A
consensus on the definition of new-onset and worsening DM is
also lacking. This issue represents not only a limitation, but also a
major finding of this systematic review. Accordingly, we support
the importance of further investigations to better clarify the role
of diabetes in IPMN and to achieve more robust conclusions.
Another limitation of this study is that all the included papers

were retrospective. Commonly, retrospective analyses lead to a
high level of heterogeneity. However, in the performed analysis of
heterogeneity, the studies achieved an acceptable heterogeneity
level. Moreover, we decided to include only papers reporting data
on patients with a histologically confirmed IPMN and not pre-
sumed IPMN as in observational cohorts. On the one hand, this
allows the avoidance of bias as the inclusion of other pancreatic
cysts with lower risk of progression. On the other hand, only
surgically fit patients underwent resection and for the most part
had IPMN with worrisome features and accordingly an intrinsic
higher risk of malignancy.

In summary, the prevalence of DM in IPMN is high, and diabetic
patients with IPMN demonstrate an increased risk of a more
aggressive disease, such as involvement of the MPD and disease
progression. Therefore, DM should be further investigated and
considered in the stratification risk of patients with IPMN.
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BACKGROUND & AIMS: The role of diabetes in intraductal papillary mucinous neoplasms (IPMNs) is not known. We
investigated the prevalence of diabetes among patients with resected IPMNs and the association
between diabetes, clinical and morphological features, and high-grade dysplasia or invasive

cancer.

METHODS: We collected clinical, pathology, laboratory, and demographic data from 134 patients who
underwent pancreatic resection for IPMN from a referral center in Germany. We identified 50

patients with diabetes (37%).

RESULTS: Higher proportions of patients with diabetes were male and older, but did not have increased
body mass index, compared to patients without diabetes. Diabetes was significantly associated
with main-duct involvement (odds ratio [OR], 2.827; 95% CI, 1.059-7.546; P = .038) and high-
grade dysplasia or invasive carcinoma (OR, 2.692; 95% CI, 1.283-5.651; P = .009). Risk of high-
grade dysplasia or invasive cancer was even higher in patients with new-onset or worsening
diabetes (OR, 4.615; 95% CI, 1.423-14.698; P = .011). Fifty-eight percent of patients (18/31)
with weight loss at diagnosis had diabetes vs 32% of patients (31/97) without weight loss
(P = .009). However, when the analysis was restricted to IPMNs with low-grade dysplasia,

weight loss and diabetes were no longer associated (42% [5/12] vs 21% [9/44]; P = .133).

CONCLUSIONS: In patients with IPMNs, diabetes is associated with increased risk of main duct involvement and
high-grade dysplasia or invasive carcinoma. Studies are needed to determine the relationship
between diabetes and progression of IPMNs, which might lead to strategies for early detection
and prevention of invasive cancer. Findings from this study should be considered in the

guidelines for management of IPMN.

Key Words: Metabolic Disorders; IPMN; Malignant Progression.
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extension in the pancreatic gland and variable malignant
potential.? IPMN as precursor of pancreatic ductal
adenocarcinoma (PDAC) offers a great opportunity for

understanding the mechanisms behind the canceriza-
tion.> Determining risk factors involved in the progres-

sion to cancer is of paramount importance to achieve
earlier diagnosis and prevention of pancreatic cancer.’
The European guidelines for the management of
IPMN have recently introduced new-onset diabetes as a
relative indication for surgery but with a low level of
evidence.* Previous guidelines, such as American
Gastroenterological Association and revised Fukuoka
guidelines, do not mention diabetes mellitus (DM) and
other metabolic factors in the management of IPMN.'* In

knowledge on this topic is limited. Previous studies
examined mostly overweight as a potential risk factor for
developing an IPMN and progression, and DM as long-

Abbreviations used in this paper: BD-IPMN, branch-duct intraductal
papillary mucinous neoplasm; Cl, confidence interval; DM, diabetes mel-

litus; HGD, high-grade dysplasia; IPMN, intraductal papillary mucinous
neoPIasm; LGD, low-grade dysplasia; MD-IPMN, main-duct/mixed intra-
ductal papillary mucinous neoplasm; OR, odds ratio; PDAC, pancreatic
ductal adenocarcinoma.
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term complication depending on the extension of
resection.s° Only a few papers focused on the preva-
lence of preoperative DM among patients with IPMN and
its potential role in the progression to high-grade
dysplasia (HGD) and invasive cancer.”'’"'* By contrast,
DM has been much better investigated in PDAC, where it
seems to play a double role: as risk factor for PDAC, but
also as manifestation/consequence of pancreatic can-
cer.'>1¢ Interestingly, several studies showed that DM
induced by PDAC is paradoxically associated with weight
loss (eg, as paraneoplastic phenomena preceding the
onset of cancer-specific symptoms by several
months).!>!” We have questioned if these metabolic
changes also occur in I[IPMN with HGD and may help for
earlier diagnosis and prevention of invasive cancer.
Therefore, this study aimed to examine the preva-
lence of DM in a cohort of resected IPMNs in a referral
center for pancreatic surgery and to evaluate the asso-
ciation of preoperative DM with other clinical-
morphological features, with a focus on weight loss,
and with the progression to HGD and invasive cancer.

Materials and Methods

Study Population

A cohort of consecutive patients who underwent
pancreatic resection for histologically confirmed IPMN
between July 2007 and December 2018 at the Klinikum
Rechts der Isar, Technical University of Munich, Ger-
many, were retrospectively reviewed. Patients’ de-
mographic and clinicopathologic features were obtained
from medical records. Variables included sex, age at
initial diagnosis and surgery, personal medical history,
preoperative daily medications, symptoms at the time of
diagnosis, serum tumor markers (carcinoembryonic an-
tigen, normal value <5 ng/mL; and CA 19.9, normal
value 0-37 U/mL), cyst morphology, main pancreatic
duct (MPD) features, indication for surgery, date and
type of surgery, postoperative course, and final patho-
logical findings. Patients with IPMN associated with
pancreatic or duodenal neuroendocrine tumors at pa-
thology were excluded. As well, patients with distinct
concomitant PDAC were not considered in the analysis.
The study was approved by the Ethics Committee of the
Technical University of Munich (approval nr. 118/19s).
All authors had access to the study data and reviewed
and approved the final paper.

Preoperative DM

The prevalence of preoperative DM, the association of
DM with other clinical-morphological features and with
the progression to HGD and invasive cancer were the
main endpoints of this study. A diabetic status was
determined based on the medical reports of the preop-
erative surgical consultation in case of self-reported
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What You Need to Know

Background

The association between diabetes mellitus in intra-
ductal papillary mucinous neoplasm (IPMN) is not
clear.

Findings

In 134 patients who underwent pancreatic resection
for an IPMN, the overall prevalence of preoperative
diabetes was 37%. Diabetes was significantly asso-
ciated with weight loss, main-duct involvement, and
progression to high-grade dysplasia or invasive
carcinoma.

Implications for patient care

Diabetes, in patients with IPMNs, appears to be
associated with a more aggressive course of
neoplasia and should be considered in management
of IPMNs.

history of DM and intake of hypoglycemic medications
or insulin. Patients were further categorized as diabetic
in case of fasting plasma glucose >126 mg/dl at the
preoperative workup, according to the current American
Diabetes Association guidelines.'® Patients with type I
diabetes were excluded from the study.

DM was defined as new onset when diagnosed within
2 years from the diagnosis of IPMN or in conjunction
with the preoperative laboratory tests. The presence of
worsening DM at the moment of IPMN diagnosis was
also collected. In the remaining cases, DM was consid-
ered as long-standing.

Clinical-Morphological Features of IPMNs

Patients were defined as asymptomatic when the
diagnosis was made in absence of the following symp-
toms: jaundice, upper abdominal pain, acute pancreatitis,
worsening or new-onset DM, unjustified weight loss, or
steatorrhea. Weight loss was quantified by the patient at
the time of the preoperative visit and was considered as
positive when reported as significant (>5%), unjustified
and occurred in the last 6 months/1 year. The
diagnosis was achieved by computed tomography, mag-
netic resonance imaging/magnetic resonance chol-
angiopancreatography, or endoscopic ultrasonography
or endoscopic retrograde cholangiopancreatography.
Endoscopic ultrasonography with or without fine needle
aspiration was performed at the discretion of the
physician; when performed, cytological characteristics
and fluid carcinoembryonic antigen levels were collected.
The following IPMN characteristics were recorded: pre-
dominant location, MPD diameter, cyst size, communi-
cation of the cyst with the MPD, presence in the cyst of
septations, wall thickening, and solid component with or
without enhancement. When patients underwent
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primary surveillance for a certain time before surgery,
we collected the largest size and the worse features
developed by the cyst and the MPD during this time. The
presence of associated chronic pancreatitis, clinically or
radiologically recognized, was also recorded. IPMN was
preoperatively considered as branch-duct IPMN (BD-
IPMN) in presence of cysts >5 mm in communication
with the MPD but in absence of MPD dilation. IPMNs
with MPD dilation >5 mm with or without associated
side-branch cystic lesions were classified as main-duct/
mixed IPMN (MD-IPMN).

Moreover, all patients were retrospectively reviewed
for worrisome features and high-risk stigmata according
to the revised International Consensus Guidelines.!
Briefly, worrisome features were acute pancreatitis,
cyst size >3 cm, thickened or enhancing cyst walls,
nonenhancing mural nodules, MPD size of 5-9 mm,
abrupt change in caliber of the MPD, lymphadenopathy,
and an elevated serum level of CA 19.9. High-risk stig-
mata were defined by the presence of obstructive jaun-
dice in case of a cystic lesion of the head of the pancreas,
MPD >10 mm, enhancing solid mass or mural nodule, or
cytology positive for HGD or adenocarcinoma.

Surgical Indications

Surgery was performed in patients with signs of
malignancy and for patients’ decision. The type of
resection was planned according to the dimension and
the site of the tumor. The final extension of the resection
was determined based on the intraoperative findings and
the results of the frozen section analysis of the resection
margin.

Pathology

At pathology, IPMN were defined as BD-IPMN in
presence of cysts >5 mm without the involvement of the
MPD. IPMN with MPD involvement with/without asso-
ciated cystic lesions were classified as MD-IPMN.! Ac-
cording to the Baltimore Consensus, IPMNs were
classified as (1) IPMNs with low-grade dysplasia (LGD-
IPMN), (2) IPMNs with high-grade dysplasia (HGD-
[PMN), and (3) invasive ductal carcinoma arising from
IPMN (invasive-IPMN).!? This last was defined as inva-
sive carcinoma originated within the area with the
known pancreatic cyst and extended contiguously to the

IPMN; by contrast, pancreatic cancer arising away and
separately from the IPMN was considered a concomitant
or distinct pancreatic ductal carcinoma and these pa-
tients were excluded from our analysis.

Statistical Analysis

Categorical variables are presented as frequencies
and percentages, and continuous variables as median
and range. Comparisons of categorical variables were
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conducted using the chi-square or Fisher exact tests
depending on the number of observations. Odds ratio
(ORs) and 95% confidence intervals (Cls) were calcu-
lated using an unadjusted and multivariable-adjusted
binomial logistic regression. Continuous variables were
compared by Mann-Whitney U test or Kruskal-Wallis
test, as appropriate. All hypothesis tests were 2-sided;
statistical significance was set at P < .05. Statistical an-
alyses were performed using SPSS Statistics 22 (IBM
Corporation, Armonk, NY). This study was designed ac-
cording to the REMARK (REporting recommendations for
tumor MARKer prognostic studies) and STROBE
(STrengthening the Reporting of OBservational studies in
Epidemiology) guidelines.?®?! All authors had access to
the study data and reviewed and approved the final

paper.
Results

Of the 148 patients who underwent pancreatic
resection for IPMN during the study period, 134 met the
selection criteria and were included in the analysis
(Figure 1).

Patient characteristics and surgical and pathological
data regarding the entire cohort are presented in
Tables 1 and 2. Invasive pancreatic cancer arising from
IPMN was recognized in 58 (43%) patients, while HGD
was present in an additional 16 (12%) patients. The
global prevalence of preoperative DM consisted of 37%
(n =50 of 134). In 20 (15%) of them, DM was defined as
new-onset or worsening DM: 10 patients showed posi-
tive preoperative laboratory tests within 1 month before
surgery, while in the remaining 10 cases new or wors-
ening DM led to the diagnosis of IPMN. Overall, 38 (28%)
patients were followed for >6 months before surgery. A
total of 51% of patients underwent resection because of
high-risk stigmata, while only 6 (4.5%) patients without
worrisome features or high-risk stigmata at diagnosis
or during follow-up were resected for other reasons. In
25 patients of our cohort, new worrisome features
or high-risk stigmata or a worsening of them were
detected during follow-up. Thirty-five (26%) patients

[ Resected histologically,\—‘confirmed IPMN (2007-2018) |
=148

Excluded

-n =10 IPMN associated with NET or
microadenoma of panchreas/duodenum
| (4BD-IPMN, 4 MD-IPMN and 2 PDAC
from IPMN)

-n =4 IPMN with concomitant PDAC

Y

IPMN included in the analysis
N =134

Figure 1.Patient Selection. BD-IPMN, branch-duct intra-
ductal papillary mucinous neoplasm; IPMN, intraductal
papillary mucinous neoplasm; MD-IPMN, main-duct/mixed
intraductal papillary mucinous neoplasm; NET, neuroendo-
crine tumor; PDAC, pancreatic ductal adenocarcinoma.
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Table 1. Clinical-Morphological Features Based on Diabetes Mellitus

Entire cohort (N — 134) Nondiabetic patients Diabetic patients P value
Male 67 (50) 6 (43) 1(62) .0327
Age at diagnosis, y 8 (34-86) 66 0 (34-85) 70 5 (35-86) .002°
Age at surgery, y 9 (35-86) 67.5 (36-85) 1 (35-86) 009"
BMI, kg/m? 24 6 (16.4-41.0), n = 133 24.5 (18-41) 25 3 (16-41) 115
Comorbidities
Prostate hypertrophy 7 (5) 22 5(10) .055
Hypertension 72 (54) 40 (48) 32 (64) .066
Hypercholesterolemia 25 (19) 12 (14) 13 (26) .092
Cardiovascular disease 18 (13) 11 (13) 7 (14) .882
Hepatopathy 13 (10) 7(8) 6 (12) .488
Dysthyroidism 39 (29) 28 (33) 11 (22) 162
Autoimmune disease 6 (5) 34 3 (6) 511
History of transplantation 32 32 0 (0) 77
Previous cancers 28 (21) 18 (21) 10 (20) .844
Chronic pancreatitis 29 (22) 18 (21) 11 (22) .938
Clinical presentation
Symptoms at diagnosis
No 45 (35) 30 (38) 15 (30) .355
Yes 84 (65) 49 (62) 35 (70)
Abdominal pain
No 80 (62) 45 (57) 35 (70) 137
Yes 49 (38) 34 (43) 15 (30)
Jaundice
No 111 (85) 71 (89) 40 (80) 169
Yes 19 (15) 9 (11) 10 (20)
Weight loss
No 97 (76) 66 (84) 31 (63) .009°
Yes 31 (24) 13 (16) 18 (37)
History of acute pancreatitis
No 102 (80) 60 (76) 42 (86) 182
Yes 26 (20) 19 (24) 7 (14)
Steatorrhea
No 118 (91) 75 (94) 43 (89) .237
Yes 11 (9) 5 (6) 6 (11)
Nausea
No 116 91) 71 (90) 45 (92) 71
Yes 2(9) 8 (10) 4 (8)
Preoperative CA 19.9, ng/mL 22 5 (0-8667), n — 82 13.5 (0-2370) 35 (1-8667) .0427
Preoperative CEA, ng/mL 3 (0.5-621.0), n — 66 2.3 (0.5-10.2) 2.4 (0.8-621) 146
Morphological features
Multifocal localization 57 (43) 28 (33) 29 (58) .005°
Localization .001¢
Head 59 (44) 35 (42) 24 (48)
Body/tail 36 (27) 31 (37) 5(10)
Diffuse 39 (29) 18 (21) 21 (42)
Cyst size max, mm 30 (0-100), n = 120 30 (0-100) 32 (11-80) .064
Main duct size max, mm 7 (2-30), n = 130 6 (2-30) 8 (2-22) .006°
MPD 5-9 mm
No 76 (57) 44 (52) 32 (65) 146
Yes 57 (43) 40 (48) 17 (35)
History of acute pancreatitis
No 102 (80) 60 (76) 42 (86) 182
Yes 26 (20) 19 (24) 7 (14)
Abrupt change of caliber
No 120 (90) 75 (89) 45 (92) .663
Yes, 13 (10 9 (11 4 (8
CySt S|ze>3cm (9 (0 ®
Yes 65 (49) 43 (51) 22 (45) 484
Wall Thickening 68 (51) 41 (49) 27 (55)
No 120 (91) 80 (96) 40 (82) .004°

Yes 12 (9) 3 (4) 9 (18)
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Table 1. Continued
Entire cohort (N — 134) Nondiabetic patients Diabetic patients P value
Nodule/solid component
No 72 (54) 53 (64) 19 (39) .0057
Yes 60 (46) 30 (36) 30 (61)
Lymphadenopathy
No 106 (80) 69 (83) 37 (75) .287
Yes 26 (20) 14 (17) 12 (25)
Obstructive jaundice
No 111 (85) 71 (89) 40 (80) .169
Yes 19 (15) 9 (11) 10 (20)
Enhanced solid component
No 96 (72) 69 (82) 27 (55) .001#
S, 37 (28 15 (18 22 (45
MY_‘?NQJEmmm (28) (18) (45)
93 (70) 67 (80) 26 (53) -001°
Yes 40 (30) 17 (20) 23 (47)
Positive cytology
No 126 (95) 79 (94) 47 (96) 641
Yes 7 (5) 5 (6) 24

Values are n (%) or median (range).

BMI, body mass index; CEA, carcinoembryonic antigen; MPD, main pancreatic duct.

@Signiticant P value (- .05)

underwent total pancreatectomy; however, pan-
creaticoduodenectomy was the most frequent procedure
(44%). At pathology, 94 (75%) patients presented MD-
IPMN, while 31 (25%) IPMNs were described as BD. In

atients, the type of IPMN was undetermined or
unknown.

DM and Clinical-Morphological Features

Comparison results between diabetic and nondiabetic
patients are shown in Tables 1 and 2. Patients with DM
were more frequently male and older, with no differ-
ences regarding other comorbidities. Surprisingly, me-
dian body mass index did not correlate with the

presence of a diabetic status (median body mass index:
25.3 kg/m? in diabetic patients vs 24.5 kg/m® in

nondiabetic patients; P = .115), neither with progression
to malignancy. By contrast, at the time of diagnosis,
diabetic patients reported more frequently weight loss as
a reason for medical consultation and diagnosis of [IPMN
(37% in diabetic patients vs 16% in nondiabetic patients;
P =.009). Seven of the 10 patients in whom new-onset
or worsening DM was determined for the diagnosis of
the IPMN also presented weight loss at diagnosis, but
none of them had jaundice. Jaundice showed no associ-
ation with DM or new-onset DM. In addition, history of
acute and chronic exocrine dysfunction of the pancreatic

nd did not correlate with the simultaneoqus senc
%Pendocrine dysflrmctior‘l/Y Interesting]ll, me Lilanp(gi\ 1%8

was significantly higher in patients with DM (35 mg/dL
in diabetic patients vs 13.5 mg/dL in nondiabetic pa-
tients; P = .042). Of note, in our series higher CA 19.9
was significantly associated with HGD or invasive cancer
(12 mg/dl in LGD vs 39.5 mg/dL HGD or invasive cancer;

P = .023).

Regarding the morphological features of IPMN, the
presence of multifocal disease (58% in diabetic patients
vs 33% in nondiabetic patients; P = .005) and diffuse
location in the pancreatic gland (42% in diabetic patients
A e e ORI o dTfreronces T roddian
cyst size were found (32 mm in diabetic patients vs 30
mm in nondiabetic patients; P = .064). However, 63% of
patients with a cyst >4 cm had DM (P = .003). By
contrast, MPD diameter was significantly bigger in dia-
betic patients (8 mm in diabetic patients vs 6 mm in
nondiabetic patients; P = .006).

DM and Worrisome Features or High-Risk
Stigmata

Within the worrisome features and high-risk stigmata
of the updated Fukuoka guidelines, a diabetic status was
significantly associated with a MPD >10 mm and the
presence of a nodule or solid component. Diabetic pa-
tients had more frequently a high-risk stigmata than
nondiabetic patients (74% in diabetic patients vs 38% in
nondiabetic patients; P < .001).

DM and Surgical Outcomes

Patients underwent surgery after a median of 2
(range, 0-123) months after diagnosis. In diabetic pa-
tients a total pancreatectomy was more frequently car-
ried out (42% in diabetic patients vs 17% in nondiabetic
patients; P = .002). As well, vascular resections were
more frequently performed in patients with DM (30% in
diabetic patients vs 12% in nondiabetic patients; P =
.009). No differences in the complication and mortality
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Table 2. Surgical and Pathological Outcomes Based on Diabetes Mellitus

Entire cohort (N — 134) Nondiabetic patients Diabetic patients P value

Surgery
Type of resection .0027

Duodenopancreatectomy 59 (44) 37 (44) 22 (44)

Distal pancreatectomy 33 (25) 28 (33) 5(10)

Total pancreatectomy 35 (26) 14 (17) 21 (42)

Enucleation 32 22 1@

Middle pancreatectomy 2(1.5) 22 0 (0)

other 2 (1.5) 1(1) 1@Q)
Vascular resection 25 (19) 10 (12) 15 (30) .0097
Complications 77 (58) 49 (58) 28 (56) 792
Pancreatic fistula 18 (13) 15 (18) 3 (6) .052
Biliary fistula 4 (3) 34 1(2 .605
Enteric fistula 3 2 (2 12) .885
Abdominal fluid collection 18 (13) 15 (18) 3(6) .052
Bleeding 3 2 (2 12) .885
Delayed gastric emptying 16 (12) 8 (10) 8 (16) .264
lleus 7 (5) 4 (5) 3 (6) .755
Wound infection 14 (10) 10 (12) 4 (8) 475
Systemic complications 42 (31) 25 (30) 17 (34) 609
Readmission 8 (7) 5 (7) 3(8) .765
Pathology
Type of IPMN 0337

MD-IPMN 94 (75) 56 (69) 38 (86)

BD-IPMN 31 (25) 25 (31) 6 (14)
Grade of dysplasia .018°

LGD 60 (45) 45 (54) 15 (30)

HGD 16 (12) 10 (12) 6 (12)

Invasive cancer from IPMN 58 (43) 29 (35) 29 (58)
Malignant IPMN (HGD/invasive) .008°

No 60 (45) 45 (54) 15 (30)

Yes 74 (55) 39 (46) 35 (70)
Pathological cyst size, mm 30 (4-90), n — 118 29 (4-70) 35 (7-90) 120
Pathological duct size, mm 10 (2-40), n — 56 9.5 (2-40) 10 (2-24) .554
Epithelial type

Intestinal 42 (38) 27 (38) 15 (38) .138

Gastric 54 (49) 38 (53) 16 (41)

Pancreatobiliary 13 (12) 5(7) 8 (21)

Oncocytic 22 2 (3) 0 (0)
Presence of chronic pancreatitis .100

No 47 (36) 34 (42) 13 (27)

Yes 83 (64) 48 (58) 35 (73)

Values are n (%) or median (range).

BD-IPMN, branch-duct intraductal papillary mucinous neoplasm; HGD, high-grade dysplasia; IPMN, intraductal papillary mucinous neoplasm; LGD, low-grade
dysplasia; MD-IPMN, main-duct/mixed intraductal papillary mucinous neoplasm ; PDAC, pancreatic ductal adenocarcinoma.

aSigniticant P value (< .05)

rate between diabetic and nondiabetic patients were
recognized.

DM and Type of IPMN, Epithelial Subtypes, and
Grade of Dysplasia

At pathology, 40% of patients with MD-IPMN vs 19%
of patients with BD-IPMN were diabetic (P = .033). DM
was significantly associated with a higher risk of MPD
involvement. (OR, 2.827; 95% CI, 1.059-7.546; P =.038).
1B O QR AMuBig Aot A A dSiodatinn Witk
types were predominant, with no significant differences

between diabetic and nondiabetic patients. Of note, in 23
patients, the epithelial type was unknown or
undetermined.

Overall, 50% of patients with invasive cancer were
diabetic vs 38% and 25% of those with HGD and LGD,
respectively (P = .018). DM was associated with a higher
risk of HGD or invasive cancer in unadjusted analysis

(OR, 2.692; 95% ClI, 1.283-5.651; P = .009). This asso-
ciation remained after adjusting for worrisome features
(OR, 2.380; 95% CI, 1.021-5.550; P = .045) but was not
found after adjusting for high-risk stigmata (OR, 1.546;

0 _ .p—
95 e%&rgi%%spagt'i%}l% evith'%gé\)-(grrgggtl eor3 )/i/orsening DM,

80% of them harbored a malignant lesion vs 63% and
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Table 3. ORs for High-Grade Dysplasia and Invasive
Carcinoma by Diabetes Mellitus

High-Grade Dysplasia/Invasive
Cancer From IPMN

P
Diabetes Patients OR (95% CIl)  Value
Yes 50 1.00 (reference)
No 84
Unadjusted 2.692 (1.283-5.651) .009
Adjusted for worrisome 2.380 (1.021-5.550) .045
features
Adjusted for high-risk 1.546 (0.605-3.948) .363
stigmata

Worrisome features: history of acute pancreatitis, cyst size >3 cm, thickened
cyst wall, nodule/solid component, abrupt change in caliber of main pancreatic

duct, lymphadenopathy, and main pancreatic duct diameter 5-9 mm. High-risk
stigmata: jaundicg, solid component, and main pancreatic duct

enhancj
@Ia, reoetrgt en 1f4an'ilmterval; IPMN, intraductal papillary mucinous

neoplasm; OR,
odds ratio.

46% of patients with long-standing DM and without DM,
respectively. On the one hand, patients with new-onset
or worsening DM showed a significantly higher risk of
HGD or invasive cancer in contrast to patients without
DM in an unadjusted analysis (OR, 4.615; 95% (I,
1 . I

ot 2 kRSt ~ A0 O M pseter
1.967-33.886; P = .004) (Table 4). On the other hand,
long-standing DM was not associated with an increased
risk of HGD or invasive cancer compared with patients

i t. DM (OR, 1.993; 95% CI, 0.845-4.698; P = .
X\g (J\}lith ne\gv-onset or wor/genlng-DM (OR, 0.532; 99%5;)0

Cl, 0.115-1.622; P = .214).

Table 4. Odds Ratios for High-Grade Dysplasia and Invasive
Carcinoma by New-Onset/Worsening Diabetes
Compared With Nondiabetic Patients

High-Grade Dysplasia/lnvasive
Cancer From IPMN

New-onset/worsening P
diabetes Patients OR (95% CI)  value
Yes 20 1.00 (reference)
No 84
Unadjusted 4.615 (1.423-14.698) .011
Adjusted for worrisome 8.165,1.967-33.886) .004
features
Adjusted for high-risk 3.853 (0.886-16.747) .072
stigmata

Worrisome features: history of acute pancreatitis, cyst size >3 cm, thickened
cyst wall, nodule/solid component, abrupt change in caliber of main pancreatic
duct, lymphadenopathy, and main pancreatic duct diameter 5-9 mm. High-risk
stigmata: jaundice, enhancing solid component, and main PLa’npl:e,atip_duct

Cc | co n fién tia i nt erval;

IPMN, intraductal papillary mucinous neoplasm; OR,
odds ratio.
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DM and Weight Loss

In our study, DM but not weight loss was associated
with HGD or invasive carcinoma. However, we noticed
that 58% (n = 18 of 31) of patients who presented at
diagnosis with weight loss had a DM status vs 32% (n =
31 of 97) of those without weight loss (P = .009).
Importantly, a consistently higher percentage of patients
with weight loss showed new-onset or worsening DM in
comparison with patients with constant weight (26%
[n =8 0f 31] vs 11% [n = 11 of 97]; P = .026). Overall,
patients with DM had an increased risk of showing
associated weight loss at diagnosis (OR, 2.948; 95% CI,
1. 84-6.769; P = .011). Tgis as ociaﬁtior_l persisted eve
when the analysis was conducted excluding patients wit
invasive carcinoma and limited to IPMN with LGD and

HGD. In this case, 50% (n = 8 of 16) of patients with
weight loss at diagnosis were diabetic vs 21% (n = 12 of
PP BRSNS s e wskaletreley Guiy
to patients with LGD, DM and weight loss were no longer
associated [42% [n = 5 of 12] vs 21% [n = 9 of 44];
P =.133).

Discussion

In our retrospective cohort, the prevalence of DM was
pretty high, and patients with a previous history of DM
revealed a more aggressive disease. Thirty-seven percent
of our study population was diabetic at diagnosis, in line
with previous studies (15%-43%),% 14142223 reaching

50% in, I}r)laltients with invasive carcinoma arising fro
IPMN, simi

ar to the prevalence reported in patients wit
PDAC.!'” As a possible explanation of this high preva-
lence, a case-control by Capurso et al** showed that a
previous history of DM represents a risk factor for the
development of IPMN (OR, 1.79; 95% CI, 1.08-2.98; P =

.025), even more for MD-IPMNs. In our cohort, DM was
significantly associated with the involvement of the MPD,
and diabetic patients showed a 2.7-fold higher risk of
harboring a malignant [IPMN (HGD or invasive cancer).
These results are in line with other series investigating
predictors of malignant progression in IPMN,!0:111425

However, the possible mechanisms behind this associa-
tion are still unknown. In fact, in the present literature,
only a few papers specifically focus on the role of DM in
IPMN,”1*?* and it is important to underline a gap of

knowledge on this topic.

DM has been more extensively investigated in PDAC.
Several authors support the existence of a bidirectional
association between DM and PDAC: (1) DM represents a
risk factor for the development of PDAC; (2) DM can be
induced by pancreatic cancer and be paradoxically
associated with weight loss.'>!¢ Interestingly, PDAC-

induced diabetes, which by definition is new-onset DM,
and weight loss precede the onset of other cancer-
specific symptoms by several months.'>?¢ Indeed, a
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reduction of weight seems to begin as early as 3 years
before the diagnosis of cancer. Despite this reduction, the
glycemic control worsened over time in these patients, in
contrast to patients with type 2 diabetes, in whom gly-
cemia improves with weight loss.?®?” IPMN represents a
different entity than PDAC and the association between
weight loss and DM has not been investigated yet. In our
study, we found that a higher percentage of patients with
weight loss at diagnosis were also diabetic in comparison
with patients with constant weight (58% vs 32%; P =
.009). Moreover, these patients who lost weight had
more frequently a new-onset or worsening DM. When we
excluded patients with invasive cancer, in whose DM and
weight loss were expected to be associated, we saw that
this association was still present. In other words, this
association was already existing in presence of HGD,
whereas it was absent among patients with LGD-IPMNs
(42% in diabetic patients vs 21% in nondiabetic pa-
tients; P = .151).

In’ our series, we also showed that DM remained
associated with progression to HGD or invasive cancer
even after adjusting for worrisome features (OR, 2.380;

9506 CI, 1.021- 5.550; P = .045) but not after adjusting

f h k t .363). On th lj
l\%ra (%Isarvsl ma ?14(found that in p%tler?tss\?vr{%ﬁ l\/}g%

<10 mm, DM 51gn1f1cant1y correlates with a higher risk of
HGD but not of invasive cancer. A previous publication
focused specifically on low-risk IPMNs (asymptomatic
IPMNs without worrisome features) showed that DM,
male sex, and recent weight loss are associated with a
higher risk of developing HGD and invasive cancer.1” In
addition, in another series, 67% of male patients with
Fukuoka-negative BD-IPMN and recent DM (<1 year)
harbored a malignant lesion.'?

Overall, these results suggest that DM appears to be
helpful for early prediction of progression, notably in
association with weight loss and in low-risk IPMNs. In
this setting, further investigations are certainly worth-
while for understanding the pathogenesis of these dis-
orders in IPMN and for including diabetes as worrisome
feature in the guidelines for the management of IPMN.
Identifying factors predictive for HGD is crucial in the
management of IPMN to achieve early diagnosis and
prevention of pancreatic cancer and to offer an excellent
prognosis to these patients.

Particular emphasis should be placed on new-onset
DM. Although included in the European guidelines as
relative indication for surgery, the role of new-onset DM
in IPMN is considered controversial. In our study, pa-
tients with new-onset or worsening DM showed a
significantly higher risk of HGD or invasive cancer
compared with patients without DM, even after adjusting
for worrisome features. By contrast, other series
demonstrated that recent-onset DM (diagnosed within
12 months) was not associated with an increased risk of
IPMN?* and of progression to HGD or invasive cancer.'’
It is also necessary to note that in the current literature
there is no clear definition of new-onset or recent DM.

Clinical Gastroenterology and Hepatology Vol. 19, No. 1

The onset timing of new-onset DM is often not defined or
greatly varies from 1 to 5 years before diagnosis of
[PMN.!0:13.1424 Thys, a consensus on the definition of
new-onset DM is needed, and its role should be further
investigated.

Limitations of this study include its retrospective
nature and the limited sample size that increases the risk
of selection and data collection bias and limits the pos-
sibility of making definite conclusions. In addition, we
are conscious that most of our study population under-
went surgery because of worrisome features or high-risk
stigmata selecting cases with more aggressive disease.
However, even though the management of patients
changed over time, patients’ selection and surgical
treatment were carried out in the same institution by an
established multidisciplinary team.

In conclusion, we advise surgeons to give greater
importance to DM in IPMN and to be aware that diabetic
patients may harbor a more aggressive disease requiring
surgery. Further investigations focused on the role of DM
and weight loss in larger series of patients are needed to
include DM in the guidelines for the management of

I[PMN.
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Background: Pancreatic ductal adenocarcinoma (PDAC) is an aggressive disease characterized by com-
plex biological features and poor prognosis. A prognostic stratification of PDAC would help to improve
patient management. The aim of this study was to analyse the expression of Ki-67 in relation to prognosis
in a cohort of patients with PDAC who had surgical treatment.

Methods: Patients who had pancreatic resection between August 2010 and October 2014 for PDAC
at two Italian centres were reviewed retrospectively. Patients with metastatic or locally advanced dis-
ease, those who received neoadjuvant chemotherapy, patients with PDAC arising from intraductal
papillary mucinous neoplasm and those with missing data were excluded. Clinical and pathologi-
cal data were retrieved and analysed. Ki-67 expression was evaluated using immunohistochemistry
and patients were stratified into three subgroups. Survival analyses were performed for disease-free (DFS)
and disease-specific (DSS) survival outcomes according to Ki-67 expression and tumour grading.
Results: A total of 170 patients met the selection criteria. Ki-67 expression of 10 per cent or less, 11-50
per cent and more than 50 per cent significantly correlated with DFS and DSS outcomes (P =0-016 and
P =0-002 respectively). Ki-67 index was an independent predictor of poor DFS (hazard ratio (HR) 0-52,
95 per cent c.i. 0-29 to 0-91; P=0-022) and DSS (HR 0-53, 0-31 to 0-91; P =0-022). Moreover, Ki-67 index
correlated strongly with tumour grade (P < 0-001). Patients with PDAC classified as a G3 tumour with a

Ki-67 index above 50 per cent had poor survival outcomes compared with other patients (P < 0-001 for
both DFS and DSS).

Conclusion: Ki-67 index could be of use in predicting the survival of patients with PDAC. Further
investigation in larger cohorts is needed to validate these results.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive
disease characterized by complex biological features and a
poor prognosis'?. Recent literature’ =5 in this field has
focused on molecular biomarkers and targets to improve
staging, treatment and, consequently, patient survival.
The expression of Ki-67 in tumour tissue is a well
known marker associated with tumour proliferation

© 2019 The Authors. BJS Open published by John Wiley & Sons Ltd on behalf of BJS Society Ltd

and correlated with the progression, risk of metasta-
sis and prognosis of several tumours, including breast
and prostate cancerss— 1%, In pancreatic neuroendocrine
neoplasms (PanINENs), Ki-67 has been documented to
play an essential role in defining tumour grading and clas-
sificaion (WHO 2017/ENETS criteria), and is recognized
as an independent predictor of survival'! 16, Moreover,

some authors'” 20 pave reported that the Ki-67 index
could be determined from selected PanNEN samples

BFS Open 2019; 3: 646-655
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Prognosis of Ki-67 index in pancreatic ductal adenocarcinoma

obtained by endoscopic ultrasonography—fine-needle
aspiration (EUS-FNA), thereby demonstrating its value
in the preoperative phase. In PDAC, the prognostic value
of Ki-67 has not yet been established?!™*. The aim of
this study was to analyse the expression of Ki-67 as a
prognostic factor in a cohort of patients with resected
PDAC, in relation to survival outcomes.

Methods

This study was designed according to the REMARK?** and
STROBE? guidelines. It was not preregistered with an
analysis plan in an independent institutional registry.

Patients who had a pancreatic resection for histologically
confirmed PDAC between August 2010 and October 2014
at the Ospedale Sacro Cuore — Don Calabria (Negrar,
Verona, Italy), a teaching hospital affiliated to the Univer-
sity of Verona, and at the Ospedali Riuniti Ancona Univer-
sita Politecnica delle Marche (Ancona, Italy), a university
hospital and referral centre for hepatobiliopancreatic
surgery in the Marche Region, were reviewed retrospec-
tively. Surgical resections were performed in both centres
by the same surgeons. Both institutions were documented
as high-volume centres for pancreatic surgery (more than
100 pancreatic resections annually) at the time of the study.

Patients with metastatic or locally advanced disease, those
who had received neoadjuvant chemotherapy, patients with
PDAC arising from intraductal papillary mucinous neo-
plasms, and patients with missing data or follow-up were
excluded. Written informed consent for use of their per-
sonal data and tssue for research purposes was obtained
from all patients included in the study. Institutional review
board approval was not required owing to the retrospective
nature of the study.

Data on patient demographics, clinical presentation,
tumour marker levels (serum carbohydrate antigen (CA)
19-9 and carcinoembryonic antigen (CEA)), preopera-
tive treatments, surgical and postoperative data, includ-
ing delivery of adjuvant treatment, were recorded. In the
absence of jaundice, the preoperative concentration of
CA19-9 was recorded; in patients with abnormal serum
bilirubin values at the time of diagnosis, the CA19-9 level
was determined after biliary drainage and jaundice reso-
lution. Pathology data included tumour size and grade,
number of resected/positive lymph nodes, TNM staging,
lymphatic and vascular invasion, perineural invasion and
margin status. Glandular differentiation and mitotic activ-
ity were evaluated in the entire tumour specimen and
the more severe grades were recorded. TNM staging was
done in accordance with the 7th AJCC system?®, and
margin status was determined according to the 2010 WHO
definition®”.

© 2019 The Authors.
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Table 1 Details of patients who had upfront surgery
No. of patients*
(n=170)

Age (years)t 70 (44-85)
Sex ratio (M : F) 92:78
Preoperative tumour marker levels+

CEA (ng/ml) 2 (0-90)

CA19-9 (units/ml) 36 (0-2689)
Jaundice at diagnosis 113 (66-5)
Duration of surgery (min)Jr 343 (120-575)
Postoperative complications 86 (50-6)
Pancreatic fistula 46 (27-1)
Biliary fistula 12 (7-1)
Duration of hospital stay (days)t 11 (5-70)
Readmission 50 (29-4)
Ki-67 index (%)t 30 (2-95)

<10 43 (25-3)

11-50 106 (62-4)

> 50 21 (12-4)
Tumour size (mm)i 25 (2-70)
Grade of differentiation

G1 15 (8-8)

G2 86 (50.6)

G3 69 (40-6)
T category

T 12 (7-1)

T2 10 (5-9)

T3 148 (87-1)

T4 0(0)
N category

NO 48 (28-2)

N1 122 (71-8)
Resection margin

RO 120 (70-6)

R+ 50 (29-4)
Lymphatic invasion 126 (74-1)
Vascular invasion 115 (67-6)
Perineural invasion 145 (85.3)
Stage

la 7 (41)

Ib 2(1-2)

lla 38 (22-4)

b 123 (72-4)
Adjuvant treatment 166 (97-6)
Recurrence 135 (79-4)
Died

Yes, from other cause 6 (3-5)

Yes, from pancreatic cancer progression 109 (64-1)

*With percentages in parentheses unless indicated otherwise; fvalues are
median (range). CEA, carcinoembryonic antigen; CA, carbohydrate anti-
gen.

www.bjsopen.com
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Fig. 1 Kaplan-Meier analysis of survival in Ki-67 index subgroups. a Disease-free (DFS) and b disease-specific (DSS) survival in
patients with a Ki-67 index of 10 per cent or less, 11-50 per cent and more than 50 per cent. a P=0-016, b P =0-002 (log rank test)
a ors b bss
1.0 e Ki-67 < 10%
= == Ki-67 11-50%
— K(-67 >50%
08k
2 1
& 06k a
g g
k| k|
= =
E O4p £
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1 ] 1 ] 1 ]
0 12 24 36 0 12 24 36
Time after surgery (months) Time after surgery (months)
No. at risk No. at risk
Ki-67 <10% 43 39 22 8 Ki-67 <10% 43 4 35 19
Ki-67 11-50% 106 69 35 21 Ki-67 11-50% 106 95 68 41
Ki-67 > 50% 7 3 3 Ki-67 > 50% 13 8 4
21 21

Ki-67 expression

Formalin-fixed specimens were processed into
paraffin  according to standard practice. Sections
(Spm) were stained with haematoxylin and eosin
for conventional histological examination, and used
for Ki-67 immunohistochemical analysis. For Ki-67
immunohistochemical staining, after deparaffinization
in xylene for 30-40 min, the specimen slides were rehy-
drated in a descending alcohol series, from absolute
ethanol to distilled water. Before staining, in order
to retrieve antigen epitopes, the samples were heated
in an aqueous sodium citrate solution in a microwave oven
(temperature 98°C, pH6) for 20min. After microwave
treatment, the sections were cooled down for a fur-
ther 20 min. Endogenous peroxidase was blocked by 0-3
per cent hydrogen peroxide for 7min. After washing
in Tris-buffered saline (TBS), the slides were incubated
at room temperature for 30 min with the primary anti-
body for Ki-67. The primary antibody was a monoclonal
mouse antihuman Ki-67 antigen (MIB-1; Dako, Glostrup,
Denmark) used at a dilution of 1:80. After incubation,
the primary antibody was washed away with TBS. The
slides were then incubated at room temperature for 20 min,
using the visualization system EnVision™ FLEX/HRP
(Dako) containing the secondary antimouse/rabbit anti-
body. Final staining was done with diaminobenzidine

© 2019 The Authors.
B7S Open published by John Wiley & Sons Ltd on behalf of BJS Society Ltd

tetrahydrochloride (DAB) solution for 10min at room
temperature. Slides were then transferred through an
ascending ethanol series, finally through xylene, and then
mounted.

Two tissue blocks for each patient were selected from
the most representative area of the tumour (the region of
the tumour with highest grade). A section of each block
was immunolabelled for Ki-67 using the above protocol.
Counting of tumour cells was done manually using a Nikon
Eclipse 80i microscope (Nikon Instruments, Amsterdam,
the Netherlands), at 40x magnification. A counting pro-
tocol of 1000 cells was chosen to overcome the marked
cellular heterogeneity for each carcinoma, as the number
of high-power fields could be variable. The percentage of
Ki-67-positive cells was determined by scoring a minimum
of 1000 cells within a hotspot area (defined as the area in
which the 1000-cell count provided the highest percentage
of Ki-67-positive nuclei). Of note, the Ki-67 index was
counted in hotspot areas that did not necessarily parallel
the histological grade field by field.

Outcome measure

Primary outcome measures were disease-free survival
(DFS), the first recurrence of cancer after surgery,
and disease-specific survival (DSS), death from the disease.

www.bjsopen.com
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Table 2 Univariable and multivariable analyses of predictors of disease-free survival
Univariable analysis Multivariable analysis
n Median DFS (months) P Hazard ratio P
Age (years) 0-101
<70 93 20
570 77 18
Sex 0-821
M 92 19
F 78 20
Jaundice 0-665
No 57 19
Yes 113 19
Preoperative CA19-9 (units/ml) 0-052
<200 135 17
> 200 35 24
Preoperative CEA (ng/ml) 0-562
<2 109 18
$2 61 20
Postoperative complications 0894
No 84 20
Yes 86 18
Ki-67 index (%) 0:016 052 (0-29, 0-91) 0.022
<10 43 24
11-50 106 18
>50 21 8
Tumour size (mm) 0-783
<25 98 19
525 72 17
Grade of differentiation 0-039 0-77 (0-54, 1-12) 0-169
G1 15 29
G2 86 20
G3 69 13
T category 0.732
T1-2 22 20
T3 148 19
N category < 0-001 2.28 (1-48, 3-53) <0-001
NO 48 26
N1 122 16
Margin status 0-026 1.55 (106, 2-28) 0-024
RO 120 20
R+ 50 13
Vascular invasion 0-756
No 55 19
Yes 115 20
Perineural invasion 0-452
No 25 19
Yes 145 19
Stage < 0-001
la, Ib, lla 47 29
lib 123 16
Adjuvant treatment 0-842
No 4 26
Yes 166 19

Values in parentheses are 95 per cent confidence intervals. DFS, disease-free survival; CA, carbohydrate antigen; CEA, carcinoembryonic antigen.

© 2019 The Authors. www.bjsopen.com B7S Open 2019; 3: 646-655
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Table 3 Univariable and multivariable analyses of predictors of disease-specific survival
Univariable analysis Multivariable analysis
n Median DSS (months) P Hazard ratio P
Age (years) 0-573
<70 93 33
570 77 35
Sex 0-705
M 92 35
F 78 34
Jaundice 0-597
No 57 32
Yes 113 35
Preoperative CA19-9 (units/ml) 0-344
<200 135 33
- 200 35 37
Preoperative CEA (ng/ml) 0-626
<2 109 33
>2 61 36
Postoperative complications 0-918
No 84 36
Yes 86 34
Ki-67 index (%) 0:002 0-53 (0-31, 0-91) 0.022
<10 43 47
11-50 106 33
> 50 21 14
Tumour size (mm) 0-697
<25 98 35
25 72 33
Grade of differentiation 0-001 0-63 (0-43, 0-94) 0-022
G1 15 n.r.
G2 86 38
G3 69 25
T category 0-106
T1-2 22 56
T3 148 33
N category <0-001 3-37 (1-42, 3-94) 0-001
NO 48 n.r.
N1 122 30
Margin status 0-003 1.93 (1-28, 2-89) 0-002
RO 120 41
R+ 50 27
Vascular invasion 0-337
No 55 34
Yes 115 35
Perineural invasion 0-128
No 25 66
Yes 145 33
Stage < 0-001
la, Ib, lla 47 n.r.
llb 123 30
Adjuvant treatment 0-406
No 4 56
Yes 166 34

Values in parentheses are 95 per cent confidence intervals. DSS, disease-specific survival; CA, carbohydrate antigen; CEA, carcinoembryonic antigen; n.r.,
not reached.

© 2019 The Authors. www.bjsopen.com B7S Open 2019; 3: 646-655
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Follow-up was done on a regular basis by clinical evalu-
Fig. 2 Box-and-whisker plot of Ki-67 index according to tumour ation or telephone interview, and patients were censored
grade of differentiation. Median Ki-67 index values, interquar- at the last available contact date.

tile ranges and ranges are denoted by horizontal bars, boxes
and error bars respectively. P <0-001 (Kruskal-Wallis test)

1004 Statistical analysis

Continuous variables are reported as median (range) val-
80| ues, and categorical variables as numbers with percentages.
Continuous  variables were dichotomized around

g ol the median value, except for CA19-9, for which a
3 cut-off value of 200units/ml or more was previously
& documented?®*’ to correlate with tumour burden, spread
& YF and early recurrence after resection of PDAC. Stu-

dent’s ¢ test was used to compare normally distributed

20 continuous variables; non-parametric analyses included

% Mann-Whitney U and Kruskal-Wallis tests. Survival

" - analysis was done with the Kaplan—-Meier method and log

G1 G2 G3 rank test using the following Ki-67 cut-off values: 10, 20,

Tumour grade 30, 40, 50 and 60 per cent, tertiles and quartiles. Patients

were also stratified according to Ki-67 index and tumour
grades, and survivals were calculated accordingly.

Fig. 3 Ki-67 |mmunoh|stochem|cal stammg in pancreatic ductal adenocarcinoma. a G1 tumour with Ki-67 index of 10 per cent or less;
per-ceht; ¢ G3 tumourwuth Ki-67 index above 50 per cent

b G2 tumour, Ki-67 index 11-50%

€ G3 tumour, Ki-67 index > 50%

© 2019 The Authors. www.bjsopen.com B7S Open 2019; 3: 646-655
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Fig. 4 Kaplan—-Meier analysis of survival according to Ki-67 and tumour grade. a Disease-free (DFS) and b disease-specific (DSS)
survival in patients with G1 tumours and Ki-67 index of 10 per cent or less (group 1), G3 tumours and Ki-67 index above 50 per cent
(group 2), and all other patients (G1 tumours and Ki-67 index above 10 per cent, G2 tumours with any Ki-67 value and G3 tumours with
Ki-67 index of 50 per cent or less) (group 3). a,b P <0-001 (log rank test)

a DFS

Cumulative DFS

0 12 24 36
Time after surgery (months)
No. at risk
Group1 10 10 7 4
Group 2 147 102 52 27
Group3 13 3 1 1

b bss
9]
1%5]
o
Qo
=
B
>
E
3
o
1 ] 1
0 12 24 36
Time after surgery (months)
No. at risk
Group1 10 10 8 6
Group 2 147 131 98 57
Group 3 13 8 4 1

Multivariable analysis was performed using the Cox
regression model to evaluate significant predictors of
DFS and DSS. Significant variables in the<univariable
analysis were included as co-variables; P 0-050 was
considered significant. Statistical analyses were performed
in SPSS® version 22.0 for Windows® (IBM, Armonk,
New York, USA).

Results

Of 272 patients who underwent resection for PDAC during
the study period, 170 met the selection criteria (Fig. SI,
supporting information).

Patient characteristics, surgical and pathological data are
presented in Tubk 1. PDACs were poorly differentiated
(grade G3) in 40-6 per cent of patients, assessed as having
T3 status in 87-1 per cent, with lymph node metastasis
in 71-8 per cent of the cohort. Lymphatic invasion was
documented in 100 per cent of the tumours with a positive
N status, but was present in only 8 per cent (4 of 48)
of NO tumours. Some 67-6 per cent of tumours showed
microvascular invasion and 85-3 per cent had perineural
invasion. Stage IIb tumours were found in 72-4 per cent of

© 2019 The Authors.
B7S Open published by John Wiley & Sons Ltd on behalf of BJS Society Ltd

patients. The median Ki-67 index was of 30 (range 2-95)
per cent.

Survival outcomes

Median follow-up was 32 (range 0-76) months. Some
135 patients (79.4 per cent) had a recurrence. Median
DFS was 19 (i.q.r. 35-10) months, and median DSS
was 35 (not reached to 21) months. Ki-67 expression
of 10 and 50 per cent were the only cut-off values sig-
nificantly associated with DFS and DSS. On this basis,
survival analysis was determined using the following Ki-67
intervals: 10 per cent or less, 11-50 per cent and more
than 50 per cent. Median DFS was 24, 18 and 8 months
for these respective Ki-67 index values (P =0.016) (Fig. 12
and Tuabk 2). Cox regression analysis showed that Ki-67
index (hazard ratio (HR) 0-52, 95 per cent ci. 0-29
to 0-91; P=0-022), N status (HR 2-28, 1-48 to 3-53;
P <0-001) and resection margin status (HR 1.55, 1-06,
2.28; P=0-024) were independent predictors of DFS
(Tubke 2).

DSS decreased significantly in the 10 per cent or less,
11-50 per cent and more than 50 per cent subgroups (47

www.bjsopen.com
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versus 33 versus 14 months respectively; P =0-002) (Fig. 1b;
Tubk 3). Cox regression analysis identified Ki-67 index (HR
0-53, 95 per cent c.i. 0-31 to 0-91; P=0-022), tumour grade
(HR 0-63, 0-43 t0 0-94; P=0-022), N status (HR 3-37, 1-42
to 3-94; P=0-001) and resection margin status (HR 1-93,
1-28 to 2-89; P =0-002) as independent predictors of DSS
(Tubk 3).

Stage and lymphatic invasion were not considered in
the Cox regression analysis because of the overlap with N
status.

Ki-67 and grading

Median Ki-67 was significantly higher in G3 tumours
(Fig. 2). Tumours with a Ki-67 index above 50 per cent
showed more aggressive grading: 62 per cent (13 of 21) had
a pathological grade consistent with G3, whereas none was
assessed as G1. By contrast, G3 tumours showed a more
heterogeneous Ki-67 expression (Fig. S2, supporting infor-
mation). In patients with G3 tumours, a Ki-67 index above
50 per cent was associated with significantly worse median
survival than a Ki-67 index of 50 per cent or less (DFS:
7 versus 15 months respectively, P=0-035; DSS: 13 versus
29 months, P=0-038). There was no association between
Ki-67 index and other pathological parameters, includ-
ing T status, N status, tumour size, vascular or perineural
invasion.

Patients were categorized into three subgroups: patients
with G1 tumours with a Ki-67 index of 10 per cent or
less (group 1); patients with G3 tumours with a Ki-67
index above 50 per cent (group 2); all other patients
(those with G1 tumours with a Ki-67 index above 10
per cent, G2 tumours with any Ki-67 index value and
G3 tumours with a Ki-67 index of 50 per cent or less)
(group 3) (Fig. 3). Patents in group 2 had poor median
survival outcomes compared with those in groups 1 and 3
(DFS: 7 months versus median survival not reached versus
19 months respectively, P <0-001; DSS: 13 months versus
median survival not reached versus 35 months, P <0-001)
(Fig. 9.

Surgical resection followed by adjuvant chemother-
apy/chemoradiotherapy is considered the standard of care
for localized and resectable pancreatic cancer; however,
the majority of patients develop tumour recurrence, and up
to 30 per cent die within 1year after surgery””—!. Early
recurrences are related to aggressive tumours, probably
associated with micrometastatic disease undetected at
operation®®*!. There is therefore a need to identify more

© 2019 The Authors.
B7S Open published by John Wiley & Sons Ltd on behalf of BJS Society Ltd
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aggressive subtypes of PDAC in order to improve their
management.

Ki-67 is a well known marker of cellular proliferation’.
Previous experience3 22 focusing on PDAC showed that
high Ki-67 expression was associated with poor patholog-
ical features, including poor tumour differentiation and
presence of lymph node metastasis.

The present study evaluated the prognostic role of Ki-67
in a series of 170 patients with PDAC and found that
patients with a Ki-67 index above 50 per cent had median
DFS and DSS approximately threefold lower than those
with a Ki-67 index of 10 per cent or less (DFS: 8 ver-
sus 24 months respectively; DSS: 14 versus 47 months).
In contrast, past reports showed no association between
Ki-67 and overall survival®?!, although Ki-67 index was
associated with the risk of recurrence within 1year after
resection?’.

In the present study a strong association between Ki-67
index and tumour grade was also found. As expected, the
combination of Ki-67 index above 50 per cent and G3
grade was associated with a greater risk of recurrence and
poor survival.

The present results may have clinical implications for
patients’ prognostic stratification. The Ki-67 index, as
an expression of a more biologically unfavourable dis-
ease, might help to discriminate which patients should
receive more aggressive adjuvant treatment. Currently,
neoadjuvant chemotherapy is recommended for patients
with anatomically borderline resectable pancreatic cancer
at increased risk of early recurrence’®2*}. Preoperative
assessment of the Ki-67 index by EUS-FNA may help to
identify patients with marginally resectable tumours based
on clinical criteria, who may benefit more from neoadju-
vant chemotherapy than upfront surgery, given the high
risk of early postoperative recurrence (those with a Ki-67
index above 50 per cent), although the feasibility of this
should be investigated further.

Limitations of this study include its retrospective design
and some issues relating to Ki-67 analysis, including
intratumoral and intertumoral heterogeneity'®?!3%,
addition, the immunohistochemistry protocol may have
involved some interobserver variability in determining
the percentage of Ki-67-positive cells'>**. To limit the
lack of uniformity and consistency in quantification,
several imaging methods have been developed to be
used in routine practice!>!®. However, standardization is

In

needed to enable wider use of the index. Further inves-
tigations in larger cohorts are needed to validate these
results.
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ABSTRACT

Background: (18)fluoro-deoxyglucose positron emission tomography/computed tomography (18FDG-
PET/CT) might be a useful tool in the management of pancreatic ductal adenocarcinoma (PDAC).
Aims: The aim of this study was to analyze maximum standard uptake value (SUVmax) after 18FDG-
PET/CT as predictor of survival outcomes and method to determine treatment strategies.
Methods: A consecutive series of patients who underwent preoperative 18FDG-PET/CT and subsequent
resection for PDAC were retrospectively reviewed. Patients who underwent neoadjuvant chemotherapy
were excluded.
Results: 46 patients were included in the analysis. Median follow-up was 27 months (4-67). Patients
who recurred within 12 months showed a significantly higher preoperative median SUVmax (8.1 vs 6.1,
p=0.039). Receiver operating characteristics (ROC) curves for disease-free survival (DFS) and disease-
specific survival (DSS) identified SUVmax of 6.0 as optimal cut-off. Multivariate analysis showed that
SUVmax > 6.0 was an independent predictor of poor DFS (HR 2.288, p=0.024) and DSS (HR 4.875,
p<0.001). The combination of SUVmax >6.0 with CA19.9 >200 U/ml was significantly associated with
survival outcomes in comparison to patients without concordantly elevated values.
Conclusion: SUVmax >6.0 is an independent predictor of DFS and DSS in resected PDAC. 18FDG-PET/CT
might be considered in the preoperative evaluation of patients with pancreatic cancer.

© 2017 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All rights reserved.

1. Introduction

sive metastatic disease [2]. The diagnosis of occult metastases
and the appropriate assessment of resectability of PDAC is still

Despite significant advances in cancer diagnosis and treatment,
pancreatic ductal adenocarcinoma (PDAC) still has a very poor
prognosis. Surgical resection remains the only treatment with cura-
tive intent with a 5-year survival rate of 20-25% [1]. Survival
outcomes are negatively influenced by early recurrence following
pancreatic resection, because of unrecognized or rapidly progres-
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E-mail address: falconi.massimo@hsr.it (M. Falconi).
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challenging [3-6]. Therefore, identification of prognostic factors
associated with early recurrence and poor outcomes in patients
with resectable PDAC is of paramount importance in order to avoid
uselessresections and consider neoadjuvant chemotherapy instead
of upfront surgery in these patients [7].

Whole body 2-(fluorine-18)fluoro-deoxy-p-glucose-positron
emission tomography in combination with computed tomogra-
phy (18FDG-PET/CT) is considered a useful tool for the diagnosis
and staging of different malignancies [8-10]. However, the role of
preoperative 18FDG-PET/CT in patients with potentially resectable
PDAC remains debated [11-13]. Although some studies showed

1590-8658/© 2017 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All rights reserved.
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that PET/CT might improve the management of patients with pan-
creatic cancer [5,11,14], we previously analyzed the impact of
18FDG-PET/CT as a staging procedure in resectable PDAC support-
ing that the systematic use of the procedure was not justified [15].
Finally, some Authors showed that maximum standardized uptake
value (SUVmax) was associated with survival in resectable pancre-
atic cancer [14,16,17].

In the present study, we aimed to evaluate the role of SUVmax
after 18FDG-PET/CT as a preoperative prognostic predictor of recur-
rence and survival in patients undergoing surgery for resectable
PDAC, and a tool to detect patients that may benefit more from
surgery instead of neoadjuvant treatments.

2. Methods

In this retrospective work, the study population was repre-
sented by all consecutive patients who underwent 18FDG-PET/CT
followed by pancreaticresection for histologically-confirmed PDAC
between May 2011 and July 2012 at the Ospedale Sacro Cuore-
Don Calabria (Negrar, Italy). Patients who underwent neoadjuvant
treatment prior to surgery, were not included in the analysis. In
these patients, 18FDG-PET/CT was carried out after neoadjuvant
chemotherapy, missing a baseline evaluation; therefore, to avoid
any bias on SUVmax by treatment and tumor-downstaging, we
excluded these patients.

Patients’ demographics, clinical presentation and tumor mark-
ers levels (serum carbohydrate antigen 19.9, CA19.9, and
carcinoembryonic antigen, CEA) were collected for all patients.
The value of CA19.9 was recorded in absence of jaundice. In
those patients with abnormal values of serum bilirubin at the
time of diagnosis, CA19.9 level was collected after biliary drainage
and jaundice resolution. Preoperative diagnostic work-up and
staging procedures as well as criteria for surgical resectability
were discussed in details in a previous paper [15]. Briefly, the
resectability was based on the following criteria: (1) absence of
abutment/encasement of portal vein, superior mesenteric vein,
hepatic artery, superior mesenteric artery, celiac trunk; (2) absence
of infiltration of peripancreatic organs with the exception of com-
mon bile duct and duodenum; (3) absence of distant metastases.
Operative and postoperative data, complications and pathology
data were prospectively gathered. Formal pancreatic resections
were carried out with standard lymphadenectomy as described
elsewhere.

Classification and grading of pancreatic ductal adenocarcinoma
was based on the WHO 2010 criteria [18]. Tumor (T), nodal status
(N) and grade (G) were determined using standard TNM classifica-
tion according to AJCC classification [19]. Intraoperative evaluation
of the resection margins was performed routinely. The absence or
presence of residual tumor after surgery (RO/R1/R2 resection) was
defined based on the AFIP criteria [20].

2.1. PET-TC study

All patients underwent 18FDG-PET/CT within a week before the
day of surgery. They were asked to fast for at least 6 h before the
examination. The blood glucose level of each patient was deter-
mined before the examination. Scanning of patients with diabetes
mellitus was not performed until the blood glucose level was
less than 140 mg/dl. All examinations were carried out by a sin-
gle, highly experienced, nuclear medicine physician (MS). All the
tests were performed using a hybrid PET/CT scanner (Siemens mCT
Biograph, Germany). The whole-body CT scanning was performed
using a continuous spiral technique on a 64-slice helical CT, and
the PET scanner had three detector rings. No contrast medium was
administered during CT scanning. After CT scan, an emission scan

Table 1
Patient characteristics at diagnosis and neoadjuvant treatment details.
N=46 %
Sex
Male 23 50
Female 23 50
Median age, years (range) 67 43-81
Symptomatic patients 40 87
Presence of diabetes 10 22
Symptoms
Jaundice 28 61
Weight loss 18 39
Abdominal pain 19 41
Occlusion/vomiting 1 2
Acute pancreatitis 0 0
Tumor markers
CEA", ng/ml, median (range) 1.8 0.5-19.9
CA19-9°, U/ml, median (range) 63.3 0.8-1805.0
SUVmax60 after 18FDG-PET/CT, median (range) 6.7 2.5-245
Adjuvant treatment 42 91

@ CEA carcinoembryonic antigen.

b CA19.9 serum carbohydrate antigen 19.9.

¢ SUVmax after 18FDG-PET/CT maximum standard uptake value after (18)fluoro-
deoxyglucose positron emission tomography/computed tomography at 60 min.

was performed from the head to the thigh after the intravenous
injection of 0.08 mC/kg (2.96 MBq/kg) FDG. PET scanning is per-
formed with a 16 cm bed for about 7/8 bed per patient. CT and PET
scan data were co-registered. The standardized uptake value (SUV)
was acquired using the attenuation-corrected images, the amount
of injected FDG, the body weight of the patient, and the cross-
calibration factors between PET and the dose calibrator. Maximum
SUV (SUVmax) was evaluated 60 min after FDG injection.

2.2. Statistical analysis

Distributions of continuous variables are reported as median
and minimum/maximum range. Categorical variables are pre-
sented as numbers and percentages. Survival time was calculated
starting from the date of surgery. A receiver operating characteris-
tics (ROC) curve was constructed to determine the optimal cutoff
value of SUVmax. ROC curve analyses were conducted for disease
free survival (DFS) and disease specific survival (DSS). Continu-
ous variables were dichotomized around the median value. Since
CA19.9 >200U/ml seems to be correlate with tumor burden, tumor
spread and early recurrence after resection in PDAC [2,21-23],
this value was assigned as cut off in the survival analysis of our
study. When comparing two groups, normally distributed contin-
uous variables were analyzed using a two-sample Student t test,
while Mann-Whitney U test was used for non-normally distributed
variables. Survival analysis was conducting using the Kaplan-Meier
method and log-Rank test. Disease specific survival was measured
from the time of surgery. Multivariate analysis was performed by
the Cox regression model to evaluate significant predictors of DFS
and DSS. P values were considered significant when less or equal
than 0.05. Statistical analyses were performed in SPSS 22.0 for Win-
dows software (SPSS Inc, Chicago, IL).

3. Results

Forty six of the 60 consecutive patients who underwent 18FDG-
PET/CT followed by pancreatic resection were included in the study
(50% female; median age 67 years, range 43-81); 14 patients (23%)
underwent neoadjuvant chemotherapy and were excluded from
the analysis.

Patients’ characteristics were listed in Table 1. Median SUVmax
was 6.7 (range 2.5-24.5). Median CA19.9 value was 63.3U/ml
(range 0.8-1805.0). Table 2 shows operative procedures, postoper-

Please cite this article in press as: Pergolini I, et al. SUVmax after (18)fluoro-deoxyglucose positron emission tomography/computed
tomography: A tool to define treatment strategies in pancreatic cancer. Dig Liver Dis (2017), http://dx.doi.org/10.1016/j.d1d.2017.09.122



dx.doi.org/10.1016/j.dld.2017.09.122

G Model

YDLD-3541; No.of Pages7
I. Pergolini et al. / Digestive and Liver Disease xxx (2017 ) Xxxx—Xxx 3
19 1,01
01 08
- ]
: £
z 5
3 o6 @ g6 SUVmax <6
g SUVmax < 6 %
i a
8 os @ 0al
® A
g g
o @
a SUVmax = 6
5 SUVmax 2 6 021
00 004
T T T T T T r T T T T T T y
0 12 24 36 48 80 72 0 12 24 36 48 60 72
Months Months
# patients # patients.
exposedto 46 32 13 8 6 3 o exposedto 46 a 25 17 9 3 o

the risk the risk

Fig. 1. Kaplan-Meyer curves. Patient with SUVmax (maximum standard uptake value) >6.0 had a significantly worse median disease free survival (DFS) and disease specific
survival (DSS) compared with those with SUVmax <6.0 (DFS: 13 vs 25 months, p =0.003; DSS: 23 vs 44 months, p<0.001).

Table 2
Operative procedures, postoperative complications and pathology data.
N %
Pancreatic resection 46 100
Pancreaticoduodenectomy 35 76
Left pancreatectomy and splenectomy 7 15
Total pancreatectomy 4 9
Overall morbidity 28 47
Pancreatic fistula 11 24
Abdominal collection 10 22
Sepsis 6 13
Delayed gastric emptying 6 13
Bleeding 4 9
Chilous fistola 4 9
Postoperative mortality 0 0
Median tumor size (mm), range 25 10-50
Ki67 (%), range 30 5-70
Grading
G1 0 0
G2 23 50
G3 23 50
Presence of microvascular invasion 44 96
Presence of perineural invasion 41 89
R status
RO 38 83
R1 8 17
T stage
T1 0 0
T2 1 2
T3 45 98
N status
NO 9 20
N1 37 80

ative complications and pathology data. There was no in-hospital
or 90-day mortality. Nodal metastases were found in 80%. Median
follow-up was 27 months (range 4-67). Two patients (4%) died
during follow-up for no disease-related causes, respectively 4
and 22 months after resection. Both patients did not experience
recurrence. Recurrence rate was 85% (39 patients) and 77% of
these patients developed metastatic disease. Early post-operative
recurrence, defined as recurrence within 6 months from surgery,
occurred in 5 (11%) patients. After 12 months from surgery, the
rate of patients that had tumor recurrence increased up to 35% and
these patients showed a significantly higher preoperative median

SUVmax (8.1 vs 6.1, p=0.039). Median DFS was 16 months (IQR
10-33) for the entire cohort, while median DSS was 30 months
(IQR 16-47).

The ROC curves for DFS and DSS, with an area under the curve
(AUC) of 0.705 and 0.727 respectively, identified SUVmax of 6.0
as the optimal cut off (DFS: sensibility 67%, specificity 86%; DSS:
sensibility 71%, specificity 82%). The median DFS time was 25
months (IQR 18-61) in patients with SUVmax <6.0 and 13 months
(IQR 8-20) in patients with SUVmax >6.0 (p =0.003). Furthermore,
SPmax <6.0 was associated with a better median DSS compared

il h. patients with SUV max .6.0 (23 vs 44 months, p<
0.001)

Table 3 shows the univariate and multivariate analysis for DFS.
IndependentpredictorsofworseDFSwereSUVmax>6.0(HR2.288,
p=0.024),CA19.9 >200U/ml (HR 2.935, p=0.011) and N status (HR
7.249, p=0.002). The multivariate analysis identified SUVmax _ 6.0

(HR 4.875, p<0.001) and onset of recurrence within 12 months
after surgery (HR 0.191, p <0.003) as independent predictors of DSS
(Table 4). CA19.9 >200U/ml was associated with decreased DSS

nl njvar nalysis. . .
° Vn%gr%s Yr?g'l?zt,eegleﬁ ¥ﬁ(§ugh there was no relationship between

them, the combination of SUVmax >6.0 and CA19.9 >200 U/ml was
significantly associated with poorer DFS (8 vs 20 months, p<0.001)
and DSS (14 vs 33 months, p<0.001) in comparison to patients
without concordantly elevated values.

4. Discussion

Currently, the standard of care for resectable pancreatic canceris
surgery followed by adjuvant therapy. However, this disease main-
tains a poor prognosis due to an early appearance of metastases
[2]. These outcomes support the systemic nature of PDAC since the
early-stage, suggesting a systemic approach to this disease since its
onset [24]. Therefore, accurate preoperative diagnosis and staging
for pancreatic cancer are crucial not only to detect local invasion
and distant metastases in order to assess resectability, but also to
select those patients with more aggressive tumor biology and at
higher risk of early recurrence after surgery who might benefit
more from neoadjuvant therapy instead of upfront surgery [1,2].

In a previous study, we showed that 18FDG-PET/CT in the pre-
operative setting could change the therapeutic planning in about
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Univariate and multivariate analyses of predictors of disease free survival DFS (n=46).

Variable Univariate analysis Multivariate analysis
n Median (months) P value Hazard ratio 95% CI P

Sex
Male 23 16 0.971
Female 23 20

Age (years)
_67 23 16 0.886
>67 23 20

Asymptomatic patient
No 40 16 0.712
Yes 6 15

Diabetes
No 36 16 0.529
Yes 10 16

Jaundice
No 18 15 0.523
Yes 28 18

Weight loss
No 28 18 0.454
Yes 18 15

Abdominal pain
No 27 19 0.995
Yes 19 16

Occlusion/vomiting
No 45 18 0.228
Yes 1 10

Acute pancreatitis
No 46 16 NR
Yes 0 NR

SUVmax60 after 18FDG-PET/CT*
<6.0 19 25 0.003 2.288 1.117-4.685 0.024
_6.0 27 13

CA19.9° (U/ml)
<200 35 20 0.026 2935 1.275-6.755 0.011

200 11 8

CEA® (ng/ml)
<5 41 18 0.299
- 5 10

Tumor size (mm)
<25 27 20 0.118
.25 19 15

Post-op complications
No 18 20 0.439
Yes 28 15

Grading
G1 0 0 0.133
G2 23 20
G3 23 13

Vascular invasion
No 2 16 0.296
Yes 44 16

Perineural invasion
No 5 14 0.273
Yes 41 18

N status
No 9 NR 0.001 7.249 2.109-24.918 0.002
Yes 37 15

R status
No 38 16 0.703
Yes 8 12

Adjuvant therapy
No 4 16 0.125
Yes 42 NR

@ SUVmax after 18FDG-PET/CT maximum standard uptake value after (18)fluoro-deoxyglucose positron emission tomography/computed tomography at 60 min.

b CA19.9 serum carbohydrate antigen 19.9.
¢ CEA carcinoembryonic antigen. In bold, significant p values (p <0.05).

11% of patients. However, we supported its application in selected
patients, considering (i) the cost of this procedure and (ii) its
controversial reputation in providing a real advantage for the
identification of liver and lymph node metastasis compared to con-
ventional imaging [13,15,25]. In the present study, we aimed to
evaluate its impact in providing preoperative survival predictors
that could help clinicians in the recurrence risk stratification of

patients with resectable PDAC and in the choice of the most appro-
priate treatment (neoadjuvant treatment versus upfront surgery).
Of note, our results demonstrated that SUVmax after preopera-
tive 18FDG-PET/CT is a strong predictor of recurrence and survival
in patients with resectable pancreatic cancer. In fact, multivariate
analysis showed that SUVmax >6.0 represents an independent poor
prognostic factor of both DFS and DSS after curative resection of
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Table 4
Univariate and multivariate analyses of predictors of disease specific survival DSS (n=46).
Variable Univariate analysis Multivariate analysis
n Median (months) Pvalue Hazard ratio 95% CI P
Sex
Male 23 33 0.54
Female 23 25
Age (years)
_67 23 27 0.81
>67 23 30
Asymptomatic patient
No 40 30 0.223
Yes 6 25
Diabetes
No 36 30 0.94
Yes 10 27
Jaundice
No 18 23 0.514
Yes 28 33
Weight loss
No 28 33 0.147
Yes 18 27
Abdominal pain
No 27 33 0.623
Yes 19 23
Occlusion/vomiting
No 45 30 0.193
Yes 1 16
Acute pancreatitis
No 46 30 NR
Yes 0 NR
SUVmax60 after 18FDG-PET/CT*
<6.0 19 44 <0.001 4.875 1.847-12.865 0.001
.60 27 23
CA19.9°(U/ml)
<200 35 33 0.011 0.193
.. 200 11 14
CEA‘(ng/ml)
<5 41 30 0.179
- 5 16
Tumor size (mm)
<25 27 36 0.062
.25 19 23
Post-op complications
No 18 35 0.706
Yes 28 25
Grading
G1 0 NR 0.022 0.905
G2 23 41
G3 23 19
Vascular invasion
No 2 23 0.444
Yes 44 30
Perineural invasion
No 5 19 0.652
Yes 41 31
N status
No 9 NR 0.013 0.058
Yes 37 23
R status
No 38 30 0.309
Yes 8 23
Adjuvant therapy
No 4 27 0.302
Yes 42 27
Recurrence in 6 months
Yes 5 9 0.01 0.684
No 41 33
Recurrence in 12 months
Yes 16 13 <0.001 0.191 0.063-0.580 0.003
No 30 41

2 SUVmax after 18FDG-PET/CT maximum standard uptake value after (18)fluoro-deoxyglucose positron emission tomography/computed tomography at 60 min.
b CA19.9 serum carbohydrate antigen 19.9.
¢ CEA carcinoembryonic antigen. In bold, significant p values (p <0.05).
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PDAC. Other previous studies have evaluated the prognostic role of
SUVmax for patients with pancreatic cancer. Yamamoto et al., in a
series of 128 resected patients, also identified SUVmax >6.0 as an
independent predictor of poor survival [26]. Choi et al. supported
similarly that a higher SUVmax is a strong predictive discrimi-
nator for overall survival (OS) and DFS in resected patients, but
they used a different cut off of 3.5 [16]. Chirindel et al. observed
a statistically significant difference in progression free survival,
but not in OS, with SUVmax below and above the median cut-off
point of 4.9 [27]. In other studies, metabolic parameters other than
SUVmax after 18FDG-PET/CT, including metabolic tumor volume
(MTV) and total lesion glycolysis (TLG), strongly correlated with
tumor recurrence and survival after resection [27-29]. In addition,
several Authors showed an association between 18FDG-PET/CT-
parameters and survival also in patients with unresectable PDAC
[17,30,31].

However, it would be very important to establish not only the
predictive value of SUVmax for recurrence in general, but especially
in the early postoperative period [7]. In our study, we observed
that SUVmax <6.0 correlated with better DFS (25 vs 13 months,
p=0.001) and recurrence within 12 months was an independent
predictor of poor DSS (HR 0.191, p <0.003). Whereas, a relationship
between SUVmax and early recurrence, defined as tumor recur-
rence in the first 6 months after surgery, was not found in our study;
this may be related to the low number of patients that developed
early recurrence. But unlike our experience, Okamoto et al., in a
series of 56 patients, demonstrated that SUVmax >5.5 in the preop-
erative workup was strongly predictive of cancer recurrence within
the first 6 months after radical resection [32]. In keeping with this
results, Yamamoto et al. showed that the rate of early recurrence
was significantly higher in patients with SUVmax >6.0 thanin those
with SUVmax <6.0 (49% vs 5%, p<0.001) [26].

On the whole, SUVmax seems to reflect the tumor burden
and the metabolic activity of the tumor and, as well as in other
malignancies, represents the aggressiveness of pancreatic cancer,
considering its strong association with DFS and DSS [9,12,26].
Therefore, 18FDG-PET/CT may play an important role in the pre-
operative planning of the treatment strategy, in particular in
identifying those patients with a more aggressive tumor that could
benefit from neoadjuvant treatment in advance of surgery.

In this light, preoperative CA19.9 values seems to have a similar
role. It also may correlate with tumor burden, tumor spread, post-
operative early recurrence and survival [2,21-23,33,34]. A recent
study analyzing 10,806 patients with early-stage pancreatic cancer
from the National Cancer Database (NCDB) supported that patients
with elevated CA 19-9 levels (=37 U/ml) at diagnosis are biolog-
ically borderline resectable regardless of anatomic resectability,
and suggested neoadjuvant systemic therapy in these patients [34].
Interestingly, in the present study, we found that the combina-
tion of SUVmax >6.0 and CA19.9 >200 U/ml correlated significantly
with worse DFS (8 vs 20 months, p<0.001) and DSS (14 vs 33
months, p<0.001). Therefore, we support the combined use of
SUVmax and CA19.9 in the preoperative setting to identify more
aggressive tumors at higher risk of micrometastatic disease. Since
18FDG-PET/CT is an expensive modality and its cost-effectiveness
is still controversial [11,13], we support the use of 18FDG-PET/CT
at least in patients with (i) borderline-resectable when an upfront
surgery represent a possible first choice or (ii) resectable pancreatic
cancer at imaging but with features associated with increased risk
of early recurrence (i.e. high levels of CA19.9).

This study has several limitations. Certainly, the retrospective
nature of the study and the small sample size limited the possibility
of making robust conclusions. However, patients’ selection, diag-
nostic workout by PET and surgical treatment were carried out in
the same institution by an established multidisciplinary team, and
PET schedule was accurately planned and combined with surgery. It

is well known that the value of SUVmax after neoadjuvant therapy
can be influenced by treatment [14], therefore patients who under-
went neoadjuvant chemotherapy were excluded from the analysis
because of missing baseline PET. On the other hand, the adjuvant
chemotherapy was not uniformly performed in the study popula-
tion, however, the univariate analysis did not show any influence on
DFS and DSS by adjuvant treatments. Finally, in the present study,
ROC curves showed a SUVmax >6.0 as the best cut off value to pre-
dict DSS and DFS. However, no consensus has yet been established
in literature about the optimal SUVmax cut off, with a wide range
of different values [16,17,26,27,32]. This is a reasonable concern
about the use of 18FDG-PET/CT and further investigations in larger
series are needed to achieve a standardization of SUVmax cut-off
value.

In conclusion, our data show that preoperative SUVmax >6.0
is an independent predictor of poor DFS and DSS after surgi-
cal resection of PDAC. We support the use of 18FDG-PET/CT in
the preoperative evaluation of patients with potentially resectable
pancreatic cancer in combination with other stigmata of a more
aggressive tumor biology like high levels of CA19.9. In this sub-
group of patients, 18FDG-PET/CT may help to identify those who
can benefit from a systemic approach with neoadjuvant treatment
instead of an upfront surgery.
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BACKGROUND& AIMS: Little is known about the development
of branch duct intraductal papillary mucinous neoplasms (BD-
IPMNs). We evaluated long-term outcomes of a large cohort of
patients with BD-IPMNs to determine risk of malignancy and
define a subset of low-risk BD-IPMNs. METHODS: We per-
formed a retrospective analysis of data from 577 patients with
suspected or presumed BD-IPMN under surveillance at the
Massachusetts General Hospital. Patients underwent cross-
sectional imaging analysis at 3 months or later after their
initial diagnosis. The diagnosis of BD-IPMN was based on the
presence of unilocular or multilocular cysts of the pancreas and
a non-dilated main pancreatic duct (<5 mm). We collected
demographic, clinical, and pathology data. Cysts were charac-
terized at the time of diagnosis and during the follow-up period.
Follow-up duration was time between initial cyst diagnosis and
date of last visit or death for patients without development of
pancreatic cancer, date of surgery for patients with histologi-
cally confirmed malignancy, or date of first discovery of
malignancy by imaging analysis for patients with unresectable
tumors or who underwent neoadjuvant treatment before sur-
gery. The primary outcome was risk of malignancy, with a focus
on patients followed for 5 years or more, compared with that of
the US population, based on standardized incidence ratio.
RESULTS: Of the 577 patients studied, 479 (83%) were
asymptomatic at diagnosis and 363 (63%) underwent endo-
scopic ultrasound at least once. The median follow-up time was
82 months (range, 6A329 months) for the entire study cohort;
363 patients (63%) underwent surveillance for more than 5
years, and 121 (21%) for more than 10 years. Malignancies
(high-grade dysplasia or invasive neoplasm) developed after 5
years in 20 of 363 patients (5.5%), and invasive cancer
developed in 16 of 363 patients (4.4%). The standardized
incidence ratio for patients with BD-IPMNs without worrisome
features of malignancy at 5 years was 18.8 (95% confidence
interval, 9.7A32.8; P < .001). One hundred and eight patients
had cysts :°1.5 cm for more than 5 years of follow-up; only
1 of these patients (0.9%) developed a distinct ductal

“Department of Epidemiology, Harvard T.H. Chan School of Public
SDepartment of Gastroenterology, Massachusetts
6Department of Pathology, Massachusetts
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adenocarcinoma. By contrast, among the 255 patients with

1 1
ERCT RGNS I S Fetrabpeetive Baalye o pacins with BD-
IPMNs under surveillance, their overall risk of malignancy,
almost 8%, lasted for 10 years or more, supporting continued
surveillance after 5 years. Cysts that remain :°1.5 cm for more
than 5 years might be considered low-risk for progression to
malignancy.

Keywords: Pancreas; IPMN; Cancer Risk; Pancreatic Cancer.

wo decades after the first definition of intraductal
papillary mucinous neoplasm (IPMN) of the
pancreas by the World Health Organization,' its manage-
ment remains controversial. The increasing detection of this
tumor, the imperfect preoperative prediction of malignancy
by imaging and endoscopic modalities, and the balance
between the risk of malignant progression and over-
treatment make these neoplasms challenging to manage.
These concerns are mostly germane to branch duct IPMNs
(BD-IPMNs), because main duct and mixed-type IPMNs are
more often managed with surgical resection due to their
increased likelihood of malignancy (high-grade dysplasia
and invasive cancer) and higher frequency of symptoms.”
Our current understanding of BD-IPMNs is under the
bias of retrospective surgical series and observational

Abbreviations used in this paper: BD, branch duct; CT, computed
tomography;  EUS, endoscopic  ultrasound; FNA, fine-needle aspiration;
HRS, high-risk stigmata; IPMN, intraductal papillary mucinous neoplasm
of the pancreas; MPD, main pancreatic  duct; MRI/MRCP, magnetic
resonance imaging/magnetic resonance cholangiopancreatography;
PDAC, pancreatic  ductal adenocarcinoma; SIR, standardized incidence
ratio; WF, worrisome feature.
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EDITOR’S NOTES
BACKGROUND AND CONTEXT

Little is known about development
intraductal papillary mucinous neoplasms

NEW FINDINGS

Overall risk of malignancy, almost 8%, lasted for 10 years
or more for patients with BD-IPMNs, supporting
continued surveillance after 5 years. Cysts that remain
1.5 cm or smaller for more than 5 years might be
considered low-risk for progression to malignancy.

LIMITATIONS

Limitations include the lack of histological confirmation of
the diagnosis of BD-IPMN in patients that did not undergo
resection, the retrospective nature of the study, and the
small population size.

of branch duct
(BD-IPMNs).

IMPACT

Continued surveillance after 5 years from the initial
diagnosis is encouraged. These findings may help
reduce costs related to surveillance and improve

patients’ quality of life.

studies, mostly with short median surveillance periods, and
consequently there is limited knowledge of the natural
history and malignant potential of pancreatic cysts beyond 5
years, and practically none after 10 years.3 * This informa-

tion is important because the recent guideline from the
American Gastroenterological Association recommends
stopping surveillance after 5 years,® while other guidelines,
giving recommendations regarding indications for surgical
resection and frequency of follow-up on patients managed
non-operatively, have not given an end point to surveil-
lance.” In this study, we evaluated long-term outcomes in a
large cohort of patients undergoing primary surveillance for
BD-IPMN in a single institution, with a focus on the risk of
development of pancreatic cancer after 5 years of follow-up.
In addition, we sought to identify whether any subset of
low-risk BD-IPMNs can safely forego surveillance after 5
years of follow-up.

Methods

Patient Selection, Inclusion, and
Exclusion Criteria

Consecutive patients with a clinical diagnosis of BD-IPMN
followed and treated at the Massachusetts General Hospital
with a minimum of 6 months of follow-up were included in the
study. Patients had at least one cross-sectional imaging study
(computed tomography [CT], magnetic resonance imaging/
magnetic resonance cholangiopancreatography [MRI/MRCP],
and/or endoscopic ultrasound [EUS]) done 3 months or longer
after the initial diagnosis. Diagnosis of BD-IPMN was based on
the presence of unilocular or multilocular cysts of the pancreas
and a non-dilated main pancreatic duct (MPD) (<5 mm). All
patients with a dilation of the MPD ::85 mm or with cysts sus-
picious for another diagnosis rather than BD-IPMN (eg, serous

Long-term Fate of IPMN 1285

cystadenoma, mucinous cystic neoplasm, cystic neuroendocrine
tumor, solid pseudopapillary tumor, or pseudocyst) were
excluded from the study. Among patients who underwent
resection during follow-up, 6 months before undergoing sur-
gery was the minimum follow-up required to be included.
Patients with a prior diagnosis of pancreatic cancer were spe-
cifically excluded.

A retrospective review of the prospectively collected data
was performed for this cohort study. Patients’ demographic and
clinicopathologic features were recorded. Variables included
sex, age at initial diagnosis and at surgery, personal medical
history, family history, presence or absence of symptoms at the
time of diagnosis, cyst morphology at the initial diagnosis and
during follow-up, indication for surgery, date and type of sur-
gery, final pathologic findings, postoperative course, recur-
rence, and subsequent surgery.

Moreover, we classified patients at the initial diagnosis as
having either suspected or presumed BD-IPMN. “Suspected
IPMN” was used when communication between the cyst and
the main pancreatic duct was documented or when cysts were
multifocal or had a cyst fluid carcinoembryonic antigen >192
ng/mL. All remaining cysts were classified as “presumed
BD-IPMN.”’ The study protocol was approved by our local
Institutional Review Board.

Diagnostic Workup

The cystic lesion was defined as incidentally discovered
when the diagnosis was made in absence of the following
symptoms: upper abdominal pain, acute pancreatitis, wors-
ening or new-onset diabetes, jaundice, steatorrhea, or unex-
plained weight loss. The imaging modalities used to diagnose
and follow-up BD-IPMNs included CT, MRI/MRCP, and EUS. We
collected data on indication, date, and type of imaging study
used for the initial diagnosis. EUS with or without fine-needle
aspiration (FNA) was performed at the discretion of the treat-
ing physician or surgeon. For patients who underwent EUS and
FNA of the cyst, we recorded the cytologic characteristics, fluid
features, and, when available, fluid carcinoembryonic antigen
levels. Cyst characteristics were evaluated primarily with CT
and MRI/MRCP, and included location, size, septations, wall
thickening, communication with the MPD, and solid component
with or without enhancement. We recorded these morphologic
data at 2 time points at least: at the initial diagnosis and during
follow-up. In patients with multiple lesions, we considered the
features of the largest cyst or the most concerning one, and in
case of more examinations performed contemporarily, we
collected the largest size and the worse feature described.
Regarding cyst size, we collected it at the first cyst discovery, at
the last imaging, and also the maximum value reported. We also
recorded the emergence of new MPD dilation and maximum
duct diameter reached during follow-up.

Reports of each patient were retrospectively reviewed for

high-risk stigmata (HRS) and worrisome features (WFs)
according to the revised International Consensus Guidelines.”

Briefly, HRS were defined by the presence of obstructive
jaundice in a patient with cystic lesion of the head of the
pancreas, main pancreatic duct <810 mm, enhancing solid
component within the cyst, or cytology positive for high-grade
dysplasia or adenocarcinoma. WFs were acute pancreatitis, cyst
size 83 cm, thickened/enhancing cyst walls, non-enhancing
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Surgical Indications

Indications for surgery varied over time. Mostly we fol-
lowed the recommendations of the 2006 International
Consensus Guideline (Sendai)8 and from 2012 onward the
revised version.. Surgery was also performed when cysts
showed rapid growth or because of patient decision. Some
patients who met criteria for resection were not operated on
because of severe comorbidities or patient preference.

Pathology

IPMNs were classified according to the recommendations
from the Baltimore consensus meeting’ as IPMNs with low-
grade dysplasia, IPMNs with high-grade dysplasia, and IPMNs
with an associated invasive ductal carcinoma. High-grade
dysplasia (formerly referred to as carcinoma in situ) and
invasive carcinoma were both considered as malignant.'®
Pancreatic cancer was considered derived from IPMN when it
originated within the area with the known pancreatic cyst and
the invasive solid mass extended continuously to the IPMN, and
was considered a concomitant or distinct pancreatic ductal
carcinoma when the invasive component was located sepa-
rately from the IPMN (Figures 1 and 2). In cases where neo-
adjuvant chemoradiotherapy was given and the presence of
IPMN was no longer recognized, but the mass grew in the same
site of the known cyst, we considered the invasive ductal car-

cinoma as derived from IPMN (Figure 1).

Follow-Up

Follow-up duration was recorded as the time in months
between initial cyst diagnosis (the first cross-sectional imaging
on which the cyst was detected) and one of the following end
points: date of last visit or death for patients without pro-
gression to pancreatic cancer; date of surgery for resected
patients with histologically confirmed malignancy; and date of
first discovery of malignancy on imaging for patients with an

unresectable tumor or who underwent neoadjuvant treatment
before resection. Patients continued surveillance after surgery,

October 2014

August 2006 March 2010

Figure 1. PDAC arising from an IPMN. (A) Axial contrast-enhanced

hypoattenuating cystic lesion in the uncinate process

of the pancreas

Gastroenterology Vol. 153, No. 5

and _recurrﬁnce in the remnant pancreas, was assumed  if
imaging studies demonstrated new cystic lesions suspicious for

IPMN.

Statistical Analysis

Categorical variables were reported as frequencies and
percentages, and continuous variables as median and range.
Comparisons of categorical variables were conducted using the
¢® or Fisher exact tests, as appropriate. Continuous variables
were compared by MannAWhitney U test. The optimal cutoff
level for cyst size to discriminate low-risk BD-IPMNs was
determined by receiver operating characteristic curves. Sensi-
tivity, specificity, and positive and negative predictive values
were also calculated. The relative risk of malignancy in patients
who reached more than 5 years of follow-up without devel-
oping WF or HRS was compared with that of the US population
using a standardized incidence ratio (SIR).!! The SIR is the ratio
of the number of observed cancers to the number expected. We
calculated the expected number of cancers by multiplying the
observed person-years at risk in our cohort (stratified by
5-year age groups) by stratum-specific incidence rates of
pancreatic cancer obtained from the Surveillance, Epidemi-
ology, and End Results Program of the National Cancer Insti-
tute.'? Observed person-years at risk in our cohort were
accrued starting on the 5-year mark; hence, the SIR reflects the
risk of malignancy after 5 years of surveillance. We calculated
95% confidence intervals for the SIR based on the assumption
that observed cases followed a Poisson distribution. All
hypothesis tests were 2 two-sided; statistical significance was

set at P < .05. Statistical analyses were performed using SPSS
software (SPSS Inc, Chicago, IL).

Results
Study Population

Five hundred and seventy-seven patients (median age at
initial diagnosis, 66 years; range, 21A90 years; 59% were
female) with suspected or presumed BD-IPMN were
included. Median follow-up for the entire cohort was 82

{Eonths (ran%g, A329 months). Three thdred z}nd sixty-

ree patients (63%) underwent surveillance for more

CT image from August 2006 shows a 1.9 A 1.4 cm
(white arrow), representing a BD-IPMN. (B) Axial

contrast-enhanced MR image from March 2010 shows that the lesion is hypointense, with thick wall and without significant
change in size (2.2 A 1.4 cm), compared to the initial imaging. (C) Axial CT image in the pancreatic phase of contrast from

October 2014 shows a predominantly solid, hypoattenuating

lesion with significant increase in size (6 A 3 cm) (red arrow),

abutting adjacent vascular structures (eg, superior mesenteric artery). (D) Histopathologic image shows small nests and glands

in an infiltrating pattern consistent
pancreas.

with invasive ductal carcinoma.

There was no remaining cystic lesion in the resected
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November 2015

BD-IPMN

s
e

Distinct PDAC

Figure 2. Concomitant PDAC and BD-IPMN. (A, B) Coronal CT images showing a 2 cm hypoattenuating cystic lesion in the
uncinate process of the pancreas (white arrows) representing a BD-IPMN, without significant change in the interval time. (D)
Coronal CT image from July 2012 shows a mildly prominent pancreatic duct without evidence of a solid pancreatic mass, and
(E) coronal CT image from November 2015 shows dilatation of the main pancreatic duct (9.5 mm) with sudden change in
caliber at the level of the pancreatic neck, associated with a hypoattenuating mass (red arrows), not seen in the previous

examination. (C, F) Histopathologic
intermediate grade consistent with branch-duct
atypical ducts consistent with concomitant PDAC (F).

than 5 years (median, 107 months; range, 60A329 months),
and 121 (21%) were followed for more than 10 years

(median, 147 months; range, 120A329 months). Patient
characteristics are listed in Table 1. A total of 479 patients

: : £ ot of B/
HR38) A 038 BEame S A btamatic: duringholfow s, "

Diagnostic Workup

For the initial diagnosis, CT, MRI/MRCP, and EUS were
performed in 86%, 46%, and 37% of cases respectively;
17% of patients were studied with all these 3 modalities.
FNA was performed in 33% of patients and in 2 patients
was suspicious for carcinoma; neither of them developed
changes suspicious for malignancy during follow-up. They
did not undergo surgical resection because of advanced
age/comorbidities. During follow-up, the median number of
imaging and endoscopic studies was 4 for each patient (0.86
per year). Thirty-eight percent of patients underwent EUS/
FNA and cytology was positive in 32 (14%); 8 of them had a
prior EUS/FNA at the time of diagnosis that was negative.
Overall, 94% and 80% of patients underwent CT and MRI/

MRCP, respectively, during the study period, while 63% of
patients had at least 1 EUS (95% with FNA); FNA showed a
positive predictive value of 59%.

Morphologic Data at Diagnosis and
During Follow-Up

At diagnosis, median cyst size was 14 mm (range 2A54
mm) and 53 patients (9%) had a cyst ::83 cm. During follow-

images from the 2 different lesions. The cyst is lined by gastric-type epithelium of low to
IPMN (C) and is located away from the mass that consists

of infiltrating

up, an additional 76 patients developed a lesion >3 c¢cm and
the median cyst diameter had increased to 20 mm (range,
3A90 mm). At the end of the observational period, 319 pa-
tients (55%) had increased cyst size; median increase was
bR P sty And duhig olow of Sre-dascribed tn
Table 2. Patients who developed malignancy had a signifi-
cantly larger cyst size at diagnosis compared with those
without malignant transformation (19 vs 14 mm; P % .047),
as well as a greater maximum diameter during follow-up (32
vs 19 mm; P < .001) (Supplementary Figure 1).

Worrisome Features and High-Risk Stigmata

Seventy-two (12%) and 3 (1%) patients showed WF and
HRS, respectively, at the initial diagnosis. During follow-up,
an additional 77 (13%) and 53 (9%) patients developed
new WF and HRS, respectively, and in 10 patients (2%) they
underwent regression (ie, a patient showing a nodule
initially that is no longer seen on follow-up). Overall, 205
patients (36%) at some point had cysts with WEF/HRS
during the study period.

Surgery

One hundred and eighteen patients (20%) underwent
surgery during the follow-up period. Table 3 shows operative
procedures, postoperative complications, and pathology re-
sults. The median duration of follow-up before surgery was

34 months (range, 6A241 months). Operative mortality was
1.7%. Four of the 118 patients (3%) underwent palliative

CLINICAL PANCREAS




()
-
E
3
&

1288 Pergolini et al

Table 1.Patients’ Characteristics at Diagnosis (N Y 577)

Characteristic Data
Sex
Male 237 (41)
Female 340 (59)
Age at diagnosis, y, median (range) 66 (21A90)
Follow-up, mo, median (range) 82 (6A329)
Follow-up >5y 363 (63)
Follow-up >10y 121 (21)
Family history of pancreatic cancer 63 (11)
ACE-27 score 83 35 (6)
Charlson score, median (range) 3 (0A10)
Charlson score <84 201 (35)
Alcohol 248 (43)
Smoking 224 (39)
BMI, kg/m?, median (range) 26.8 (12.6A48.7)
Incidental diagnosis 479 (83)
Symptoms leading to diagnosis 98 (17)
Jaundice 0 (0)
Weight loss 21 (4)
Abdominal pain 84 (15)
Steatorrhea/diarrhea 5@1)
Acute pancreatitis 16 (3)
Diabetes 0 (0)
Presence of diabetes 137 (24)
Long-standing diabetes 76 (13)
New onset (by 2 y from diagnosis of IPMN) 12 (2)
During follow-up 34 (6)
Unknown 15 (3)
History of other cancers 238 (41)

NOTE. Data are n (%) unless otherwise noted.
ACE-27, Adult Comorbidity Evaluation-27; BMI, body mass
index.

surgery after intraoperative discovery of liver or peritoneal
metastasis, or for planned bypass and intraoperative radio-
therapy because of an unresectable tumor. In addition, 5
patients were deemed inoperable when malignancy was

diagnosed and no surgical procedure was performed.

Post-Operative Follow-Up and Recurrence

Median time of follow-up after resection was 54 months
(range, 0A205 months). The 4 patients who underwent
palliative treatment died 15, 7, 4, and 3 months after surgery,
respectively. Twelve patients showed stability of known
cystic lesions in the remnant pancreas, 1 case had an
increased known cyst, while in 7 patients discovery of new
cysts was observed. Malignant recurrence occurred in 11
patients. In 9 cases, the previously resected lesion was
malignant and none underwent secondary surgery. In 2
patients, the prior resected lesion was a benign BD-IPMN and
malignancy was discovered in the remnant pancreas 100 and
104 months, respectively, after the initial diagnosis of BD-
[PMN, and 68 and 24 months after surgery. In the first case,
a tiny cyst developed in the remnant pancreas 4 years after
resection, and 1 year later, it increased in size up to 27 mm
and had a solid component. The lesion was resected and final
pathology showed pancreatic adenocarcinoma arising from
IPMN. The second patient developed jaundice secondary to

Gastroenterology Vol. 153, No. 5

an unresectable mass in the pancreatic head with liver
metastasis. No cystic lesions were recognized in the remain-
ing pancreas before the prior partial resection and no new
imaging study was performed postoperatively before the
discovery of the new inoperable lesion; this patient died 7
months later.

Analysis of the Risk of Malignancy

Overall, 45 patients (7.8%) developed pancreatic malig-
nancy during the study period; in 36 (80%, and 6% of the
entire cohort), malignancy arose within the cyst. In the
remaining 9 patients (20%, and 1.6% of the entire cohort),
malignancy arose away from the pancreatic cyst, that is,
distinct or concomitant pancreatic adenocarcinoma (Figure 3).

Branch duct intraductal  papillary  mucinous
neoplasms with follow-up fewer than 5 years. Of the
214 patients followed fewer than 5 years, 37 (17%)
underwent surgery and 22 (59%) had pancreatic malig-
nancy (11 high-grade dysplasia, 8 invasive IPMN, 2
concomitant pancreatic ductal adenocarcinoma [PDAC], and
1 mucinous cystadenocarcinoma). Additionally, 1 patient
was resected for a concomitant ampullary adenocarcinoma
and 3 others had unresectable pancreatic cancer, of which 2
had invasive IPMN and 1 a concomitant PDAC who under-
went palliative surgery. Therefore, overall 4.3% (25 of 577)
of the entire cohort developed pancreatic malignancy within
5 years. Of note, 13 of these patients (52%) did not expe-
rience any symptoms during the surveillance period. Inva-
sive pancreatic cancer occurred in 2.4% (14 of 577).

Branch  duct intraductal papillary  mucinous
neoplasms with follow-up of 5 years or more. Of the
363 patients followed for more than 5 years, 81 (14%)
underwent surgery, and in 15 (19%) either invasive cancer
(7 invasive IPMN, 4 distinct PDAC) or high-grade dysplasia
(n % 4) was found. Three of the patients with invasive
tumors underwent palliative surgery for an advanced
concomitant PDAC. In addition, 3 other patients presented
inoperable invasive IPMN at the moment of the identifica-
tion of malignancy and, as described, 2 patients developed
malignancy after initial resection of a benign IPMN.
Accordingly, malignancy in patients followed for more than
5 years occurred in 5.5% (20 of 363), and invasive cancer in
4.4% (16 of 363) (Figure 4). In 5 patients (5 of 121),
malignant transformation occurred after 10 years of follow-
up. Thirty-five percent (7 of 20) of the patients who were
followed >5 years and developed malignancy had no
symptoms at all, and the diagnosis or the decision to operate
was done purely by imaging or endoscopy.

Impact of worrisome features/high-risk stigmata
on risk of malignancy after 5 years. Twenty-two
percent of patients who were followed for more than 5
years (81 of 363) had WF or HRS by the 5-year time point.
The risk of malignancy in this subgroup was 10%, and
median time elapsed between identification of WF/HRS and
the diagnosis of malignancy was 102 months (range, 1A132
months). By comparison, in the 282 patients who had
absence of WF/HRS at the 5-year mark, malignancy devel-
oped in 12 (4.3%; 2 showed high-grade dysplasia and 10
invasive carcinoma) (P % .09). All 12 of these patients
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Table 2.Branch Duct Intraductal Papillary Mucinous
Neoplasm Morphologic Features at Diagnosis and
During Follow-Up of 577 Patients
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Table 3.Operative Procedures, Postoperative Complications,
and Pathology Data in 118 Patients Undergoing
Surgery for Branch Duct Intraductal Papillary
Mucinous Neoplasm

At During
Variable diagnosis follow-up Variable Data
Multifocality 219 (38) 317 (55) Age at surgery, y, median (range) 67 (28A89)
<3 lesions 119 (21) 206 (36) Male sex, n (%) 47 (40)
Dominant location Follow-up before surgery, mo, median (range) 34 (6 A241)
Head 148 (26) 156 (27) Follow-up after surgery, mo, median (range) 54 (0A205)
Neck 55 (10) 56 (10) Type of surgery, n (%) 118 (20)
Uncinate process 98 (17) 96 (17) Pancreaticoduodenectomy 53 (45)
Body 167 (29) 162 (28) Distal pancreatectomy with splenectomy 27 (23)
Tail 109 (19) 107 (19) Distal pancreatectomy  spleen-preservation 15 (13)
Septations 182 (32) 248 (43) Middle pancreatectomy 18 (15)
Nodule 8 (1) 54 (9) Total pancreatectomy ()
Thick wall 4 (1) 28 (5) Palliative surgery, unresectable tumor 403)
Cyst 33 cm 53 (9) 121 (21) Indication for operation, n (%)
Cyst diameter, mm, median (range) 14 (2A54) 20 (3A90) Main pancreatic duct dilatation 20 (17)
Communication with MPD 211 (37) 310 (54) Increased cyst size 72 (61)
MPD dilatation 85 mm 0 (0) 48 (8) Solid component 41 (35)
Positive cytology 2 (0) 32 (6) Positive cytology 26 (22) g
Worrisome features 72 (12) 142 (25) Symptoms 25 (21) S
High-risk stigmata 3(1) 53 (9) Pathology, n (%) 114 (97) E
BD-IPMN, n (%) 75 (66) =
Low-grade, n 56 2
NOTE. Data are n (%) unless otherwise noted. High-grade, n 10 =
Invasive, n 9
developed WF/HRS later on during follow-up, at a median of MD-IPMN, n (%) 16 (14)
93 months after diagnosis (range, 60A126 months). Low-grade, n 6
High-grade, n 5
Suspected and Presumed Branch Duct C ()I:Cv;sr:lvt:mn PDAC, n (%) 4 (j)
Intraductal Papillary Mucinous Neoplasms Other, n (%) 19 (17)
Patients classified at the time of initial diagnosis as Ampullary adenocarcinoma 1(1)
having “suspected” IPMN (60%) did not show a higher risk MCN, n (%) 87
of malignancy or need for surgery when compared to the Low-/high-grade, n 7
. . . . Invasive, n 1
patients with “presumed” BD-IPMN (risk of malignancy of SCA 44
89 vs 89%; P 14 984, and surgical resection in 18% vs 24%; Other (lymphoepithelial cyst, epithelial 6 (5)
P % .059, respectively). C}{st, retentlop c.yst, squamoid cyst)
Postoperative complications, n (%) 54 (46)
: . Abdominal abscess 11 (11)
Diabetes, Branch Duct Intraductal Papillary o
R R Pancreatic fistula 18 (15)
Mucinous Neoplasms, and Malignancy Biliary fistula 1 (1)
Of the 9 patients who developed a concomitant PDAC, Delayed gastric emptying 7 (6)
only 2 (22%) experienced diabetes (long-standing diabetes Cardiopulmonary = complications 14 (12)
before diagnosis of BD-IPMN in both cases), while 11 Other , 28 (24)
(31%) of the 36 patients with pancreatic malignancy Lcadmission, n (%) 14 (12)
. . . . . Postoperative mortality, n (%) 2 (1.7)
arising from IPMN had a history of diabetes during sur- Posto ve follow- N
. ) . . C perative  follow-up, n (%)
veillance. Diabetes did not correlate to malignancy in the Presence of stable known cyst in 12 (11)
entire cohort (24% vs 29%; P ' .419), or to the type of the remnant pancreas
pancreatic malignancy, associated or distinct from IPMN New cysts 7 (6)
(31% vs 22%; P Y .622). Significant change of known cysts 1(1)
Malignant recurrence 11 (10)
X . After resection of benign IPMN 2(2)
Low-Risk Branch Duct Intraductal Papillary -Concomitant PDAC 1 ()
Mucinous Neoplasms -PDAC arising from IPMN L)

Among the 363 patients followed for more than 5 years,

1 S
08 (30% d t that 2°1.5 , and only 1
patie(nt in )tﬁi% g?*ocgpsi (0.%%Vya3eve%opggl r%l%lsignear?cny, \(/)vthl)::h
was a distinct ductal adenocarcinoma 65 months after initial
diagnosis of BD-IPMN. In contrast, 19 patients (7.5%) with

HGD, high-grade  dysplasia; IGD, intermediate-grade
dysplasia; LGD, low-grade dysplasia; MCN, mucinous
cystic neoplasm; MD-IPMN, main duct intraductal papillary
mucinous neoplasm; SCA, serous cystadenoma.
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Median FU 82 months (6-329)

577 patients with clinical diagnosis of BD-IPMN under surveillance

v

FU < 5 years
214 pts (37%)

v v

37 surgery (17%) 177
(1 palliative) not resected

v v

81 surgery (22%)
(3 palliative)

v

FU > 5 years
363 pts (63%)

v

282
not resected

11 HGD
8 invasive IPMN
3 concomitant PDAC
1 mucinous cystadenoCa

2 unresectable
tumors:
- 1 invasive IPMN
-1 concomitant PDAC
1 ampullary Ca 7

3 unresectable
tumors:
- 3 invasive IPMN

Y

4 HGD
7 invasive IPMN
4 concomitant PDAC

2 malignant recurrence:
- 1 unresectable: concomitant PDAC
- 1 resected: invasive IPMN

Risk of malignancy within 5 years 4.3% (25/577)
Risk of invasive Ca within 5 years 2.4% (14/577)

Risk of malignancy after 5 years 5.5% (20/363)
Risk of invasive Ca after 5 years 4.4% (16/363)

Figure 3. Flow chart. Malignant progression

in 577 patients with a clinical diagnosis of BD-IPMNs under surveillance (with

follow-up at less than and more than 5 years). FU, follow-up; HGD, high-grade dysplasia.

cysts >1.5 cm developed malignancy (P %4 .01), and 5 of these
occurred after 10 years of follow-up. Ten of these patients had
an invasive IPMN, 4 had high-grade dysplasia found in final
histopathology, and 3 patients developed a concomitant
PDAC. The remaining 2 patients developed malignant recur-
rence, a concomitant PDAC and a PDAC arising from an IPMN,
respectively, as described previously. The 1.5-cm cutoff

howed tive predictive yalue for mali £ 999
S A sensitiy of 8550 (usplementary Tghra ofY o 70%

Standardized Incidence Ratio of
Pancreatic Cancer

Patients with BD-IPMN who were followed for more
than 5 years without developing WF or HRS (n ' 282) had
an 18.8 times (95% confidence interval, 9.7A32.8; P < .001)
higher age-standardized incidence rate of pancreatic
malignancy than expected in the comparable US population.
In a sensitivity analysis that considered only invasive car-
cinomas as malignant cases, the age-standardized incidence
rate of invasive carcinoma was 15.6 times (95% confidence
interval, 7.5A28.7; P < .001) higher compared with that

expected in the US general population.

Discussion
Several series have shown that the prevalence of inci-
dentally discovered pancreatic cysts ranges between 2.1%

and 19.6%, depending on the imaging modality, with a
median cyst size ranging from 5 to 8 mm."* '® In the midst
of this abundance of pancreatic cystic lesions, often small
and indolent in appearance, the main concern is identifying
which are BD-IPMN and which of these are susceptible to
malignant progression in order to establish the type and
duration of surveillance. The issue is relevant, and will

bfecome more so given the increasin fre%u%ncy chdiagnosis
of pancreatic cysts, underscoring the need to have more

data regarding the natural history of BD-IPMNs.

The main purpose of this study was to evaluate the
behavior over time of a large cohort of patients with BD-
[PMNs undergoing primary surveillance, and to analyze
the risk of pancreatic malignancy after 5 years. It is
important to highlight that this cohort may not be repre-
sentative of the population of incidentally discovered cysts
at large, because it was derived from patients referred to
gastroenterologists and surgeons. This is reflected in the
median cyst size of 14 mm at the time of initial diagnosis,
which is, on average, twice as large as the cysts described in
radiologic series. With a median follow-up close to 7 years,
we found that ~50% of patients with either presumed or

suspected BD-IPMN had progression of the cysts. This pro-
gression was manifested mostly by an increase in median
size (from 14 to 20 mm) and multifocality (from 38% to
55%), but also by development of solid components (from
2% to 13%) and development of duct dilation in 8% of
patients. In aggregate, 34% of patients had either WFs or
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20 malignancies after 5 years (5.5%)
5 of 20 after 10 years (4.1%)

malignancy in relation with
maximum cyst size and
duration of follow-up. The
vertical line indicates the 5

year-time point. The red
dots  represent  patients
with malignant progres-

sion and the blue dots all
of the remaining patients.

high-risk stigmata (as defined by the guidelines of the In-
ternational Association of Pancreatology) at the end of
follow-up, whereas at the time of diagnosis, only 13% had
these features. Importantly, progression was not limited to
the first 5 years of follow-up.

Regarding the risk of malignancy after 5 years, the data
in the literature are controversial, likely due to a difference
in the composition of the cohorts and heterogeneity of the
inclusion criteria. Handrich et al'® analyzed the fate of 49
patients with long-term follow-up (more than 5 years) who
were diagnosed with small (2:°2 cm) simple pancreatic cysts,
showing that none developed pancreatic malignancy,
whereas Cadili et al?® showed that 3 (4.7%) of 64 patients
with a median follow-up of 86 months and a median cyst
size of 2.5 cm (range, 1.3A4 cm) developed malignancy after
5 years. In another recent series of 95 patients with cysts
<3 cm followed for more than 5 years, the rate of malignant
progression was similar at 4.2%.*" In the present study,
which involves 577 suspected or presumed BD-IPMNs
under surveillance, we found that the development of ma-
lignancy not only persists, but in fact may be greater after 5
years of follow-up. In the first 5 years, 4.3% of patients
developed malignancy, whereas in the 363 patients followed
for more than 5 years, the rate was 5.5%, and is still present
(4%) after 10 years of follow-up. Of note, in 2 patients,
pancreatic cancer developed after a partial resection for a
benign IPMN more than 8 years after the first discovery of
the cyst. In contrast to our findings, Kwong et al*? found a
very low-risk of pancreatic malignancy after 5 years of
follow-up. In their study, 722 patients with suspected
asymptomatic neoplastic pancreatic cysts were selected by
EUS evaluation, and 310 of them were followed for more
than 5 years (median follow-up of 87 months). Within 5

240 300 360

Follow-up (months)

years, 12% of patients (87 of 722) underwent surgery and
8.7% (63 of 722) developed pancreatic adenocarcinoma.
After 5 years, surprisingly, only 1% of the patients (3 of
310) underwent surgery and the same number developed
invasive pancreatic cancer; all 3 of these tumors were
unresectable. Because the demographic characteristics of
these 310 patients are similar to our cohort, the discrep-
ancies with our results are perhaps attributable to the
inclusion of all types of neoplastic cysts (not only suspected
BD-IPMNs), only cysts without symptoms, and the exclusion
of patients with acute pancreatitis, which can be a pre-
senting symptom and a risk factor for malignancy in IPMNs.
Even though all of the patients in the study by Kwong et al*2
were identified by EUS, suggesting the capture of cysts with
more high-risk features, only 27% (85 of 310) underwent
FNA (vs 66% in our series), 2% showed a solid component
during the entire evaluation period (vs 15% in our series),
and 1% of patients were taken to surgery (vs 22% in our
series). It is unclear what accounts for these differences.
Kwong et al?? also found that no cancers developed after

the 5-year mark in cysts lacking all 3 American Gastroen-
terological Association high-risk features (cyst size >3 cm,
dilated MPD, and mural nodule), while in only 1% of those
with 1 risk feature was malignant transformation observed.
Accordingly, they supported the discontinuation of surveil-
lance after 5 years as proposed in the American Gastroen-
terological Association guideline.?? By contrast, our study
found that patients are not free from the risk of malignancy,
even in the absence of WFs at 5 years. Twelve of 282 pa-
tients (4.3%) who had no WF/HRS at the 5-year mark
developed malignancy and the risk was not significantly
lower than that for cystic lesions with early-onset (ie, within
5 years) WF (P % .09). These numbers represent an
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18.8-fold increase in the risk of pancreatic cancer relative to
the US population. Even though this result was identified in
a population of patients followed at a referral center for
pancreatic disease and therefore may not be generalizable
to all patients with BD-IPMNSs, it does suggest that patients
with BD-IPMNs have a significantly higher risk of malignant
transformation and, therefore, surveillance should not be
discontinued after 5 years. Similarly, Khannoussi et al*® also
found that in 53 patients with a median follow-up of 84
mopths (rang

alignancy él%}%a%ong})s}oﬁ%%vv&}ﬁ? lﬁfc/okege lglr(l)%gé
pancreatic cancer at a later time point.

Recently, Mukewar et al’ analyzed the impact of WFs

and HRS on the risk of cancer. The patients in that cohort

had a median follow-up of 4.2 years (interquartile range,
AL ) an v PGS Wi HREHAE S Bhes TRk
of pancreatic malignancy of 49.7%, whereas in those with
WEFs, the risk was only 4.1% (P < .001).” Furthermore, in a
multi-institutional study, Crippa et al* analyzed the survival
outcomes of non-operated IPMNs with WF and, even
including main duct and mixed-type IPMNs, they showed a
5-year disease-specific survival of 96%, indicating that WFs
have a low impact on short-term survival outcomes.* This is
very useful information for a clinician taking care of patients
with IPMNs who have a short life expectancy because of
advanced age or comorbidities, but does not give a forecast

regarding the long-term fate of patients with pancreatic
cysts that have WFs. In the present study, 22% of patients
who were followed for more than 5 years had either WFs or
HRS by the 5-year time point, and 10% of them developed
pancreatic malignancy subsequently. Importantly, the
median time elapsed between diagnosis of a cyst with WF/
HRS and diagnosis of malignancy, although highly variable
(between 1 and 132 months), was 102 months, indicating
that progression can be very slow.

There is increasing awareness that patients with IPMNs,
particularly of the branch duct type, are not only at risk of
developing malignancy within the IPMN, but also away from
the cysts. These tumors, referred to as distinct, concurrent,
or concomitant adenocarcinomas, can occur during sur-
veillance of patients being followed for IPMN, and also in
patients who have had a resection for IPMN.?* 2% Dis-
tinguishing one type of pancreatic malignancy from the
other is not straightforward, particularly if the distinct
adenocarcinoma occurs in the vicinity of a known IPMN. In
the present study, the ratio of malignancy arising within an
IPMN vs distinct adenocarcinoma was 4:1. The current
guidelines for surveillance of patients with IPMNs recom-
mend repeating imaging at 6 months, and then lengthening
the interval to 1 or 2 years, depending on size.” This works
well to identify the morphologic changes that come hand in
hand with malignant transformation of the IPMNs, but is not
intended to detect in a timely fashion development of
distinct adenocarcinoma, which has a more aggressive
biology. In this series, of the 45 malignancies identified, 86%
of those arising within the cyst were resected with an intent
for cure, whereas only 44% of the distinct adenocarcinomas

were operable, and were all stage II or higher.

Gastroenterology Vol. 153, No. 5

In the light of these findings, except for patients with
short life expectancy or significant comorbidities that would
preclude surgery, we strongly support continued surveil-
lance after 5 years from the initial diagnosis. In patients
with BD-IPMNs, the 18.8-fold increased incidence rate of
developing pancreatic cancer after 5 years of observation
(which is almost 3 times greater than that of an individual
with familial pancreatic cancer who has 2 first-degree family
members with this disease’’) argues that the frequency of

eased, rather thaIPl gushe

sur ell ance slioulf,i tae
w1t e goa entifying patients wit grade

dysplaSIa where the disease can be cured. Waiting to see
signs of invasive cancer defeats the purpose of surveillance

in a disease as aggressive as pancreatic cancer.

The analysis of this cohort identified a subgroup of cysts
St apprar, to s 2 sgicandy over il oL Rrogey
pancreatic cysts that were ©:°1.5 cm and remained so for more
than 5 years, only 1 developed pancreatic cancer, and this was
a distinct adenocarcinoma. By contrast, 7.5% of patients
whose cysts were >1.5 cm after 5 years of follow-up devel-
oped malignancy. The role of cyst size and growth rate as
predictors of malignancy is controversial and several studies
have concluded that cyst size alone should not be used to
determine the treatment strategy.*>’2%3* However, for
small cysts, there are no other parameters that are useful and,
in fact, many of them may not even be IPMNs. Recently, Yoen

etal’!, in 95 patients followed for more than 5 years, showed
an appreciable difference in outcomes according to the initial
cyst size: cysts <1 cm were indolent compared to the larger
ones. Accordingly, they proposed a new follow-up strategy:
cysts <1.5 cm without ductal change might be followed at
longer intervals of more than 3 years.?! In our study, to
discriminate low-risk BD-IPMNs, we considered stability of
the cyst <1.5 cm for more than 5 years. Because all cysts are
initially small, and whenever we discover a new cyst the
moment in its natural history is unknown, dictating surveil-
lance strategy at that point may be unsafe. An initial obser-
vation time of 5 years to assess the stability of the cyst might
be a more appropriate method to discriminate low-risk BD-
[PMNs, and from then on, plan longer interval surveillance, or,
if other studies confirm these findings, discontinue it.

This study has several limitations. The first is the
absence of the histologic confirmation of the diagnosis of
BD-IPMN in patients that did not undergo resection. The
communication of the cyst with the main duct was consid-
ered an essential requisite to distinguish BD-IPMNs from
other cyst types in other studies; however, it is visible on
cross-sectional imaging only in a small percentage of
cases.”'® On the basis of the presence of duct communica-
tion, Mukewar et al’ distinguished patients with high and
low likelihood of being BD-IPMN and referred to them as
suspected and presumed, respectively. They described that
suspected BD-IPMNs had a higher risk of pancreatic cancer
and of undergoing surgery than presumed IPMNs. In our
series, using the same criteria of categorization described by
Mukewar et al, we did not confirm this. Another limitation is
the retrospective nature of the study; as a result, the man-

agement of patients changed over time, the surveillance was
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not homogeneous regarding imaging modalities and timing,
and some patients were lost to follow-up. Moreover, this
work represents the experience of a single pancreatic
referral center, which may limit generalizability of our re-
sults to the full population of patients with BD-IPMNs.

In conclusion, in patients with pancreatic cysts that are
thought to be BD-IPMNs, the risk of malignancy persists
after 5 years and even after 10 years of follow-up. The
absence of WFs or HRS at a 5-year time point does not
exclude the development of pancreatic malignancy, and the
risk in these patients is 18.8 times higher than in the general
population. Because of this, we strongly support continued
surveillance after 5 years from the initial diagnosis. We also
show that stability of small cysts :°1.5 cm may be a useful
parameter to safely discriminate low-risk BD-IPMNs after 5
years of follow-up. This is an important issue for further
investigation because it may help reduce costs related to
surveillance and improve patients’ quality of life.

Supplementary =~ Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2017.07.019.
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Supplementary  Figure 1. Cumulative incidence of pancreatic malignancy stratified by the time from diagnosis and the cyst
size at diagnosis. The lines represent the cumulative incidence of pancreatic malignancy for different cyst size at diagnosis (::°1
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Supplementary ~ Figure 2. Receiver operating characteristic
(ROC) curve analysis used to select a maximum cyst size
cutoff for malignancy. Area under the ROC curve was 0.820
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size 1.5 cm could predict pancreatic malignancy with a
sensitivity of 95% and a negative predictive value of 99%.
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Abstract

Patient-derived xenograft (PDX) tumors are powerful tools to study cancer biology. How-
ever, the ability of PDX tumors to model the biological and histological diversity of pancreatic
ductal adenocarcinoma (PDAC) is not well known. In this study, we subcutaneously im-
planted 133 primary and metastatic PDAC tumors into immunodeficient mice. Fifty-seven
tumors were successfully engrafted and even after extensive passaging, the histology of
poorly-, moderately-, and well-differentiated tumors was maintained inthe PDX models.
Moreover, the fibroblast and collagen contents inthe stroma of patient tumors were recapit-
ulated in the corresponding PDX models. Analysis of the clinicopathological features of
patients revealed xenograft tumor engraftment was associated with lymphovascular inva-
sion (P =0.001) and worse recurrence-free (median, 7 vs. 16 months, log-rank P =0.047)
and overall survival (median, 13 vs. 21 months, log-rank P =0.038). Among successful
engraftments, median time of growth required for reimplantation into new mice was 151
days. Reflective ofthe inherent biological diversity between PDX tumors with rapid (<151
days) and slow growth, differences in their growth were maintained during extensive pas-
saging. Rapid growth was additionally associated with lymph node metastasis (P =0.022).
with PDX formation

and rapid growth may reflect an underlying biological mechanism that allows these tumors

The association of lymphovascular invasion and lymph node metastasis

to adapt and grow ina new environment. While the ability of PDX tumors to mimic the cellu-
lar and non-cellular features of the parental tumor stroma provides a valuable model to

study the interaction of PDAC cells with the tumor microenvironment, the association of
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successful engraftment with adverse clinicopathological features suggests PDX models
over represent more aggressive forms of this disease.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common pancreatic cancer, with more
than 53,000 cases diagnosed per year in the United States. Only 8% of these patients survive
beyond fiveyears, making PDAC the fourth leading cause of cancer-related deaths [1]. The
ineffectivenessof treatments and the scant improvement of survival outcomes may be ascribed
to the fact that PDAC has historically been modeled as a single disease entity. By contrast,
recent advances in genomics have revealed the heterogeneity of this disease [2—4]. Although
activating mutations in KRASoccur in ~90% of PDAC, there are few additional genes (such as
TP53 and SMAD4) commonly mutated or inactivated in pancreatic cancer [5]. Contributing
to the challenges associated with treating PDAC is a highly desmoplastic stroma that promotes
the aggressivelocal growth of the tumor and the intrinsic chemo-resistance of the cancer cells
[6-9]. Thus, modeling the tumor microenvironment and its crosstalk with the cancer cellsis
particularly important in developing new therapies for PDAC.

Severalin vitro and in vivopreclinical models are availableto study the biology of cancer,
including celllines and xenograft tumors derived from them, genetically-engineered mouse
models, organoids, and patient-derived xenograft (PDX) tumor models [10,11]. Among these,
PDX tumors have the advantage of mimicking the genetic complexity of human PDAC in a
platform that has the potential to recapitulate many of the features of the tumor microenviron-
ment. Moreover, a model that faithfully reflects the original tumor biology may predict clinical
outcomes and allow for the development of personalized targeted therapies [12—15]. However,
the growth of PDX tumors from pancreatic cancer is variable and the determinants of their
growth are unknown [16—19].

Understanding the dynamic behind xenograft tumor formation, the features that affectthe
successof tumor engraftment, and the prognostic implications could be an important key for
new perspectives in the knowledge of pancreatic cancer. The aims of our study were to identify
clinical and pathological factors associated with successfultumor engraftment and xenograft
growth rate, and to evaluate whether tumor engraftment and xenograft rate of growth were
prognostic of patient outcomes. We also analyzed PDX tumors to assessthe ability of these
models to reproduce the histological features of the original pancreatic tumors.

Materials and methods
Patient population and tumor samples

Allstudy participants provided IRB-approved informed consent for their medical records and
tissue samples to be used in this study. Patient clinical data was entered into a de-identified
clinical database allowing for the anonymous analysis of demographic, clinical and pathologi-
cal variables. We collected fresh tumor samples from 133 patients with histologically-con-
firmed stages [-IV PDAC who underwent surgery for curative intent, diagnostic laparoscopy,
or palliation of symptoms at the Massachusetts General Hospital between April, 2009 and July,
2012.

Xenograft tumors

Patient tumor samples were mechanically minced into small fragments (1-2 mm?) and either
implanted into mice or cryopreserved in freezing media (10% DMSO, 20% FBS,70% DMEM/
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Ham’s F-12 50/50 supplemented with 1% PS) for future implantation. Cryopreserved tumors
were rapidly thawed in a 37°C water bath and washed twice with PBSprior to implantation.
For tumor implantation, 6—8 week-old nu/j mice (Jackson Laboratory) were anesthetized with
Isoflurane and a small incision made on the dorsal flank. Approximately 70—100 mg of tumor
tissue coated in 50—100 of pl of Matrigel (Corning, 354248)was subcutaneously implanted
into the flank of each mouse and the incision was closed with a single suture (4—-0 Coated
Vicryl, Ethicon). Mice were administered buprenorphine asneeded as an analgesic. Patient
tumors were implanted in a median number of 4 mice (range 1-5). In 10.5%of cases the
tumor tissue was enough for only one mouse. Mice were monitored weekly for tumor growth.
Mice that lacked a palpable tumor after 6 months were removed from the study and the patient
tumors were categorized as no engraftment. Successfultumor engraftment was defined as
tumors that grew large enough (1 cm) to be reimplanted into new mice. Mice with tumors < 1
cm after 180 days were retained in the study until tumors reached sufficient size for reimplan-
tation. Tumors implanted in mice that were removed from the study due to health reasons
before the tumor reached an appropriate size for reimplantation were categorized as no
engraftment. For tumors that successfullyformed xenografts, we recorded the time of growth
between initial implantation and reimplantation into new mice. The presence of pancreatic
adenocarcinoma in xenograft tumors was confirmed by histological analysis of hematoxylin
and eosin (H&E) stained sections by pathologists with a special interest in pancreatic cancer
(M.M.K. and M.W.R). Maximum tumor sizein this study did not exceed 1.5 cm. Mice were
euthanized by CO, asphyxiation in accordance to the guidelines set forth in the American Vet-
erinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals.

Immunohistochemistry

Representative sections of primary human tumors were stained with a 1:50 dilution of a goat
polyclonal antibody specificto SMAD4 (sc-1909, Santa Cruz Biotechnology, Dallas, TX, USA)
using the Bond RXTHC staining platform (Leica Biosystems, BuffaloGrove, IL, USA) with
BOND Epitope Retrieval Solution 2 (Leica Biosystems, AR9640). The staining of SMAD4 was
scored by a pathologist and SMAD4 expression was considered preserved (positive) when
detected in the nucleus and/or cytoplasm of PDAC cells. Staining of stromal cellsin each
tumor section was used as an internal positive control. For analysis of cancer-associated fibro-
blasts, deparaffinized sections of patient and PDX tumors were stained with a 1:200dilution of
a rabbit polyclonal antibody specific to alpha smooth muscle actin (ab5694, Abcam, Cam-
bridge, MA, USA) as described previously [20]. The collagen content of tumors was visualized
by picrosirius red staining (Picro Sirius Red Stain Kit, Abcam, Cambridge, MA, USA).

Genetic analysis of patient tumors

DNA extracted from formalin-fixed paraffin-embedded tumor samples from 20 patients was
analyzed for somatic mutations using SNaPshot multiplex assays(Applied Biosystems)[21].
Common to these assayswere the tests for variants in loci found in APC, BRAF, CTNNBI,
EGFR, KIT, KRAS, NOTCHI1, NRAS, PI3KA, PTEN, and TP53. On average, approximately 5%
mutant alleleis sufficient for detection in these assays.Only mutations in KRASand TP53

were detected in our series.

Outcome measures

The primary outcome measures of this study were successfultumor engraftment and xenograft
rate of growth. We also evaluated whether tumor engraftment and xenograft growth rate were
associated with patient recurrence-free survival (RFS)and overall survival (OS). RFSwas
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defined as time between surgery and evidence of disease recurrence or death from any cause;
analyses of RFSwere restricted to patients with resectable primary tumors and no evidence of
metastatic disease (n = 112). OS was defined as time between surgery and death from any
cause; analyses of OS were performed in the entire study population. Follow-up continued
through February, 2017.

Statistical analysis

We evaluated the associations of clinical and pathological features with tumor engraftment
and xenograft rate of growth using univariate analyses. Analysesof categorical data were per-
formed using chi-square or Fisher exact tests, where appropriate; continuous data were ana-
lyzed with Mann-Whitney U test. Associations of tumor engraftment and xenograft growth
rate with patient survival were analyzed using log-rank tests and multivariable-adjusted Cox
proportional hazards regression adjusting for potential confounders. Kaplan-Meier survival
curves, median survival time, and two- and five-year survival rates were also presented. Cox

regression models adjusted for patient age and sex, receipt of neoadjuvant and adjuvant ther-
apy, American Joint Committee on Cancer (7% edition) clinical stage, tumor differentiation

grade, presence of lymphovascular invasion, surgical margins, and tumor location. Statistical
significance was set at P<0.05 and all hypothesis tests were two-sided. Statistical analyses were
conducted using SASsoftware (version 9.4; SASInstitute, Cary, NC).

Results

Primary or metastatic tumor samples were collected from 133 patients with histologically-con-
firmed diagnosis of PDAC. The baseline characteristics of patients in our study are presented
in Tables | and 2. The median age of the patients in our study was 68 (range 35-93). Fifty-
seven (43%) tumors implanted into immunodeficient mice were successfullyengrafted, while
76 (57%) failed to do so. A number of studies have reported different methods of cryopreserv-
ing tumors for future growth as xenograft tumors [22,23]. In our study, there wasno signifi-
cant difference in the engraftment rate between freshly implanted (n = 24) and cryopreserved
(n=109) tumors (50%vs41%,P = 0.498).

Histological analysis of the xenograft tumors revealed that the grade of differentiation of
the human tumors wasretained in each of the corresponding xenografts. Moreover, the histol-
ogy of poorly-, moderately-, and well-differentiated tumors was retained through at least 10
generations in mice (Fig 1 A). Characteristic of the stroma of PDAC tumors is the presence of
cancer associated fibroblasts and abundance of collagen. The corresponding xenograft tumors
contain a-smooth muscle actin-expressing fibroblasts similarly to patient tumors (Fig 1 B).
Furthermore, picrosirius red staining revealed that collagen content of xenograft tumors was
largely composed of either organized or disorganized fibers and these collagen subtypes were
similarly found within the malignant epithelium of the corresponding patient tumor (Fig 1B).
Collectively,these results demonstrate that patient-derived xenograft models of PDAC retain
the histological and microenvironmental characteristics of the original tumor.

Clinical and genetic characteristics, pathological features, and tumor
engraftment status

To gain insight into the factors that determine tumor engraftment, we evaluated the demo-
graphic, clinical, and pathological characteristics of patients based on tumor engraftment sta-
tus (Tables | and 2). We found no significant associations between demographic or clinical
features and tumor engraftment. Neoadjuvant chemotherapy has become increasingly com-
mon in patients with PDAC and is associated with increased fibrosis and a reduction in viable
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Table 1. Baseline demographic and clinical characteristics of 133 patients with resected pancreatic ductal adenocarcinoma by tumor

engraftment
status.
Overall Tumor engraftment
Yes No P value
No. Patients 133 57 (43%) 76 (57%)
Men, n (%) 70 (53%) 34 (60%) 36 (47%) 0.160
Age, median (IQR) 68 (18) 66 (16) 70 (18.5) 0.730
Serum CA19-9, median (IQR) 128 (376.6) 118 (347.0) 128.5 (436.5) 0.916
Body mass index, median (IQR) 25.9 (6.0) 26.8 (6.3) 25.2 (6.0) 0.390
Diabetes, n (%)
No 101 (76%) 41 (72%) 60 (79%) 0.345
Yes 32 (24%) 16 (28%) 16 (21%)
New-onset or worsening diabetes, n (%)*
No 11 (34%) 6 (37%) 5 (31%) 0.809
Yes 20 (63%) 10 (63%) 10 (63%)
Unknown 1 (3%) - 1 (6%)
Neoadjuvant therapy, n (%)
No 91 (68%) 42 (74%) 49 (64%) 0.258
Yes 42 (32%) 15 (26%) 27 (36%)
Resection, n (%)
No 17 (13%) 9 (16%) 8 (11%) 0.368
Yes 116 (87%) 48 (84%) 68 (89%)
Metastatic disease, n (%)
No 112 (84%) 45 (79%) 67 (88%) 0.149
Yes 21 (16%) 12 (21%) 9 (12%)
Type of resection, n (%)
Whipple 91 (68%) 34 (59%) 57 (75%) 0.131
Middle 4 (3%) 1 (2%) 3 (4%)
Distal 20 (15%) 13 (23%) 7 (9%)
Total 1 (1%) - 1 (1%)
No resection 17 (13%) 9 (16%) 8 (11%)
Adjuvant therapy, n (%)**
No 30 (27%) 10 (22%) 20 (30%) 0.421
Yes 79 (70%) 33 (73%) 46 (69%)
Unknown 3 (3%) 2 (5%) 1 (1%)
Recurrence, n (%)**
No 28 (25%) 9 (20%) 19 (28%) 0317
Yes 84 (75%) 36 (80%) 48 (72%)
Site of recurrence, n (%)***
Locoregional 21 (25%) 9 (25%) 12 (25%) 0.488
Distant 54 (64%) 24 (67%) 30 (63%)
Both locoregional and distant 8 (10%) 2 (5%) 6 (12%)
Unknown 1 (1%) 1 3%) -

Abbreviations: IQR, interquartile range.

*Among patients with diabetes mellitus (n = 32).

** Among patients undergoing resection with curative intent and absence of metastatic disease (n=112).
*** Among patients with evidence of recurrence following resection with curative intent (n = 84).

https://doi.org/10.1371/journal.pone.0182855.t001
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Table 2. Pathological characteristics of 133 patients with resected pancreatic ductal adenocarcinoma by tumor engraftment

No. Patients 133 57 (43%) 76 (57%)
Tumor differentiation grade, n (%)
Well differentiated 7 (5%) 3 (5%) 4 (5%) 0.846
Moderately differentiated 65 (49%) 26 (46%) 39 (52%)
Poorly differentiated 53 (40%) 24 (42%) 29 (38%)
Unknown 8 (6%) 4 (7%) 4 (5%)
AJCC 7th ed. stage, n (%)
14 1 (1%) 1 (2%) - 0.333
IB 6 (4%) 2 (3%) 4 (5%)
114 17 (13%) 5 (9%) 12 (16%)
1IB 88 (66%) 37 (65%) 51 (67%)
11 - - -
v 21 (16%) 12 (21%) 9 (12%)
AJCC 7th ed. pT, n (%)*
pT1 2 (2%) 1 (2%) 1 (2%) 0.928
pT2 11 (10%) 4 (9%) 7 (10%)
pT3 99 (88%) 40 (89%) 59 (88%)
pT4 - - -
AJCC 7th ed. pN, n (%)*
pNO 24 (21%) 8 (18%) 16 (24%) 0.440
pNI 88 (79%) 37 (82%) 51 (76%)
Tumor location, n (%)
Body/Tail 30 (23%) 18 (32%) 12 (16%) 0.031
Head/Uncinante 103 (77%) 39 (68%) 64 (84%)
Size cm, median (IQR)* 3.0 (1.5) 3.5 (1.7) 2.8 (1.6) 0.051
Lymphovascular invasion, n (%)
Absent 40 (30%) 8 (14%) 32 (42%) 0.001
Present 81 (61%) 43 (75%) 38 (50%)
Unknown 12 (9%) 6 (11%) 6 (8%)
Perineural invasion, n (%)
Absent 6 (4%) 2 (3%) 4 (5%) 0.681
Present 110 (83%) 46 (81%) 64 (84%)
Unknown 17 (13%) 9 (16%) 8 (11%)
Surgical margins, n (%)*
RO 98 (87%) 41 (91%) 57 (85%) 0.532
RI 13 (12%) 4 (9%) 9 (13%)
R2 1 (1%) - 1 (2%)
SMAD4, n (%)**
Retained 40 (62%) 20 (69%) 20 (57%) 0.331
Lost 24 (38%) 9 (31%) 15 (43%)

Abbreviations: IQR, interquartile range.
*Among patients undergoing resection with curative intent and absence of metastatic disease (n=112).
**Among tumors with available SMAD4 immunohistochemistry (n = 64).

https://doi.org/10.1371/journal.pone.0182855.t002
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Picrosirius red

Fig 1. PDX models of PDAC retain the histological and stromal features of the parental tumor. (A)H&E staining of well-
differentiated (grade 1), moderately-differentiated (grade 2) and poorly-differentiated (grade 3) tumors. The primary patient tumor and
corresponding passages of the PDX models are shown. Scale bars =100 pm. (B) Immunohistochemistry for o-smooth muscle actin
(SMA; top panels) and picrosirius red staining for collagen (bottom panels) was performed on representative PDX models and
corresponding patient tumors. Scale bars =100 pm.

https://doi.org/10.1371/journal.pone.0182855.2001

cancer cells, which could influence the ability of a tumor to successfullyestablish a xenograft
[24]. Notably, 42 (32%) patients in our series received neoadjuvant chemotherapy and this did
not adversely affecttumor engraftment (Table 1).

Analysis of pathological features of patient tumors demonstrated that lymphovascular inva-
sion and location of the primary tumor within the pancreas were significantly associated with
tumor engraftment. Tumors with successfulengraftment had higher frequency of lymphovas-
cular invasion (43/57, 75%) compared to tumors that did not form xenografts (38/76, 50%;

P =0.001). Among patients whose tumors successfullyengrafted, primary tumors were located
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in the body and tail of the pancreas in 32%(18/57) of cases;in contrast, only 16%(12/76) of
primary tumors that did not engraft were located in the pancreatic body and tail (P = 0.031).
Features such as tumor grade, nodal metastases, or type of implanted tumor tissue (i.e., pri-
mary vs. metastatic) were not significantly associated with engraftment status.

To evaluate whether common molecular alterations found in PDAC are associated with
tumor engraftment, we performed genetic analysis of KRASand TP53, and immunohis-

tochemistry for SMAD4. Genetic analysis of engrafted and non-engrafted tumors revealed 18/
2

nfbdAsemesssapingt Agtivatingmutatians it sesten 2o 0] pliReS, tbilebas sgot
association between these mutations and the success of tumor engraftment. SMAD4 s fre-
quently inactivated in PDAC through both genetic and epigenetic mechanisms [25]. There-
fore, we employed immunohistochemistry to evaluate the expression of SMAD4 in 64 patient
tumors, 45% of which were successfullyengrafted (Fig 2B). The expression of SMAD4 was lost
in 38% of tumors, and there was no significant difference in the loss of SMAD4 expression
between engrafted and non-engrafted tumors (31%vs43%,P =0.331,Fig2C). Taken together,
these results suggest that alterations in these core PDAC pathways are not predictive of tumor
engraftment.

Clinical characteristics, pathological features, and xenograft growth rate

Among successfulengraftments, the median time of growth required for reimplantation into
new mice was 151 days (range 39-346 days; Fig 3A). Xenograft tumors that were reimplanted
in lessthan 151 days were defined as having a rapid growth rate. Analysis of representative
rapid and slow (::° 151 days) xenograft tumor lines revealed that the relative differences in the
growth rate of these tumors was maintained for at least 10 generations (Fig 3B). Since these dif-
ferences in the time to tumor engraftment may be related to the inherent characteristics of the

A Patient ID KRAS TP53 B Negative Positive
HTB1279 | Gly12Asp i H AN R RN L
5 HTB1294 Gly12Asp - Nt /e e
2o [ HTBI312 - " LW,
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HTB1351 Gly12Asp - SMAD4 Expression
HTB1354 Gly12Val Arg248Trp Overalln gative| Positive| P
5 HTB1404 Gly12Asp g Tumor Engraftment (n=64)
E'ﬁ HTB1420 GIn61His - Yes 29 | 9(38%) |20 (50%)| 0.438
3§ | HTB1424 Gly12Asp - No 35 |15 (62%) |20 (50%)
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Fig 2. Molecular characteristics

of patient tumors do not predict tumor engraftment. (A)Genetic analysis of KRAS and

TP53 inpatient tumors. Amino acid changes resulting from mutations are listed. Samples for which mutations were not detected

are indicated by a dash. (B) Representative positive and negative immunohistochemical

staining of SMAD4 in primary patient

tumors. Staining of stromal cells on each slide served as a positive control. Scale bars =100 um. (C) Summary of SMAD4
expression in patient tumors that were successfully or unsuccessfully engrafted inmice.

https://doi.org/10.1371/journal.pone.0182855.2002
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https://doi.org/10.1371/journal.pone.0182855.g003

tumor biology, we performed a comparison of the clinical (Table 3) and pathological (Table 4)
features between tumors with rapid and slow growth. Rapid growth was significantly associ-
ated with patients of male gender (P = 0.020), primary tumors located in the head of the pan-
creas (P =0.029),and lymph node metastases (P = 0.022). Collectively,our results suggest that
both tumor engraftment and xenograft growth rate are associated with adverse pathological
features (e.g. lymphovascular for tumor engraftment and lymph node metastases for xenograft
growth rate).

Tumor engraftment, rate of growth, and survival outcomes

To determine the prognostic value of tumor engraftment, we analyzed the relationship
between patient survival outcomes and PDX formation and growth rate. Overall, 30 (22.6%)
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Table 3. Baseline demographic and clinical characteristics

of 57 patients

with patient-derived PDAC xenografts

based on xenograft growth

rate.

Overall Xenograft Growth
Rapid Slow P value
No. patients 57 28 (49%) 29 (51%)
Men, n (%) 34 (60%) 21 (75%) 13 (45%) 0.020
Age, median (IQR) 66 (16.0) 66 (11.5) 71 (24) 0.193
Serum CA19-9, median (IQR) 118 (347.0) 145 (376.5) 94 (195.0) 0.429
Body mass index, median (IQR) 26.8 (6.3) 27.3 (7.9) 26.3 (5.3) 0.334
Diabetes, n (%)
No 41 (72%) 20 (71%) 21 (72%) 0.934
Yes 16 (28%) 8 (29%) 8 (28%)
New-onset or worsening diabetes, n (%)*
No 6 (37%) 2 (25%) 4 (50%) 0.608
Yes 10 (63%) 6 (75%) 4 (50%)
Neoadjuvant therapy, n (%)
No 42 (74%) 20 (71%) 22 (76%) 0.704
Yes 15 (26%) 8 (29%) 7 (24%)
Resection, n (%)
No 9 (16%) 4 (14%) 5 (17%) 1.00
Yes 48 (84%) 24 (86%) 24 (83%)
Metastatic disease, n (%)
No 45 (79%) 23 (82%) 22 (76%) 0.561
Yes 12 (21%) 5 (18%) 7 (24%)
Type of resection, n (%)
Whipple 34 (59%) 20 (72%) 14 (48%) 0.253
Middle 1 (2%) - 1 (4%)
Distal 13 (23%) 4 (14%) 9 (31%)
Total - - -
No resection 9 (16%) 4 (14%) 5 (17%)
Adjuvant therapy, n (%)**
No 10 (22%) 3 (13%) 7 (32%) 0.281
Yes 33 (73%) 18 (78%) 15 (68%)
Unknown 2 (5%) 2 (9%) -
Recurrence, n (%)**
No 9 (20%) 3 (13%) 6 (27%) 0.284
Yes 36 (80%) 20 (87%) 16 (73%)
Site of recurrence, n (%)***
Locoregional 9 (25%) 5 (25%) 4 (25%) 0.412
Distant 24 (67%) 13 (65%) 11 (69%)
Both locoregional and distant 2 (5%) 2 (10%) -
Unknown 1 (3%) - 1 (6%)

Abbreviations: IQR, interquartile range.
*Among patients with diabetes mellitus (n = 16).

** Among patients undergoing resection with curative intent and absence of metastatic disease (n=45).

*** Among patients with evidence of recurrence following resection with curative intent (n = 36).

https://doi.org/10.1371/journal.pone.0182855.t003

patients of our cohort were aliveat the end of follow-up period, and among them the median
followup time was45 months. In patients who underwent resection with curative intent with-
out evidence of metastatic disease, the median, 2-year, and 5-year RFSwas 10 months (95% CI
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Table 4. Baseline pathological characteristics of 57 patients with patient-derived PDAC xenografts based on xenograft growth

No. patients 57 28 (49%) 29 (51%)
Tumor differentiation grade, n (%)
Well differentiated 3 (5%) 1 (4%) 2 (7%) 0.728
Moderately differentiated 26 (46%) 14 (50%) 12 (41%)
Poorly differentiated 24 (42%) 11 (39%) 13 (45%)
Unknown 4 (7%) 2 (7%) 2 (7%)
AJCC 7th ed. stage, n (%)
14 1 (2%) - 1 (3.5%) 0.106
IB 2 (3%) 1 (3%) 1 (3.5%)
114 5 (9%) - 5 (17%)
1IB 37 (65%) 22 (79%) 15 (52%)
11 - - -
v 12 (21%) 5 (18%) 7 (24%)
AJCC 7th ed. pT, n (%)*
pT1 1 (2%) - 1 (4%) 0.304
pT2 4 (9%) 1 (4%) 3 (14%)
pT3 40 (89%) 22 (96%) 18 (82%)
pT4 - - -
AJCC 7th ed. pN, n (%)*
pNO 8 (18%) 1 (4%) 7 (32%) 0.022
pNI 37 (82%) 22 (96%) 15 (68%)
Tumor location, n (%)
Body/Tail 18 (32%) 5 (18%) 13 (45%) 0.029
Head/Uncinante 39 (68%) 23 (82%) 16 (55%)
Size cm, median (IQR)* 3.5 (1.7) 33 (1.7) 3.7 (1.5) 0.910
Lymphovascular invasion, n (%)
Absent 8 (14%) 2 (7%) 6 (21%) 0.140
Present 43 (75%) 24 (86%) 19 (65%)
Unknown 6 (11%) 2 (7%) 4 (14%)
Perineural invasion, n (%)
Absent 2 (3%) - 2 (7%) 0.489
Present 46 (81%) 24 (86%) 22 (76%)
Unknown 9 (16%) 4 (14%) 5 (17%)
Surgical margins, n (%)*
RO 41 (91%) 22 (96%) 19 (86%) 0.346
RI 4 (9%) 1 (4%) 3 (14%)
R2 - - -
SMAD4, n (%)**
Retained 20 (69%) 12 (67%) 8 (73%) 1.000
Lost 9 (31%) 6 (33%) 3 (27%)

Abbreviations: IQR, interquartile range.
*Among patients undergoing resection with curative intent and absence of metastatic disease (n=45).
**Among tumors with available SMAD4 immunohistochemistry (n = 29).

https://doi.org/10.1371/journal.pone.0182855.t004

7-15),25.3%,and 12.7%,respectively.In the entire study population, the median, 2-year, and
5-year OS was 16 months (95%CI 13-19), 38.0%,and 14.7%,respectively.
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Patients with tumors that successfullyengrafted had significantly shorter RFS(median, 7
vs. 16 months, log-rank P =0.047;Fig4A) and OS (median, 13 vs.21 months, log-rank
P =0.038;Fig4B) compared to patients with tumors that failed to engraft. Moreover, the mul-
tivariable-adjusted survival analyses revealed tumor engraftment as an independent predictor
of worse RFS(HR 2.05,95%CI 1.20-3.50,P = 0.009) (Table 5). Survival analyses based on
xenograft growth rate did not show significant associations with patient survival outcomes,
although analyses were limited by sample size (Table 5, Fig 4C and 4D). Patients with rapid-
growing xenografts had shorter RFS(median, 6 vs. 10 months, log-rank P =0.189) and OS
(median, 8 vs. 14, log-rank P = 0.328) than those with slow-growing xenografts, although these
differences were not statistically significant.

Discussion

The genetic heterogeneity of PDAC and the intense desmoplastic reaction of the tumor stroma
have made improvements in survival outcomes difficult to achieve. Preclinical models that
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Table 5. Recurrence-free and overall survival by tumor engraftment and xenograft growht rate.

Recurrence-Free  Survival

No. patients Median (Months) 2-year S-year HR* (95% CI) P
Tumor engraftment |
No engraftment 67 16.0 ‘ 30.3% 15.2% 1.00 (reference)
Engraftment 45 7.0 16.9% 8.5% 2.05 (1.20-3.50) 0.009
Xenograft growth rate | |
Slow growth ‘ 22 10.0 | 23.5% 0.0% 1.00 (reference)
Rapid growth 23 | 6.0 | 10.5% | 10.5% 2.37 (0.90-6.25) | 0.082

~ Overall Survival :

No. patients Median (Months) 2-year ‘ 5-year HR* (95% CI) | P
Tumor engraftment .
No engraftment 76 21.0 48.7% 16.5% 1.00 (reference)
Engraftment f 57 13.0 L 243% 11.2% 1.44 (0.90-2.31) 0.125
Xenograft growth rate
Slow growth | 29 14.0 [ 30.0% 9.4% 1.00 (reference)
Rapid growth | 28 8.0 | 18.5% 14.8% 1.63 (0.79-3.38) 0.190

Abbreviations: HR, hazard ratio.
*Cox proportional hazards regression adjusting for patient age, sex, neoadjuvant therapy, adjuvant therapy, American Joint Committee on Cancer stage,

tumor location, tumor grade of differentiation, lymphovascular invasion, and resection margins.

https://doi.org/10.1371/journal.pone.0182855.t005

closelyrecapitulate the complexity of human pancreatic cancer are indispensable to study the
biology of this disease and assessnovel therapeutic agents. In this setting, PDX tumor models
of PDAC allow for the faithful propagation of the human neoplastic cells. We showed that the
histological architecture of the original tumors is maintained in the PDX models for different
grades of differentiation, even after extensive passages. Moreover, although the non-malignant
stroma of the human tumor is replaced with cells from the host mouse, these components
seem to mimic several features of the original tumor stroma, including cancer-associated
fibroblasts (CAFs) and tumor vasculature [26-28]. In PDAC, the CAFsare largely responsible
for the production of the extracellular matrix found in the tumor stroma, and the production
of collagen by CAFsis mediated by their close association with PDAC cells[29,30]. Despite the
replacement of human CAFsby murine fibroblasts, we demonstrated that the collagen struc-
tures found in PDX models of PDAC closelyresemble those found in the original tumor.
Therefore, PDX tumors provide a system to investigate the cellular and non-cellular compo-
nents of the stroma and their interactions with PDAC cells.

The pathological factors associated with PDX formation have been described for a variety
of cancers [31,32]. However, their identification in PDAC has largely remained elusive, with a
single study correlating tumor size (> 3.5 cm) with successful xenograft generation [16,18,19].
In our series, we identified lymphovascular invasion and lymph node metastasis as potential
determinants for PDX formation and rapid growth, respectively. An important role for lym-
phovascular invasion is highlighted by the fact that only 14% of tumors without lymphovascu-
lar invasion successfullyengrafted. These results suggest that engraftment may reflect an
underlying biological mechanism that allows these tumors to adapt and grow in a new envi-
ronment. Interestingly, previous studies employing NOD/SCID mice have failed to make simi-
lar correlations with these pathological features and PDAC engraftment and growth [16—18].
While the more immunocompromised background of these mice likely allows for more effi-
cient tumor engraftment, it is possible that the reduced selectivepressure of NOD/SCID mice
masks the inherent biological differences of patient tumors.
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The association of molecular alterations with PDAC PDX formation has been controversial.
The focus of this analysis has been on the loss of SMAD4 expression, which has been implicated
in metastatic spread of PDAC [33]. Previously, Garrido-Laguna et al. found that engrafted
tumors were more frequently associated with SMAD4 inactivation [17]. In contrast, in a study
by Jun et al. there was no association between loss of SMAD4 and success of tumor engraftment
[16]. Similarly, our analysis of SMAD4 expression in patient tumors did not find any correlation
with the successor timing of tumor engraftment. Moreover, our study and others have demon-
strated that successfullyand unsuccessfully engrafted tumors exhibit a similar distribution of
KRASmutations and comparable expression or mutation of TP53. Collectively,these results
suggest that that single genetic alterations may not be determinant of tumor engraftment, allow-
ing PDX models of PDAC to recapitulate the broad genetic diversity of patient tumors.

Asseen in PDX models of other cancers, successfulengraftment of PDAC tumors correlates
with shorter recurrence-free and overall survival. In the present study, tumors successfully
engrafted in mice showed significantly poorer overall survival and xenograft formation wasan
independent predictor of poor survival. Similarly, Garrido-Laguna et al. showed that patients
whose pancreatic tumors failed to engraft had an 81%reduced risk of death, and Thomas et al.
demonstrated that patients whose tumors successfullyengrafted experienced recurrence sig-
nificantly earlier than those whose did not grow [17,18]. Despite the shorter survival of
patients with PDAC that form PDX tumors, most tumors are established in mice 45 months
before recurrence in patients undergoing surgical resection. In our cohort of patients with
recurrent disease, xenograft tumors developed a median of 166 days before diagnosis of recur-
rence. Similarly, Thomas et al. detected first palpable signs of tumor formation a median of
134.5 days before radiographic recurrence identification [18]. Given the limited number of
therapeutic options and the variable rate of successful growth, the systematic use of PDX
tumors for real-time chemo-sensitivity testing is not practical at this time. However, by pre-
dicting recurrence months before current surveillance modalities, these models might provide
a window of opportunity for increased surveillance and differentiation of treatment, especially
in patients at higher risk of recurrent disease.

Our study had limitations. The patient population derives from a single referral center,
which may result in variations relative to the general population. For instance, nearly a third of
patients underwent neoadjuvant treatment. However, this was not associated with the rate of
tumor engraftment; moreover, multivariable-adjusted survival models adjusted for different
peri-operative treatment status, minimizing any potential biases. A small proportion (16%) of
patients in our study had metastatic disease at the time of surgery, introducing heterogeneity
in analyses of OS. To address this issue, we conducted a separate analysis of RFSamong the
more homogeneous subset of patients with resectable primary tumors and no evidence of met-
astatic disease.

In conclusion, successfulestablishment of PDAC PDX predicts an increased risk of disease
recurrence and mortality in the original patients. Lymphovascular invasion and lymph node
positivity might reflect an underlying biological mechanism that allowsthese tumors to estab-
lish and thrive in a new host environment. These models are able to faithfully reproduce the
cancer and stromal architecture from the original tumor, and may therefore be valuable tools
to test new therapeutic alternatives and identify patients who are at very high risk of disease
recurrence followingresection.
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overtreatment 1n patients with main
pancreatic duct dilatation and
suspected combined/main-duct
intraductal papillary mucinous
neoplasms
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Background. Segmental/diffusedilatation of'the main pancreatic duct (MPD) is the typical feature of
combined/main-ductintraductal papillary mucinous neoplasms(CMD-IPMNs). MPD dilation in
IPMNs may bealso expressionof mucus hypersecretion/obstructivechronic pancreatitis (OCP). The aim
of'this study was to evaluate the presenceand extensionof MPD involvementbytumor/OCP and assess
the risk of overtreatment.

Methods. Retrospectiveanalysis of suspectedCMD-IPMNsresectedbetweenJanuary 2009 and October
2014 wereincluded. Pathologiccorrelationsamong MPD dilatation, IPMN, and OCP was searched.
Results. Overall, 93 patients wereresectedfor suspectedCMD-IPMNSs. At pathology, CMD-IPMNswere
found in 69 patients (74%). Branch-duct IPMNs (BD-IPMNs)werefound in 8 cases(9%), pancreatic
ductal adenocarcinoma (PDAC)in absenceof IPMN in 9 (10%), cysticneuroendocrinetumor (NET
G2) in 1 (1%), serouscystadenomain 2 (2%), and OCP alone/mucinous metaplasia in 4 patients
(4%). Overall, 18 patients (19%) underwent an overtreatmentbecauseunnecessary(2 BD-IPMNs, 2
serous cystadenomas,and 4 OCPs only) or too extensiveresections(9 CMD-IPMNsand 1 PDAC with
associatedOCP). In these, total pancreatectomywas the mostcommonprocedure(67%). Median sizeof
MPD in IPMN-involvedarea was 12 mm comparedwith 7 mm when only OCP was found (P < .05).
Conclusion. Thereis a considerablerisk of overtreatmentin patients with a preoperativemorphologic
diagnosisofCMD-IPMNs.Partialpancreatectomywith margin examination should beperformedinstead of
upfront total pancreatectomy.Radiologicobservationcan beconsideredin asymptomaticpatients with
“worrisome”’MPD dilatation (5-9 mm)and lackingotherhigh-riskstigmata. (Surgery2016;159:1041-9.)
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THE PRESENCE AND EXTENT of main pancreatic duct
(MPD) involvement in intraductal papillary
mucinous neoplasms (IPMNs) are crucial for the
appropriate  management of these patients.!.2

Our understanding of IPMN has evolved signifi-
cantly in the last 2 decades, and it has become
evident that IPMNs can originate from the MPD
(MD-IPMNs), from its secondary branches (BD-
IPMNs) or from both (combined IPMNSs). This
distinction is not only of morphologic significance
because IPMNs involving the main duct, either
MD-IPMNs or combined IPMNs, have a high rate

of malignancy, whereas BD-IPMNs are more often
benign.””’ For these reasons, resection of all

SURGERY 1041


mailto:falconi.massimo@hsr.it
http://dx.doi.org/10.1016/j.surg.2015.11.003

1042 Crippa et al

combined/main-duct
ranted.' ¢
Segmental or diffuse dilation of MPD, in the
absence of other causes of duct obstruction, is the
typical imaging feature of CMD-IPMNs. Accord-
ing to recent international consensus guidelines,
a threshold for MPD dilation of >5 mm can be
adopted for CMD-IPMNs, thereby increasing the

sensitivity for radiologic diagnosis without losing
specificity.! The extent of operative resection is

planned based on MPD features, although frozen
section margins are of paramount importance for
deciding the resection line in partial pancreatec-
tomies. However, in CMD-IPMNs, MPD can be
dilated for reasons other than direct tumor
involvement, including ductal hypertension
caused by mucin hypersecretion/mucin plugs,
and obstructive chronic pancreatitis (OCP). In
this light, pancreatic resections planned for pre-
sumed CMD-IPMNs based on MPD dilation may
result in possible overtreatment with exposure of
patients to short- and long-term morbidity and
possible mortality as a consequence of pancreatic
surgery. Of note, some authors recently showed
that diagnostic errors are fairly common in the

preoperative assessment of pancreatic cystic neo-
plasms (PCNs).%!! Although most of these erro-

neous diagnoses involved serous cystadenomas
and branch duct IPMNs, the rate of incorrect

diagnosis was not negligible, even for CMD-
IPMNs. !

(CMD)-IPMNs is war-

In this study, we compared the preoperative and
postoperative pathologic diagnoses in a series of
patients who underwent pancreatic resection for
presumed CMD-IPMNs. We aimed to determine
the presence and extension of MPD dilation owing
to IPMN or to other causes, to evaluate the clinical
relevance of diagnostic errors, and to identify new
strategies to improve the diagnostic accuracy in
these patients.

METHODS

A retrospective analysis identified patients with
a preoperative clinical-radiologic  diagnosis of
CMD-IPMNs who underwent pancreatic resection
between January 2009 and October 2014 in the
Division of General Surgery of the Sacro Cuore-
Don Calabria Hospital, Negrar and in the Depart-
ment of Surgery of Ospedali Riuniti, Universit&
Politecnica delle Marche, Ancona, Italy.

Demographic information, clinical history, diag-
nostic workup, type of surgery, postoperative
course, and pathology were recorded. Periopera-
tive mortality was defined as in-hospital or 60-day
death.

Surgery
April 2016

The clinical-radiologic diagnosis of CMD-IPMNs
was defined by the presence of segmental or
diffuse dilation of MPD >5 mm without other
causes of duct obstruction, possibly associated to
$1 dilated cyst communicating with the MPD
(combined IPMNs). Preoperative workup for sus-

pected CMD-IPMNs included  multidetector
computed tomography with contrast medium
and/or MRI with MR cholangiopancreatography

(MRCP). Because the presence of CMD-IPMNs on
multidetector computed tomography/MRCP  rep-
resents an indication for surgical resection accord-
ing to international consensus guidelines,' further
testing including endoscopic ultrasound with fine-
needle aspiration (EUS/FNA) or endoscopic
retrograde  cholangiopancreatography (ERCP)
were not performed routinely. Peroral and/or in-
traoperative pancreatoscopy are not performed at
either institution.

A review of preoperative imaging was not
performed, and preoperative diagnosis was re-
corded at the time of initial diagnosis before
surgical operation. We specifically avoided re-
reviewing of radiologic images to describe our
actual experience.

The type of resection was planned according to
the site of the tumor, as indicated by preoperative
imaging findings. Because of the significant risk of
harboring malignancy, all CMD-IPMNs are treated
with typical pancreatectomies with lymph node
dissection. The extent of resection was determined
based on preoperative workup, intraoperative find-
ings, and the results of frozen section analysis of
the resection margin. Pancreatic resection margin
was referred as “positive” for the presence of either
intermediate- or high-grade dysplasia and invasive
carcinoma, and ‘“negative” for either the presence
of a normal ductal epithelium or low-grade
dysplasia. If a “positive” margin was found at
intraoperative  examination, the resection was
extended wup to a total pancreatectomy. The
presence of a dilated MPD lacking any epithelial
lining (denudation) at the margin was an indica-
tion to extent the resection as well. In fact, some

studies showed that denudation represents one of
the factors associated with IPMN recurrence.'?

Also International  Association of Pancreatology

(IAP) guidelines highlighted that denudation
may prove the presence of an adjacent tumor.'

For these reasons, the presence of denudation at
the resection margin is an indication for further
resection.

However, the decision to perform a total
pancreatectomy  was individualized considering
also patient’s age and comorbidities. Preoperative
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clinical-radiologic diagnosis was compared with the
final pathologic diagnosis based on the 2010 World
Health Organization classification system for the
tumors of the pancreas.” The method for routine

systematic pathologic evaluation was based on the
recommendation by the World Health Organiza-

tion 2010 Classification of IPMNs and by Capella
et al.”>'> The IPMNs were divided into noninvasive

and invasive neoplasms. Noninvasive IPMNs were
graded on the basis of the greatest degree of
dysplasia into low-grade dysplasia, moderate
dysplasia, and high-grade dysplasia or carcinoma
in situ. In patients with pathologically confirmed
IPMNs, we focused our attention to the presence
in the specimen of OCP, to the extension of
IPMN-involved areas and to the size of MPD in
IPMN-involved area and in areas when only OCP
was found. The assessment of duct diameter in
relation to areas of IPMN and area with only
OCP was acquired from the pathology reports.
All pathologic examinations were performed or su-
pervised by 2 senior pathologists (C.R., G.Z.).

Data are presented as median values and ranges.
Categorical variables are presented as numbers
and percentage and were compared using a Chi-
square test and Fisher’s exact test as appropriate.
When comparing 2 groups, normally distributed
continuous variables were analyzed using a 2-
sample Student t test, and the Mann—Whitney U
test was used for nonnormally  distributed
variables.

RESULTS

In the study period, 93 patients (60 males, 33
females; median age, 67 years; range, 31-80) with a
preoperative clinical-radiologic diagnosis of CMD-
IPMNSs underwent surgical resection.

Demographics, clinical presentation, and preop-
erative diagnosis. Demographic, preoperative, and
surgical details are outlined in Table I. Overall, 41
patients (44%) were asymptomatic. All patients
underwent cross-sectional high-resolution imag-
ing. MRI/MRCP was performed in 89 patients
(96%) and multidetector computed tomography
in 45 (48%). Twenty patients (22%) had an
EUS/FNA and 13 (14%) underwent ERCP.
ERCP was performed as a diagnostic procedure
in 4 patients, and in the remaining 9 it was
required to achieve a preoperative  biliary
drainage in jaundiced patients. Results of FNA
are also shown in Table I. In 27 patients (29%),
a diffuse involvement of the entire gland by
IPMN was found at imaging, whereas CMD-
IPMN occurred in the pancreatic head in 40 pa-
tients (43%) and in the body/tail in 26 (28%;
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Table 1. Demographics and clinical-radiologic
characteristics, operative procedures,

postoperative complications, and mortality of the
93 resected patients with preoperative diagnosis of
combined/main-duct  intraductal papillary
mucinous neoplasms (CMD-IPMNs)

Characteristic n (%)
Median age, y (range) 67 (31-80)
Gender
Male 60 (65)
Female 33 (35)

Median CA 19.9, U/L (range)
Symptoms at the diagnosis

16.5 (0.8-1,043)

Yes 52 (56)
No 41 (44)
Pre-operative radiologic workup
MRI/MRCP 89 (96)
Multidetector computed tomography 45 (48)
ERCP 13 (14)
EUS-FNA 20 (22)
Undetermined cytology 5(25)
Malignant cells 5 (25)
Atypical cells 15
Benign cells 4 (20)
Mucinous cells 5(25)
Preoperative CMD-IPMN location
Head 40 (43)
Body-tail 26 (28)
Entire pancreas 27 (29)
Operative procedures
Total pancreatectomy 31 (33)
Pancreaticoduodenectomy 37 (40)
Distal pancreatectomy 25 (27)
Postoperative complications 37 (40)
Pancreatic fistula 16 (26)*
Biliary fistula 4 (6)y
Delayed gastric emptying 6 (6)
Intraabdominal  abscess 24 (26)
Bleeding 11 (12)
Reoperation 4 (4)
Mortality 4 4)

*The rate of pancreatic fistula was calculated considering 62 patients
who underwent partial pancreatectomy.

yThe rate of biliary fistula was calculated considering 68 patients who un-
derwent pancreaticoduodenectomy  or total pancreatectomy.

CA 19-9, Carbohydrate antigen 19-9; CMD-IPMN, combined/main-duct
intraductal papillary mucinous neoplasms; ERCP, endoscopic retrograde
cholangiopancreatography; ~ EUS-FNA,endoscopic ultrasound with fine-
needle aspiration; MDTC, contrast-medium computed tomography;
MRCP, MRI with cholangiopancreatography.

Fig 1). Among these 93 patients, a malignant
CMD-IPMN was suspected after preoperative
workup in 22 cases (24%) because of the presence
of solid components, atypical/malignant cytology,
or jaundice. Table II summarizes the criteria for
resection in the 93 patients.
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TYPE OF RESECTION

PREOPERATIVE
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PATHOLOGY

DIAGNOSIS

26 Head CMD-IPMN

4 symptomatic

37 pancreaticoduodenectomies

6 Head BD-IPMN

with high risk stigmata

40 Head

1Head NET

CMD-IPMNs

3 extension to total
pancreatectomies

4 Head PDAC

1 multifocal PDAC

1 Entire pancreas CMD-IPMN I

3 extension to total
pancreatectomies

2 Entire pancreas CMD-IPMN

27 Entire pancreas
CMD-IPMNs

14 Entire pancreas CMD-IPMN

24 upfront total | 7 Head
pancreatectomies

16 Body/Tail CMD-IPMN

3 Body/Tail PDAC

25 distal pancreatectomies

26 Body/Tail
CMD-IPMNs

2 Body/Tail BD-IPMN (symptomatic with high risk stigmata) I

1 extension to total

pancreatectomies

1\1 1 Entire pancreas CMD-IPMN |

Fig 1. Course of 93 patients with suspected combined/main-duct

intraductal papillary mucinous neoplasms (CMD-

IPMNs) from the preoperative diagnosis to pathology. Cases of overtreatment are highlighted. BD-IPMN, Branch-

duct intraductal papillary mucinous neoplasm; NET, G2 neuroendocrine

pancreatitis; PDAC, pancreatic ductal adenocarcinoma.

Surgical treatment, frozen section analysis, and
postoperative course. We performed 37 pancreati-
coduodenectomies  (PD; 40%), 31 total pancrea-
tectomies (33%) and 25 distal pancreatectomies
(27%; Table 1). Among 31 total pancreatectomies,
7 patients initially underwent a partial pancreatec-
tomy that was extended subsequently to total
pancreatectomy because of positive resection mar-
gins. In all patients who underwent partial pancre-
atectomy, 69 patients (74%) frozen section analysis
of the resection margins was carried out. Positive
resection margins were found intraoperatively in
17 patients (25%), including 7 patients with inva-
sive carcinoma (41%), 5 (29%) with high grade
dysplasia, 3 (18%) with intermediate dysplasia,
and 2 (12%) with epithelial denudation. These
17 patients underwent an extension of resection.
Six patients---3 with resection margins positive for
invasive carcinoma, 2 for high-grade dysplasia,
and 1 for intermediate dysplasia---underwent total
pancreatectomy immediately. In the remaining 11
patients, an extension of surgical resection was per-
formed, up to total pancreatectomy in 1 case (pos-
itive for high-grade dysplasia).

tumor grading 2; OCP, obstructive chronic

Therefore, 58 of 69 patients (84%) had a
single frozen section analysis, 10 (15%) had 2,
and only 1 patient (1%) underwent 2 extensions
of surgical resection with 3 frozen section anal-
ysis, for an overall number of 81 intraoperative
examinations of transection margins. Definitive
examination corroborated frozen section in 79
cases (98%). In the remaining 2 cases, the
diagnosis changed from negative to positive (1
for high-grade dysplasia and 1 for intermediate-

grade dysplasia), but none underwent
reoperation.
Overall, major postoperative complications

occurred in 37 patients (40%), including clinically
relevant pancreatic fistula (26%), biliary fistula
(6%), delayed gastric emptying (6%), intraabdo-
minal abscess (26%), and bleeding (12%). Four
patients required reoperation (4%) because of
bleeding in 3 patients and intraabdominal abscess
in 1. The 60-day postoperative mortality rate was
4% (1 patient for cardiac arrhythmia, 2 for sepsis
and multiorgan failure, and 1 for postoperative
bleeding complicated by acute myocardial
infarction).
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Table II. Indications for surgery of the 93 patients
with a preoperative suspected combined/main
duct intraductal papillary mucinous neoplasm
(CMD-IPMN)

Preoperativesuspecteddiagnosis N (%)
MD-IPMN (MPD dilation >5 mm) 23 (25)
Median MPD diameter (mm) 9 (5-30)
MPD diameter $1 cm 12 (52)
Presence of nodule 4 (17)
Symptoms at the diagnosis 10 (43)
Jaundice 14
Abdominal pain 5(22)
Acute pancreatitis 3 (13)
Weight loss 209
Diabetes 4 (17)
C-IPMN (MPD dilation > 5 mm and 70 (75)
cyst > 5 mm)
Median MPD diameter (mm) 7.5 (5-30)
MPD diameter $§ 1 cm 27 (39)
Presence of nodule 11 (16)
Symptoms at the diagnosis 42 (60)

Jaundice 7 (10)

Abdominal pain 18 (26)
Acute pancreatitis 13 (19)
Weight loss 5()
Diabetes 7 (10)

C-IPMN, Combined intraductal papillary mucinous neoplasm; MPD,

main pancreatic duct; MD-IPMN, main-duct intraductal papillary
mucinous neoplasm.

Pathology. Table III shows the final pathologic
data. The presence of CMD-IPMNs was confirmed
in 69 of 93 (74%) patients. In the remaining 24 pa-
tients (26%), BD-IPMNs were found in 8 cases
(9%), pancreatic ductal adenocarcinoma (PDAC)
in the absence of IPMN in 9 (10%), cystic neuroen-
docrine tumor (NET G2) in 1 (1%), serous cysta-
denoma (SCA) in 2 (2%), and OCP alone/
mucinous metaplasia in 4 patients (4.5%; Fig 1).
In 81% of patients, OCP was recognized histologi-
cally in the specimens, either in the tissue around
the IPMN, or concomitant with IPMN but in a
different area of the specimen.

Comparison  between preoperative  clinical—
radiologic diagnosis and final pathologic diagnosis.
Considering 69 pathologically confirmed CMD-
IPMNs, a diffuse involvement of entire pancreas
was recognized in 18 cases (26%), whereas head
and body/tail were involved in 34 (49%) and 17
(25%) patients, respectively (Table II). Of these 69
patients (Fig 2), 26 underwent pancreaticoduode-
nectomy (38%)---16 distal pancreatectomy (23%)
and 27 total pancreatectomy (39%)---21 (78%) as
an upfront procedure and 6 (22%) after a partial
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Table III. Pathologic data

Pathology n (%)
Final histologic diagnosis 93 (100)
CMD-IPMN 69 (74)
Low-grade dysplasia 7 (10)
Intermediate-grade  dysplasia 21 31
High-grade dysplasia 14 (20)
Invasive carcinoma 27 (39)
BD-IPMN 89
Low-grade dysplasia 2 (25)
Intermediate-grade  dysplasia 6 (75)
High-grade dysplasia /
Invasive carcinoma /
PDAC 9 (10)
NET IY)
SCA 2(2)
OCP/mucinous metaplasia 4 4)
Histologic subtype of IPMN
CMD-IPMN 69 (74)
Gastric 15 (22)
Intestinal 20 (29)
Mixed (gastric/intestinal) 12 (17)
Pancreatobiliary 6(9)
Colloid 12 (17)
Tubular 4 (6)
BD-IPMN 8(9)
Gastric 6 (75)
Intestinal 2 (25)
Concomitant OCP in the surgical specimen
Yes 75 (81)
No 18 (19)
CMD-IPMN location 69 (74)
Entire pancreas 18 (26)
Head 34 (49)
Body/tail 17 (25)

BD-IPMN, Branch-duct intraductal papillary mucinous neoplasm; CMD-
IPMN, combined/main-duct  intraductal papillary mucinous neoplasm;
NET, G2 neuroendocrine tumor grading 2; OCP, obstructive chronic
pancreatitis; PDAC, pancreatic ductal adenocarcinoma;  SCA, serous
cystadenoma.

resection. In all 42 patients (61%) who underwent
a partial resection, a segmental IPMN localization
was observed at pathology. In 21 patients who un-
derwent upfront total pancreatectomy, a diffuse
MPD involvement by IPMN was recognized only
in 14 cases (67%). In the remaining 7 cases
(33%), CMD-IPMN was located only in the head
of the pancreas, being OCP present in the remain-
ing portion.

Considering 6 patients who underwent an
extension of resection up to total pancreatectomy,
a diffuse MPD involvement by CMD-IPMN was
found in 4 cases (67%). In the remaining 2
patients (33%), IPMN was present only in a
portion of the pancreas.
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14 Entire pancreas CMD-IPMN l

21 upfront total
pancreatectomies

7Head CMD-PMN+ Body/Tailocp |

27 total pancreatectomies

4 Entire pancreas CMD-IPMN I

6 extension of resection
up tototal
pancreatectomy

69 CMD-IPMN

1 Head CMD-IPMN+ Body/TailocP |

1Body/Tail CMD-IPMN + Head OCP |

\{ 16 distal pancreatectomies HlGBody/TaiICMD-IPMN

26 pancreaticoduodenectomies 26 Head CMD-IPMN

Fig 2. The flow chart of 69 pathologically confirmed combined/main-duct

(CMD-IPMNs). Operative procedures

intraductal papillary mucinous neoplasms

and final pathology with localization of CMD-IPMN in the surgical specimen.

Cases of too extensive resection are highlighted. OCP, Obstructive chronic pancreatitis.

The median size of MPD in IPMN-involved areas
was 12 mm, compared with 7 mm in areas where
only OCP was found (P <.05). Considering 69 pa-
tients with a confirmed diagnosis of CMD-IPMN at
pathology, we have found a “worrisome” MPD dila-
tion of 5-7mm and of 5-9 mm in 26 (38%) and in
35 patients (51%), respectively. Supplementary
Figure 1 shows an example of total pancreatectomy
performed for a suspected CMD-IPMN with dila-
tion of the entire MPD at preoperative imaging
but with evidence of IPMN only in the distal
pancreas. Twenty-four patients (26%) had a patho-
logic diagnosis other than CMD-IPMN, but surgery
was still indicated in 6 of 8 patients with BD-IPMNs
because they were symptomatic and/or with high-
risk stigmata, and in patients with NET G2 (n =1)
and PDAC (n =9). In the PDAC group, 1 patient
underwent total pancreatectomy after initial PD
because of positive resection margin for high-
grade dysplasia but at final pathology no tumor
was found in the distal pancreas. In these 9 pa-
tients, preoperative imaging showed the typical
features of CMD-IPMN, with a high suspicion of
malignant because of the presence of a solid
component. The carbohydrate antigen 19-9 value
did not differ between patients with malignant
IPMN and/or PDAC and those with benign lesions

(median carbohydrate antigen 19-9, 43 vs 12;
P = .83).
Therefore, considering the entire cohort of 93

patients, overtreatment was observed in 18 cases
(19%), because of unnecessary resection (2 BD-
IPMNs, 2 serous cystadenomas, and 4 OCPs only)

or too extensive resections (9 CMD-IPMNs and 1
PDAC; Fig 1). Of these 18 patients, 12 had no
symptoms or mild symptoms such as vague abdom-
inal pain. Three patients with OCP had mild symp-
toms and 1 was asymptomatic. Conservative or
endoscopic management could be considered in
these cases. Preoperative workup did not differ be-
tween patients who underwent overtreatment and
the remaining ones, although only 2 of 18 patients
(11%) underwent EUS compared with 18 of 75
(24%; P = .194). Total pancreatectomy was the
most common procedure (67%) performed in
these 18 patients (Fig 1). Five of these 12 patients
had severe postoperative complications including
biliary fistula followed by sepsis and multiorgan
failure in 1 case, postoperative bleeding (n = 2),
myocardial infarction in 1 case, and intraabdomi-
nal abscess in another. Two of these patients
required reoperation and overall 2 patients died
of postoperative complications. No patient died
of insulin-related coma in the long-term follow-up.

DISCUSSION

International ~ consensus  guidelines recom-
mend surgical resection in all surgically fit pa-
tients with CMD-IPMNs.! The preoperative

localization of CMD-IPMN is of crucial impor-
tance for the appropriate planning of surgical
resection, and it is based on the extension and
size of MPD dilation. However, pancreatic tumors

other than CMD-IPMNs and OCP can affect the
presence of MPD dilation.' It is well-known that
the preoperative diagnostic accuracy in the
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setting of PCNs is quite low, ranging from 47 to
78%, although improved results are reported for
CMD-IPMNs. 11413

In this study, we analyzed retrospectively data
from patients who underwent pancreatic resection
for a presumed CMD-IPMNs. We found that the
rate of correct diagnosis for CMD-IPMNs was 74%.

These results are in keeping with Salvia et al'® and
Barron et al,” who reported a diagnostic accuracy
for CMD-IPMNs of 80.7 and 74.9%, respectively.
In contrast, Correa-Gallego et al® have shown an
accuracy as high as 94% for 16 patients with
CMD-IPMN:Ss, but of only 68% for all 125 patients
with pancreatic cystic lesions included in their
experience. In our experience, 10% of errors in
preoperative diagnosis were PDAC with retrograde
MPD dilatation. These data are in line with other

large series of qualified centers. Del Chiaro
et al'l reported a 9.5% rate of misdiagnosis be-

tween IPMN and PDAC in patients resected with
a preoperative diagnosis of IPMN. Salvia et al'’
showed an incidence of ductal adenocarcinoma
of 4.8% (23/497) in a cohort of population re-
sected for presumed PCNs, but it increased to

22% in those 103 with an incorrect preoperative

diagnosis. Small PDAC may, therefore, present
with a cystic phenotype because of pancreatic

duct obstruction and differential diagnosis with
CMD-IPMNs cannot be obvious. Unfortunately, in
the 9 patients with PDAC, EUS with FNA was not
performed. The restricted use of EUS/FNA is a
limit of our study. As suggested by IAP guidelines,

EUS with FNA can be used for detecting mural
nodules and invasion, and it can be of help in iden-
tifying PDAC as well.' However, despite the misdi-
agnosis, it must be underlined that these 9
patients with a final diagnosis of PDAC deserved
a surgical resection. In fact, another important

issue that should be considered is the clinical rele-
vance of the diagnostic error. In this setting, Del
Chiaro et al'! found a rate of incorrect preopera-

tive diagnosis of 39.1% in a cohort of 141 PCNs
that underwent resection but with a rate of
clinically relevant errors of only 8.5%. On the con-
trary, our study showed a rate of overtreatment of

19% owing to too extensive surgical resections or
to erroneous preoperative diagnosis. In these pa-
tients, a different therapeutic management should
have been performed. Specifically, in 9 CMD-
IPMNs and 1 PDAC, we performed total pancrea-
tectomy, but final pathology showed the presence
of tumor only in a segment of the specimen, with
OCP in the remaining pancreas. Then, another
8 patients---2 with asymptomatic BD-IPMNs without
high-risk stigmata, 2 with serous cystadenomas,
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and 4 with OCP alone/mucinous  metaplasia---were
misguided to an aggressive management; in these
cases, pancreatic resection could have avoided.
IPMN are commonly associated with OCP,'® and
an OCP was histologically recognized in >80% of
specimens in our study. How these 2 entities occur
coincidentally remains unclear. It is likely that OCP
may be the result of partial ductal obstruction by
mucin plugs in patients with IPMNs. Then, the
concomitant presence of pancreatic cystic lesions,
duct dilation, and calcification should raise the sus-
picious of an IPMN, especially when patients do
not present typical clinical and demographics char-
acteristics of those with chronic pancreatitis (ie,

male sex, age <50 years, history of smoking and/
or alcohol intake).'®!” Two possible areas of errors

can be identified, namely, the preoperative workup
and the intraoperative decision making. The over-

all diagnostic accuracy for CMD-IPMNs is reported
between 75 and 94%.%%'> Consensus guidelines

recommend CT and MRI with MRCP as the

preferred diagnostic modalities for the workup of
pancreatic  cystic lesions including IPMNs.!!®

When “high-risk stigmata” (ie, MPD >10 mm,
enhancing solid components, jaundice) are identi-
fied, surgery is mandatory. Whereas, when IPMNs
with “worrisome features” (ie, MPD 5-9 mm, non-
enhancing solid components, abrupt change of
MPD caliber, branch duct size >30 mm) are found,
further workup with EUS/FNA is required. Howev-
er, several authors showed that preoperative imag-
ing procedures are poorly reliable to predict the
extent of CMD-IPMN.®'"1” In this light, Barron
et al’ recently suggest that cross-sectional imaging
studies and EUS should not be the only methods
used for the classification of IPMN type and the
choice of surgical management. In this work, we
performed a limited number of EUS (22%) and
this represents a limitation of the study, because
an increased number of EUS may have lessened
the rate of overtreatments. In fact, when a radio-
logic diagnosis of CMD-IPMNs was done after CT
and/or MRI/MRCP, surgical treatment  was
planned immediately , especially in patients with
symptoms or high-risk stigmata, without further
workup. EUS was performed in only 11% of pa-
tients with unnecessary surgery compared with
24% of the remaining ones; therefore, one could
argue that EUS could improve the diagnostic yield
particularly in the overtreatment group and it
could be used more frequently, especially to eval-
uate suspected multifocal disease and to better
analyze “worrisome features.” However, EUS with
FNA did not improve the diagnostic accuracy in
PCNs in several recent studies, and its role and
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effectiveness in CMD-IPMNs remains

1,14,15

clinical
unclear.'

For these reasons, some authors have stressed
the importance of frozen sectioning of the pancre-
atic resection margin during pancreatectomy for
CMD-IPMNSs, showing that frozen sectioning was
better than preoperative morphologic assessment

to accurately adapt the extent of pancreatec-
tomy.>!” In our series, in accordance with previous
literature,®'%-1921 definitive pathologic ~examina-

tion of resection margins confirmed frozen section
analysis in 98%. These results underline that
frozen section analysis would allow determining
the resection line, and it is of paramount impor-
tance to choose the optimal surgical strategy. Of
note, in our experience upfront total pancreatec-
tomy was the most common procedure performed
in case of overtreatment. Overall, 24 patients un-
derwent upfront total pancreatectomy because of
a “strong” preoperative suspect of a CMD-IPMN
involving the entire pancreatic gland (ie, a diffuse
MPD dilation). The decision was always individual-
ized for each patient, considering age, comorbid-
ities, and presence of preoperative diabetes. Ten
of 24 upfront total pancreatectomies were consid-
ered as an overtreatment because of too extensive
or unnecessary surgery. Therefore, in the setting of
diffuse dilation without clear high-risk stigmata,
more careful evaluation is warranted, because
some of these patients may not have an IPMN
involving the entire pancreas, but rather chronic
pancreatitis.! In such patients, partial pancreatec-
tomy should be planned instead of upfront total
pancreatectomy, and operative resection should
be eventually extended based on frozen sectioning
results. On the contrary, when MPD dilation is
diffuse with high-risk stigmata (ie, MPD >10 mm
and/or multiple mural nodules) an upfront total
pancreatectomy could be considered.

On pathology, we found a not surprising, sig-
nificant difference in the median size of MPD
between areas with and without CMD-IPMN (12 vs

7 mm; P <.05). In keeping with our results, Barron
et al’ demonstrated that the diameter of MPD in

CMD-IPMN is significantly greater than in BD-
IPMN with dilated MPD. They also suggested that
the dilation of MPD in cases of MPD-involved

IPMN s likely greater than that resulting from
chronic pancreatitis.” These results support the
IAP recommendations that MPD dilation of 5-

3

9 mm should be considered as a “worrisome
feature,” suggesting further workup and possibly
no immediate resection but strict follow-up.! A
further help in planning the extent of resection
may be provided by pancreatoscopy, especially in
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the setting of worrisome features. Pancreatoscopy
can be performed both preoperatively and
intraoperatively. Peroral pancreatoscopy and its
associated investigations (ie, intraductal ultraso-
nography), can give additional data to support
radiologic findings and may improve differential
diagnosis  between  malignant and  benign
IPMNs.??2° Tt allows tissue sampling under direct
vision and irrigation cytology, for a determination

of the presence and extent of MPD involve-
ment.”>%® Yelamali et al suggested that intraopera-

tive pancreatoscopy with narrow band imaging,
through the cut end of the duct at the surgical
margin during a partial resection, seems to be
more accurate than preoperative pancreatoscopy
and it does not carry the risk of pancreatitis associ-
ated with peroral pancreatoscopy.”*>’ In this study,

pancreatoscopy was not performed at all, and this
represents another limitation of the study because
pancreatoscopy  could improve the diagnostic
yield, thereby decreasing the rate of possible
overtreatment.

In conclusion, there is a considerable risk of
misdiagnosis and possible overtreatment in pa-
tients with preoperative diagnosis of CMD-IPMNs.
To improve their diagnostic accuracy, EUS with
FNA should be used more frequently, especially to
evaluate suspected multifocal disease and to find
“worrisome features” and new diagnostic strategies
should be considered, including advanced endo-
scopic techniques such as pancreatoscopy. Partial
pancreatectomy  with frozen section analysis of
pancreatic margin should be performed instead
of upfront total pancreatectomy. Radiologic obser-
vation can be considered in asymptomatic patients
with “worrisome” MPD dilatation (5-9 mm) and

lacking other high-risk stigmata as suggested by
IAP guidelines.'

SUPPLEMENTARY DATA

Supplementary data related to this article can be found
at http://dx.doi.org/10.1016/j.surg.2015.11.003.
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Implications of Perineural Invasion on Disease Recurrence and
Survival After Pancreatectomy for Pancreatic Head Ductal
Adenocarcinoma

Stefano Crippa, MD, PhD,* Ilaria Pergolini, MD,f Ammar A. Javed, MD,i
Kim C. Honselmann, MD, Matthew J. Weiss, MD,} Francesca Di Salvo, PhD,*
Richard Burkhart, MD,f Giuseppe Zamboni, MD,§ Giulio Belfiori, MD,*
Cristina R. Ferrone, MD,j Corrado Rubini, MD,[Jun Yu, MD, PhD,}
Giulia Gasparini, MD,* Motaz Qadan, MD, PhD,T Jin He, MD,}

Keith D. Lillemoe, MD,7 Carlos Fernandez-del Castillo, MD,t

Christopher L. Wolfgang, MD,} and Massimo Falconi, MD*&

Objective: To describe PNI and to evaluate its impact on disease-free
(DFS) and overall survival (OS) in patients with resected pancreatic
ductal adenocarcinoma (PDAC).

Summary of Background Data: Although PNI is a prognostic factor for
survival in many GI cancers, there is limited knowledge regarding its
impact on tumor recurrence, especially in “early stage disease” (PDAC
<20 mm, RO/ NO PDAC).

Methods: This multicenter retrospective study included patients under-
going PDAC resection between 2009 and 2014. The association of PNI
with DFS and OS was analyzed using Cox proportional-hazards models.
Results: PNI was found in 87% of 778 patients included in the study, with
lower rates in PDAC <20 mm (78.7%) and in RO/NO tumors (70.6%).
PNI rate did not differ between patients who underwent neoadjuvant
therapy and upfront surgery (88% vs 84%, P = 0.08). Although not
significant at multivariate analysis (P = 0.07), patients with PNI had
worse DFS at univariate analysis (median DFS: 20 vs 15 months, P <
0.01). PNI was the only independent predictor of DFS in RO/NO tumors
(hazard ratio [HR]: 2.2) and in PDAC < 20 mm (HR: 1.8). PNI was an
independent predictor of OS in the entire cohort (27 vs 50 months, P =
0.01), together with G3 tumors, pN1 status, carbohydrate antigen (CA)
19.9 >37 and pain.

Conclusions: PNI represents a major determinant of tumor recurrence and
patients’ survival in pancreatic cancer. The role of PNI is particularly
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relevant in early stages, supporting the hypothesis that invasion of nerves
by cancer cells has a driving role in pancreatic cancer progression.

Keywords: pancreatic cancer, pancreaticoduodenectomy,
invasion, recurrence, surgery, survival

(Ann Surg 2022;276:378-385)

perineural

Perineural invasion (PNI) is the infiltration of nerves by cancer
cells.! Neumann described it for the first time in 1862 in head
and neck cancers spreading along nerves into the skull.? The role
of PNI in cancer biology has been underestimated for many years
because it was considered as a “passive process,” with less rele-
vance compared with hematogenous and lymphatic spread.’
Subsequently PNI was found in several cancers, including pros-
tate,»> breast, colorectal and gastric neoplasms.*® Remarkably,
the incidence of PNI in pancreatic ductal adenocarcinoma
(PDAC) is the highest among all solid tumors, representing a
distinctive hallmark.® The pancreas is highly innervated by the
autonomic nervous system through plexi from ganglia of the
celiac and superior mesenteric artery.” Due to a strong neuro-
tropism of PDAC cells, these plexi may represent the route for
cancer spread, and possible sources for recurrence after resection
of PDAC and possibly for lymph node metastases.!®!! Of note,
recent studies suggest that PNI can have a driving role in cancer
progression, even in early phases of tumorigenesis.'? As a matter
of fact, the denervation of adrenergic nerves and the ablation of
sensory neurons in an animal model of PDAC resulted in the
inhibition of cancer progression.'>'% From a clinical standpoint,
PNI has been associated with the presence of neuropathic pain in
PDAC, a debilitating symptom associated with impairment of
patients’ quality of life and decreased survival®!'> Although dif-
ferent studies showed that PNI is a dismal prognostic factor for
survival, there is limited knowledge regarding its impact on dis-
ease-free survival (DFS) after pancreatic resection.'® Moreover,
no study has evaluated specifically the prognostic role of PNI in
PDAC at its ecarliest stages.

In this context, we aimed to describe PNI features and to
evaluate the impact of PNI on DFS and OS in a large cohort of
patients undergoing surgical resection for PDAC. Because PNI
may act as an early event in carcinogenesis,'? we investigated
also specific sub-groups of patients with less advanced PDAC
including patients with RO/NO disease or with size smaller
than 20 mm.
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METHODS

Study Design and Endpoints

This multicenter retrospective study includes patients with
histologically-proven PDAC of the head of the pancreas who
underwent surgical resection between January 2009 and
December 2014. Data were collected from prospective databases
maintained at the Departments of Surgery of the Johns Hopkins
University, Baltimore, USA, at of the Massachusetts General
Hospital, Harvard Medical School Boston, USA and at the
Divisions of Pancreatic Surgery of Ospedale Sacro Cuore-Don
Calabria Negrar, Italy and of Ospedali Riuniti, Ancona, Italy.

The primary end-point of the study was DFS whereas the
secondary end-point was overall survival (OS).

Inclusion and Exclusion Criteria

Only patients with carcinoma of the pancreatic head were
included to consider a homogenous cohort of patients with similar
lymphatic and perineural spread, including the plexi of the celiac
and superior mesenteric arteries. Patients with a solid lesion in the
pancreatic head who underwent total pancreatectomy for positive
pancreatic margin at intraoperative examination were also
included in the analysis. Exclusion criteria were: PDAC in the
pancreatic body-tail, synchronous distant metastases at the time
of resection, macroscopically positive surgical margins (R2
resection), in-hospital or 90-day postoperative mortality. Patients
with incomplete follow-up data and/or with lack of data regarding
tumor recurrence were also excluded from the analysis. A mini-
mum follow-up of 12 months was required unless patient devel-
oped tumor recurrence and eventually died before this time.

Data Collection

Demographic, clinical, operative, and postoperative data
were collected including adjuvant/neoadjuvant treatment. Specific
details of neoadjuvant and adjuvant therapy were not analyzed
because they were considered beyond the scope of this study.
Pathologic details included size of the primary tumor, grade, TNM
staging (according to American Joint Committee on Cancer Stag-
ing Manual, seventh ed)!” microvascular and PNI, R-status (0/1),
N-status (0/1). Resection margin (R) status was defined as RO when
distance of tumor cells to the closest resection margin was >1 mm
or R1 when distance was less than 1 mm.'® PNI was considered as
present/absent based on the initial pathological evaluation.

Follow-up

Patient follow-up included the evaluation CA 19.9 levels
and of chest and abdominal computed tomography every
6 months for the first 5 years, and yearly thereafter. Recurrence
was considered as the first site of recurrence and it was classified
as local or systemic. Local recurrence was defined as recurrence
in the pancreatic remnant or as soft tissue along the portal or
superior mesenteric vein, the hepatic, celiac, or superior mesen-
teric artery, or in the retroperitoneum. Systemic recurrence was
defined as recurrence in the liver, lungs, peritoneum or in other
distant locations. Biopsy was not required to confirm tumor
recurrence when there was a high likelihood based on clinical
and radiological findings. Recurrence was analyzed considering
local versus systemic versus local + systemic recurrence for
patients who experienced both at the moment of recurrence
diagnosis. We also grouped together patients with local and
systemic recurrence with those with local recurrence alone. This
choice was based on the hypothesis that PNI may be a source for
retroperi-toneal/local recurrence, with the need of evaluating
specifically the characteristics of local recurrence.

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

Statistical Analysis

Descriptive statistics were calculated to summarize
patients’ demographic and prognostic factors. Comparison
between groups were performed using the Chi-squared t-test for
categorical variables. DFS and OS by PNI presence, both overall
and in specific “early stage” subgroups, were estimated by the
Kaplan-Meier method for cumulative probability. Every local/
systemic relapse or distant metastasis was considered an event
for the purpose of calculating the DFS. The time between sur-
gery and a relapse event or last follow up was the survival time
for DFS and the time between surgery and death or last follow
up was the survival time for OS. Log-rank tests were used to
identify differences by PNI groups. Multivariable Cox propor-
tional hazard models were used to investigate the impact of
various factors on the risk of disease progression. In the uni-
variate analysis, we considered age (stratified into 4 groups:
<55 years, >55 and <65 years, > 65 and <75 years, >75),
adjuvant and neoadjuvant therapy administration, diabetes,
pain, jaundice, weight loss, vascular resection, grading, pT status
grouped in 3 classes (T1, T2, T3/4), pN status (NO, N1), CA19.9
grouped in: Cal9.9 <37 and CA19.9 >37, R status (RO, R1),
presence of PNI, microvascular invasion, and postoperative
variables as complications, grade of complication,'® and pan-
creatic fistula. The variables that were found to be statistically
significant on univariate analysis or that are known to predict the
risk of disease progression were included in the multivariable
analysis. P-values were considered significant when less than
0.05. All statistical analyses were performed by Stata 14 software
(Stata-Corp, College Station, TX).

RESULTS

Patient Cohort

In the study period a total of 1118 patients underwent PD
or total pancreatectomy for a histologically confirmed PDAC of
the head of the pancreas at the participating Institutions. Of
these, 340 (30.4%) were excluded because they did not meet the
inclusion criteria (distant metastases: 66 patients; in-hospital or
90-day surgery-related mortality: 70 patients; lack of complete
pathology data: 38 patients; R2 resection: 35 patients; uncom-
plete or uncertain recurrence data: 131 patients). Seven hundred
seventy-eight patients (376 female, 48%; median age 66 years,
range 35-92) were included in the final analysis. Demographics,
clinical-pathological, operative, and postoperative data are
summarized in Table 1.

PNI was found in 87% of patients. The rates of R1 and N1
were 34.5% and 70%, respectively. Adjuvant treatment was given
to 67.4% of patients whereas 37.1% of patients received neo-
adjuvant therapy. Overall, 181 patients (23.3%) received neither
adjuvant nor neoadjuvant treatment.

PNI Features

The rate of PNI did not differ between patients who
underwent neoadjuvant therapy and upfront surgery (84.1% vs
88.6%, P = 0.08). Table 2 shows the association between PNI
and clinico-pathological characteristics of the entire cohort and
in patients undergoing neoadjuvant therapy and upfront surgery.
In the entire cohort, there was a significant increase in PNI rate
consistently with larger tumor size (53.9% in tumors <10 mm,
84.2% in tumors between 10 and 20 mm, 88% in tumors between
20 and 30 mm and 92.5% in those >30 mm, P < 0.01), with
lymph node metastases (72.5% in pNO and 93% in pN1, P <
0.01), R status (84.1% in RO vs 92.2% in R1, P < 0.01) and
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TABLEIL. Clinical and Pathological Characteristics of the Entire
Cohort of 778 Patients Undergoing Pancreatectomy for
Pancreatic Head Adenocarcinoma

TABLE1. (Continued)

Variables All Patients (n = 778)

Variables All Patients (n = 778)
N (%)

Sex

Male 402 (52)

Female 376 (48)
Age (yrs)

Median (range) 66 (35-92)

<55 123 (15.8)

>55and <65 234 (30.1)

>56 and <75 279 (35.9)

>175 142 (18.2)
Tumor size (mm)

<10 39 (5.0)

>10 and <20 177 (22.8)

>20and <30 308 (39.6)

> 30 254 (32.7)
Grading

0/1 70 (9)

2 425 (54.6)

3 283 (36.4)
pT status

TO0/1 73 (9.4)

T2 120 (15.4)

T3/4 585 (75.2)
pN status

NO 233 (30.0)

N1 545 (70.0)
CA19.9

<37 193 (24.8)

>37 383 (49.2)

Unknown 202 (26.0)
R status18

RO 510 (65.6)

R1 268 (34.5)
Perineural Invasion

No 102 (13)

Yes 676 (87)
Microvascular Invasion

No 284 (36.5)

Yes 494 (63.5)
Surgery type

Pylorus preserving pancreaticoduodenectomy 279 (35.9)

Whipple resection 473 (60.8)

Total pancreatectomy 26 (3.3)
Adjuvant treatment

No treatment 254 (32.6)

Chemotherapy 389 (50.0)

Chemo-radiation/radiotherapy 135 (17.4)
Neoadjuvant treatment

No 489 (62.9)

Yes 289 (37.1)
Diabetes

No 615 (79.1)

Yes 163 (20.9)
Pain

No 531 (68.3)

Yes 247 (31.6)
Jaundice

No 326 (41.9)

Yes 452 (58.1)
Weight loss

No 621 (79.8)

Yes 157 (20.2)
Vascular resection

No 611 (78.5)

Yes 167 (21.5)
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Postoperative complications

No 366 (47.0)

Yes 412 (53.0)
Clavien Dindo grade

0-2 643 (82.7)

34 135 (17.3)
Pancreatic fistula

No 723 (92.9)

Yes 55(7.1)

microvascular invasion (94.7% and 73.2% in patients with and
without microvascular invasion, P < 0.01). No significant
association was found between the PNI rates and the grading
(82.9% in the G1 group, 86.3% in the G2 group, and 88.7% in
the G3 group, P = 0.26). These differences were seen both in
patients undergoing upfront surgery and in those who received
neoadjuvant treatment.

One hundred eighty patients (23.1%) had RO/NO tumors,
and 127 of them had evidence of PNI (70.6%). Another 216
(27.7%) had tumor size less or equal to 20 mm. In this latter
group, 170 patients (78.7%) had PNI, 114 (52.8%) had pN1
disease and 65 (30.1%) had R1 resection. When these 2 catego-
ries are matched, the rate of PNI was 36% in 25 patients with a
RO/NO tumor less than 10 mm and it increased up to 58.8% in
the 80 patients with RO/NO tumor that were between 10 and 20
mm in size. Of the 150 patients with tumor size less or equal to
20 mm with RO resection, 110 (72.8%) had PNIL.

Influence of PNI on DFS

Median DFS for the entire cohort was 16 months (Sup-
plementary Fig. 1A, http://links.lww.com/SLA/C593). 30.4% of
patients had local recurrence, 12.2% had both a local and sys-
temic recurrence, whereas 57.4% had only systemic recurrence.
Overall, 42.6% of patients had local recurrence in the study.
Table 3 shows the influence of factors on DFS in multivariable
analysis in the entire cohort and in the 2 “early stage” groups
(please refer to Supplementary Table 1, http://links.lww.com/
SLA/C594 for the whole univariate and multi-variate analysis).
N1 status (HR: 1.7), CA 19.9 >37 (HR: 1.4), R1 status (HR:
1.2), and weight loss (HR: 1.3) were independent predictors of
tumor-recurrence. Although not statistically significant at mul-
tivariate analysis (P = 0.07), patients with PNI had a significant
higher risk of a worse DFS at univariate analysis (HR = 1.5,
P < 0.01), (median DFS: 20 vs 15 months, log-rank test P-value
< 0.01, Fig. 1A). The administration of both adjuvant chemo-
therapy and chemoradia-tion were also associated with
improved DFS at univariate analysis. The rate of PNI did not
differ among patients with local, systemic, and local plus sys-
temic recurrence (87.7% vs 90.9% vs 90.3%, P = 0.522). When
patients with any local recurrence (local alone and local asso-
ciated with systemic recurrence) are considered, the rate of PNI
was not significantly different when compared with those with
systemic recurrence alone (88.4% vs 90.9%, P = 0.329).

Considering patients with RO/NO disease (n = 180), uni-
variate analysis identified PNI, neoadjuvant treatment, weight
loss, and diabetes as factors influencing DFS but the only
independent predictor of DFS was PNI (HR: 2.2, P < 0.01).
Median DFS was 20 and 34 months for patients with and
without PNI, respectively, with a significant difference between
the 2 curves (log rank test P-value = 0.03, Fig. 1B). In this
subgroup of patients, the rate of PNI was significantly higher in

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE2. Association Between Perineural Invasion (PNI) and Patients Characteristics, in the Entire Cohort and by Treatment

(Upfront Surgery Versus Neoadjuvant Treatment)

Patients Receiving Neoadjuvant

Patients Receiving Upfront Surgery

All (n= 778) Treatment (n = 289) (n = 489)
Variables Patients With PNI Presence, n (%) P Patients With PNI Presence, n (%) P Patients With PNI Presence, n (%) P
Tumor size
<10 21 (53.9) <0.01 11 (50) <0.01 10 (58.8) <0.01
> 10 and <20 149 (84.2) 49 (76.6) 100 (88.5)
>20 and <30 271 (88.0) 83 (86.5) 188 (88.7)
> 30 235 (92.5) 100 (93.5) 135 (91.8)
Grading
0/1 58 (82.9) 0.26 22 (78.6) 0.35 36 (85.7) 0.72
2 367 (86.3) 136 (82.9) 231 (88.5)
3 251 (88.7) 85 (87.6) 166 (89.3)
pT status
T0/1 45 (61.6) <0.01 17 (48.6) <0.01 28 (73.7) <0.01
T2 104 (86.7) 41 (87.2) 63 (86.3)
T3/4 527 (90.1) 185 (89.4) 342 (90.5)
pN status
NO 169 (72.5) <0.01 86 (70.5) <0.01 83 (74.7) 0.01
18le 507 (93.0) 157 (94.1) 350 (92.6)
R
RO 429 (84.1) <0.01 169 (81.3) 0.03 260 (86.1) 0.03
R1 247 (92.2) 74 91.4) 173 (92.5)
CA 19.9*
<37 166 (86.0) 0.34 53 (85.5) 0.11 113 (86.3) 0.15
> 37 336 (87.7) 149 (83.7) 187 (91.2)
Neoadjuvant
treatment
No 433 (88.6) 0.08
Yes 243 (84.1)
Microvascular
invasion
No 208 (73.2) <0.01 93 (71.5) <0.01 115 (74.7) <0.01
Yes 468 (94.7) 150 (94.3) 318 (94.9)
Diabetes
No 534 (86.8) 0.93 183 (84.3) 0.84 351 (88.2) 0.60
Yes 142 (87.1) 60 (83.3) 82 (90.1)
Pain
No 467 (88.0) 0.39 154 (88.5) <0.01 313 (87.7) 0.58
Yes 209 (84.6) 89 (77.4) 120 (90.8)
Jaundice
No 271 (83.1) <0.01 128 (82.6) 0.45 143 (83.6) 0.01
Yes 405 (89.6) 115 (85.8) 290 (91.2)
Weight Loss
No 538 (86.6) 0.70 186 (83.0) 0.37 352 (88.7) 0.84
Yes 138 (87.9) 57 (87.7) 81 (88.0)

*P-value was calculated excluding 202 patients (174 with PNI) were excluded from this analysis because of unknown values of CA 19.9 or because CA 19.9 was

measured during jaundice

patients who had exclusively systemic recurrence compared to
those with local recurrence alone or local plus systemic recur-
rence (84.3 vs 65.8%, P = 0.039).

In patients with tumors < 20 mm (n = 216), both uni-
variate and multivariate analysis identified CA 19.9 >37 (HR:
1.5, P = 0.02) and PNI (HR: 1.8, P = 0.02) as the only pre-
dictors of lower DFS. Median DFS was 18 months for patients
with PNI compared with 24 months in those who did not (log
rank test P-value = 0.02, Fig. 1C). The rate of PNI did not
change based on the pattern of recurrence (83.6% and 86.3% in
patients with local/local plus systemic recurrence and systemic
recurrence alone, respectively, P = 0.663). In patients with
tumors <20 mm and RO resection (n = 150) univariate analysis
identified only PNI as a predictor of DFS (HR = 1.8, P = 0.02).
Median DFS was 15.5 months in patients with PNI and
21 months in those without PNIL.

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

In 289 patients who underwent neoadjuvant therapy,
univariate analysis identified PNI (HR = 1.5, P = 0.035),
T-status (HR = 1.6, P = 0.02), N status (HR = 1.5, P < 0.01),
microvascular invasion (HR = 1.4, P = 0.01), and diabetes (HR
= 1.54, P < 0.01) as significant features affecting DFS, but only
diabetes resulted as independent (HR = 1.6, P < 0.01) predictor
of DFS.

In 524 patients who underwent adjuvant treatment, N
status (HR = 1.65, P < 0.01), R status (HR = 1.3, P = 0.012),
Ca 199 >37 (HR =14, P < 0.01), PNI (HR =1.6,P < 0.01),
microvascular invasion (HR = 1.3, P = 0.03), pain (HR = 1.2,
P = 0.04), and postoperative complications (HR = 1.2, P = 0.04)
were predictors of DFS at univariate analysis whereas N status
(HR = 1.7, P < 0.01), CA19.9 >37 (HR =14, P < 0.01), PNI
(HR = 1.5, P = 0.03), and pain (HR = 1.3, P = 0.02), were
independent predictors of DFS at multivariate analysis.
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TABLE3. Factors Influencing DFS for AllPatients and for Early Stage Disease Patients: Univariate and Multivariate Analysis

All RO (Werbecke) and NO Tumor size <20 mm
n= 778 n= 180 n =216
Univariate Multivariate Univariate Multivariate Univariate Multivariate
Analysis Analysis Analysis Analysis Analysis Analysis

Variables HR P HR P HR P HR P HR P HR P
pT status

0/1 1 1 1 1

2 0.9 (0.7-1.5) 0.93 3(0.8-2.0) 035 1.0(.6-1.8) 099 0.8(0.3-1.7) 0.52

3 1.4 (1.1-1.9) 0.02 1.2(09-1.8) 024 1.1 (0.7-1.7) 0.69 0.8 (0.5-1.5) 0.53
pN status

0 1 1 — — — — 1 1

1 1.6 (1.3-1.9) <0.01 1.7 (1.3-2.1) <0.01 — — — —  1.3(09-1.8) 0.13 1.3 (0.9-1.8) 0.19
Rlx %

0 1 1 — — — — 1

1 1.5 <0.01 1.2 (1.0-1.5) 0.04 — — — — 14 (1.0-1.9) 0.08
CA19.9

<37 1 1 1 1 1 1

>37 1.5 (1.2-1.8) <0.01 14 (1.1-1.7) <0.01 1.2 (0.8-1.8) 0.42 1.1 (0.6-1.7) 0.12 1.4 (1.0-2.0) 0.05 1.5 (1.1-2.2) 0.02
PNI

No 1 1 1 1 1 1

Yes 1.5 (1.2-2.0) <0.01 1.3 (0.9-1.5) 0.07 1.6 (1.0-2.5) 0.04 2.2(1.2-39) <0.01 1.7 (1.1-2.5) 0.02 1.8 (1.1-2.9) 0.02
Adjuvant treatment

No treat 1 1 1 1

Cht 1.2 (1.0-1.5) 0.04 0.9 (0.7-1.2) 0.69 1.2 (0.8-1.8) 0.50 1.1 (0.7-1.5) 0.80

Cht-Rt 14 (1.1-1.8) 0.01 0.9 (0.7-1.1) 0.70 1.3 (0.7-2.3) 0.42 1.3 (0.8-2.3) 0.27
Diabetes

No 1.1 1 1 1

Yes 1.2 (0.9-1.4) 0.19 1.8 (1.2-2.7) <0.01 1.4 (0.8-2.4) 026 1.1 (0.8-1.8) 0.38
Pain

No 1 1 1 1

Yes 1.2 (1.0-1.4) 0.04 1.2(0.9-1.3) 0.08 1.4 (0.9-2.0) 0.11 1.1 (0.8-1.6) 0.45
Weight loss

No 1 1 1 1 1

Yes 1.3 (1.1-1.6) 0.02 1.3 (1.0-1.7) 0.04 1.9 (1.3-29) <0.01 1.8 (0.9-3.3) 0.09 1.3(0.9-2.0) 0.30

*R status was defined according to Verbecke.'s
°CD indicates Clavien-Dindo.'?

Influence of PNI on OS

Median OS was 30 months for the 778 patients included in the
study (Supplementary Fig. 1B, http:/links.lww.com/SLA/C593). The
results of multivariate analysis of OS are shown in Table 4 (please
refer to Supplementary Table 2, http://links.lww.com/SLA/C595 for
the whole univariate and multivariate analysis). G3 tumors (HR:
1.7), pN1 status (HR: 1.8), CA 19.9 >37 (HR: 1.4), PNI (HR: 1.6),
and pain (HR: 1.3) were found to be independent predictors of OS.
Specifically, median OS was 50 months in patients without PNI
compared with 27 months in those with PNI (Fig. 2A). Pain was the
only independent predictor of OS (HR: 1.9) in 180 patients with R0/
NO disease. In this group, although there was a trend toward
improved survival in patients without PNI, the difference did not
reach significance (median OS: 54 vs 42 months, P = 0.23, Fig. 2B).
In the subgroup of patients with tumor size smaller or equal to 20
mm, PNI (HR: 1.8, P = 0.05) was the only independent predictor of
OS. Median OS was 55 months in patients without PNI compared
with 34 months in those with PNI with a significant difference
between the 2 curves (log rank test P-value < 0.01, Fig. 2C).

In patients with tumors <20 mm and RO resection (n =
150) univariate analysis identified only PNI as a predictor of OS
(HR = 1.9, P = 0.03). Median OS was 28 months in patients with
PNI and 50 months in those without PNI.

In 289 patients who underwent neoadjuvant therapy,
univari-ate analysis identified T-status (HR = 1.8, P = 0.02),
N-status (HR = 1.7, P < 0.01), PNI (HR = 1.8, P = 0.02),
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microvascular invasion (HR = 1.3, P = 0.05) as predictors of OS,
but only N status was found as the only independent (HR = 1.5,
P = 0.02) predictor of OS.

In 524 patients who underwent adjuvant treatment, uni-
variate analysis identified grading (HR G2 vs G1 = 1.6, P = 0.04;
HR G3 vs G1 = 2.0, P < 0.01), N status (HR = 1.8, P < 0.01),
CA 199 >37(HR = 14, P < 0.01), PNI (HR = 1.8, P < 0.01),
microvascular invasion (HR = 1.3, P = 0.04) as predictors of OS,
but only grading (HR G3 vs G1 = 1.9, P = 0.01), N status (HR =
1.8, P < 0.01), CA19.9 >37 (HR = 1.4, P = 0.03), and PNI (HR
= 1.6, P < 0.03) were independent prognostic factors of OS.

DISCUSSION

This is the largest study to date that describes the char-
acteristics and the prognostic role of PNI in patients with
resected ductal adenocarcinoma of the head of the pancreas. In
this paper we specifically analyzed the relationship between PNI
and tumor-recurrence, an outcome that has been incompletely
evaluated in previous studies, and for the first time we provide
specific data focusing on early-stage PDAC. In the entire cohort
we found a PNI rate of 87%, and PNI was identified as a relevant
prognostic factor for both tumor recurrence and survival after
pancreatoduodenectomy. We also demonstrated that PNI is a
hallmark of pancreatic cancer even in the early stages of the
disease, and in this setting PNI significantly affects recurrence

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 1. Disease-free  survival
(DES) stratified by the presence/
absence of PNI. In the entire cohort,
S5-yr DFS rates were 22.1% and
12.5% in patients without and with
PNI, respectively (A). In the sub-

and survival. In fact, based on the hypothesis that PNI plays a
pivotal role in the early progression of PDAC development,'? we
specifically investigated 180 patients (23.1% of the cohort) with
RO and NO disease and 216 individuals (27.7%) with tumor size
smaller or equal to 20 mm, showing that PNI is an independent
predictor of recurrence in this setting.

In our study we found several interesting features related to
PNIL First, the rate of PNI was much higher in patients with lymph
node metastases (93% vs 72.5% in pNO0), microvascular invasion
(94.7% vs 73.2%) and R1 resection (92.2% vs 84.1% in RO), thus
confirming that PNI is associated with more aggressive disease.
The relationship between PNI and lymph node metastases is
complex and deserves further attention.?’ Kayahara et al’!
described cancer cells growing along nerves in contact with lymph
nodes, suggesting that PNI may constitute a “mechanical” route
for the development of lymph node metastases. Second, PNI was
analyzed based on different tumor size. Tumors smaller or equal to
10 mm had still a remarkable 53.9% rate of PNI, which increased
to 92.5% for PDAC larger than 30 mm. Considering all 216
tumors <20 mm, the rate of PNI was as high as 78.7%. Likewise,
PNI was described in 70.6% of patients with RO/NO disease. The
lowest rate of PNI (30.1%) was found in the 25 patients (3.1%)
with a RO/NO tumor less than 10 mm, but even at this “very early
stage” 1 out of 3 patients already had nerves infiltrated by cancer
cells. All these findings support the hypothesis that PNI is an early
event in pancreatic carcinogenesis. Third, we did not find sig-
nificant differences in the rate of PNI between patients who
underwent neoadjuvant therapy and upfront surgery (84% vs 8 %,
P 0.08). This data differs from the current literature.
Different authors found a significantly lower rate of PNI in
patients receiving preoperative chemotherapy/chemoradiation
(50%—70%) compared with those undergoing immediate resection
(80%—0%).2272% A possible explanation, besides the limitations of a
retrospective  analysis, is related to the study period that

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

group with NO/RO disease, 5-yr DFS
rates were 34.9% and 21.7% in
patients without and with PNI,
respectively (B). In the subgroup
with tumor size < 20 mm, 5-yr DFS
rates were 30.4% and 123% in
patients without and with PNI,
respectively (C). PNI indicates peri-
neural invasion.

encompasses a “pre-FOLFIRINOX
underwent  gemcitabine  alone
chemotherapy.

The primary endpoint of the study was DFS. This out-
come has been evaluated by few studies, but it may have a sig-
nificant clinical impact given the possible role of PNI as a route
of tumor dissemination beyond vascular and nodal invasion.'%!!
Takahashi et al and Fouquet et al identified PNI as an inde-
pendent predictor of DFS in 2 studies with 110 and 166 patients
with resected PDAC.2?7 A meta-analysis of 4 studies with a
clear definition of DFS identified PNI as a poor prognostic
factor for recurrence.'® When we considered the entire cohort of
778 patients, patients with PNI had a higher risk of an earlier
tumor recurrence at univariate analysis (median DFS 20 vs
15 months, Fig. 1A) but we failed to identify PNI among the
independent predictors of DFS (pN1 and R1 status, CA 1. >37,
weight loss). However, PNI was described as an independent
predictor of DFS in patients with PDAC <20mm and in those
with RO/NO disease - in this subgroup PNI was the only predictor
of recurrence. Surprisingly, in RO/NO subgroup, the rate of PNI
was significantly higher in patients who had exclusively systemic
recurrence compared to those with local or local/systemic
recurrence. Taken together these observations underline the
striking role of PNI in increasing the risk of tumor recurrence
after surgery, especially at earlier stages of PDAC progression,
where PNI represents the determinant factor of recurrence.
Takahashi correlated the presence of an intra-pancreatic PNI
with the infiltration of extra-pancreatic, retroperitoneal nerve
plexi by cancer cells,'” thus justifying local recurrence in the
setting of RO resection. However, our data suggest that in early
stage PDAC (ie, RO/NO tumors), the presence of PNI is also
correlated with a higher risk of recurrence even at systemic level.
This data should be confirmed, but PNI may represent the
stigmata of a more aggressive disease. When the disease is more

era” where most patients
or gemcitabine/oxaliplatin
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TABLEA4. Factors Influencing OS for AllPatients and for Early Stage Disease Patients: Univariate and Multivariate Analysis

Alln = 778 RO (Werbecke) and NO n = 180 Tumor Size <20 mmn = 216
Multivariate Univariate Multivariate Univariate Multivariate
Univariate Analysis Analysis Analysis Analysis Analysis Analysis
Variables HR P HR P HR P HR HR P HR P
pT status
0/1 1 1 1 1
2 1.2 (0.7-1.8) 093 13(08-2.2) 032 0.8 (04-1.7) 0.54 0.9 (0.4-2.1) 0.82
3 1.7 (1.1-2.5) <0.01 1.2 (0.8-1.8) 048 1.0 (0.6-1.8) 0.86 0.8 (0.4-1.5) 0.53
pN status
0 1 1 1 1
181 1.8 (1.5-2.3) <0.01 1.8 (1.4-24) <0.01 1.3 (0.9-2.1) 031 1.2 (0.8-1.8) 0.26
R
0 1 1 1 1
1 1.3 (1.1-1.6) <0.01 1.1 (0.9-1.3) 043 1.4 (1.0-2.1) 0.10 1.1 (0.8-1.8) 0.61
Grading
0/1 1 1 1 1
2 1.7 (1.2-2.6) 0.01 15(09-24) 0.09 1.8(0.7-4.1) 0.24 — — 1.8 (0.8-4.5) 0.21
3 1.9 (1.2-29) <0.01 1.7 (1.1-2.8) 0.03 1.6 (0.7-4.0) 0.34 — — 2.3 (1.0-6.6) 0.08
CA19.9
<37 1 1 1 1 1
>37 1.4 (1.1-1.8) <0.01 1.4 (1.1-1.7) 0.03 1.0 (0.6-1.7) 097 1.0 (0.6-1.7) 0.93 1.2 (0.8-1.8) 0.30
PNI
No 1 1 1 1 1 1
Yes 1.8 (1.3-2.5) <0.01 1.6 (1.1-23) 0.01 1.4 (0.8-2.5) 0.26 1.6 (0.8-3.1) 0.14 2.0 (1.2-3.4) 0.02 1.8 (1.0-3.1) 0.05
Microvascular invasion
No 1 1 1 1
Yes 13 (1.1-1.6) <0.01 09 (0.7-1.1) 038 0.9 (0.5-1.4) 0.55 1.2 (0.9-1.8) 0.25
Pain
No 1 1 1 1 1
Yes 1.2 (1.0-1.6) 0.02 13 (1.0-1.6) 0.04 1.6 (1.0-2.5) 0.05 1.9 (1.1-3.2) 0.02 1.0 (0.7-1.5) 0.92
*R status was detined according to Verbecke.'$
LD iodicates Cloyion Nindo 19
& OS by PNI (n=778) year o 1 2 3 4 5
= Przat PNI: 102 2 66 35 13 8
3 risk No
= (7';;" :: 6% ss3 315 173 86 51
§ Ptsat PNI: 53 a9 £ 18 8 6
risk No
B e sl o o St o MW o W o B
é s Ptsat PNI: 46 B3 = 20 7 4
0 1 2 3 4 risk No
A Gha e ™ om ow o o
= OS by PNI in 180 NORO patients - OS by PNI in 216 patients with tumor Sze<=20mm
FIGURE 2. Overall survival (OS) | -~ :
stratified by the presence/absence  ° ® -
of PNI. In the entire cohort, 5-yr OS £ g
rates were 36.5% and 24.4% in | G Lo v st mantns 1 | Medion surival NI no: 55 months E
patients without and with PNI, ° £ o =
respectively (A). In the subgroup 2 ; g =
with NO/RO disease, 5-yr DFS rates B° ’ P v ; C: ' 2 o >

were 45% and 41.3% in patients
without and with PNI, respectively
(B). In the subgroup with tumor
size <20 mm, 5-yr DFSrates were
54.7% and 27.9% in patients
without and with PNI, respectively
(C). PNI indicates  perineural
invasion.

384 | www.annalsofsurgery.com

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2020 Wolters Kluwer Health, Inc. Allrights reserved.



Annals of Surgery .- Volume 276, Number 2, August 2022

Perineural Invasion in Pancreatic Cancer

advanced, other prognostic factors including N+ and R1 status
had a more relevant role in determining recurrence compared
with PNI, as showed in the DFS analysis of 778 patients.

Of note, the evidence of poor DFS and OS associated with
PNI in early-stage pancreatic cancer can have a clinical impact. In
fact, in this setting, the presence of PNI itself should be considered
an indication for adjuvant treatment, despite the absence of other
prognostic factors such as lymph node metastases or R1 resection.

Several studies have demonstrated the association between
presence of PNI and decreased survival in PDAC. A recent meta-
analysis of 36 studies identified PNI as an independent negative
prognostic factor of OS in patients undergoing resection for
PDAC.!® Qur study confirms this data. Median OS was almost
double in patients without PNI (50 vs 27 months in those with
PNI), and PNI was an independent predictor of OS in the entire
cohort together with pain, G3 tumors, CA 19.9 >37 and N+
status. PNI and pain were the only independent predictors of OS in
PDAC smaller than 20 mm and in patients with RO/NO disease,
respectively. Pain is a negative prognostic factor for survival, and it
is strongly linked with the presence and the severity of PNI.!>2® In
keeping with the findings observed for tumor-recurrence, PNI itself
or pain - a clinical manifestation of PNI-acted as the only factors
that influenced OS in early stages PDAC, and these 2 parameters
significantly impacted OS also in the entire cohort.

Our study has some limitations. This is a multicenter ret-
rospective study and recurrences were identified radiologically and
only occasionally by biopsy. Follow-up intervals were on a
6-month basis, but it is possible that some recurrences were
detected in advance if the patient complained of symptoms, thus
requiring an anticipation of surveillance schedule. The relation-
ship between PNI and pain is intriguing but we could not analyze
it in detail due to the retrospective design of the study. Finally, the
impact of neoadjuvant treatment on PNI status deserves further
studies, with a specific evaluation in a prospective fashion. The
strengths of the study do include the large number of patients with
detailed data on timing and site of recurrence, the analysis of DFS
beyond OS, and the specific analysis of subgroups of patients with
early-stage PDAC, who have never been studied.

In conclusion, PNI is a distinctive feature of PDAC where
it represents a major determinant of tumor recurrence and sur-
vival. The role of PNI seems to be particularly relevant at early
stages, supporting the hypothesis that nerve invasion by cancer
cells has a driving role in pancreatic cancer progression. A better
understanding of the molecular mechanisms of PNI and of
nerve-cancer cell interactions carries the opportunity for the
development of new possible therapeutic strategies that may
target this process to inhibit cancer dissemination.
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ORIGINAL ARTICLE

Timing But Not Patterns of Recurrence Is Different Between
Node-negative and Node-positive Resected Pancreatic Cancer

Kim C. Honselmann, MD,A _ Ilaria Pergolini, MD,ACarlos Fernandez-del Castillo, MD,A
Vikram Deshpande, MD, 3 David Ting, MD, Martin S. Taylor, MD, PhD, zLouisa Bolm, MD,
Motaz Qadan, MD,z Ulrich Wellner, MD, Marta Saildini, MD, z Dirk Bausch, MD’y Andrew L. Warsth, MD, &

Keith D. Lillemoe, MD?A Tobias Keck, MD,Y and Cristina R. Ferrone, MD

Objective: Our aim was to evaluate recurrence patterns of surgically resected
PDAC patients with negative (pNO) or positive (pN1) lymph nodes.
Summary Background Data: Pancreatic ductal adenocarcinoma (PDAC) is
predicted to become the second leading cause of cancer death by 2030. This is
mostly due to early local and distant metastasis, even after surgical resection.
Knowledge about patterns of recurrence in different patient populations could
offer new therapeutic avenues.

Methods: Clinicopathologic data were collected for 546 patients who under-
went resection of their PDAC between 2005 and 2016 from 2 tertiary
university centers. Patients were divided into an upfront resection group (n

K‘eggﬁg:a%%&e?e%q}%‘é%%te %ﬂgggglé?llg‘cérslﬁgf less common in pNO patients as
compared with pN1 patients, (upfront surgery: 55% vs. 77%, P < 0.001 and
6 . . .. .

ré‘cul/frr\é%cz %’s gl gléi 196%39%3%%&%"8% \if%r%tSL%r(p)Kpl)pég e%‘%(shltrllot%’e tllxgﬁotnot
resected patients (median 16 mo pNO vs. 10 mo pN1 P < 0.001), and the
neoadjuvant group (pNO 21 mo vs. 11 mo pN1, P < 0.001). Of the patients
who recurred, 62% presented with distant metastases (63% of pNO and 62% of

pN1, P % 0.553), 24% with local disease (27% of pNO and 23% of pN1, P %
0.672) and 14% with synchronous local and distant disease (10% of pNO and

1, 1 - . .
patiers Bobuaen pRb ahd SR T Sha5 o Rerence, in Ry,

recurred with distant metastases (76% of pNO and 64% of pN1, P Y4 0.326)

and 18% recurred with local disease (pNO: 22% and pN1: 15%, P 4 0.435).
Conclusion: Time to recurrence was significantly longer for pNO patients.

However, patterns of recurrence for pNO vs. pNI patients were identical.
Lymph node status was predictive of time to recurrence, but not location of
recurrence.

Keywords: lymph node status, PDAC, recurrence, survival
(Ann Surg 2020;272:357-365)

ancreatic ductal adenocarcinoma (PDAC) is currently the fourth
most common cause of cancer death and is predicted to become
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the second leading cause of cancer death by 2030.' Although only
surgical resection offers a potential cure, just 10% to 15% of patients
are surgical candidates at presentation. Of resected patients, 19% to
22% of patients survive 5 years*’ due to local or distant recurrence.
While many patients recur at distant sites, 12% to 40% of patients
demonstrate a destructive local recurrence pattern.*”

To date, various prognostic factors for recurrence and overall
survival have been identified including lymph node/ lympho-vascular-
and perineural involvement, tumor grade, portal vein and mesenteric
arteryinvolvement,positiveresectionmargins,andgenomiccharacter-

istics. Similar to other cancers, lyr;11)1h node metastasis is a strong
indicator of more advanced disease.””"" Several studies have demon-

stratedthatcancerswithlymphnode-positivediseasearemorelikelyto
recur.® However, patterns of recurrence in lymph node positive versus

lymph node-negative patients have not been studied.
Neoadjuvant therapy in locally advanced and borderline
resectable PDAC has shown both prolonged survival and a significant

decrease in the rate of lymph node-positivity on resected specimens
compared with the rate in the absence of néoadjuvant therapy.'!~3

However, the effect on the recurrence pattern (local versus distant)
has also not been studied.

The aim of this study was to explore the timing and nature of
recurrence of node-negative compared with node-positive PDAC.
The study was stratified for patients who underwent upfront resection
versus those who received neoadjuvant treatment followed by resec-
tion. We hypothesized that patients with lymph node-negative dis-
ease would recur locally first, while lymph node-positive patients
would recur distantly first, suggesting that lymph node negative
patients may benefit from more aggressive local therapy including
adjuvant radiation.

METHODS

Consecutive patients undergoing surgical resection of their
pancreatic ductal adenocarcinoma (PDAC) between January 1, 2005
and December 31, 2016 in the Department of Gastrointestinal
Surgery at the Massachusetts General Hospital and between January
1,2013 and December 31, 2016 in the Department of Surgery of the
University Medical Center Schleswig-Holstein, Campus Luebeck,
Germany were included. Patients with either a minimum of 6 months
follow-up or evidence of recurrence were included in the study.
Patients who died of perioperative complications within 90 days were
excluded. The study was approved by the institutional IRBs.

Data were collected from prospectively maintained databases
at the respective institutions. Clinicopathologic variables collected
included age at operation, gender, preoperative chemotherapy,
CA19-9 levels, tumor size, nodal status, number of resected and
positive lymph nodes, tumor grade, lymphovascular and perineural
invasion (according to the 7th and 8th editions of the AJCC), R-status

according to the “1mm rule” by the British Royal college of
Pathologists,'* and type of operation (pancreatoduodenectomy,
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distal, or total pancreatectomy). Standard lymphadenectomy was
performed in both institutions. Postoperative outcomes and treat-
ments included hospital length of stay (days), postoperative chemo-
therapy and radiation therapy, date of first recurrence, site of first
recurrence, and overall survival.

Patients were staged according to the AHPBA/SSO/SSAT
consensus guidelines.'> Resectable patients were included in the

upfront resection group. They did not receive preoperative chemo-
therapy or radiation. Patients in the neoadjuvant therapy group were
only treated at MGH and included resectable, borderline resectable,
and locally advanced patients. Short-course proton radiation (5 Gy A

5 . I . ..
neSdaiihdy RS CibinguRHyroRe Ao ing s Gamintiiers
of phase I and II clinical trials published elsewhere!17).

Borderline resectable and locally advanced patients received 8
cycles of FOLFIRINOX or Gemcitabine plus 50.4 Gy radiation and 5-FU.

Locoregional recurrence was defined by radiographic or
pathological evidence of recurrent disease in the remnant pancreas,
pancreatic bed, retroperitoneum, along the SMA/SMV, porta hepatis,
or celiac axis. Distant recurrence was tumor spread outside of the
loco-regional area (extra-regional lymph nodes, peritoneum, lungs,
and liver). We separately listed “hematogenous metastasis™ (liver
and lung) from “Other” (extraregional lymph nodes and peritoneum
and other rare distant locations such as small intestine). Disease-free
survival (DFS) and overall survival (OS) were calculated from the
date of diagnosis to the date of recurrence or death, respectively
(event), or to the date of last follow-up (censored). Date of death was
obtained from the medical records or from the Social Security
Death Index.

Patients with pancreatic cancer arising in an IPMN, mucinous
adenocarcinoma, adenosquamous carcinoma, chronic pancreatitis,
acinar cell carcinoma and acinar cystadenocarcinoma were excluded
due to differing tumor biology.

Disease-free survival and overall survival (DFS and OS) were
calculated as the median of actual survival from the time of diagno-
sis. Differences in survival were tested by the log-rank test. Multi-
variate analyses for local and distant recurrence were calculated with
a logistic regression model using the forward conditional approach.
Criteria for inclusion were significance on univariate analysis and
clinical relevance (age, sex). Propensity score matching was per-
formed with the R-add-on for SPSS Version 21 for all patients
without neoadjuvant chemo-radiation. Pathologic node-positive
(pN1) and pathologic node-negative (pNO) patients were matched
for age, gender, tumor size, and T-stage. P values less than 0.05 were
considered statistically significant. All tests used were 2-tailed.
Statistical analysis was performed with the IBM SPSS Statistics
software for Mac, Version 21.0 (IBM Corp, Armonk, NY).

RESULTS

Demographics and Clinical Data

Of the 715 patients who underwent surgical resection of their
PDAC at the 2 academic centers within the study period, 546 patients
met the inclusion criteria (Fig. 1). Upfront resection was performed
in 394 patients and 152 patients underwent neoadjuvant therapy
followed by resection. Median follow-up of the entire cohort was 18
(10-34) months. For the upfront resected group, follow-up was
18 months (10-34) and 21 months (9-35) for the neoadjuvant
group. Separate analyses of these 2 cohorts, as well as a propensity
score matching, were performed (n % 188).

Upfront Resection Group

For the upfront resection group, in both the pNO (n % 109,
8%) and pN1 (n % 285, 72%) cohorts, 47% were female and the
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median age was 68 years with 21% of patients older than 75 years
(Table 1). Median preoperative CA19-9 levels were significantly
lower in lymph node-negative patients (pNO 65 vs. pN1 140 U/mL, P
¥ 0.045).

Surgical and Pathological Outcomes

The most common operation was pancreaticoduodenectomy
(75%)(Table 1). Patientsundergoing distal pancreatectomywere more
likely to have node-negative disease. No patient in this group had
combined arterial and venous resection. Median length of operation
and hospital stay (330 min and 8 d) did not differ between the lymph
node cohorts. Ninety-day postoperative mortality was 1.7%.

In the upfront resection group, 109 patients were pNO and 285
were pN1 (Table 1). The majority (63%) of tumors were grade 2
(moderately differentiated), but pNO patients displayed lower tumor
grading than pN1 patients. Patients with pN1 disease had slightly larger
cancers (median 32 mm vs. 29 mm, P 4 0.012) and were more likely to
have a positive resection margin than patients with pNO disease (59% vs.
31%, P < 0.001). Perineural invasion and lympho-vascular invasion
were also more frequent in pN1 cancers (pN1 93% vs. pNO 73%, P <
0.001 and pN1 73% vs. pNO 37%, respectively P < 0.001). In both
cohorts, the majority of patients received adjuvant treatment (pNO 72%
and pN1 75%, P % 0.328). Chemotherapy alone and chemoradiation
were the most common type of adjuvant therapy (48% and 51%),
whereasradiation alone was only given to 2 patients(1%) total (Table 1).

Survival

Median OS for all patients was 18 months (10-34). Median
OS for the pNO patients was significantly longer (median 25 mo,
range 11-45) than the pN1 patients (median 16 mo, range 10-29) (P
< 0.001). Figure 2 illustrates the significant difference in
overall survival.

Recurrence

Overall median DFS was 11 months (6—23). Patients with pNO
disease had a significantly longer DFS of 16 months (7-36), as
compared with 10 months (5-20) in patients with pN1 disease (P <
0.0001). Tumor recurrence was significantly less common in pNO
patients as compared with pN1 patients, (55% vs. 77%, P < 0.001).
On multivariate analysis, both lymph-node ratio and lymph-node
status were significantly associated with recurrence (OR: 1.415—
16.398, P ¥4 0.012 and OR: 1.349-4.496, P 4 0.003).

Patterns of recurrence between pNO and pN1 patients were
similar. Locoregional recurrence occurred in 27% of pNO and 23% of
pN1 patients (P ¥4 0.672). Distant recurrence occurred in 63% of pNO
and 62% of pN1 patients (P 4 0.553) (Fig. 2 and Table 2). This was
also true for the new lymph node staging system (8th AJCC), where
local recurrence occurred in 27% of pNO patients, in 21% in pN1 and
in 26% in pN2, P % 0.594. Distant recurrence was found in 63% of
pNO, 60% of pN1 and 64% of pN2, P ¥ 0.795. Specific sites of
distant recurrence were also similar, with 49% of distant metastases
to the liver and 22% to the lung in pNO patients, whereas pN1 patients
metastasized in 36% to the liver and in 25% to the lung. Multivariate
logistic regression analysis revealed R1 resection as the only inde-
pendent risk factor for local recurrence (OR: 1.040-3.307, P Y4
0.033). An RI1 resection was independently associated with a
decreased prevalence of distant recurrence (OR: 0.311-0.963, P
¥4 0.037) (Table 2). Importantly, lymph node status and lymph node
ratio were not independently associated with local versus distant
recurrence (Table 2).

Propensity-score ~ Matching

Due to the differences between pNO and pN1 patients,
propensity-score matching was performed (see Methods)

5 2019 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE1. Flowchart of study population. IPMN indicates intraductal papillary mucinous neoplasm; MGH, Massachusetts General
Hospital; PSM, Propensioty Score Matched, UKSH, University Clinic Schleswig-Holstein.

(Table 3). Clinical characteristics such as age, diabetes, CCI, and
pathologic factors such as tumor size and tumor grade did not
differ between the groups in propensity-score matching. Despite
similar clinicopathologic characteristics, patients with pNO
disease had a longer actual median disease-free survival than

5 2019 Wolters Kluwer Health, Inc. All rights reserved.

patients with pN1 disease (14 vs. 10 mo, P % 0.001). Patterns of
recurrence, however, were still similar: 14% to 23% recurred

locally and 60% to 72% recurred distantly (P 4 0.214 and P %
0.329) (Table 3 and Fig. 2). In multivariate analysis, a preoperative
CA-19-9 score more than 37 U/L was the only independent
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TABLE1. Baseline Characteristics of the Upfront Surgery Group

Total 1% 394 N0 109 8y — NI 1% 285 (72%) Univariate
Upfront Surgery Group
Median/n IQR/% Median/n IQR/% Median/n IQR/% P

Age in years 68 (61-75) 70 (62-76) 68 (60-75) 0.300
Sex

Male 208 (53%) 59 (54%) 149 (52%) 0.742

Female 186 (47%) 50 (46%) 136 (48%)
Preoperative CA 19-9 125 (27-456) 65 (19-363) 140 (39-588) 0.045
Type of surgery 0.063

Whipple 294 (75%) 71 (65%) 223 (78%)

Distal pancreatectomy 81 (21%) 32 (29%) 49 (17%)

Total pancreatectomy 13 (3%) 4 (4%) 9 (3%)

Other 4 (1%) 2 (2%) 2 (1%)
OR duration, min 330 (253-410) 314 (242-404) 333 (263-411) 0.105
LOS, d 8 (6-13) 8 (6-13) 8 (6-13) 0.326
Complications 255 (65%) 67 (62%) 188 (66%) 0.403
Tumor grade 0.302

Gl 25 (6%) 7 (6%) 18 (6%)

G2 249 (63%) 76 (70%) 173 (61%)

G3 118 (30%) 26 (24%) 92 (32%)

G4 2 (1%) 0 (0%) 2 (1%)
T-stage 0.000

0 0 (0%) 0 (0%) 0 (0%)

Tl 10 (3%) 9 (8%) 1 (1%)

T2 32 (8%) 20 (18%) 12 (4%)

T3 338 (86%) 78 (72%) 260 (91%)

T4 14 (4%) 2 (2%) 12 (4%)
Tumor size (mm) 30 (24-40) 29 (20-40) 32 (25-40) 0.012
Positive lymph nodes 2 (0-4) 0 (0-0) 3 (2-6) 0.000
Total lymph nodes 18 (13-24) 15 (10-21) 20 (14-25) 0.000
Lymphatic invasion 249 (63%) 40 (37%) 209 (73%) 0.000
Perineural invasion 345 (87%) 80 (73%) 265 (93%) 0.000
Positive margins (81 mm) 202 (51%) 34 (31%) 169 (59%) 0.000
Adjuvant therapy 292 (74%) 78 (72%) 214 (75%) 0.328

Chemotherapy alone 136 (48%) 40 (54%) 96 (46%) 0.473

Chemoradiation 145 (51%) 34 (46%) 111 (53%)

Radiation alone 2 (1%) 0 (0%) 2 (1%)

predictor for the occurrence of local or distant metastasis (OR
1.620-10.892, P % 0.003).

Neoadjuvant Patient Group

There were 152 patients who received neoadjuvant treat-
ment at the MGH from January 1, 2009 until December 31, 2014.
The most common neoadjuvant regimen consisted of chemother-
apy plus radiation (90%), 12 patients received chemotherapy alone
(Table 4). Adjuvant therapy was less common than in the upfront
resection group with 65% of neoadjuvant patients receiving any
type of regimen. Here chemotherapy alone was the most frequent
administered therapy (50%), 75 of the 137 (55%) patients who
received neoadjuvant chemoradiation were administered adjuvant
chemotherapy alone. This cohort was 55% female, but patients
were significantly younger (median 64 yrs, P < 0.001) and had
lower preresection CA19-9 levels (median 51 U/mL) than those in
the upfront resection group. Pathologically patients receiving
neoadjuvant therapy had smaller cancers, a lower pN1 rate, and
a lower rate of PNI and LVI, than the upfront resectable group.
There was 1 patient who had a combined arterial and venous
resection.
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Interestingly, these trends remained true when comparing
patients with pNO and pN1 disease in the neoadjuvantly treated
cohort. Patients with pNO cancers after receiving neoadjuvant
therapy had smaller tumors (median 22 vs. 30mm, P < 0.001),
less lympho-vascular invasion (24% vs. 65% P < 0.001), and
perineural invasion (73% vs. 95% P < 0.001) (Table 4) than
pN1 patients.

Actual median OS for this cohort from the time of diagnosis
was 24 months (13-41). Median OS for the pNO patients was
significantly longer than for the pN1 patients (33 mo (range 20—
4

4) vs. 17 mo (range 10-30), P ¥4 0.003). DFS was also significantly
longes formMOspatintsetpee i lypatients (21 mo (range 11-38) vs.
Similar to patients who did not receive neoadjuvant therapy
patterns of recurrence were similar between pNO and pN1 patients.
Distant recurrence continued to be the most common first site of
disease progression (pNO 76% and pN1 64% (P ¥4 0.326)). There was
also no difference in specific site of distant recurrence with 38% to
the liver and 24% to the lung in pNO patients and 44% to the liver and
27% to the lung in pN1 patients, respectively. Local recurrence as
first site of disease progression occurred in 22% of pNO patients

5 2019 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE2. A, Patterns of recurrence of all study populations. Ns indicates nonsignificant (P > 0.05). B, Overall survival of upfront

surgery group divided into pN1 and pNO.

versus 15% of pN1 patients (P %4 0.435). Interestingly, clinicopatho-
logical parameters were not different between patients who recurred
and who did not, as was true for local versus distant metastasis in the
neoadjuvant group, therefore no multivariate analysis was performed
(Table 3).

DISCUSSION

This is the first report to demonstrate recurrence patterns in
resected pNO versus pN1 PDAC patients who were treatment naive
or received neoadjuvant therapy. Unadjusted and adjusted, patterns
of recurrence between either upfront resection and those
receiving neoadjuvant treatment were strikingly similar, irrespective
of nodal involvement, with 60% to 76% presenting with distant
metastasis and 14% to 27% with local recurrence (not statistically
significant).

Even when pNO and pN1 patients were matched for clinico-
pathologic factors, time to recurrence and overall survival contin-
ued to be significant between pNO and pN1 patients, but patterns of
recurrence were similar. The basis of this observation is not certain.
One possibility is that tumor characteristics (smaller tumor size,
lower CA19-9 levels, less perineural invasion, and less lympho-
vascular invasion) in the pNO patients may reflect earlier detection.
This could represent merely a shift to the right in the curves for
recurrence and survival (Fig. 2B). Our neoadjuvant data may
support this hypothesis, in that those tumors were significantly
downstaged (48% Stage Ila vs. 28% Stage Ila or I), but again
the patterns of recurrence continued to be similar. While pNO
patients may have been resected earlier in the biology of the
disease, the same proportion of patients presented with symptom-
atic disease in both the pNO and pN1 groups. This may highlight
that the clinical course does not always represent the true biology of
the disease.

An alternate explanation is that patients with pNO cancers
have a different tumor biology than patients with pN1 cancers.
Although pNO tumors were only slightly smaller, they exhibited
less aggressive properties such as perineural and lympho-vascular
invasion, lower Cal9-9 levels as well as a longer time to metastasis.

5 2019 Wolters Kluwer Health, Inc. All rights reserved.

However, since patients with lung metastases tend to have a more
indolent course one would expect that pNO patients would more
commonly present with lung metastases, which they did not.

The results of our upfront resection group are similar to the

692 PDAC patient cohort from Johns Hopkins Hospital who had not
received neoadjuvant treatment.® Patients presented with distant

metastases (58%) more often than isolated local (24%) recurrences
as their first site of disease recurrence.

A Japanese study investigated the impact of a positive resec-
tion margin (Imm-rule) on recurrence in 117 PDAC patients. Similar

to our data, resection margin and nodal status were independent
risk factors for a shorter DFS.'® The authors also reported a signifi-

cant difference in distant recurrence rates for patients with a positive
resection margin. However, the data were not adjusted for confound-
ing variables, and percentages of recurrence were calculated differ-
ently.

While nodal disease did not seem to be a good surrogate
marker for patterns of recurrence in our patient cohort, our data
clearly demonstrate that distant recurrence is the most frequent site
of recurrence irrespective of the patient’s tumor stage. Even in
patients with node negative disease more than half of the patients
recur at a median of 16 months. This suggests that PDAC is a
systemic disease, which needs to be controlled with effective
chemotherapy, and that local modalities such as an operation or
radiation therapy are not sufficient to control the disease. While
positive resection margins were an independent risk factor for local
recurrence in our upfront resected group, it failed to have any impact
in our neoadjuvant group. However, the neoadjuvant group did
receive upfront radiation therapy. Based on these results, as well
as other published data, our group has moved to administering
effective neoadjuvant chemotherapy, followed by radiation therapy
for borderline resectable disease, followed by surgical resection of
the PDAC.

Our study has several limitations. This is a retrospective study
and recurrences were identified radiologically, without pathological
verification. Since the patients were not phase III clinical trial
patients, there was some provider variability regarding postoperative
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TABLE2. Outcome

Data and Multivariate Analysis of Upfront Surgery Group

Total—n 14394 PNO-14 109 PNI1 1428 Univariate
Follow-up Data-upfront Surgery Group
Median/n IQR/% Median/n IQR/% Median/n IQR/% P
Overall survival 18 (10-34) 25 (11-45) 16 (10-29) 0.000
Disease-free survival 11 (6-23) 16 (7-36) 10 (5-20) 0.000
Recurrence 278 (71%) 60 (55%) 218 (77%) 0.000
Local 66 (24%) 16 (27%) 50 (23%) 0.672
Distant 172 (62%) 37 (63%) 135 (62%) 0.553
Lung only 42 (24%) 8 (22%) 34 (25%) 0.718
Liver only 67 (39%) 18 (49%) 49 (36%)
Lung and Liver 11 (6%) 1 (3%) 10 (7%)
Other/multiple distant sites 52 (30%) 10 (27%) 42 (32%)
Both 38 (14%) 6 (10%) 32 (15%) 0.292
Recurrence

Univariate (Chi-square) Multivariate (Logistic Regression)
Factor P OR P
Age 0.136 0.730
Sex 0.103 0.203
Type of Pancreatectomy 0.976 not included
pN1 0.000 1.349-4.496 0.003
Lymph-node ratio <0.3 0.004 1.415-16.398 0.012
Preoperative CA 19-9 <37 U/mL 0.043 0.061
T-status 0.022 0.464
RO 0.014 0.203
Adjuvant Chemoradiation 0.143 not included
Adjuvant Chemotherapy alone 0.759 not included

Local Recurrence

Univariate (Chi-square) Multivariate (Logistic Regression)
Factor P OR P
Age 0.372 0.221
Sex 0.259 0.225
Type of Pancreatectomy 0.649 Not included
pN1 0.548 Not included
Lymph node rate <0.3 0.503 Not included
Preoperative CA 19-9 <37 U/mL 0.795 Not included
T-status 0.456 not included
R1 0.035 1.040-3.307 0.033
Adjuvant Chemoradiation 0.810 not included
Adjuvant Chemotherapy alone 0.742 not included
Distant Recurrence
Univariate (Chi-square) Multivariate (Logistic Regression)
Factor P OR P
Age 0.863 0.912
Sex 0.459 0.853
Type of Pancreatectomy 0.646 Not included
pN1 0.971 Not included
Lymph node rate <0.3 0.793 Not included
Preoperative CA 19-9 <37 U/mL 0.548 Not included
T-status 0.436 Not included
R1 0.005 0.306-0.958 0.005
Adjuvant Chemoradiation 0.626 Not included
Adjuvant Chemotherapy alone 0.467 Not included

imaging. Most patients were evaluated and had a CA19-9 level every
3 months, and underwent imaging every 6 months. A change in
Cal9-9 value or symptoms, depending on the provider, did increase
the frequency of imaging. The timing of postoperative imaging does

362 | www.annalsofsurgery.com

affect the detection of recurrence. This should be taken into con-
sideration, when evaluating the results.

Our study is the largest multi-institutional study to examine
patterns of recurrence after potentially curative resection of PDAC in
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TABLE3. Baseline Characteristics and Outcome Parameters of the Propensity Matched Group

Total-n4186

ANO-Hr-14-03
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Baseline Characteristics of Upfront Resection Propensity Matched Group Univariate
Median/n IQR/% Median/n IQR/% Median/n IQR/% P
Age at operation, yrs 70 (62-77) 71 (63-76) 68 (62-78) 0.537
Sex (male) 102 (55%) 49 (53%) 53 (57%) 0.556
Type of surgery 0.086
Whipple 133 (72%) 60 (65%) 73 (78%)
Distal pancreatectomy 42 (23%) 28 (30%) 14 (15%)
Total pancreatectomy 6 (3%) 2 (2%) 4 (4%)
Other 4 (2%) 2 (2%) 2 (2%)
Tumor pathology
Grade 0.262
1 9 (5%) 5 (5%) 4 (5%)
2 125 (66%) 67 (72%) 58 (62%)
3 52 (29%) 21 (23%) 32 (34%)
4 0 (0%) 0 (0%) 0 (0%)
T-stage 0.850
1 3 (2%) 2 (2%) 1 (1%)
2 25 (13%) 14 (15%) 11 (12%)
3 154 (83%) 75 (81%) 79 (85%)
4 4 (2%) 2 (2%) 2 (2%)
Tumor size (mm) 30 (20-40) 26 (20-40) 30 (21-40) 0.266
Lymphatic invasion 94 (51%) 34 (37%) 60 (65%) 0.000
Perineural invasion 160 (86%) 73 (79%) 87 (94%) 0.003
Positive margins (<81 mm) 62 (33%) 23 (24%) 39 (44%) 0.013
Adjuvant therapy 127 (68%) 66 (71%) 61 (66%) 0.387
Chemotherapy alone 70 (55%) 39 (59%) 31 (51%) 0.634
Chemoradiation 57 (45%) 27 (41%) 30 (49%)
Radiation alone 0 (0%) 0 (0%) 0 (0%)
Follow-up Log-rank Test
Factor Median/N 95%K1/% Median/N 95%KI /% Median/N 95%K1/% P
Overall survival 17 (10-34) 25 (11-45) 15 (10-26) 0.000
Disease-free survival 12 (7-27) 14 (7-34) 10 (6-18) 0.001
Recurrence 119 (64%) 53 (57%) 66 (71%) 0.077
Local 21 (18%) 12 (23%) 9 (14%) 0214
Distant 79 (66%) 33 (60%) 46 (72%) 0.329
Both 17 (14%) 7 (8%) 9 (10%) 0.920
Recurrence
Univariate Analysis (Chi-square) Multivariate Analysis (Logistic Regression)
Factor P OR P
Age 0.503 0.337
Sex 0.093 0.223
Type of pancreatectomy 0.909 Not included
pNI1 0.016 0.142
Lymph node rate <0.3 0.068 Not included
Preoperative CA 19-9 >37 U/ml 0.002 1.620-10.892 0.003
T-status 0.528 Not included
R1 0.305 Not included
Adjuvant chemoradiation 0.566 Not included
Adjuvant chemotherapy alone 0.420 Not included

lymph node-positive and node-negative patients. Although the time
to recurrence and overall survival were significantly longer for pNO
as compared with pN1 cancers, there was no corresponding differ-
ence in site of first recurrence. The implications for clinical practice
are 2-fold. Irrespective of nodal involvement, an R1 resection was
independently associated with an increased likelihood of local

5 2019 Wolters Kluwer Health, Inc. All rights reserved.

recurrence, suggesting a possible benefit of local tumor therapy in
addition to systemic therapy. Second, both pNO and pN1 patients are
more likely to present with distant metastatic disease. These findings
emphasize the need for potent systemic therapy in the perioperative
setting. Pancreatic adenocarcinoma continues to be best treated with
multimodality therapy.
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TABLE4. Baseline Characteristics and Outcome Parameters of the Neoadjuvant Group

Total 14152 pNO-n 14 70 (46%) SNL 1 14 82 (54%) Univariate
Neoadjuvant Group
Median/n IQR/% Median/n IQR/% Median/n IQR/% P
Age, yrs 64 (57-72) 64 (58-71) 64 (57-73) 0.996
Sex 0.465
Male 70 (46%) 30 (43%) 40 (49%)
Female 82 (54%) 40 (57%) 42 (51%)
Preop. CA 19-9 51 (14-120) 36 (14-96) 69 (13-208) 0.219
OR duration, min 353 (296-423) 357 (296-431) 346 (295-420) 0.426
LOS, d 7 (6-9) 6 (5-9) 7 (6-8) 0.670
Grade 0.005
0 2 (1%) 2 (3%) 0 (0%)
Gl 8 (5%) 5 (7%) 3 (4%)
G2 89 (59%) 45 (64%) 44 (54%)
G3 45 (30%) 10 (14%) 35 (43%)
X 8 (5%) 8 (11%) 0 (0%)
T-stage 0.004
0 3 2%) 3 (4%) 0 (0%)
T1 10 (6%) 9 (13%) 1 (1%)
T2 21 (14%) 11 (16%) 10 (12%)
T3 118 (78%) 47 (67%) 71 (87%)
T4 0 (0%) 0 (0%) 0 (0%)
Tumor size (mm) 25 (20-35) 22 (15-31) 30 (23-38) 0.000
Positive lymphn. 1 (0-3) 0 (0-0) 2 (1-4) 0.000
Total lymph nodes 19 (15-23) 18 (14-22) 19 (15-25) 0.174
Lymphatic invasion 71 (46%) 17 (24%) 54 (65%) 0.000
Perineural invasion 131 (85%) 52 (73%) 79 (95%) 0.000
Positive margins 53 (35%) 24 (34%) 29 (35%) 0.889
Adjuvant therapy 100 (65%) 40 (40%) 60 (60%) 0.056
Chemo alone 77 (78%) 33 (83%) 45 (75%) 0.077
Chemoradiation 19 (19%) 5 (13%) 14 (23%)
Radiation alone 1 (1%) 1 (3%) 0 (0%)
Neoadjuvant regimen 152 (100%) 70 (100%) 82 (100%) 0.075
Chemotherapy alone 12 (8%) 6 (10%) 6 (4%)
Chemoradiation 137 (90%) 63 (88%) 74 (89%)
Radiation alone 0 (0%) 0 (2%) 0 (0%)
Totaln14152 PNO-1%70 PNEn 1482 Univariate
Follow-up Data
Median/n IQR/% Median/n IQR/% Median/n IQR/% P
Overall survival 24 (13-41) 33 (20-44) 17 (10-30) 0.003
Disease-free survival 15 9-27) 21 (11-38) 11 (5-20) 0.000
Recurrence 110 (72%) 45 (64%) 64 (78%) 0.040
Local 20 (18%) 10 (22%) 10 (15%) 0.435
Distant 75 (68%) 34 (76%) 41 (64%) 0.326
Lung only 19 (25%) 8 (24%) 11 (27%) 0.568
Liver only 31 (41%) 13 (38%) 18 (44%)
Lung and liver 3 (4%) 2 (6%) 1 2%)
Other/multiple sites 22 (29%) 11 (32%) 11 (27%)
Local and distant 13 (12%) 1 (2%) 12 (18%) 0.014
Recurrence Local Recurrence Distant Recurrence
Univariate (Chi-square)
Factor P P P
Age 0.339 0.653 0.727
Sex 0.943 0.115 0.508
Type of pancreatectomy 0.913 0.873 0.624
pN1 0.060 0.381 0.202
Lymph-node ratio <0.3 0.443 0.335 0.884
Preoperative CA 19-9 <37 U/mL 0.572 0.381 0.391
T-status 0.199 0.932 0.771
RO 0.451 0.172 0.279
Adjuvant Chemoradiation 0.808 0.381 0.444
Adjuvant Chemotherapy alone 0.454 0.205 0.222
Preop. indicates preoperative; OR, operation; LOS, length of stay.
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specific for high-risk PCL

and
In a large (n=169),

and significantly more accurate than all
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Gastroenterology

BACKGROUND & AIMS: Although pancreatic cystic lesions
(PCLs) are frequently and incidentally detected, it is a challenge
to determine their risk of malignancy. In immunohistochemical

and enzyme-linked immunosorbent assay (ELISA)analyses of
tissue and cyst fluid from pancreatic intraductal papillary
mucinous neoplasms, the monoclonal antibody Das-1 identifies
those at risk for malignancy with high levels of specificity and
sensitivity. We aimed to validate the ability of Das-1 to identify
high-risk PCLs in comparison to clinical guidelines and clinical
features, using samples from a multicenter cohort. METHODS:
We obtained cyst fluid samples of 169 PCLs (90 intraductal

papillary mucinous neoplasms, 43 mucinous cystic neoplasms,
and 36 non-mucinous cysts) from patients undergoing surgery at
4 tertiary referral centers (January 2010 through June 2017).

Histology findings from surgical samples, analyzed indepen-
dently and centrally re-reviewed in ablinded manner, were used
as the reference standard. High-risk PCLswere those with inva-
sive carcinomas, high-grade dysplasia, or intestinal-type intra-
ductal papillary mucinous neoplasms with intermediate-grade

dysplasia. An ELISAwith Das-1 was performed in parallel using
banked cyst fluid samples. We evaluated the biomarker’s per-
formance, generated area under the curve values, and conducted
multivariate logistic regression using clinical and pathology
features. RESULTS: The ELISA for Das-1 identified high-risk
PCLs with 88% sensitivity, 99% specificity, and 95% accu-
racy, at a cutoff optical density value of 0.104. In 10-fold cross-
validation analysis with 100 replications, Das-1 identified high-
risk PCLswith 88% sensitivity and 98% specificity. The Sendai,
Fukuoka, and American Gastroenterological Association guide-
line criteria identified high-risk PCLswith 46%, 52%, and 74%
accuracy (P for comparison to Das-1 ELISA<.001). When we
controlled for Das-1 in multivariate regression, main pancreatic
duct dilation >5 mm (odds ratio, 14.98; 95% confidence in-

terval, 2.63-108; P < .0012), main pancreatic duct dilation ::°1
cm (odds ratio, 47.9; 95% confidence interval, 6.39-490; P <
.0001), and jaundice (odds ratio, 6.16; 95% confidence interval,
1.08-36.7; P % .0397) were significantly associated with high-
risk PCLs. CONCLUSIONS: We validated the ability of an
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ELISAwith the monoclonal antibody Das-1 to detect PCLs at
risk for malignancy with high levels of sensitivity and speci-
ficity. This biomarker might be used in conjunction with clinical
guidelines to identify patients at risk for malignancy.

Keywords: Intraductal Papillary Mucinous Neoplasm (IPMN);
Mucinous Cystic Neoplasm (MCN); Pancreatic Cancer; mAb
Das-1.

Pancreatic cystic lesions (PCLs) have been increas-
ingly recognized to have malignant potential and are
readily detectable on cross-sectional imaging.' ® The overall
prevalence of pancreatic cysts is estimated to be 2.6%9.3%
of asymptomatic patients undergoing abdominal computed
tomography * and magnetic resonance imaging’ scans, with
their resections accounting for up to 20% of pancreatic
resections in referral centers.® However, while a small
proportion has malignant potential, the vast majority of
these lesions are either benign or indolent.”-® Several clinical
guidelines have been adopted to assist clinicians in deter-
mining when a lesion should be surgically resected.””!!
However, validation studies have demonstrated that these
guidelines have either inadequate sensitivity (7.3%—
35.2%)>!° or inadequate specificity (23%-30%).'! Given
the prevalence of asymptomatic cysts and possible
morbidity associated with surgical interventions, there is an
unmet need for molecular tools to risk-stratify lesions.
PCLs can be broadly divided into non-mucinous and
mucinous lesions. Non-mucinous PCLs include pseudocysts
and serous cystadenoma that have no malignant potential,
and cystic neuroendocrine tumors and solid pseudopapil-
lary neoplasm, both of which have low-grade malignant
potential. Mucinous PCLs consist of intraductal papillary
mucinous neoplasms (IPMNs) and mucinous cystic neo-
plasms (MCNs) that are of varying malignant potential.'”
IPMNSs are divided into 3 broad anatomic subtypes (main
duct, branch duct, and mixed) based on the involvement of
the pancreatic duct, and 4 epithelial subtypes (gastric
[IPMN-G], intestinal [IPMN-I], pancreatobiliary, and onco-
cytic) with varying degrees of dysplasia (low [LGD],inter-
mediate [IGD],and high [HGD]grade).''> While main-duct
and mixed-type IPMNs have a 48% and 42% likelihood of
harboring invasive carcinoma, respectively, in branch duct
lesions it is only 11%."> IPMN-Gscomprise the majority of
branch-duct IPMNs, and rarely exhibit HGD. Conversely,
IPMN-Is make up the majority of main-duct IPMNs and
frequently  exhibit HGD/invasive carcinoma.'” Pan-
creatobiliary and oncocytic subtypes are rare, high-grade
lesions, and typically present with large cystic tumors

involving the main duct. The majority of the latter 2 sub-
types contain invasive or minimally invasive components,
respectively.”

We have previously developed a novel murine mono-
clonal antibody (mAb), Das-1, which reacts specifically with
normal non-goblet and goblet colonic epithelium, but not
with normal small intestinal enterocytes.i” '’ While absent
in normal esophageal, gastric, and pancreatic epithelium, we
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WHATYOUNEEDTO
KNOW
BACKGROUND AND CONTEXT

Pancreatic cystic lesions (PCLs) are frequently found but
there are a dearth of biomarkers to confidently identify
those at high risk for malignancy.

NEW FINDINGS

In a large (n,,169), multicenter, validation study of
perioperatively “hspirated PCL, mAb Das-1 was 88%
sensitive and 99% specific for identifying high-risk PCL.
mAb Das-1 was significantly more accurate than all
available clinical guidelines (P<.001) in identifying high-
risk lesions.

LIMITATIONS

This was a retrospectively collected, prospectively
banked, surgical cohort, from large, tertiary care centers.

IMPACT

An ELISA with Das-1 might be used to analyze fluid from
pancreatic cysts and determine their risk for malignancy.

have demonstrated that it is present in precancerous and
cancerous conditions of these same tissues.'”'>'*?" In a

preliminary single-center study, we reported on the specific
immunoreactivity of mAb Das-1 against resected tissue and
cyst fluid from patients with high-risk IPMNsand associated
invasive carcinomas.'” Indeed, in a small cohort of patients

with resected PCLs, evaluation of mAb Das-1 in perioper-
atively aspirated cyst fluid samples by ELISA assay

demonstrated a sensitivity of 89% and specificity of 100%
in detecting high-risk lesions.!5

@
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Here, we explore the ability of mAb Das-1 to segregate
PCLs with high-risk for malignant behavior in a large,
multicenter cohort of cyst fluid samples aspirated at the
time of surgical resection. With blinded, centrally verified
pathologic review of all cases, we ensured a comparison to a
uniform gold standard. Finally, we evaluated the perfor-
mance of mAb Das-1 against current available clinical
guidelines and their constituent components.

and Methods
Study Design and Subjects

The Institutional Review Boards of all centers approved this
study and it is reported in accordance with STARD(Standards
for Reporting of Diagnostic Accuracy Studies) and REMARK
(Reporting Recommendations for Tumor Marker Prognostic

Materials

Abbreviations used in this paper: AGA, American Gastroenterological
Association; AUC, area under the curve; CEA, carcinoembryonic  antigen;
CIL, confidence interval, ELISA, enzyme-linked immunosorbent assay;

HGD, hiigh-grade dysplasia; IGD, intermediate-grade dysplasia; IPMN,
intraductal  papillary  mucinous neoplasm; IPMN-G, gastric-type  intra-
ductal papillary mucinous neoplasm; IPMN-I, intestinal-type  intraductal

papillary mucinous neoplasm; LGD, low-grade dysplasia; mAb, mono-
clonal antibody; MCN, mucinous cystic neoplasm; NGS, next-generation
sequencing; OD, optical density; PCL, pancreatic cystic lesion.
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Studies) guidelines (Supplementary Statistical Checklists). Pa-
tients underwent surgical resection for PCLswith perioperative
cyst fluid collection between January 2010 and June 2017 at 4
tertiary referral centers (Massachusetts General Hospital [n Y4

94], Johns Hopkins University [n % 46], Memorial Sloan Ket-

tering. Cancer. Center. [n % 37], and Washington University [n Y
4]) v%ith mu‘fti(%sciplin[ary4 PCLprograms. The decision t(gy 1re[secf1

a pancreatic cyst is multifactorial, and includes not only an

assessment of the risk of the presence of HGD or invasive
cancer within a cyst, but also the presence of other features,
including symptoms secondary to the cyst, patient age, and/or

comorbidities. Allpancreatic cyst fluid was aspirated, aliquoted,
and flash frozen (—80::C) at the time of surgical resection and
stored in the respective institutions’ biobanks. Retrospective

inclusion of patients into the current study was on the basis of
the availability of frozen, banked cyst fluid. Ofthe 181 patients
with available cyst fluid for analysis, 12 patients did not have a
sufficient quantity to analyze (Figure 1). Each institution pro-

vided clinical data on review of the enrolled patients’ records.

Pathologic Evaluation of Tissue Specimens
De-identified, coded slides of all available patients were
reviewed by one of the authors specialized in the field (MM-K).
Analysis was performed blinded to the original pathologic
diagnosis and immunoreactivity to mAb Das-1. Of those, all
cases of IPMNs were histopathologically classified by main/
branch duct involvement and by dysplastic grade. We used a
3-tiered grading system (LGD,IGD,and HGD)for the purpose of
this study, and the LGD and IGD correspond to LGDin the
recently recommended 2-tiered grading system.’' Epithelial
subtypes were determined on the basis of their epithelial
morphology on routine H&E staining and, when available,
immunoreactivity against mucin glycoproteins and/or CDX2,
according to previously established criteria.”>>} IPMN lesions

181 patients with
perioperatively
aspirated PCLs

12 patients QNS | <=
Y
| 169 patients analyzed |

I 36 ‘ ’ 133 |
non-mucinous mucinous

SCA 22 (61%)

PNET 4 (11%)

PC 3(8%) 43 l 1 90 |
SPN 3 (8%) MCN IPMN
Retention cyst 3 (8%) HGD/INV 9 (21%)

GIST 1(38%) LGD/INT 34 (79%)

Figure 1. Flow diagram of patients evaluated. GIST, gastro-
intestinal stromal tumor; HGD/INV, high-grade dysplasia/
invasive carcinoma; LGD/INT, low-grade/intermediate-grade

dysplasia; MCN, mucinous cystic neoplasm; PC, pseudo-
cyst; PNET, pancreatic neuroendocrine tumor; QNS, quantity

not sufficient; SCA, serous cyst adenoma; SPN, solid pseu-
dopapillary neoplasm.

Gastroenterology Vol.157, No. 3

were classified on a per-patient basis, based on the most pre-
dominant epithelial subtype, and the highest-grade lesion
demonstrated. All cases of MCN were also classified by
dysplastic grade.

For the purposes of this study, high-risk lesions (ie, those
warranting definitive surgical management) were those path-
ologically” verified to have invasive carcinoma in association
with a PCL,HGD arising in an MCNor IPMN, or IPMN-I with

IGD.IPMN-I with IGDwere included in this high-risk category
as we” and others>® have found these cases frequently harbor
multiple small foci of HGD and present in patients with
(recurrent) pancreatitis,”* both warranting surgical manage-
ment. Low-risk lesions were defined as all other PCLs,including
non-mucinous PCLsand IPMN-Gand MCNwith LGDor IGD.A
separate analysis, defining high-risk lesions as “advanced
neoplasia,” meaning those lesions with HGDor invasive carci-
noma (not including IPMN-Iwith IGD),was also performed in
parallel.

Analyses of Cyst Fluid Aspirates for Monoclonal
Antibody Das-1

De-identified frozen samples were processed blinded to
their pathologic diagnosis. Fluid was assayed for total protein
concentration and all samples were normalized to equal pro-
tein amount. Sandwich enzyme-linked immunosorbent assay
(ELISA) was performed with mAb Das-1 IgM and mAb Das-1
IgG isotypes as described previously.'> All experiments were
conducted at least in duplicate and normalized with respect to
reactivity of the positive control.

Statistical Analysis

Based on our preliminary evaluation of PCLcyst fluid,15.25
we expected that both the sensitivity and specificity of the
assay would be approximately 92%. We performed sample size
calculations demonstrating that for a sample of 50 patients
with high-risk lesions and 50 with low-risk lesions, the 95%
confidence interval (CI) for an observed sensitivity or speci-
ficity of 92% would be 81%-98%. Our cohort includes 101
low-risk and 68 high-risk patients.

Optical density (OD) values are displayed with SDs and
compared across patient groups using the Mann-Whitney
test. The performance of the continuous mAb Das-1 OD
values in predicting high-risk PCLs was described through
receiver operating curves and the area under the receiver
operating curves (AUC).The optimal cut point for predicting
high-risk PCLs with mAb Das-1 was determined from the
receiver operating curves utilizing Youden’s statistic. The
performance of the dichotomized mAb Das-1 and other
clinical criteria for high-risk PCLs (Sendai guidelines,
Fukuoka guidelines, and American Gastroenterological Asso-
ciation [AGA] guidelines) is described through sensitivity,
specificity, and accuracy (the percent correctly identified by
the screen, or the sum of the true positives and true nega-
tives). Exact 95% CIs are given, and performance of these
guidelines and mAb Das-1 are compared through exact
paired-sample McNemar’s tests for proportions. All of the
tests were 2-sided and the significance level was set at .05.
The analyses were performed with STATA,version 14 (Sta-
taCorp, College Station, TX) and SAS,version 9.2 (SAS Insti-
tute, Cary, NC).
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Examination of Clinical Risk Factors Controlling
for Monoclonal Antibody Das-1

We used logistic regression to examine associations be-
tween clinical risk factors and high-risk PCL, first examining
unadjusted associations (odds ratios and 95% Cls) and then
examining associations between clinical risk factors and high-

risk PCL after controlling for the dichotomized mAb Das-1.
Clinical factors examined were cyst size, MPD dilation (>5
mm, <:°1 cm), enhancing mural nodule, solid component, mul-
R AR e NS SR e éﬁmaln’i’pé‘sluéa‘é’iﬁ%%%’l
marker (jaundice or MPD dilation or cyst size ©°4cm).”’

Because of the high sensitivity and specificity of mAb Das-1,
which led to a small number of false positives (n 4 1) and

negatives (n % 8), we used exact logistic regression to estimate
the adjusted associations.

k-fold Validation

We used repeated k-fold cross-validation to estimate the
sensitivity, specificity, and accuracy of the mAb Das-1 screen
when applied to an independent sample of subjects. First, we
randomly divided the sample into 10 equal-sized subsamples.
Then, for each subsample, we took the subsample as a holdout
validation data set; took the remaining subsamples as a training
data set; determined the Das-1 cutoff in the training data set
using Youden’s index; and, using the cutoff from the training
data set, determined the performance of the cutoff in the held-
out validation data set. Performance results in the 10 validation
data sets are then pooled to calculate sensitivity, specificity,
accuracy, and their 95% ClIs. Because these performance esti-
mates depend on the original random sample division, we
repeated this process 100 times and present the mean sensi-
tivity, specificity, and accuracy across the 100 replications.

Results
Study Cohort

Demographic and clinical information on the examined
study cohort are displayed in Table 1. Ofthe 181 patients
with PCLsin the study, 169 patients had sufficient cyst fluid
for analysis. Ofthese PCLs,36 were non-mucinous and 133
were mucinous (43 MCNs and 90 IPMNs) (Figure 1). As

expected, patients with MCNtended to be younger and have
a female’ predominance.

Table 1.Patient and Cyst Characteristics

mADb Das-1 Identifies High-RiskPancreatic Cystic Lesions 723

Preoperative cyst fluid carcinoembryonic antigen (CEA)
was available in 49 patients. Utilizing the previously
established threshold of 192 ng/mL to discriminate a po-
tential mucinous PCL,*® there was a 50% sensitivity (95%
CL, 0.329-0.671) and 92.3% specificity (95% CI, 0.640—

0.998) for CEA accurately identifying a mucinous lesion

(Supplementary Table 1). Cyst fluid cytology (n Y4 57) was
not readily available in a large enough subgroup of the pa-
tients included in this cohort to provide a meaningful

evaluatlon of its Operformance in parallel
Among the 90 patients with [PMNs examined, 44 (49%)

involved the main duct and 46 (51%) were exclusively
branch duct lesions, with all epithelial subtypes represented

(Supplementary Table 2). Preoperative assessment of main
duct involvement was observed in 42 (46%) on cross-
sectional imaging. Of the IPMN lesions, 19 harbored LGD,
21 1GD, 32 HGD,and 18 showed an invasive component.

Only 9 of the MCNharbored HGDor invasive features.

Cyst Fluid Protein Analysis

Median cyst fluid protein concentration was 4.1 mg/mL
(interquartile range, 1.61-9.56 mg/mL) and reflected the
pathology of the resected specimens with low-grade IPMN-
G/serous cyst adenoma and high-grade IPMN-I/colloid
carcinoma at the extremes. Considering the lower end of the
interquartile range, the vast majority of samples could be
processed in duplicate (requiring 200 mg protein) with
<150 mL cyst fluid.

Monoclonal Antibody Das-1 Identifies High-Risk
Pancreatic Cystic Lesions

Cyst fluid from non-mucinous PCLs (n Y4 36) demon-
strated very little reactivity with mAb Das-1 by sandwich
ELISAassay (0D, 0.019 % 0.032). Similarly, low-risk IPMNs
and MCNs (n % 65) had minimal reactivity (OD, 0.019 *
0.034). Conversely, high-risk IPMN and MCN lesions (n %
68) expressed a significantly higher amount of reactivity
(OD, 0.670 % 0.555) when compared with low-risk IPMNs
and MCNs(P < .0001) and non-mucinous PCLs(P < .0001)
(Figure 2A). Plotting the overall sensitivity and specificity of

mAD Das-1 for hl%h -risk PCLsas a continuous variable, AUC
was 0.965 (95% CI,0.935-0.994) (Figure 2B

IPMNSs (n ¥ 90)

Non-mucinous

MCNs (n V4 43) cystic lesions (n Y4 36)

Characteristic Allsamples (n % 169)
Female sex, n (%) 112 (66)
Age at surgery, y, mean (SD) 58.9 (15.2)
Symptoms, n (%) 76 (45)
Weight loss, n (%) 9 (5)
Abdominal pain, n (%) 50 (30)
Pancreatitis, n (%) 33 (20)
Jaundice, n (%) 74
Cyst size, cm, mean (SD) 5.04 (3.59)
Mural nodule n (%) 26 (15)

43 (48) 41 (95) 28 (78)
66.6 (12.1) 484 (14.2) 523 (12.5)
44 (49) 22 (51) 10 (28)
7 (8) 12 13)
24 (27) 18 (42) 8 (22)
21 (23) 7 (16) 5 (14)
7 (8) 0 (0) 0 (0)
4.07 (3.23) 6.30 (4.32) 5.88 (2.72)
18 (20) 6 (14) 2 (6)
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AUC 0.965 (0.935 - 0.994)
P < .0001

36
=65
68

n
n

Non-mucinous
Cystic Neoplasm
n

Low Risk IPMN / MCN
High Risk IPMN / MCN

50 1 (I)O
100% - Specificity%

Optimal Cut Point (Youden’s Statistic): 0.104

Figure 2. mAb Das-1 is highly sensitive and specific for high-risk pancreatic cystic lesions. (A) Cyst fluid immunoreactivity
against mAb Das-1 by ELISA. OD values as determined by ELISA in high-risk IPMNs (invasive IPMN, HGD of any epithelial
subtype, and IGD of intestinal subtype) and MCNs with HGD (n % 68), low-risk IPMNs and MCNs (n Y4 65), non-mucinous
cystic neoplasms (serous cyst adenoma, pancreatic neuroendocrine tumors, pseudocysts, solid pseudopapillary neoplasm,
retention cysts, and gastrointestinal stromal tumor) (n % 36). Bars indicate the mean and SD ineach column. Reactivity of mAb
Das-1 from fluid from high-risk IPMNs and MCNs was significantly higher than that from low-risk IPMNs/MCNs (P < .0001) and
non-mucinous cystic lesions (P < .0001). (B)Receiver operating curve analysis of mAb Das-1 for the identification of high-risk
pancreatic cystic lesions. The AUC was 0.965, which was highly significant (P < .0001). Utilizing Youden’s statistic, an optimal
binary cut point of 0.104 was selected and the sensitivity and specificity of Das-1 for segregating high-risk PCLs from low-risk

PCLs were 88.2% and 99%, respectively.

While low-risk IPMNs (n % 31) had an OD of 0.025 *

0 S
042, non- highsrisk TPMN (n ' 41) had an OD of
0:015 20 AESEEe 0T T YAk Wit "0 dvaene

component (n % 18) had an QD of 0.680 + 0.555 (P <
.OOO?), demonstrating a progressive increase in reactivity to
mADb Das-1. The mAb Das-1 had a strong ability to segregate
IPMN-Gwith LGD/IGD(n % 31; OD,0.025 * 0.042), which
represent the majority of indolent branch duct IPMNs, from
IPMN-G with HGD or invasive tubular carcinoma arising
from IPMN-G(n % 14; OD,0.636 + 0.486) (P < .0001) or
IPMNs of any type with HGD or with associated invasive
carcinoma (n % 50; OD, 0.658 + 0.473) (P < .0001). The
reactivity of the biomarker with the various histologic
subtypes and dysplastic grades of IPMNs are displayed in
Supplementary Table 3. Among MCNs,lesions with LGD/IGD
(n % 34) were non-reactive (OD, 0.014 £ 0.023) in com-
parison to MCNswith HGD(n % 9; OD,0.924 + 0.825) (P <

0001).

Evaluation of a Cutoff for Identification of High-
Risk Pancreatic Cystic Lesions by Monoclonal
Antibody Das-1

We have previously reported proposed preliminary OD
cutoffs in our initial descriptions of an ELISAfor mAb Das-1
in IPMNsand in a subsequent pilot abstract.15,250ur initial

report of a cutoff'> was based on the mean of only 9 sam-

é)l%s of low-risk gastric-type IPMNs zgld twice their %P
ubsequently, improving our assay and utilizing a small,

preliminary, previously reported cohort, we had initially
estimated " an optimal “cutoff OD for high-risk lesions to be
0.120, based on maximization of sensitivity and specificity
(data presented at Digestive Disease Week 2014).>° With
this cutoff, we reported a sensitivity of 84% and specificity
of 100% for identifying high-risk IPMNs. However, this
cohort did not include any non-mucinous cystic lesions,
MCNs, or other PCLs, and represented a single-center
experience only. Regardless, utilizing this cutoff, and the
unique cases in the current study cohort (n % 126) as a
validation set, this previously suggested cutoff (0.120) had a
sensitivity and specificity of detecting high-risk lesions very
similar to the prior report: 83.0% (95% CI, 0.679-0.928)
and 100% (95% CI,0.958-1.00), respectively.

Given our current much larger data set (n % 169), which
encompasses all PCL subtypes, a statistically valid, optimal
cutoff was calculated by Youden’s index of ::°0.104. Utilizing
this cutoff, the sensitivity and specificity for segregating

S . o A
BRI 0 L5 and Y8 oM EEGDES 887 esieltivels”
In our cohort of 169 patients there was only 1 case with an
OD value between the 0.120 and 0.104 cutoffs—a patient
with a high-risk MCNsthat had an OD value of 0.119. The
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Table 2.Performance of Clinical Guidelines and Monoclonal Antibody Das-1 in Segregating High-Risk Pancreatic Cystic Lesion

All PCLs (n — 169)

Mucinous PCLs (n = 133)

Specificity Accuracy Sensitivity Specificity Accuracy

Sensitivity

value % {95% CI value % (95% CI P value % (95% CI value % {95% CI value % (95% ClI value

% (95% CI)

Variable

98.5 (91.7-100) ref  93.2 (87.5-96.9) ref 88.2 (78.1-94.8)  ref  99.0 (94.6-100) ref  94.7 (90.1-97.5)  ref
<.0001 <.001 <.0001 <.001

ref

88.2 (78.1-94.8)

mAb Das-1
Sendai

46.2 (38.5-54.0)

3877 13.9 (7.79-22.2)

15.4 (7.63-26.5) 55.6 (46.8-64.9) 94.1 (85.6-98.4)

3877

94.1 (85.6-98.4)

guidelines

Fukuoka

23.1 (13.5-35.2) <0001 609 (62.1-69.2) <.001 97.1 (89.8-99.6) 1094 20.8 (13.4-30.0) <.0001 51.5(43.7-59.2) <.001

1094

97.1(89.8-99.6)

guidelines

AGA

<.001

73.7 (66.0-79.9)

<.001 50.0 (37.6-62.4) <.0001 89.1(81.4-94.4) .0063

71.4 (62.9-78.9)

3750

93.8 (85-98.3)

<.0001

50.0 (37.6-62.4)

guidelines

NOTE. P values reported in comparison to various guideline performance as compared to mAb Das-1. P values calculated using exact paired-sample McNemar’s test of

proportions.
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small differences in sensitivity and specificity between the
cutoffs are due to this single case.

Utilizing a cutoff of 0.104, it should be noted that there is
only 1 patient who had a positive ELISAfor mAb Das-1 (OD,
0.149) with a low-risk lesion. This patient had a 3-cm PCL
with a mural nodule with a gastric-type IPMN with IGD on
final surgical pathology. Similarly, there were 8 high-risk
cases non-reactive to mAb Das-1. Of these lesions, 2 had
malignant cytology identified on preoperative endoscopic
ultrasound and 5 presented with an MPDdilated >1 cm or a
focal mass on imaging.

When defining high-risk lesions strictly as those with
HGD/invasive component, mAb Das-1 continued to have
strong diagnostic performance with a sensitivity and spec-
ificity of 88.3% (95% CI,77.4%-95.2%) and 92.7% (95% CI,
86.0%-96.8%), respectively (Supplementary Table 4).

k-Fold Validation of Sensitivity and Specificity

To estimate the performance of mAb Das-1 on an inde-
pendent sample, we performed 10-fold cross validation with
100 replications. Cross-validated sensitivity and specificity
were 88.0% (95% CI, 77.9%-94.5%) and 97.6% (95% CI,
92.5%-99.4%), respectively.

Monoclonal Antibody Das-1 Is Superior to
Current Clinical Guidelines for Identifying High-
Risk Pancreatic Cystic Lesions

We next compared the performance of mAb Das-1 to the
available clinical guidelines’->?*" (Table 2). The Sendai
guidelines had an overall sensitivity, specificity, and accu-
racy of 94.1% (95% CI, 85.6%-98.4%), 13.9% (95% CI,
7.79%-22.2%), and 462% (95% CI, 38.5%—-54.0%),
respectively, for identifying high-risk lesions. In comparison,
the Fukuoka guidelines were significantly more accurate (P
< .012) with a sensitivity, specificity, and accuracy of 97.1%
(95% CI, 89.8%-99.6%), 20.8% (95% CI, 13.4%-30.0%),
and 51.5% (95% CI, 43.7%-59.2%), respectively. The
revised International Association of the Pancreas consensus
guidelines from 2017 have few changes for the indications
for surgery from the Fukuoka guidelines, and thus the
performance of these updated guidelines were identical to
the Fukuoka guidelines.’' The AGAguidelines were signifi-
cantly more accurate than the Sendai guidelines (P < .001),
as well as the Fukuoka guidelines (P < .001), with a
sensitivity, specificity, and accuracy of 50.0% (95% CI,
37.6%-62.4%), 89.1% (95% CI, 81.4%-94.4%), and 73.7%
(95% CI, 66.0%-79.9%), respectively. A validated compos-
ite clinical risk indicator’’” was also significantly more ac-
curate than the Sendai guidelines (P < .003)
(Supplementary  Table 5). However, with a sensitivity,
specificity, and accuracy of 88.2%, 99.0%, and 94.7%,
respectively, the performance of mAb Das-1 was signifi-
cantly (P < .001) more accurate than that of the Sendai,
Fukuoka, or AGAguidelines, or the composite risk indicator
(Table 2). The same was true when defining high-risk le-
sions strictly as those with a HGD/invasive component
(Supplementary Table 4).
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Evaluation of Clinical Risk Factors Associated
With High-Risk Pancreatic Cystic Lesions in
Association With Monoclonal Antibody Das-1
In performing a univariate analysis to identify high-risk
PCLin our cohort utilizing all of the component clinical in-
dicators in the current guidelines, significant predictors
included: mAb Das-1 (OR, 750; 95% CI, 91.5-6145.1; P <
.0001), MPDdilation >5 mm (OR, 13.0; 95% CI,5.77-29.28;
P < .0001), and =°1 cm (OR, 15.6; 95% CI, 4.45-54.9; P <
0001), solid component (OR, 4.07; 95 CI, 1.77-9.34; P Y4
0009), any symptoms (OR, 2.01; 95% CI, 1.08-3.76; P Y4
0280), jaundice (OR, 2.41; 95% CI, 1.11-5.23; P % .0260),
and the composite risk indicator (OR, 3.81; 95% CI, 1.63—
8. pi
'86Wg tﬁ‘égoel:)%z)ingr?g etﬁ% associations between clinical risk
factors and high-risk PCL after controlling for mAb Das-1
reactivity. Using exact logistic regression with only 2 inde-
pendent variables (the clinical variable of interest and mAb
Das-1), MPD dilation >5 mm (OR, 14.98; 95% CI,2.63—108;
P < .0012) and =°1 cm (OR,47.9; 95% CI, 6.39-490; P <

. : : . [y . 1

6)%%19)7) av%grej At 1lcgig1(noichr?flly6’asgs%éatec ’ IVV(I)t _31%};1’1 ?is ¥
even after controlling for mAb Das-1 reactivity. Given the
highly sensitive and specific nature of mAb Das-1 in being
able to detect high-risk lesions with only 9 misclassifications
in our cohort of 169 patients, a statistically valid multivar-
iate model or the creation of a risk-prediction model was
not feasible.

Discussion

PCLs are very frequently, incidentally identified in pa-
tients,*> without clinical guidelines or biomarkers that can
reliably identify lesions that necessitate  definitive

Gastroenterology Vol.157, No. 3

management. While data from long-term cohorts of PCL
have identified a small but ongoing risk to the development
of carcinoma,’”3? this must be balanced against the
increasing data demonstrating low yield and high potential
morbidity of surgical intervention in elderly patients with
non-worrisome PCLs.*>* In our present study, we demon-
strate that mAb Das-1 reliably identifies high-risk PCLsin a
large, pathologically verified, multicenter cohort of patients.
With a sensitivity of 88.2%, specificity of 99%, and overall
accuracy of 94.7%, the biomarker was significantly more
accurate than currently available guidelines (P < .001).
There are several limitations of our study. Our study
cohort is retrospectively collected, prospectively banked
surgical specimens from large, tertiary care centers, which
introduces surgical selection, referral, and treatment access
biases. While several validation and exploration studies in
PCL biomarkers have reported larger non-pathologically
verified cohorts, few have demonstrated a similarly sized
and powered surgical resection cohort as the one utilized
herein from 4 high-volume, geographically diverse cen-
ters.”> Without a prospective cohort of patients followed, it
is impossible to assess the malignant potential of a PCL
within a patient’s lifetime, however, evaluation against a
gold standard of blinded, pathology review is ultimately
superior to surrogate end points and assumptions of indo-
lence based on clinical/radiographic follow-up. As such, this
study does not address the optimal approach of integrating
mAb Das-1 into PCL surveillance programs. We are
currently studying the utilization of this marker on a pro-
spective basis to validate its use in this fashion. With mul-
tiple promising biomarkers becoming available to risk

stratify PCL, further studies are currently ongoing, to pro-
spectively validate these various markers against one
another, in the same cohorts.

Table 3.Univariate and Multivariate Analysis of Monoclonal Antibody Das-1 and Clinical Indicators for Predicting High-Risk

Pancreatic Cystic Lesions

Univariate analysis

Multivariate analysis
controlling for Das-1

Adjusted

Variable Sensitivity, % Specificity, % OR (95% CI) P value OR (95% CI) P value
mAb Das-1 88.2 (78.1-94.8) 99.0 (94.6-100) 750 (91.5-6145.1) <.0001 — —

Cyst size ©°3 cm 65.7 (53.1-76.8) 28.7 (20.1-38.6) 0.738 (0.382-1.43) .3665 0.597 (0.116-3.33) 7001
Cyst size 0°4 cm 47.1 (34.8-59.6) 47.5 (37.5-57.7) 0.805 (0.435-1.49) 4900 1.76 (0.358-11.4) .6624
MPD >5 mm 52.9 (40.4-65.2) 90.1 (82.5-95.1) 13.0 (5.77-29.28) <.0001 14.98 (2.63-108) .0012
MPD =°1 cm 32.4 (21.544.8) 97 (91.6-99.4) 15.6 (4.45-54.9) <.0001 47.9 (6.39-490) <.0001
Mural nodule 20.6 (11.7-32.1) 88.0 (80.0-93.6) 1.92 (0.829-4.46) 1280 1.28 (0.084-9.76) 1.0000
Solid component 309 (202-433)  90.0 (82.4-95.1) 4.07 (1.77-9.34) .0009 3.24 (0.384-20.3) 3258
Multifocal 28.8 (17.8-42.1) 87.1 (79-93) 2.26 (1.01-5.02) .0463 2.41 (0.290-14.6) 5022
Symptoms 55.9 (43.3-67.9) 61.2 (50.8-70.9) 2.01 (1.08-3.76) .0280 5.25 (0.946-53.9) .0604
Weight loss 597 (1.65-14.6)  95.0 (88.8-98.4) 1.20 (0.310-4.64) 7916 6.16 (0.51-49.3) 1628
Abdominal pain 32.8 (21.845.4) 72.3 (62.5-80.7) 1.25 (0.639-2.44) 5182 1.06 (0.154-5.62) 1.0000
Jaundice 27.9 (17.740.1) 85.9 (77.4-92.0) 2.41 (1.11-5.23) .0260 6.16 (1.08-36.7) .0397
Pancreatitis 10.3 (4.24-20.1) 100.0 (96.3-100.0) — 9752 — —

Composite risk (jaundice 88.2 (78.1-94.8) 34.7 (25.5-44.8) 3.81(1.63-8.86) .0019 — —

or MPD dilation or
cyst size ©°4 cm)

MPD, main pancreatic duct.
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While the specific identity of the antigen that mAb Das-1
is reactive to currently remains under investigation, limited
by its large molecular weight (>200 kDa) and heavy
glycosylation, previous examination of the biomarker in
fetal tissues has demonstrated expression of the Das-1 an-
tigen in organs arising from the primitive gut (oropharynx,
lung, esophagus, stomach, biliary tree, pancreas, liver, and
intestine).’® Several investigators have demonstrated that
while Das-1 is expressed in the fetal esophagus, stomach,
small bowel, and pancreas, it is lost in the respective adult
organs and reappears in precancerous and cancerous

conditions like Barrett’s esophagus/esophageal adenocar-
cinoma,'*?” incomplete-type gastric intestinal metaplasia/

gastric adenocarcinoma,'®*® small intestinal adenomas/

adenocarcinoma,'” and pancreatic intraepithelial
neoplasia/pancreatic  adenocarcinoma.’’ This pattern of
expression, loss, and re-emergence appears to suggest its
role as an oncofetal marker. Previous in vitro experiments
have demonstrated that the Das-1 antigen is externalized
and released from cells into the culture medium,*’ which
may explain the intense staining of extracellular mucin we
have observed in colloid carcinomas previously,'® and the
abundant presence in cyst fluid here. It is also promising
that even in acellular cyst fluid aspirates, mAb Das-1 is still
readily assayable. Ultimately, the presence of Das-1 in fetal
pancreatic tissue, loss in normal pancreas and pancrea-
titis,'> and re-emergence in dysplastic PCLs suggests that
identification of this antigen may both help advance our
knowledge of pathophysiologic mechanisms of malignant
transformation and improve our diagnostic capacity for

these lesions.

IPMNs progress from LGDand IGDto HGD(carcinoma in
situ) and invasive carcinoma. We have previously demon-
strated in a cohort of 94 patients with resected IPMNs that
by immunohistochemistry, mAb Das-1 expression was
preferentially expressed in higher-grade lesions.'> We
confirmed in our present study our initial observation that
mAb Das-1 is minimally reactive to IPMN-Gwith LGD/IGD
(3% [1 of 31]), which most frequently represent indolent,
branch duct lesions. In addition, among the 43 MCNsin the
current cohort, mAb Das-1 had a 100% sensitivity and
specificity for identifying MCNs harboring HGD. While
guidelines typically recommend the resection of all MCN
lesions, the ability to reliably assess the development of
dysplasia in MCNsmay prospectively improve the timing of
surgical intervention and avoid morbid interventions in
those with significant comorbidities. Of the 8 high-risk le-
sions that were non-reactive with mAb Das-1, there was no
clear bias to histologic subtype, and of these cases, 2 had
preoperative endoscopic ultrasound/fine-needle aspiration
with positive cytology and 5 of the lesions had an MPD >1
cm or a focal mass on imaging. Thus, in practice, 7 of 8§ of
these would have likely been referred to resection on clin-
ical grounds alone, given the very high specificity of positive
cytology and severe MPD dilation for high-risk lesions
(cytology >90%,*" MPD =:°1 c¢cm 97%).

Classically, CEA has been utilized to discriminate
mucinous from non-mucinous PCLs, traditionally with a
cutoff of 192 ng/mL’® though there has been considerable

trolling for mAb Das-1
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controversy regarding an optimal cutoff value, with only
moderate reported accuracy.’'**? In our available cohort,
CEAwas only 50% sensitive for identifying mucinous le-
sions. Other techniques, including cyst fluid glucose*’ and
combinations of clinical indicators,’” have been utilized to
distinguish mucinous from non-mucinous lesions. While
specific genetic alterations identified with next-generation
sequencing (NGS) can subtype PCLs with moderate accu-
racy,”’®*** mAb Das-1 is completely non-reactive with
the entire gamut of non-mucinous PCLs by ELISA
(Figure 2).

Given the high prevalence of PCL in clinical practice,
clinical guidelines have been adopted’->*-*? to aid clinicians
in attempting to risk stratify patients in the absence of
adequate biomarkers. Validation cohorts have proven
these to be inadequate in either their sensitivity or speci-
ficity, especially among branch duct lesions.””!! While
these guidelines are not meant to be applied retroactively
to surgical series, given the inherent biases associated with
this, ideally a clinical risk model would have reasonable
accuracy even in these cohorts. In our cohort of 169
resected PCLs,as expected, while the Sendai guideline had
a high sensitivity (94.1%), it was non-specific (13.9%) for
high-risk lesions, which were improved upon in the
Fukuoka guidelines (specificity 20.8%) without sacrificing
sensitivity. Given their similarity, the performance of the
2012 Fukuoka guidelines and the 2017 International As-
sociation of Pancreatology updated guidelines in identi-
fying high-risk lesions was identical. The AGA guidelines
(AUCO0.696) were considerably more specific (89.1%), but

at the cost of reduced sensitivity (50.0%). Overall, the AGA
and Fukukoa guidelines were significantly more accurate

than the Sendai guidelines and the AGA guidelines were
more accurate than the Fukuoka guidelines (Table 2). In
comparison, mAb Das-1 reactivity was significantly more
accurate than any of the available guidelines (P < .001).

Utilizing univariate regression modeling, several of the
same clinical factors that are constituent elements of the
current clinical guidelines remained significant predictors

of risk (MPD dilation, MPD involvement, solid component,
symptoms, and jaundice). While several of these traditional

high-risk clinical features like dilated MPD >1 cm, mural
nodule, solid component, pancreatitis, jaundice, or weight
loss were highly specific (97.0%, 88.0%, 90.0%, 100.0%,
85.9%, and 95.0%, respectively), they were highly insen-
sitive (32.4%, 20.6%, 30.9%, 10.3%, 27.9%, and 5.97%,
respectively). Therefore, their presence clinically should
not be discounted, but they are insufficient to identify all
high-risk lesions. Multivariate regression modeling con-
and these clinical indicators

demonstrated the presence of MPD dilation or jaundice to
still be significantly associated with high-risk PCLs, inde-
pendent of mAb Das-1 reactivity. Interestingly, in exam-
ining patients without any high-risk features (no dilated
pancreatic duct >1 cm, weight loss, jaundice, pancreatitis,

e " AT S MAT Bl 2 B 5, S e,
74.0-99.9), 100.0% (95% CI, 94.5-100.0), and 0.97 (95%

CI, 0.92-1.00). Therefore, among these lesions without
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obvious clinical high-risk features, mAb Das-1 may be of
particular benefit.

There have been several studies attempting to identify
new biomarkers for high-risk PCLs, includin% microRNAs,
NGS.and telomerase activity.«5-4s Singhi et al** reported a
panel of NGStargets with specific thresholds of mean allele
frequency that demonstrate high accuracy for advanced
neoplasia. Similarly, targeted mass spectrometry analysis of
cyst fluid for mucin-5AC and mucin-2 has been reported as
accurate in identifying advanced neoplasia.+” While these
are promising initial studies, their results need to be
confirmed by multicenter validation cohorts. In this study,
we conducted multicenter validation on mAb Das-1 as a
biomarker for high-risk PCL.As mAb Das-1 is non-reactive
to normal gastric mucosa and duodenal mucosa,® it is not
susceptible to contamination that can affect cytology inter-
pretation or even mean allele frequency in NGS. Also, in
comparison to the technical expertise required for NGS or
targeted mass spectrometry, ELISAis simple, highly repro-
ducible, and inexpensive. Indeed, the non-commercialized
cost of performing the assay for an entire plate (40 sam-
ples) is $50-$100. In addition, we found that the vast ma-
jority (81%) could be analyzed with as little as 125 mL cyst
fluid, and 94% could be completed with 500 mL. As the
ELISAassay is further refined, it is likely that smaller vol-
umes of fluid will be required.

In conclusion, mAb Das-1 is a sensitive and highly spe-
cific biomarker for the detection of high-risk and malignant
PCLs. The inclusion of the Das-1 marker into the analysis of
cyst fluid may aid in the preoperative diagnosis and risk
stratification of patients with PCLs.

Supplementary =~ Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2019.05.014.
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Predictors of Resectability and Survival in Patients with Borderline
and Locally Advanced Pancreatic Cancer who Underwent
Neoadjuvant Treatment with FOLFIRINOX
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Andrew L. Warshaw, MD, Theodore S. Hong, MD,* Keith D. Lillemoe, MD, and Cristina R. Ferrone, MD

Objective: The aim of this study was to determine (1) whether preoperative
factors can predict resectability of borderline resectable (BR) and locally
advanced (LA) pancreatic ductal adenocarcinoma (PDAC) after neoadjuvant
FOLFIRINOX, (2) which patients might benefit from adjuvant therapy, and
(3) survival differences between resected BR/LA patients who received
neoadjuvant FOLFIRINOX and upfront resected patients.

Background: Patients with BR/LA PDAC are often treated with FOLFIR-
INOX to obtain a margin-negative resection, yet selection of patients for
resection remains challenging.

Methods: Clinicopathologic data of PDAC patients surgically explored
between 04/2011-11/2016 in a single institution were retrospectively col-
lected.

Results: Following neoadjuvant FOLFIRINOX, 141 patients were surgically
explored (BR: 49%, LA: 51%) and 110 (78%) were resected. Resected

patients had lower preoperative CA 19-9 levels (21 vs 40U/mL, P % 0.03)
and smaller tumors on preoperative computed tomography (CT) scan (2.3 vs

3
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patients and 37.7 months for resected patients. Among resected patients,
preoperative CA 19-9 >100 U/mL and >8 months between diagnosis and
surgery predicted a shorter postoperative disease-free survival (DFS); Charlson
comorbidity index >1, preoperative CA 19-9 >100U/mL and tumor size
(>3.0cm on CT or >2.5cm on pathology) predicted decreased OS. DFS
and OS were significantly better for BR/LA PDAC patients treated with
neoadjuvant FOLFIRINOX compared with upfront resected patients (DFS:
29.1 vs 13.7, P < 0.001; OS: 37.7 vs 25.1 months from diagnosis,

4 0.01).
gogc(fus}gn: BR/LA PDAC patients with no progression on neoadjuvant
FOLFIRINOX should be offered surgical exploration. Except size, traditional
pathological parameters fail to predict survival among resected
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FOLFIRINOX patients. Resected FOLFIRINOX patients have survival that
appears to be superior than that of resectable patients who go directly to
surgery.
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O ver 30% of the 53,670 patients who will present with pancreatic
adenocarcinoma (PDAC) in 2017 will present with borderline

resectable (BR) or locally advanced (LA) disease.! Hlstorlcally2 this
cohort of patients survived 11 months from the time of diagnosis~and

only a small subset (19% to 30%) was downstaged with chemo-

radiation, although many of them did not have a margin-negative
resection.” > Patients who undergo a resection with a macroscop-

ically positive margin have survival comparable to that of patients
who do not undergo an operation.®’” On the contrary, patients who are

resected with a >1 mm negative resection margin have a significantly

longer survival than 8patients with an R1 resection margin or those
who are not resected.® This has led to an increased use of neoadjuvant

therapy in BR and LA disease with the goal of obtaining a margin-
negative resection.

With the encouraging results in the metastatic setting,

FOLFIRINOX (5-FU, oxaliplatin, irinotecan) and gemcitabine/
nab-paclitaxel have been utilized in patients with BR/LA disease,

although no clinical trials have been completed comparing modern
neoadjuvant regimens in the setting of BR/LA PDAC. In this
group of patients, particularly in LA disease, chemotherapy is often

followed by chemoradiation to optlmize downstaging before
surgical resection is attempted.'®!'" Yet, despite this intensive

neoadjuvant regimen, patient selection for resection continues to
be difficult, as radiologic imaging is no longer able to predict
resectability.

This study reports one of the largest series to date of BR/LA
PDAC patients who received FOLFIRINOX before an attempted
resection. Our first aim was to determine whether preoperative
clinical factors are able to predict which BR/LA PDAC patients
who have received FOLFIRINOX will become surgically resectable.
Our second aim was to assess whether any preoperative, intra-
operative, and postoperative clinicopathologic factors could predict
early recurrence, as these patients might benefit from adjuvant
therapy. The third aim was to compare clinicopathologic factors,
disease-free survival (DFS), and overall survival (OS) between
resected BR/LA PDAC patients who received neoadjuvant FOLFIR-
INOX and contemporary resectable patients who underwent upfront
resection.
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METHODS

Inclusion Criteria

Patients who were surgically explored for pancreatic ductal
adenocarcinoma with or without neoadjuvant treatment with
FOLFIRINOX between April 1, 2011, and November 30, 2016,
were included in this study. Of note, data on the initial 40 (28%)
patients of this series have been previouslv revorted.1

All patients were reviewed at our gastrointestinal oncology
multidisciplinary conference (MDC) to assess for resectability and
the suitability for neoadjuvant treatment in the case of BR or LA
disease. This tumor board includes 2 or more pancreatic surgeons, 1
or more gastrointestinal radiologists, 2 or more medical oncologists,
and 1 or more gastrointestinal radiation oncologists. For patients who
had received part of their neoadjuvant therapy before being referred
to MGH, the stage of the disease was determined by reviewing the
imaging at MDC performed at the time of diagnosis. Patients with
distant metastasis were excluded. Patients who received neoadjuvant
FOLFIRINOX but did not undergo an operation because they pro-
gressed, died, or continued their care elsewhere were not included.
As a result, this study does not represent an intention-to-treat
analysis. LA and borderline lesions were defined according to the
Americas Hepato-Pancreato-Biliary Association (AHPBA)/Society
of Surgical Oncology (SSO)/Society for Surgery of the Alimentary
Tract (SSAT) consensus criteria.'® Patients were considered LA if
there was long segment occlusion of the mesenteric vein/portal vein,
more than 1808 involvement of the superior mesenteric artery (SMA)
or involvement of the hepatic artery or celiac trunk. BR lesions
included lesions with tumor abutment and short segment occlusion of
the mesenteric vein/portal vein, gastroduodenal artery encasement up
to the hepatic artery without extension to the celiac axis, or <1808 of
tumor abutment of the SMA. All patients who had no evidence of
metastatic disease after neoadjuvant FOLFIRINOX were surgically
explored. Preoperatively, patients did not routinely undergo magnetic
resonance imaging with diffusion-weighted sequences or 18-FDG
PET scans to detect metastatic disease; a subgroup of patients were
laparoscopically explored before laparotomy based on the surgeon’s
preference. The study was approved by the institutional review
board.

Neoadjuvant Regimen
FOLFIRINOX wasdosedaspreviously described.9 with 5-FU

2 2
administered as a bolus of 400 mg/m , bolus leucovorin 400 mg/m ,
followed by continuoys infusionat 1200me/m2 per day for46hours.
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capecitabine with 50.4 Gy photon or 25 Gy proton radiotherapy.

Data Collection

Clinicopathologic data were retrospectively collected from a
prospectively maintained database as well as the electronic medical
record. Variables included date of birth, sex, race (grouped as
Caucasian, African-American, Hispanic, and Asian), the Charlson
comorbidity index, body mass index (BMI) at diagnosis, surgery and
3 months postoperatively, baseline, post-neoadjuvant and recurrence
CA 19-9 levels (U/mL), and size of the tumor on preoperative CT
and post-neoadjuvant CT (cm). Regarding the surgical procedure,
type of surgery (pancreatoduodenectomy, distal, or total pancreatec-
tomy), estimated intraoperative blood loss (EBL) (mL), intraoper-
ative radiation therapy (IORT), and duration of surgery (minutes)
were collected. Pathologic data acquired included tumor grade,
tumor size (cm), TNM classification, number of resected and positive
nodes, resection margins, perineural invasion, lymphovascular

2 | www.annalsofsurgery.com
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invasion, and American Joint Committee on Cancer stage. A margin
wider than 1 mm was considered negative. We also analyzed post-
operative outcomes and treatment measures, including hospital
length of stay (days), postoperative complications according to
Clavien-Dindo classification, postoperative chemo- and radiation
therapy, and date and site of progression. Follow-up was obtained
from all patients and was updated until March 31, 2017. DFS and OS
were calculated from both the date of diagnosis and the date of
operation to the date of progression or death, respectively (event), or
to the date of the last follow-up visit (censored). Date of death was
obtained either from the medical records or from the Social Security
Death Index.

Statistics

Continuous data are expressed as median and interquartile
range (IQR), whereas categorical data are expressed as frequencies
and percentages. Comparison of categorical variables among groups
was performed using Fisher exact test. Comparison of continuous
variables between or within groups was performed using the Mann-
Whitney U test or Wilcoxon signed rank test, as appropriate. Optimal
cutoff values were determined using the receiver operating character-
istics curve (ROC) analysis.

Follow-up duration was calculated from the time of diagnosis
or operation to the time of death or last follow-up taking into account
both dead and censored cases. Survival was calculated from the time
of diagnosis or the time of operation to the time of disease progres-
sion (DFS), death (OS), or last follow-up (censored). Survival curves
were plotted using the Kaplan-Meier method. Differences in DFS
and OS between groups were analyzed by the log-rank test. Multi-
variate survival analyses were performed using the backward condi-
tional Cox regression method. Survival analyses were performed
using data available at 3 distinct points of care: at diagnosis,
preoperatively (after completion of neoadjuvant therapy), and post-
operatively. P < 0.05 was considered statistically significant. All
tests used were 2-tailed. Statistical analysis was performed with the
IBM SPSS Statistics software for Windows, Version 20.0 (IBM
Corp., Armonk, NY).

RESULTS

FOLFIRINOX Cohort

A total of 141 patients were surgically explored after receiving
FOLFIRINOX chemotherapy for LA or BR PDAC (Table 1). Their
median age at the time of operation was 63 years (IQR 58 to 69), half
of them were female (49%), and the majority were Caucasian (91%).
The median Charlson comorbidity index was 1 (IQR 0 to 2). At
diagnosis, half of the patients were deemed LA (51%), and the other
half BR (49%) by our multi-disciplinary tumor board. Most of the
patients received radiation with either photons (50.4 Gy) (79%), or
short course protons (25 Gy) (11%) (Fig. 1). The median number of
completed FOLFIRINOX cycles was 8 (IQR 6 to 8). Twenty-two
(16%) patients demonstrated grade ::83 toxicity during FOLFIRI-
NOX therapy. The median time from diagnosis to operation was
7.8 months (IQR 6.6 to 9.2).

Effect of Neoadjuvant FOLFIRINOX Therapy on CA
19-9, Tumor Size, and BMI

A decrease in CA 19-9 from 145 U/mL (IQR 28 to 500) to
26 U/mL (IQR 11 to 71) post-FOLFIRINOX was observed (P <
0.001). Tumor size decreased from 3.1 cm (IQR 2.6 to 4.0) to 2.4 cm

(IQR 1.6 to 3.5) after neoadjuvant therapy (P < 0.001). BMI was alsg
lower post-FOLFIRINOX than at the time of diagnosis [25.6 kg/m?

(IQR 22.3 to 30.1) vs 24.3 (IQR 21.6 to 28.6), P < 0.001].

B 2017 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 1. Demographic, Clinicopathologic,

and Operative Characteristics of 141 Patients who Underwent Surgical Exploration

After Receiving FOLFIRINOXChemotherapy for Locally Advanced or Borderline Resectable PDAC

1

1 1

N %  Median IQR N %  Median IQR N %  Median IQR P
Demographic and clinical characteristics
Age at operation, yrs 66 58-71 63 57-68 63 58-69 0.29
Gender
Male 21 677 51 464 72 511 0.04
Female 10 323 59 536 69 489
Race
White 28 903 100 90.9 128 90.8 0.79
Asian 1 32 3 2.7 4 2.8
Hispanic 1 32 3 2.7 4 2.8
Other 1 32 4 3.7 5 3.6
Charlson comorbidity index 1 0-2 1 0-2 1 0-2 0.37
BMI, kg/m?
At diagnosis 244 223-27.1 257 22.3-30.3 256 22.3-30.1 033
At surgery 23.6 20.4-26.5 244 21.7-28.9 24.3 21.6-28.6  0.13
Serum CA 19-9, U/mL
At diagnosis 121 58-436 146 28-500 145 28-500 0.84
Post-neoadjuvant therapy 40 20-228 21 10-56 26 11-71 0.03
Tumor and pathologic characteristics
Preoperative classification
Locally advanced 12 387 57 518 69 489 0.23
Borderline 19 613 53 482 72 511
Tumor size, cm
Imaging pre-neoadjuvant 3.0 2.5-4.8 32 2.7-4.0 3.1 2.6-4.0 0.94
Imaging post-neoadjuvant 3.0 2.0-4.1 2.3 1.5-3.3 24 1.6-3.5 0.03
Pathology postoperatively N/A 2.5 1.9-3.5 2.5 1.9-3.5 N/A
Positive lymph nodes N/A 40 364 40 364 N/A
Lymphatic invasion N/A 30 273 30 273 N/A
Perineural invasion N/A 73 67.0 73 67.0 N/A
Negative margins (>1mm) N/A 87 80.6 87 80.6 N/A
Operative characteristics
Operation type
None 6 194 0 0.0 6 43 <0.001
Pancreaticoduodenectomy 0 0.0 80 727 80 56.7
Distal pancreatectomy 0 0.0 29 264 29 206
Total pancreatectomy 0 0.0 1 0.9 1 0.7
Gastrojejunostomy 25  80.6 0 0.0 25 177
IORT 14 451 36 327 50 355 0.28
EBL, mL 50 5-150 600 400-800 500 250-800  <0.001
OR duration, min 132 106-218 376 310-444 358 252-421 <0.001
Postoperative characteristics
LOS, d 4 4-6 6 5-7 6 5-7 <0.001
. . . 8 258 15 137 23 163
kigdsnsRindgyq d o= 2 65 19 173 21 149 037
30-day postoperative mortality 2 6.5 0 0.0 2 1.4 0.05

P values derived from Fisher exact test or Mann-Whitney U test as appropriate.

BMI indicates body mass index; EBL, estimated blood loss; IORT, intraoperative radiation therapy; IQR, interquartile range; LOS, length of stay.

Preoperative  Predictors of Resectability

Among the FOLFIRINOX patients who were surgically
explored, 110 (78%) were resected, while 31 (22%) were deemed
unresectable. The patients who were not resected had either distant
(hepatic/peritoneal) metastatic disease identified intraoperatively
(20, 14%) or were truly LA due to vascular involvement, most
commonly extensive involvement of the common hepatic artery or
complete occlusion of the portal vein with significant collaterals (11,
8%). A gastrojejunostomy was performed in the majority (81%) of
patients who were not resected, while the remaining underwent only
laparoscopy (19%). Of the 11 patients with truly LA disease, 9 (82%)
received IORT.

5 2017 Wolters Kluwer Health, Inc. All rights reserved.
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Our first aim was to identify preoperative clinical factors that
could predict resectability in patients treated with neoadjuvant
FOLFIRINOX. A comparison of resected and nonresected patients
is summarized in Table 1. Preoperatively (post-neoadjuvant therapy),
resected patients had lower levels of CA 19-9 [preoperative CA 19—
9: 21 U/mL (IQR 10 to 56) vs 40 U/mL (IQR 20 to 228), P 4 0.03],
yet both groups had “normalized” their CA 19-9 levels. Patients
who were resected had smaller tumors on preoperative CT scans
[2.3em (IQR 1.5 to 3.3) vs 3.0cm (IQR 2.0 to 4.1), P % 0.03];
however, no size, or size change was predictive of resectability. The
frequency of grade 283 toxicity was not different between the 2
groups (12.9 vs 18.0%, P % 0.99). Accordingly, we found no
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preoperative clinical factors that could accurately determine resect-
ability after neoadjuvant therapy.

Disease-Free Survival and Overall Survival

Our second aim was to determine predictors of DFS and OS
for patients receiving neoadjuvant FOLFIRINOX. The median fol-
low-up was 21.7 months (IQR 15.9.3 to 33.9) from diagnosis and
13.7 months (IQR 7.6 to 26.8) from the operation, with 5 patients
followed up for less than a year since diagnosis.

DEFS for resected patients from time of diagnosis was 29.1
months [IQR 15.6 to NR (not reached)] and 20.7 months (IQR 6.5 to
NR) from the time of operation (Table 2, Suppl. Table 1, http://
links.Ilww.com/SLA/B351).

Median OS from diagnosis for the entire cohort was
34.2 months (IQR 19.9 to 55.5). For patients who had their tumor
resected, median OS from the time of diagnosis was 37.7 months
(IQR 23.0 to 55.5) and 31.5 months (IQR 15.1 to NR) from the time
of operation. In contrast, patients who were not resected had a median
OS of 18.6 months (IQR 14.0 to 38.1) from the time of diagnosis
(P < 0.001 compared with resected, Fig. 2) and 8.0 months (IQR 5.2
to 31.9) from the time of operation.

Predictors of Survival (Resected FOLFIRINOX Only)
The factors associated with DFS and OS in patients who
received neoadjuvant FOLFIRINOX and underwent resection are

Annalc r\Pann-t:\i:’; =0\ olume—X X Number— XX Month— 2017
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FIGUREI1. Flowchart of included cohort.

presented in Table 3. Preoperative CA 19-9 >100 U/mL and time
from diagnosis to operation longer than 8 months emerged as
independent predictors of worse DFS. Similarly, Charlson comor-
bidity index >1, preoperative CA 19-9 >100 U/mL, and tumor size
>3.0cm on CT scan and >2.5cm on pathology were found to be
independent predictors of decreased OS. In fact, the ROC curve
analysis demonstrated that tumor size on preoperative CT larger than
3.0 cm predicted death at 12 months postoperatively with a sensitiv-
ity of 65% and specificity of 77%; pathological size >2.5cm
predicted death at 18 and 24 months postoperatively with a sensitiv-
ity of 78% and 77%, and specificity of 60% and 66%, respectively.

Surprisingly, no additional pathological factors, including
node positivity or perineural invasion, were significantly associated
with DFS on multivariate analyses.

Upfront Resectable PDAC versus BR/LA PDAC
Resected Following Neoadjuvant FOLFIRINOX
During the study period, 155 additional patients had upfront
resectable tumors and received no neoadjuvant therapy (Table 4).
At the time of operation, FOLFIRINOX patients were younger
(P < 0.001), had a lower BMI (P % 0.005), and a lower CA 19—
9 level (P < 0.001). FOLFIRINOX patients underwent longer

operations (P < 0.001) with higher blood loss (P % 0.001). On
pathologic examination, tumors of FOLFIRINOX patients were
smaller (P < 0.001), although there was no difference between

TABLE?2. Disease-Free (DFS) and Overall Survival (OS) of Patients with Borderline or Locally Advanced PDAC who were taken

to the Operating Room After Receiving Neoadjuvant FOLFIRINOXTherapy
Not Resected (N %4 31) Resected (N % 110) Total (N %4 141) P

DFS, mo [median (IQR)]

From diagnosis 29.1 (15.6-NR)

From operation 20.7 (6.5-NR)
OS, mo [median (IQR)]

From diagnosis 18.6 (14.0-38.1) 37.7 (23.0-55.5) 34.2 (19.9-55.5) <0.001

From operation 8.0 (5.2-31.9) 31.5 (15.1-NR) 27.1 (12.7-46.2) <0.001

P values derived from log-rank tests.
IQR indicates interquartile range; NR, not reached.
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FIGURE2. Kaplan-Meier overall survival curves: Resected (n % 110, dashed lines) versus not resected (n % 31, solid lines) patients
with locally advanced or borderline resectable PDACwho underwent surgical exploration after receiving neoadjuvant FOLFIRINOX
therapy. Overall survival was calculated from the time of diagnosis (A)or the time of operation (B). P values were derived from log-

rank tests.

groups in tumor size evaluated preoperatively by CT scan (P %4 0.88).
An RO resection (margin >1mm) was achieved more frequently in
FOLFIRINOX patients (81% vs 54%, P < 0.001). This was also true
when negative margin was defined as absence of tumor cells at the
transection margin (FOLFIRINOX 92% vs no neoadjuvant 70%,
P < 0.001). Lymph node positivity (P < 0.001), as well as lymphatic
(p < 0.001) and perineural invasion (P < 0.001) were all less
frequent in FOLFIRINOX patients compared with those who had
received no neoadjuvant therapy. Postoperatively, the 2 groups had a
similar frequency of Clavien-Dindo :83 complications and 90-day

mortality. However, FOLFIRINOX patients had a shorter LOS (P %4
0.01) and a lower 90-day readmission rate. Among patients who did
not receive neoadjuvant therapy, 40 (26%) and 62 (40%) received
adjuvant chemotherapy alone, or adjuvant chemotherapy and radio-
therapy, respectively. The most common adjuvant chemotherapy
was gemcitabine.

Survival
Median follow-up for the resected cohort was 18.1 (IQR: 11.2
to 27.2) and 14.3 months (IQR 7.5 to 23.8) from diagnosis and

TABLE 3. Factors Associated with Disease-Free and Overall Survival in 110 Patients who Received Neoadjuvant

Followed by PDAC Resection

FOLFIRINOX

Univariate Multivariate
Survival from Operation, Median (IQR), mo P HR P
Disease-free survival
Preoperatively
Tumor size >3.0cm (CT scan) 6.8 (4.6-19.0) vs 29.1 (7.3-44.6) 0.01
CA 19-9 >100 U/mL 8.2 (3.6-19.0) vs 37.7 (6.9-NR) 0.03 2.7 0.05
Diagnosis to operation >8 mo 2.1 0.04
Postoperatively
Lymph node positivity 11.6 (5.3-29.1) vs 37.5 (7.3-NR) 0.03
Overall survival
Preoperatively
Charlson comorbidity index >1 20.1 (13.7-46.2) vs 43.7 (16.9-NR) 0.03 1.9 0.01
CA 19-9 >100U/mL 15.7 (4.6-NR) vs 31.5 (16.9-46.2) 0.04 2.1 0.04
Tumor size >3.0cm (CT) 19.0 (11.1-39.1) vs 31.5 (16.9-NR) 0.02 2.0 0.04
Postoperatively
Tumor size >2.5cm (pathology) 19.6 (13.2-39.1) vs 43.7 (16.9-NR) 0.02 1.7 0.03
T stage T2 or higher 23.3 (14.3-46.2) vs median NR 0.03

P values derived from log-rank test (univariate) of Cox regression models (multivariate).

HR indicates hazard ratio; IQR, interquartile range; NR, not reached.
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TABLE 4. Clinicopathologic  Characteristics of 265

Patients with BR/LAPDAC who Underwent

Resection After Receiving

Neoadjuvant FOLFIRINOXTherapy (N ' 110) or with Upfront Resectable Tumors who Received no Neoadjuvant Therapy
(N Y4 155)
1 1 1 1
N %  Median IQR N %  Median IQR N %  Median IQR P

Age at operation, yrs 63 57-68 71 65-79 67 61-74 <0.001
Sex

Male 51 464 76 49.0 127 479 0.71

Female 59 53.6 79 51.0 138 52.1
Race/ethnicity

White 100 90.9 145 93.6 245 924 0.30

Asian 327 319 6 23

Hispanic 327 5 32 8 3.0

Other 4 37 2 13 6 23
Charlson comorbidity index 1 0-2 3 1-4 2 1-3 <0.001
BMLI, kg/m’ 24.4 21.7-28.9 26.6  23.7-30.1 253 23.0-19.5  0.005
Serum CA 19-9 U/mL 21 10-56 123 26-397 51 14-228  <0.001
Tumor size

Imaging preoperatively, cm 2.3 1.5-3.3 22 1.9-2.8 22 1.7-3.0 0.88

Pathology postoperatively, cm 2.5 1.9-3.5 32 2.5-43 3.0 2.1-39  <0.001
Positive lymph nodes 40 364 107 69.0 147 555 <0.001
Lymphatic invasion 30 273 96 619 126 475 <0.001
Perineural invasion 73 670 143 923 216 81.5 <0.001
Negative margins (>1 mm) 87  80.6 84 542 171 645 <0.001
EBL, mL 600 400-800 425 275-800 500 300-800 0.001
OR duration, min 376 310-444 300 240-362 330 264-410  <0.001
LOS, d 6 5-7 7 5-9 6 5-8 0.01

P values derived from Fisher exact test or Mann-Whitney U test as appropriate.

BMI indicates body mass index; EBL, estimated blood loss; IQR, interquartile range; LOS, length of stay.

operation, respectively, with 48 patients being followed for less than
a year after diagnosis. DFS and OS from the time of diagnosis were
significantly better for the BR/LA PDAC patients treated with neo-
adjuvant FOLFIRINOX when compared with those with resectable
tumors who went directly to the operating room [DFS: 29.1 months
(IQR 15.6 to NR) vs 13.7 months (7.2 to 23.0), P < 0.001; OS: 37.7
months (IQR 23.0 to 55.5) vs 25.1 months (15.4 to N/A), P %4 0.01].
From the time of operation, DFS was also longer among patients
treated with FOLFIRINOX than those going directly to the
operating room [20.7 months (IQR 6.5 to NR) vs 13.4 months
(IQR 7.0 to 22.0), P % 0.02]. Median postoperative OS was longer
for patients treated with FOLFIRINOX, but not statistically signifi-
cant [31.5 months (IQR 15.1 to NR) vs 24.6 months (15.2 to N/A),
P Y 0.67] (Fig. 3).

DISCUSSION

FOLFIRINOX chemotherapy has dramatically changed the
therapeutic landscape for patients with PDAC. Significant improve-
ment in survival for patients Wlth metastatic disease was demon-
strated by the ACCORD trial,'* and as this study shows, patients
with BR/LA disease also appear to benefit from neoadjuvant
FOLFIRINOX.

This study presents one of the largest series to date of BR/LA
PDAC patients surgically explored following neoadjuvant FOLFIR-
INOX therapy. Many of our patients also received chemoradiation, in
an attempt to increase the RO resection rate and improve long-term
local control. We demonstrate that resectability cannot be predicted
by clinical factors preoperatively. Although preoperative CA 19-9
levels and tumor size on CT scan were lower among resected
patients, clinically useful cutoffs were not identified. Specifically,
CA 19-9 had normalized after neoadjuvant FOLFIRINOX in both

6 | www.annalsofsurgery.com

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

groups. Other studies haye suggested CA 19-9 as a marker of
resectability: Boone et al'® demonstrated that in BR patients treated

with neoadjuvant therapy (gemcitabine-based or FOLFIRINOX), a

CA 19-9 response of >50% predicted an RO resection. Similarly,
Aldakkak et al'® correlated post-neoadjuvant CA-19-9 levels with
completion of intended therapy including resection. Additional
clinicopathological features such as male sex'” as well as head/neck
location and SMA involvement!'® have been suggested as predictors

of unresectability in BR/LA PDAC patients.

Furthermore, we'? and others'>** have previously demon-
strated that tumor evaluation on imaging after the completion of
neoadjuvant therapy is not a reliable predictor of resectability. On the
basis of the absence of reliable clinical markers of resectability and
imaging, we advocate for surgical exploration of all BR/LA PDAC
patients neoadjuvantly treated with FOLFIRINOX that have no
evidence of metastatic disease.

Although this study includes a highly selected group of BR/
LA PDAC patients who managed to undergo an operation after
having received neoadjuvant FOLFIRINOX, it demonstrates that
BR/LA PDAC patients treated with neoadjuvant FOLFIRINOX have
a substantially increased OS compared with the median historical
survival of 11 months. In this series of patients, the median OS from
diagnosis in resected patients was 37.7 months. The operative out-
comes and survival of this group are better than that of resectable
patients receiving upfront resection.

This study also reports one of the longest survivals observed in
patients with BR/LA PDAC treated with FOLFIRINOX. A recent
patient-level meta-analysis>! of LA PDAC patients treated with
neoadjuvant FOLFIRINOX demonstrated that across studies, the
median OS from the start of FOLFIRINOX ranged from 10.0 to 32.7
months, with a pooled median OS of 24.2 months. Our finding of an
OS of 34.2 months from diagnosis might reflect the relatively long

B 2017 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE3. Kaplan-Meier overall and disease-free survival curves: PDAC patients resected after neoadjuvant FOLFIRINOX(n % 110,

dashed lines) or no neoadjuvant therapy (n % 155, solid lines). Disease-free and overall survival were calculated from the time of
diagnosis (A and B, respectively) or the time of operation (C and D, respectively). P values were derived from log-rank tests.

experience our institution has in the implementation of neoadjuvant
FOLFIRINOX in these patients.

Despite these encouraging results, some patients receiving
FOLFIRINOX recur within 12 months of their operation. Preopera-
tive CA 19-9 level >100U/mL and a period from diagnosis to
operation >8 months predicted a shorter DFS. Similarly, preopera-
tive CA 19-9 concentration >100U/mL, tumor size >3.0cm on
preoperative CT and >2.5 cm on pathology, as well as a Charlson
comorbidity index >1 predicted decreased OS. Specifically,
although CA 19-9, tumor size, and Charlson comorbidity index
are proxies of the disease burden and overall health status, the impact
of the diagnosis-to-operation period length is not clear. There

5 2017 Wolters Kluwer Health, Inc. All rights reserved.
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were multiple reasons a delay in surgical intervention occurred,
including a delay in referral for a surgical opinion, toxicity from
FOLFIRINOX, or chemoradiation therapy and obstruction of the
biliary stent.

Noteworthy, among resected FOLFIRINOX patients in this
study, traditional pathological factors such as lymph node positivity,
vascular, and perineural invasion did not emerge as independent
predictors of DFS. Tumor size was the only pathologic factor
independently predictive of a poor OS. Conversely, time elapsed
from diagnosis to resection longer than 8 months was associated with
a poor DFS. This delay may be due to toxicity from the chemother-
apy. Our data would suggest that prompt surgical exploration may

www.annalsofsurgery.com | 7
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allow for better disease control; however, data from additional
studies are warranted.

Our study also demonstrates an advantage when comparing
BR/LA PDAC patients who received neoadjuvant therapy before an
operation to contemporary patients who had resectable rumors and
underwent upfront resection. Despite longer operations with
increased blood loss, length of stay, 90-day morbidity, and mortality
were equivalent to upfront resectable patients. Classic pathologic
prognostic markers such as LN positivity, resection margins, and
tumor size were all improved with neoadjuvant FOLFIRINOX. Our
findings strengthen the argument for the extension of neoadjuvant
FOLFIRINOX to resectable patients, which several clinical trials are
currently exploring (NCT02782182, NCT02178709, NCT02172976,
NCT01560949, NCT02959879, NCT02047474, NCT01660711,
NCT02345460, NCT02243007, NCT02562716). This finding is in
concordance with a previous analysis of National Cancer Database
showing improved survival for patients who received neoadjuvant
therapy followed by resection compared with propensity-matched
patients who underwent upfront resection—with or withgut adjuvant
theranv—amone earlv-stage resectable PDAC patients.2

This study cohort comprises a large population of FOLFIR-
INOX-treated patients none of whom were lost to follow-up. A
weakness of this study is the lack of information concerning BR/LA
PDAC patients who progressed on neoadjuvant FOLFIRINOX and
were not referred for surgical evaluation, which leads to the reporting
of a highly selective sample. In addition, a number of patients were
not followed for more than a year after diagnosis. Unfortunately, a
large proportion of patients receive their neoadjuvant or adjuvant
chemotherapy at other institutions. Another limitation is that this is a
single-center experience.

In summary, the present study demonstrates a new era of BR/
LA PDAC in which PDAC patients receiving neoadjuvant FOLFIR-
INOX have a favorable prognosis compared with historical series, as
well as to patients with resectable tumors receiving upfront resection.
In the absence of reliable predictors of resectability, we would
advocate that all BR/LA PDAC patients with no progression on
neoadjuvant FOLFIRINOX should be offered surgical exploration.
Patients with elevated CA 19-9 levels, large tumors, long time from
diagnosis to operation, and a high Charlson comorbidity index have a
higher likelihood of recurrence, and therefore may benefit from
additional adjuvant therapy. While anticipating the results of clinical
trials, this study strengthens the rationale for the use of neoadjuvant
FOLFIRINOX in patients presenting with resectable disease.
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Objective: Preliminary work by our group suggested that proteins within the
pancreatic cyst fluid (CF) may discriminate degree of IPMN dysplasia. We sought
to externally validate these markers and determine whether their inclusion in a
preoperative clinical nomogram could increase diagnostic accuracy.

Summary Background Data: IPMN is the most common radiographically
identifiable precursor to pancreatic cancer; however, the timing and frequency
of its malignant progression are unknown, and there are currently no reliable
preoperative tests that can determine the grade of dysplasia in IPMN.
Methods: Clinical and radiographic data, as well as CF samples, were
obtained from 149 patients who underwent resection for IPMN at 1 of 3
institutions. High-risk disease was defined as the presence of high-grade
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dysplasia or invasive carcinoma. Multianalyte bead array analysis (Luminex)
of CF was performed for 4 protein markers that were previously associated
with high-risk disease. Logistic regression models were fit on training data,
with and without adjustment for a previously developed clinical nomogram
and validated with an external testing set. The models incorporating clinical
risk score were presented graphically as nomograms.

Results: Within the group of 149 resected patients, 89 (60%) had low-risk
disease, and 60 (40%) had high-risk disease. All 4 CF markers (MMP9,
CA72-4, sFASL, and IL-4) were overexpressed in patients with high-risk
IPMN (P < 0.05). Two predictive models based on preselected combinations
of CF markers had concordance indices of 0.76 (Model-1) and 0.80 (Model-
2). Integration of each CF marker model into a previously described clinical
nomogram leads to increased discrimination compared with either the CF
models or nomogram alone (c-indices of 0.84 and 0.83, respectively).
Conclusions: This multi-institutional study validated 2 CF protein marker
models for preoperative identification of high-risk IPMN. When combined
with a clinical nomogram, the ability to predict high-grade dysplasia was even
stronger.

Keywords: biomarkers, cyst fluid, dysplasia, intraductal papillary mucinous
neoplasms, pancreas

(Ann Surg 2017;XX:XXX—XXX)

ntraductal papillary mucinous neoplasms (IPMN) of the pancreas
Iare a heterogeneous group of lesions that grow within the ductal
system of the pancreas and may involve the main pancreatic duct
(K/ID-IPMN). branch ducts (BD-IPMN), or both (Mixed-IPMN).1
Since the recognition of this entity over 3 decades ago,”” IPMN have
gained increased attention because of their frequent identification
on routine cross-sectional imaging, and because they are the
most common radiographically identifiable precursors of pancreatic
cancer.™

The pathway of IPMN progression from noninvasive to inva-

sive disease is believed to be responsible for approximately 20% to
ai)% of pancreatic cancer cases.5 }}hese cystic agenomatous esions

e believed to progress from low-grade dysplasia, to high-grade
dysplasia, to invasive cancer.” Once invasive disease develops,
survival outcomes are similar to conventional pancreatic cancer
when controlled for stage. "*® Therefore, most clinicians believe that
resection of high-grade dysplasia presents an opportunity to cure a
lesion before the development of an incurable invasive disease.
However, previous recommendations for the routine resection of
IPMN have led to some overtreatment, with many reports identifying
high-risk pathology in less than half of all patients who have
undergone pancreatectomy.”:!
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The ability of current laboratory, radiographic, and endoscop-
ic tests to distinguish between low-risk (low and moderate dysplasia)
and hi;h-risk (high-grade dysplasia and invasive) IPMN is limit-
ed.""!ZThe presence of a dilated main pancreatic duct (MPD) on
preoperative imaging remains the most commonly implemented
criterion for prediction of high-grade dysplasia or invasive disease,
as it has been shown that approximately 60% of patients with

resected MD-IPMN harbor high-grade dysplasia or invasive dis-
ease.'> When the main duct is not dilated (BD-IPMN), only 10% to

5% of resected patients will be found to have high-grade disease.'*

The most recent consensus guidelines for management of IPMN have
ecommended resection for all IPMN patients with a dilated MPD

howaves it i D SEting G0% o Poebeted paissts will e hrgh:

risk disease. If only 60% of'these patients have high-risk disease, then

40% of patients will undergo a major operation for low-risk dis-
ease.'® Hence, improved markers of high-risk disease are needed.

Over the past several years, our group has investigated several
serum and cyst fluid (CF) protein markers in patients who have
undergone resection for IPMN. These studies have demonstrated

consistent differences in the patterns of CF protein expression
between low-risk and high-risk patients.'”!® In the most recent
study,’ we analyzed the CF of 78 patients with resected IPMN

utilizing antibody bead array (Luminex) with 87 different protein
markers. High-risk disease was found to have a positive correlation
with 29 of the measured proteins, of which 23 (79%) were inflam-
matory markers. In this previous study, none of the proinflammatory
or neoplastic markers were found to be significantly overexpressed in
the low-risk group. Multivariate modeling was performed on these
data, and resulted in 2 different mathematical prediction models with

2 ..
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high-risk disease. In these 78 patients, if MPD dilation was used as
the criterion for high-risk disease (as recommended by the current
guidelines), then the c-index would have been only 73%.

In this current study, we sought to validate, on an independent
multi-institutional patient set, these 2 predictive models using anti-
body bead array (Luminex). We employ a larger set of CF samples
from 3 high-volume academic hospitals (Johns Hopkins Hospital,
Massachusetts General Hospital, Memorial Sloan Kettering). We
also aimed to incorporate these protein-level models into a recently
developed clinical and radiographic prediction model (nomogram) to
investigate whether a combined model could result in a highly
accurate prediction tool for high-risk IPMN.

METHODS

Patients

Following institutional review board (IRB) approval, and
using prospectively maintained pancreatic databases from the Pan-
creatic Surgery Consortium, each 1 of the 3 participating institutions
[Memorial Sloan Kettering (MSK), Massachusetts General Hospital
(MGH), and Johns Hopkins Hospital (JHH)] randomly selected 50
patients who had undergone resection for a pathologically proven
IPMN, between January 2004 and September 2015. Eligible patients
were required to have had adequate banked CF (at least 250 mL)
available for the study. Patients with concurrent malignancies
(eg, cholangiocarcinoma, neuroendocrine tumor) were excluded.

All patients had previously signed one of the corresponding
institutional review board-approved tissue banking protocols (MSK
IRB# 00-032, JHH IRB# AM00028936, MGH IRB# 2003p001289),
and a waiver of authorization was obtained from each institutional
IRB prior to accessing the electronic medical records. Demographic
data, clinical data, laboratory, radiographic, and pathologic features

2 | www.annalsofsurgery.com

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Annale of Quraary 0V alma WX Nusber—X-X b49ﬂ$h 2017
xR S>> Eey———yoHie— i 5

were extracted from the clinical databases. Main duct IPMN (MD-
IPMN) was recorded if the main pancreatic duct (MPD) was dilated
(>0.5 cm) on radiographic evaluation or main-duct involvement was
reported on pathologic assessment, and branch duct (BD-IPMN) was
defined if there was cystic disease in the absence of main duct
dilation (::80.5cm) or involvement. A diagnosis of mixed-type (a
combination of both main duct dilation and cystic disease) was
classified as main duct disease for the purposed of this study.
Histopathologic assessment of resected specimens was per-
formed as per institutional protocol by a dedicated gastrointestinal

pathologist. Grade of dysplasia was defined as the highest degree of
dysplasia identified within the examined specimen.” Based on the

outcome of interest, patients were classified as “high-risk” if their
pathology report showed high-grade dysplasia, or invasive carcino-
ma. Lesions with low-grade or intermediate-grade dysplasia were
defined as “low-risk.”

Cyst Fluid Samples

Cyst fluid samples were aspirated with an 18- to 21-gauge
needle either intraoperatively by the surgeon or upon arrival to the
surgical pathology suite by a pathologist. Samples were then ali-
quoted, and stored at A80°C. Based on the recorded time between
resection and freezing, only samples that had been refrigerated
within 60 minutes of resection and underwent no previous freeze-
thaw cycles were eligible. All the samples, deidentified to study
number only, were shipped overnight on dry ice to University of
Pittsburgh Cancer Institute (UPCI) Luminex core facility, where all
multiplex assays were performed.

Multiplex Biomarker Analysis

Multianalyte analysis was performed using commercially
available plates that included the 4 prespecified proteins.'” Luminex
Multiplex Bead Immunoassays were performed in 96-well micro-
plate format as per standard protocol (See supplementary files SF1

and SF2, http:/links.lww.com/SLA/B291 for the detailed steps and
protocols of all assays).'*~?! Briefly, dilutions were followed accord-

ing to each Vendor’s protocol recommendations, unless otherwise
noted. Millipore research human cytokine/chemokine Panel 1 (5-
Plex) (Catalog # HCYTOMAG-60K-05) was diluted 2-fold to in-
crease bead recovery. Additional Millipore assay conducted was
Milli Research Human Cancer Biomarker Panel 1 (1-Plex) (Catalog
# HCCBPIMAG-58K-01) at 6-fold. R&D systems assays conducted
were LMPMO000 and LMPMO911 at 50-fold. And finally, the UPCI
Core-developed assay conducted (5plex) at 5-fold. (See Supplemen-
tary table ST1, http://links.lww.com/SLA/B293 for a summary of
these multiplex assays and dilutions). Quality control data for each
core-developed assay, including correlation with commercial
ELISA, can be found on the UPCI Luminex Core Facility website
(http://upci.upme.edu/cpf/luminex.cfm).

Upon completion, all Luminex assay plates were then read on
a BioRad Bioplex 100 or 200 instrument utilizing BioPlex Mang-
ager4.1.1. Quantification of markers was either exported directly
from this software or via XML files analyzed by the scaler program.
All the resulting concentrations were normalized according to a

scaling procedure, previously developed by UPCI group, to account
for variations across different experiments (batch effect).

Statistical Analysis

Our sample size was selected based on the precision with which
wecouldestimate the sensitivity for the grade of dysplasia, and thus we
did not use traditional sample size paradigms. With a sample size of
150, we could estimate sensitivity using a 95% confidence interval to
within £9.2% if true sensitivity was 80%. The precision would
increase to Z£6.2% if true sensitivity was 90%. Of note, we chose

B 2017 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE1. Performance Metrics for the Training and Validation Sets in Single and Combined Models

Predictive Odds Training Set Validation Set
Model Variable Ratio P c=-Index (n % 104) c-Index (n Y 45 Patients)
Clinical nomogram alone Nomogram LP 2.43 (1.50-3.93) 0.0003 0.80 0.77
Model-14 Log CA72-4 1.46 (1.12-1.91) 0.0056 0.76 0.80
Log MMP9 1.28 (1.05-1.57) 0.0134
Clinical nomogram plus Model-1 Nomogram LP 1.96 (1.23-3.13) 0.0050 0.88 0.84
Log CA72-4 1.55 (1.11-2.17) 0.0097
Log MMP9 1.34 (1.05-1.73) 0.0204
Model-2Y Int-risk” 16.07 (5.10-50.68) <0.0001 0.80 0.79
High-risk” 13.27 (3.94-44.59) <0.0001
Clinical Nomogram Plus Model-2 Nomogram LP 1.64 (0.98-2.76) 0.0604 0.82 0.83
Int-risk” 4.33 (1.03-18.28) 0.0462
High-risk” 4.80 (1.16-19.82) 0.0300

Lo . e . . . : s . .
%ggl?ﬂﬁﬂ%)li%e(ﬁ d)gre@f&ghllﬁ)résskcé Agtg{[gl&d%rtg llcstlér(slpaln duct IPMN AND non-elevated SFASL and IL4). High-risk (sFASL >90th percentile or IL4 >84th percentile).

yThree-level categorical predictor from a decision tree based on IL-4, SFASL, and main/branch duct.

zVersus low risk (branch duct TPMN, sFASI, and 114 not ¢levated)

sensitivity over specificity because the clinical emphasis was felt to be
weighted toward avoiding nonoperative management of high-risk
lesions that should ideally be resected to prevent progression to cancer.
This translates into a need to decrease false-negative results and
improve both negative predictive value and sensitivity.

Protein concentrations were log-transformed before analysis
to produce more normally distributed data. Continuous variables,
including protein concentrations, were summarized using median
and range and compared between the low-risk and high-risk groups
using the Mann-Whitney U test. Categorical variables were summa-
rized using frequency and percentage and compared using Fisher
exact test. Dependence among proteins was evaluated using Pearson
correlation coefficient, accepting correlation coefficients of <0.7 to
represent independence between the selected markers.

The data were randomly split into a training (n %4 104) and
testing dataset (n V4 45). Multivariable logistic regression was used to
assess relationships between preselected combinations of protein
markers and high-risk disease in the training dataset. The markers
to be included in the models were selected based on multivariate
modelingfromour previouswork.'”Model-1 was based on MMP9 and
CA72—4 log concentrations, whereas Model-2 was a 3-leaf decision
tree based on sFASL, IL-4, and the IPMN duct type (decision tree

classification details are shown in Table 1). For Model-2, sFASL and
IL-4 were expressed as percentiles in their respective datasets.
Predictions from our clinical nomogram were added as a
predictor in each model to determine if the markers remained inde-
pendently associated with outcome.”” Model performance was
assessed on the test dataset using concordance indices (c-indices),
with values ranging from 0.5 (as good as chance) to 1.0 (perfect
discrimination). The final multivariable models were visually repre-
sented as nomograms and validated using the testing dataset. All
statistical analysis was done in R 3.1.1 using the rms, Hmisc, pROC,
and readxl packages, and P values <0.05 were considered significant.

RESULTS

Patient Characteristics

In total, 154 patients who underwent resection of IPMN, and
had CF banked per protocol, were initially included from the 3
participating institutions (MSK, MGH, and JHH). However, during
the multiplex assays, 5 samples were found to be too viscous for the
assay (all 5 samples were high-risk), and thus had to be excluded due
to inadequate protein measurement. The remaining 149 patients
constituted our study cohort (Fig. 1).

MGH patients MSKCC patients JHH patients
n=50 n=55 n=49
]
Patients with resected IPMN +
cyst fluid banked
n=154

ongeale

samples

n=5

1 Cystfluid samples [
High risk lesions analysed Low risk lesions
n=60 e n=89
L I e J_ e
n=34 n=26 n=62 n=27
FIGURE 1. Study cohort. Number of
patients included from each institution, ex-
cluded patients, and the breakdown of
numbers between the low-risk and high-risk
groups.
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TABLE2. Clinical, Biologic, Radiographic,
Hich-Risk Groups (N % 149)
t=) i A 7

and Pathologic Characteristics with Univariate Analysis, Stratified by Low-Risk and

Characteristics Total (n Y 149) High-Risk* (n Y 60) Low-Risk (n % 89) P
Age at operation 71 (32, 88) 70.5 (44, 88) 71 (32, 88) 0.434
Sex 0.007

Female 63 (42) 17 (28) 46 (52)

Male 86 (58) 43 (72) 43 (48)

Institution 0.041

JH 47 (32) 18 (30) 29 (32)

MGH 48 (32) 26 (43) 22 (25)

MSK 54 (36) 16 (27) 38 (43)

BMI 26 (18, 45) 27.76 (18, 40) 26.07 (18, 45) 0.067
Symptoms 50 (34) 26 (43) 24 (27) 0.051
Weight loss 28 (19) 17 (28) 11 (12) 0.019
Diabetes 40 (27) 21 (35) 19 (21) 0.089
Smoking 71 (47.7) 39 (65) 32 (36) <0.001
Jaundice 6 (4) 5(8) 1 (1) 0.039
Largest cyst size, cm 0.409

3 56 (38.1) 21 (35.6) 35 (39.8)

=3 83 (56.5) 33 (55.9) 50 (56.8)

None seen 8 (5.4) 5 (8.5) 3(3.4)

Serum CA 19-9, units/mL 22 (1, 6618) 29 (1, 6618) 16 (1, 113) 0.058
Cyst fluid CEA, ng/mL 150 (7.2, 100800) 155.5 (7.2, 50000) 150 (10, 100800) 0.487
MPD size, cm 0.5 (0, 2.1) 1 (0, 2.1) 0.3 (0, 1.8) <0.001
MPD size range <0.001

0.5cm < MPD 8 1.0cm 41 (28) 26 (43) 15 (17)

205 87 (58) 15 (25) 72 (81)

MBB£ fdem 21 (14) 19 (32) 22
Radiographic duct type <0.001

Branch duct 87 (58) 15 (25) 72 (81)

Main duct 62 (42) 45 (75) 17 (19)

Abrupt MPD change 12 (9) 10 (18) 2 (3) 0.005
Solid component 22 (15) 18 (30) 4 (5) <0.001

Continuous variables are summarized using median and range (P values from rank sum test), rounded to the nearest one.
Categorical variables are summarized using frequency and percentage (P values from Fisher exact test).

Median (low, high) or N (%).

AHigh-risk disease included high-grade dysplasia alone (n % 34) and high-grade dysplasia with invasion (n % 26).

The clinical, pathologic and radiographic characteristics of the
cohort (stratified by disease risk) are summarized in Table 2. High-risk
disease was identified in 60 patients (40%), and 89 (60%) had low-risk
disease (low and intermediate-grade dysplasia). Median age at resection
was similar in both groups (71 years). Males represented 58% (n'4 86) of
the cohort, and constituted 72% of the high-risk group. Female patients
weresignificantlymore likely to harbor low-risk disease. BD-IPMN was
present in 87 patients (58%) and the majority of BD-IPMN patients (n %4
72, 83%) had low-risk disease. Within the group of 62 patients (42%)

with MD-IPMN, the majority (n % 45, 73%) had high-risk disease on
final pathological analysis. Main-duct IPMN was significantly associ-
ated with high-risk disease (P < 0.001).

Weight loss, jaundice, a history of smoking, an abrupt change
in MPD diameter and the presence of solid component were more

common in the high-risk group (P :8 0.05). The training dataset (n %4
104) had 65 low-risk and 39 high-risk patients (63% high-risk), while
the validation dataset (n 4 45) had 21 high-risk and 24 low-risk
patients (47% high-risk).

Multiplex Assays and Univariate Analysis of Cyst
Fluid Biomarker Levels Between the High-Risk and
Low-Risk Groups

Correlation between the 4 markers that were included in the
predictive models (MMP9, CA72-4, sFASL and IL-4) was low to
moderate, with correlation coefficients of 0.25-0.68 (supplementary
table ST2, http://links.lww.com/SLA/B294). Univariate analysis
showed differential expression (P ::8 0.05) of all 4 protein markers
between the high-risk and low-risk groups (Table 3, Fig. 2).

TABLE3. Differentially Expressed Cyst Fluid Biomarkers Between the Low-Riskand High-Risk Groups

Protein MarkerA Overall Concentration

Log sFASL, pg/mL

Log MMP-9, pg/mL
Log IL-4, pg/mL 0.6419 (0.1398, 8.006)
Log CA72—-4, U/mL 1.135 (A0.837, 11.93)

3.408 (2.766, 9.334)
9.255 (5.72, 15.56)

Low-Risk High-Risk P
3.258 (2.766, 7.66) 3.77 (2.874, 9.334) <0.001
7.898 (5.72, 13.93) 10.4 (5.743, 15.56) <0.001
0.5878 (0.1398, 8.006) 0.8064 (0.1398, 6.385) 0.020
0.5735 (A0.837, 4.635) 3.144 (A0.3567, 11.93) <0.001

AAIl are cyst fluid inflammatory markers except sFASL.
Analysis of CF proteins was performed using Mann-Whitney test.
Log concentrations presented as median; interquartile range.
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FIGURE?2. Differential expression of protein markers between
low-risk and high-risk groups. Log scales of standardized con-
centrations are presented; representative biomarkers with dif-
ferential expression between low-risk and high-risk groups.

We then performed further analysis of each IPMN duct subtype (MD-
IPMN and BD-IPMN) separately to see whether these biomarkers
had different associations with high-risk disease in MD-IPMN and
BD-IPMN. However, given the relatively small number in each
subgroup, and the known low power of interaction tests, these tests
were not precise, and the ultimate decision not to stratify the cohort
based on duct type was based on these considerations.

Validation of Predictive Cyst Fluid Biologic Models

The 2 preselected multivariate models maintained high pre-
dictive ability in this multi-institutional cohort. Model-1, which
included the log concentration of CF MMP9 and CA-72-4 as
continuous predictors, had a c-index of 0.76 in the training set
and 0.80 in the validation (testing) set. Model-2 had a c-index of
0.80 in the training set and 0.79 in the validation set. Odds ratios and
P values for the different components in each model are summarized
in Table 1.

Cyst fluid protein markers remained independently associated
with the degree of dysplasia when predictions from our previous
clinical nomogram (c-index of 0.80 in the training set and 0.77 in the
validation set) were added as a predictor in each model (all P value <
0.05).* Furthermore, diagnostic accuracy was further improved
when the 2 CF models were merged with the clinical nomogram
compared with either of the CF models or the nomogram alone
(Table 1). Combining Model-1 with the clinical nomogram (tested by
receiver-operating characteristic curve analysis) yielded the highest
discriminative potential in both the training and validation set with c-
indices of 0.88 and 0.84, respectively. Similarly, adding the clinical
nomogram to Model-2 resulted in an improved predictive perfor-
mance in the training and validations groups (c-indices 0.82 and 0.83,
respectively). The combined clinical and protein-level nomograms
are visually presented in Figure 3.

DISCUSSION

The distinction between high-risk and low-risk IPMN is of
utmost importance; as resection of IPMN in the setting of high-risk
disease is considered indicated and appropriate. Similarly, if low-risk
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FIGURE3. Combined clinical and protein-level nomogram for
predicting high-risk IPMN. (A) Based on Model-1. (B)Based on
Model-2. Nomogram score is calculated per the method de-
scribed in our previous work,”” log concentrations of the CF
protein markers (CA72—4 and MMP9 in Model, sFASLand IL-4
in Model 2) are recorded and given points according to the
model’s point scale bar, and the total points are added and
translated into a probability of high-risk disease.

disease could be reliably identified, these patients would be radio-

graphically monitored, and could avoid the morbidity of operation
until high-risk disease developed.?® In the current study, we devel-

oped and independently validated 2 separate CF biomarker models of
dysplasia from 149 patients, who underwent resection at 3 different
institutions, using antibody bead array (Luminex). Additionally, we
demonstrated that incorporation of these 2 predictive CF marker
models into a recently developed clinical and radiographic nomo-

gram resulted in an even higher diagnostic discrimination for high-
risk IPMN.?? We believe that this is the first study to demonstrate the
benefit of combining clinical, radiographic, and CF protein expres-
sion in defining high-risk IPMN.

Because of the limitations of imaging and cytology in
defining high-risk IPMN, the diagnostic utility of CF analysis
has been extensively evaluated.”” A variety of protein markers
including carcinoembryonic antigen (CEA), CA19-9, CA15-3,
M1 mucin and amylase; as well as DNA and miRNA markers have
been studied as potential diagnostic markers of pancreatic cyst
subtype. Although some of these markers have shown the ability
to identify mucinous lesions and differentiation of histopathologic
subtype, their ability to discriminate grade of dysplasia in IPMN
has not been encouraging.?*~2° For example, CF CEA level has

www.annalsofsurgery.com | 5
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been consistently shown to be a useful predictor for identification
of mucinous lesions with up to 79% accuracy and 85% accurac
when combined with the presence of extracellular mucin.

However, the degree of elevation of CF CEA has not been found
to be predictive of the grade of dysplasia in these patients.>! % In

a recent retrospective study from Japan, multivariate analysis
showed a weak association between CEA level in the pancreatic
fluid and invasive carcinoma in mixed and MD-IPMN (OR, 1.002;

95% CI, 1.000-1.003; P % 0.048). The area under the curve

E)AUC) value for pancreatic fluid CEA level in mixed IPMN was

MIP 16N Qi1 b, gverges the) AY1G fon RARGRA M dufdRd
developed clinical and radiographic nomograms to predict inva-
sive disease i%l MD-IPMN and BD-IPMN with variable diagnostic
accuracy.

Our group has focused on CF protein expression as a tool for
discrimination of grade of dysplasia in IPMN. Previous experiments
have demonstrated consistent patterns of protein expression between
low-risk and high-risk lesions.'”™'” For example, we previously
evaluated the CF for inflammatory markers as a surrogate for

tumor-associated neutrophils (TAN), as tissue studies from our group
have identified an increased number of TAN in high-risk lesions.®

These initial evaluations identified overexpression of inflammatory
markers such as IL-1b, IL-5, and IL-8 in high-risk lesions; CF IL-1b
remained a significant predictor of high-risk disease on multivariate

analysis that included IPMN subtype; and CF inflammatory markers
were associated with the degree of TAN.!” High-mobility group A2

protein was also found to be s1gn1ﬁcantly higher in CF of high-grade
compared with low-grade IPMN.* Other groups found an associa-

tion between neutroPhll -to-lymphocyte ratio and risk of invasive
disease in IPMN.*

More recently,'® we evaluated the association of TAN with
malignant progression in 78 patients with resected IPMN, and
performed a multiplexed assay for 87 different CF proteins, including
CF inflammatory markers (CFIM), as possible surrogate markers for
parenchymal inflammation. The majority (96%) of the low-risk
lesions demonstrated no TAN, whereas 89% of invasive lesions
expressed high levels of TAN. The grade of dysplasia was also
found to have positive correlation with 29 of the measured proteins,
of which 23 (79%) were CFIM. These findings suggested that CFIM
may be an excellent surrogate marker for the identification of the
TAN-dysplasia association. Because many of the individual markers
were overexpressed in high-risk lesions, we used multivariate model-
ing to develop predictive models and chose the 2 most promising
models to validate in the current study.

This current study expands on and validates this previous work
and, to our knowledge, is the first to describe a highly predictive
biologic model for identification of high-risk IPMN based on CF
protein expression analysis and clinical and radiographic factors. Our
multi-institutional cohort of resected IPMN patients was typical of
what is reported in the literature (31). The minority of patients had
high-risk disease (n Y4 60, 40%), and degree of dysplasia was
associated with main duct involvement. The majority of patients
with BD-IPMN (n % 72, 83%) had low-risk disease, whereas most of
MD-IPMN (n % 45, 75%) were found to have high-risk disease on
final pathological analysis. Other factors associated with high-risk
disease included weight loss, jaundice, history of smoking, and the
presence of solid component (P 38 0.05). These are all well-known
risk factors for high-risk disease and coincide with our findings in a

clinical nomogram study as well as what others have previously
published literature.>>*>*

The performance of the 2 multivariate models in the training
and validation sets was encouraging as both Model-1 and Model-2
demonstrated a high predictive ability for identifying high-risk
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disease (c-indices 0.76, 0.80 and 0.80, 0.79, respectively for the
training and validations sets). Additionally, all 4 markers were
independently associated with the degree of dysplasia when variables
from our clinical nomogram (which accounts for duct subtype) were
added as a predictor in each model. Importantly, combining these
protein-level models with our clinical-radiographic nomogram
resulted in a higher predictive ability than any of the models or
nomogram alone (Table 1).

The most recent consensus guidelines (2012 International
Consensus Guidelines) for the management of IPMN rely on clinical
and radiographic features, rather than biologic markers, as the
primary predictive tools for identifying high-risk disease, and are

typically referenced as a factor in the treatment decision making for
patients with IPMN. !> These guldehnes consider the presence of

pancreatitis, cyst diameter ~3cm in BD-IPMN, thickened or en-
hancing cyst walls, main duct diameter 5 to 9 mm, nonenhancing
mural nodule, or abrupt change in caliber of pancreatic duct with
distal pancreatic atrophy as “worrisome features.” Factors consid-
ered to be “high-risk stigmata” include obstructive jaundice, en-
hancing solid component within cyst, and main duct dilation
810 mm. Resection is recommended for all patients with dilated
MPD _, 10mm, that is, MD-IPMN, and for any BD-IPMN >3 cm
with “ﬁ')igh-risk stigmata.” Multiple reports however have shown that
patients who undergo resection for MD-IPMN by these guidelines

will have only a 50% to 60% chance of having high-grade dysplasia
at the time of resection.*> Conversely, high-grade dysplasia is present

in approximately 10% to 20% of patients who undergo resectlon in
the absence of a dilated pancreatic duct (branch duct IPMN).!?

Additionally, Aso et al investigated the associations between the
malignant grade of IPMN and the number of high-risk stigmata and
worrisome features (as outlined by the consensus guidelines), as well
as the statistical significance of each factor for predicting malignan-
cy, and found a high prevalence of malignancy in patients with MD-

IPMN (64%) regardless of the presence or absence of high-risk
stigmata.** The overall sensitivity and specificity of high-risk stig-

mata were 57% and 90% for predicting malignant IPMN (high-grade

dysplasia or invasion) and 69% and 83% for predicting invasive
carcinoma, respectively.** Similarly, a recent study from Japan found

that the accuracy of the 2012 (consensus guidelines for predicting
malignancy in IPMN is 45%.% These findings highlight the short-

comings of the current consensus guidelines and suggest a persistent
need for a better tool to identify those with high-risk IPMN. Given the
findings of the current study, we believe that the combination of CF
protein assessment and clinical and radiographic features may allow
for a robust prediction model that can decrease the risk of “under-
treatment” for high-risk IPMN lesions, which need to be resected to
prevent progression into malignancy.

The most critical flaw in this study is that the samples were not
obtained preoperatively. Most CF samples are obtained clinically
using endoscopic ultrasound guidance. These fluid samples often

contain contaminants from the gastrointestinal tract that may alter
protein levels.*’” In addition, this study includes only patients with

pathologically proven IPMN. The ability to preoperatively identify
the histopathologic subtype of the given lesion (serous cystadenoma
vs IPMN vs mucinous cystic neoplasm) is an additional dilemma that
is only partially solved with CF CEA measurement. Previous work
by our group has not found these markers to be elevated in other
histopathologic subtypes; however, prospective assessment on all

patients being considered for resection is needed, and a prospective
study is ongoing.’® Although prospective evaluation with EUS

obtained samples will allow us to validate this approach in those
undergoing resection, its applicability to patients who are selected for
radiographic surveillance will remain unknown. The defined prob-
lem is that we cannot determine grade of dysplasia without resection,
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and therefore those who are selected for radiographic surveillance
cannot have their grade (or even histopathologic subtype) deter-
mined. Upcoming prospective studies will define a 3- to 5-year
period of surveillance without progression as “success’; however,
even this prospective evaluation will fall short and require large
numbers of patients for validation.

CONCLUSIONS

This multi-institutional study validated 2 models, with high
objective predictive ability, for the identification of high-risk IPMN
based on CF protein expression. When combined with our clinical
nomogram, the selected markers provided a stronger ability to
predict high-risk disease than either the nomogram or CF markers
alone. This study was relatively large in size, multi-institutional in
nature, and included an independent dataset for validation. The latter
served to decrease the risk of overfitting the models to our data and
provided a fair and unbiased test of the models. Measurement of CF
proteins can provide an accurate assessment of the degree of dys-
plasia, and with further development may be helpful for surgical
decision-making in these patients. Given the consistent findings of
elevated inflammatory markers in the CF of high-risk lesions in
multiple studies, an anti-inflammatory strategy may be a reasonable
approach to prevent IPMN progression.
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Long-term follow-up of low-risk branch-
duct IPMNsof the pancreas: 1s main
pancreatic duct dilatation the most
worrisome feature?
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Abstract

Objectives: The management of branch-duct IPMNremains controversial due to the relativelylow rate of
malignant degeneration and the uncertain predictive role of high-riskstigmata (HRS)and worrisome features (WFs
identified by the 2012 International Consensus Guidelines.Our aim was to evaluate the evolution of originallylow-
risk(Fukuoka-negative)BD-IPMNsduring a long follow-up period in order to determine whether the appearance of
any clinicalor morphological variables may be independently associated with the development of malignancy
over time.

Methods: A prospectively collected database of all patients with BD-IPMNreferring to our Institute between 2002
and 2016 was retrospectively analyzed. Univariateand multivariate analysisof association between changes during
follow-up, including appearance of HRS/WFs,and development of malignancy (high-grade dysplasia/invasive
carcinoma) was performed.

Results: Atotal of 167 patients were selected for analysis,and seven developed malignant disease (4.2%).During a
median follow-up time of 55 months, HRSappeared in only three cases but predicted malignancy with 100%
specificity. Worrisome features, on the other hand, appeared in 44 patients (26.3%).Appearance of mural nodules
and MPDdilatation >5 mm showed a significant association with malignancy in multivariate analysis(p = 0.004
and p= 0.001,respectively). MPDdilatation in particular proved to be the strongest independent risk factor for
development of malignancy (OR= 24.5).

Conclusions: The riskof pancreatic malignancy in this population is low but definite. The presence of major WFs,
and especially MPDdilatation, should prompt a tighter follow-up with EUSand a valid cytological analysis
whenever feasible.

Introduction
Pancreatic cystic neoplasms (PCNs) have become
very frequent incidental findings especially in the elderly
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now the most frequent as their prevalence has been
steadily increasing during the last decade’*.

IPMNs are well-acknowledged precursor lesions fog
pancreatic ductal adenocarcinoma (PDAC), with
markedly different risk of malignant degeneration based
e theinasioisreafidusiel (vplyemens) IRVNs sisisingai
malignant potential and an indication for surgical resec-
tion>. However, the vast majority of IPMNs arising in
side ductal branches (BD-IPMNs) degenerate far less
frequently, with a rate of ~3.7% and an estimated annual
risk of 0.7% for patients undergoing non-operative man-
agement’. Although BD-IPMNs do represent a pre-
cancerous condition offering the opportunity to cure a
pancreatic neoplasm before an incurable invasive cancer

develops, their rate of degeneration is so low that the risks
associated with pancreatic surgery might outweigh the
benefits of resection. Therefore, the current management
of BD-IPMNs consists of surveillance with therapeutic
options based on the presence of specific morphologic
features that are associated with the risk of malignancy.

International Consensus Guidelines (ICG) for the eva-
luation and management of [IPMN were published in 2006
and later revised in 2012 after the 14™ meeting of the
International Association of Pancreatology in Fukuoka,
Japan®. On that occasion, predictors of malignancy were
stratified into two sets of variables bearing a different risk
of degeneration, namely high-risk stigmata (HRS) and
worrisome features (WFs). Similar definitions of pre-
dictive factors were proposed by the European guidelines
for the management of PCNs in 2013°. These predictors
mostly consist of basic morphological and clinical criteria.
HRS include the presence of a mural nodule with
demonstrated enhancement on either cross-sectional
imaging or endoscopic ultrasound (EUS), jaundice, and
a MPD dilatation >10mm, and their presence warrants
surgical resection in fit patients. The presence of less
pronounced changes, i.e., BD-IPMN size >3 cm, mural
nodules without demonstrated enhancement, cyst wall
thickening, MPD dilatation between 5 and 9mm and
episodes of acute pancreatitis, define the diagnosis of
WES. In such cases the current guidelines suggest an
evaluation with EUS, the imaging technique that has the
highest resolution of the pancreas, offers the chance of
fine-needle aspiration (EUS-FNA) and could help the
selection of patients with an indication for surgical
resection.

The problem clinicians are facing today is that diagnosis
with FNA is reported to be successful in half of cases at
most® and decision making mainly relies on imaging
alone. Management of BD-IPMN is also controversial
because the natural history of the disease and the effective
role of each of the HRS/WFs in predicting the risk of
malignant degeneration have yet to be fully understood.
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Considering that most IPMNSs are incidental findings, it is

not infrequent to diagnose cysts that already harbor at
least one of the WFs (especially a size >3 cm), thus lim-
iting the possibility to evaluate their role as predictive
factors during the natural history of the disease.
prédiRtreschirsibis aisfs platialnating dbodolsnadmossiblg
carefully selected population of patients with BD-IPMNs
which are “naive” (i.e., Fukuoka-negative for the presence
of HRS or WFs) at the time of diagnosis. The primary
endpoint is to evaluate the association between develop-
ment of malignancy and any clinical and radiological
features, with particular regard to morphological changes
during follow-up including the appearance of HRS and
WFs defined as per the 2012 ICG.

Methods
Study design

This is a single-center retrospective cohort study per-
formed on a prospectively collected database. We initially
interrogated the database for patients enrolled in the
Gastroenterology and Gastrointestinal Endoscopy Unit of
San Raffaele Scientific Institute, Milan, Italy, who were at
least once classified as having a certain or highly probable
diagnosis of branch-duct IPMN between September 2002
and December 2016. Certain diagnosis was defined by a
conclusive result of EUS-FNA cytology or histological
examination of surgical specimens. A highly probable
diagnosis was considered in presence of cystic lesions >5

mm communicating with the MPD, as clearly demon-
strated by MRI/MRCP and/or EUS’.

Only patients with BD-IPMNs without HRS or WFs
(i.e., Fukuoka-negative) were selected for the analysis, and
a follow-up endpoint of at least 24 months was established
for patients who were managed non-operatively. Criteria
for exclusion were therefore: (a) the presence of HRS or
WFs at the time of diagnosis; (b) an inadequate follow-up,
defined as the lack of any follow-up examinations, a
follow-up time <24 months, or a lack of continuity in the
follow-up (i.e., gaps greater than 24 months between
consecutive examinations); (c¢) misdiagnosis, established
either clinically by consecutive examinations or histolo-
gically on surgical specimens.

Data collected at the time of diagnosis included sex, age,
family history of PDAC, history or presence of symptoms
(abdominal pain, nausea and/or vomiting, unintentional
weight loss), and baseline morphological features: uni-
focal/multifocal disease, main cyst location, main cyst
size, and MPD caliber. Follow-up was performed by
means of EUS, cross-sectional imaging and/or trans-
abdominal ultrasound (US) depending on physician’s
preference, and the results were recorded in a dedicated
database. The use of US was reserved for consistently low-
risk BD-IPMNs showing no changes over a considerably
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Initial popoulation
n=541
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Solid mass, HRS/WFs
or surgery at baseline

n= 111

Final population
n=167

n=240

Inadequate follow-up

Misdiagnosis
n=23

Fig. 1 Flow diagram illustrating the exclusion criteria applied to select cases for analysis. HRShigh-riskstigmata, WFsworrisome features

Table 1 Demographic and clinical variables, diagnostic
work-up, and baseline features of our low-risk branch-duct
IPMN population

Baseline variables Value

Age at diagnosis, median with range (years) 66 (33-84)
Sex

Female, No. (%) 105 (62.9%)
62 (37.1%)
6 (3.6%)
31 (18.6%)
25 (15.0%)
2 (1.2%)
4 (2.4%)
136 (81.4%)
61 (36.5%)
106 (63.5%)
36 (21.6%)

70 (41.9%)

Male, No. (%)
Familyhistory of PDAC,No. (%)
Historyor presence of symptoms, No. (%)
Pain, No. (%)
Nausea/Vomiting,No. (%)
Weight loss, No. (%)
Incidental finding, No. (%)
Unifocaldisease, No. (%)
Multifocaldisease, No. (%)
Two cysts, No. (%)
>three cysts, No. (%)
Main BDcyst location
Head and uncinate process, No. (%)
Neck and body, No. (%)
Tail,No. (%)

72 (43.1%)
78 (46.7%)
17 (10.2%)
Main BDcyst size, mean = SD (mm) 14.5£5.7

MPD caliber, mean + SD (mm) 2.6+£0.8

BD branch-duct, EUS endoscopic ultrasound, FNAC fine-needle aspiration
cytology, PDACpancreatic ductal adenocarcinoma, SD standard deviation.

long span of time, so that the relatively low accuracy of
the technique would not influence relevant outcomes.
The appearance of a defined pancreatic solid neoplasm,
HRS or WFs during the follow-up were the main out-
comes of interest. The following changes occurring during
the follow-up were also recorded: (a) cyst size growth >5
mm between consecutive examinations; (b) appearance of
new cysts; (c) size growth of any mural nodules >2 mm;
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and (d) appearance of new symptoms. The finding of
high-grade atypia on EUS-FNA, when performed, was not
equated to other clinical and radiological ICG criteria but
rather considered as a definitive diagnosis of malignancy,

and its role was assessed separately. In operated patients,

lesions were classified as benign (low-/moderate-grade

dysplasia) or malignant (high-grade dysplasia or invasive
carcinoma) by histological examination.

Statistical analysis

All statistical analyses were performed using IBM SPSS
Statistics for Windows, Version 23.0 (Armonk, NY: IBM
Corp). Kaplan—Meier estimates were used to describe
progression-free survival in our population, considering
appearance of WFs, and development of malignancy as
the event of interest, respectively. Subgroup comparisons
on categorical variables were performed using Pearson’s
y* test or Fisher’s exact test as appropriate. Features
showing a significantly different frequency between sub-
groups were selected for analysis of association with
malignancy. Binary logistic regression was used for uni-
variate and multivariate analysis with a forward selection
model. Results were considered to be statistically sig-
nificant when p values were <0.05. Collinearity between
significant predictors was tested by calculating the
Spearman correlation coefficient and results <0.8 were
considered acceptable.

Results
Descriptive statistics

From a total of 541 patients resulting from our initial
research, 167 patients with BD-IPMNs without HRS or
WFs and with available follow-up data were included in
the study (see Fig. 1). Patients’ characteristics and baseline
features are summarized in Table 1.

Only 31 patients presented with symptoms, which
makes most of the diagnosed BD-IPMNs “incidentalo-
mas” (81.4%). Single lesions were found in 61 patients,
whereas 106 patients (63.5%)had multifocal disease. The
mean lesion size was 14.5+ 5.7 mm, ranging from 5 to 29
mm (i.e., the cut-offs for diagnosis of BD-IPMN and the
consideration of cyst size as “worrisome”, respectively).
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Table 2 Results of follow-up including frequency of
changes and appearance of high-risk stigmata/worrisome

features

Follow-up Variables Value

Follow-up time, median with range (months) 55 (13-134)

Changes during follow-up, No. (%) 97 (58.1%)

Appearance of high-risk stigmata, No. (%) 3 (1.8%)
Enhanced mural nodule, No. (%) 1 (0.6%)
MPD caliber >10 mm, No. (%) 1 (0.6%)
Jaundice, No. (%) 1 (0.6%)

Time to develop HRS,median with range (months) 56 (45-60)

Appearance of worrisome features, No. (%)

44 (26.3%)

Cyst size >3 cm, No. (%) 21 (12.6%)

Cyst wall thickening, No. (%) 12 (7.2%)
Mural nodule, No. (%) 13 (7.8%)
MPD caliber 5-9 mm, No. (%) 10 (6.0%)
Acute pancreatitis, No. (%) 4 (2.4%)
Timeto develop WFs,median with range (months) 26 (4-132)

Additional features
Cyst growth >5mm, No. (%) 59 (35.3%)

Appearance of new cysts, No. (%) 56 (33.5%)

Muralnodule growth >2 mm, No. (%) 2 (1.2%)
Appearance of new symptoms, No. (%) 7 (4.2%)
Diagnosis of high-grade atypia on EUS-FNA,No. (%) 4 (2.4%)

EUS-FNAendoscopic ultrasound-guided fine-needle aspiration, HRS high-risk
stigmata, MPDmain pancreatic duct, WF worrisome feature

The mean MPD diameter was 2.6+ 0.8 mm. These values
comply with our selection criteria for low-risk BD-IPMNss.

The median follow-up time was 55 months ranging up
to a maximum of 134 months (Table 2). Overall changes
were reported in 97 patients (58.1%)after a median time
from diagnosis of 25 months. Such changes mostly con-
sisted of dimensional growth (35.3%) or appearance of
new lesions (33.5%).HRS appeared in only three patients
(1.8%) after a median follow-up time of 45 months. WFs,
on the other hand, appeared in 44 patients (26.3%)after a
median time of 26 months, with an extremely wide range
(4-132 months). EUS-FNA was performed in 63 out of
167 patients (37.7%),and a positive cytology result (high-
grade atypia) was obtained in four cases (2.4%).

Surgery was performed in eight patients (4.8%) after
a median follow-up time of 52 months (range
13-90 months). The histological examination demon-
strated benign disease in two of them, whereas malig-
nancy was diagnosed in six cases (3 high-grade dysplasia,
3 carcinoma), which corresponds to 75% of operated
patients. A single patient developed an inoperable solid
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Fig. 2 Kaplan—Meier curves showing progression-free survival in our
low-risk branch-duct IPMNpopulation over a 10-year period. The
events of interest were appearance of worrisome features (a) and
development of malignancy (b), respectively

mass, bringing the count to seven malignancies (4.2% of
the overall study population). All other patients without a
histological demonstration of malignant disease served as
the control group for the analysis of association with
malignancy. The progression-free survival curves for the
appearance of WFs and the diagnosis of malignancy
during follow-up are shown in Fig. 2.

In seven out of eight cases, EUS had a primary role in
establishing the main indications for surgery: presence of
mural nodules (5) with or without finding of high-grade
atypia on EUS-FNA (3 out of 5), presence of a solid mass
associated with jaundice and MPD dilatation (1), and
rapid MPD caliber enlargement to >10 mm documented
over two consecutive EUS examinations (1). The
remaining case consisted of a large (40 mm) and rapidly
growing (>5mm/year) cyst studied by MRI/MRCP.
Although most operated patients had BD-IPMNs with
mural nodules detected by EUS, two cases of false posi-
tivity for malignancy and overtreatment were also
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showed changes over a median follow-up period of ~4.5
years. Most of these changes were proven harmless,
consisting of dimensional growth or appearance of new
lesions, which were not found to be significant risk factors
for malignancy per se and were likely influenced by inter-
observer variability and by the resolution of different
imaging modalities. Nonetheless, 4.2% of patients devel-
oped a malignant disease during follow-up, in some cases
even after a long time span. Therefore, as recently
reported elsewhere!®!!, there is currently insufficient data
to safely cease surveillance of BD-IPMN, no matter how
stable or innocuous the lesion may appear. At the same
time our study shows that many BD-IPMNs do not pro-
gress over time, so intensive follow-up protocols may
prove not to be cost-effective.

Though not specifically aimed at comparison of guide-
lines, the present study paves the way for validation of the
2012 International Consensus Guidelines. Our analysis of
HRS as predictors of malignancy provided significant
results but was hampered by the little proportion of
patients showing such features (3 out of 167). This may be
informative by itself, as it shows that very few patients
with apparently innocuous BD-IPMNs are diagnosed with
HRS over time.

Cyst size >3 cm is generally considered the most con-
troversial worrisome feature'”. There is no shortage of
studies denying a role for this variable as a risk factor for
malignant degeneration in BD-IPMNs without other
WFs'3-!4 However, recent meta-analyses present cyst size

>3 cm as a significant risk factor, with values of OR widely
ranging from 2.315t0 62.416.In our cohort, trespassing the
-cm threshold was found to have no significant asso-

ciation with malignancy. This would support the con-
sideration of cyst size as the weakest morphological
predictor of malignancy when using the present 3-cm cut-
off set by the ICG. Nonetheless, there was a single case of
BD-IPMN displaying only a large cyst size as WF that
proved to harbor malignancy. The cyst had reached a
maximum diameter of 40 mm and had shown a >5mm/
year growth rate prior to surgery. This fact remains
noteworthy and prompts the choice of a different cut-off

and/or inclusion of growth rate as a collateral parameter
as advocated by the European guidelines®, as well as by
the latest revision of the ICG in 2017'".

The appearance of mural nodules and the increase in
MPD diameter during the follow-up were the only WFs,
which were selected by our forward logistic model and
were found to be significantly associated with develop-
ment of malignancy both in univariate and multivariate
analysis (p= 0.001 and p= 0.004, respectively). Results
reported by Jang et al. in a large surgical series (n= 350)
were very similar to ours and identified a significant
association for MPD dilatation >5mm, presence of a
mural nodule and cyst wall thickening in univariate
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Table 4 Different frequency of changes and appearance
of high-risk stigmata/worrisome features in patients with
malignant disease compared to controls

Variable Control Group  Malignancy (n=  p value
(n=160) 7)
High-riskstigmata 0 3
Enhanced mural 0 1 0.042
nodule
MPDcaliber >10 0 1 0.042
mm
Jaundice 0 1 0.042
Worrisome features 37 7
Cystsize >3 cm 19 2 0.215
Cyst wall 10 2 0.081
thickening
Mural nodule 10 3 0.011
MPDcaliber 5-9 7 3 0.005
mm
Acute pancreatitis 4 0 1.000
Additional features
Familyhistory of 6 0 1.000
PDAC
History of 31 0 0.351
symptoms
Multifocaldisease 101 5 1.000
Cyst growth 57 2 1.000
Appearance of 56 0 0.097
new cysts
Muralnodule 0 2 0.002
growth
New symptoms 6 1 0.263
High-grade atypia on 0 4 <0.001
EUS-FNA

p values refer to subgroup comparisons with Pearson’s %2 test or Fisher’s exact
test

EUS-FNAendoscopic ultrasound-guided fine-needle aspiration, PDACpancreatic
ductal ad i . . - Lo o .
pu\f:aﬁleg Which were 20.05 implying statistical signigcance were highlighted in

bold.

analysis (all p values <0.001). MPD dilatation and mural
nodules were confirmed by multivariate analysis (HR 4.54,
p<0.001 and HR 6.26, p <0.001, respectively)'®. A recent
meta-analysis by Ricci et al. found the highest values of
pooled diagnostic odds ratio (DOR) for jaundice (6.3),
presence of mural nodules (4.8), cyst wall thickening (4.2),
and MPD dilatation (4.0)"°. Similarly, another meta-
analysis by Kim et al. found the highest pooled DOR for
mural nodules (6.0) followed by MPD dilatation (3.4), and
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Table 5 Logistic regression analysis of possible
predictors of malignancy

Variable Multivariate analysis

OR 95% CI p value
Muralnodule 17.02 2.44-118.59 0.004
MPDcaliber 5-9 mm 24.48 3.40-176.31 0.001

Only mural nodules and MPD dilatation 5-9 mm were retained by the forward
selection model for multivariate analysis

Clconfidence interval, MPDmain pancreatic duct, ORodds ratio

p values which were <0.05 implying statistical significance were highlighted in
bold

thickened/enhancing cyst walls (2.3). Therefore, the
authors advocated a more aggressive approach to mural
nodules and a watchful waiting for the other features'>.
When compared to these meta-analyses, our results
indicate that MPD dilatation is the strongest predictor of
malignancy with an odds ratio which is markedly higher
than those of other examined factors (OR 24.5).

The finding of mural nodules on EUS represented the
most common indication for surgery in our cohort. The
unparalleled sensitivity of EUS in detecting nodules is
now widely acknowledged and was recently underlined by
Ridtitid et al. in a large single-center study of 364 patients
with BD-IPMN, where mural nodules identified by EUS
were missed by CT/MRI in 28% of cases in the malignant
group2?. However, a pitfall lies in the classification of
nodules as enhanced (HRS) or non-enhanced (WF) with
EUS, as the use of intravenous ultrasound contrast agents
was introduced relatively recently and is far less routinary
than it is for cross-sectional imaging. Considering that our
cohort encompasses cases studied more than a decade
ago, it is likely that at least some of the nodules (pre-
sumably, the ones in the subgroup of operated patients)
would have been found positive had an enhancement
study been performed. The importance of demonstrating
nodule enhancement in an attempt to increase the posi-
tive predictive value (PPV) of this predictor is emphasized
by the slight change made in the 2017 revision of the ICG.
Only enhanced mural nodules on cross-sectional imaging
are now mentioned, and their classification as HRS or WF
is now based on nodule size with a 5-mm cut-off'’.

The role of MPD dilatation as a predictor of malignancy
directly relates to the controversy that lies in the defini-
tion of this variable both as a worrisome feature for BD-
IPMN and a criterion to define mixed-type IPMN
according to the 2012 ICG. If we consider that mixed
IPMN shares the high rates of malignant degeneration of
MD-IPMN and should be similarly committed to surgical
resection, the appearance of MPD dilatation in a lesion
formerly diagnosed as BD-IPMN leads to a therapeutic
dilemma. A dilatation greater than 10 mm bears a mark-
edly higher risk of malignancy, but it is a late sign which is
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actually found in very few cases. On the other hand, a
dilatation above 5 mm is a far more frequent finding, but
its meaning is not univocal and its PPV for malignancy is
limited®'. This inverse relationship between feature pre-
valence and PPV was recently confirmed in a study by Ma
et al. considering 239 patients with PCNs (including 163
IPMNs) who underwent surgical resection. In their series
MPD dilatation >10 mm had a high PPV (72.7%)but was
present in only 11 patients, whereas MPD dilatation 5-9

mm had a markedly lower PPV (44.1%)but was a much
more frequent finding (59 out of 239 operated patients,
24.7%Y*. Remarkably, MPD dilatation is currently valued
as a risk feature regardless of the underlying cause, which
may be direct tumor involvement or ductal hypertension
caused by mucin, protein plugs, or focal pancreatitis. The
occurrence of pure BD-IPMNs with MPD dilatation but
without MPD disease can be demonstrated on pathology
only, but this information cannot be obtained by imaging
for all patients undergoing surveillance, which represents

the most common clinical setting. Crippa et al. recently
showed that classifyinga BD-IPMN with MPD >5mm as
a mixed-type may lead to significant overdiagnosis of
mixed-IPMN (8/93, 8.6%)and overtreatment of otherwise
harmless BD-IPMNs (2/93, 2.1%)23. On the other hand,
minimal MPD involvement may be demonstrated as an
incidental finding on histology in many cases of radi-
ologically diagnosed BD-IPMNs, although it may not
imply a more aggressive biology than pure BD-IPMNs?.
If we consider the findings in our cohort, in one case of
malignancy an initial MPD dilatation was rapidly followed
by progressive enlargement to more than 10mm. This
would strongly suggest active MPD involvement, which
was found on histological examination. In the other two
cases, a thorough EUS evaluation proved MPD dilatation
to result from passive retrograde dilatation caused by a
solid mass that had not been clearly defined by previous
imaging. These findings would lead to question the con-
sideration of MPD dilatation as an “independent” risk
factor rather than a sentinel for the presence of other
factors which are eluding present understanding of the
clinical condition. The topic remains controversial and
warrants further clarification of the role of MPD dilatation
in the natural history of the disease.

Differently than clinical and radiological features, EUS-
FNA allows to directly assess the presence of malignancy
within the specimen, the main limitation of this procedure
being its low sensitivity. However, once a representative
sample is obtained, its results may be considered as a
definitive diagnosis with almost absolute specificity.
Indeed, high-grade atypia on cytology was found to be a
strong predictor of malignancy with 100% concordance.
In the above-mentioned meta-analysis by Ricci et al. a
positive cytology result had a DOR of 5.5 and the sensi-
tivity, specificity, PPV, and negative predictive value of
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EUS-FNAC were estimated to be 34.7%,87.8%,56.1%,and
75%, respectively'®. This would lead to the consideration
that the finding of WFs in BD-IPMN patients should
prompt all attempts to obtain a valid cytological analysis
in order to individualize management.

The present study was not designed for comparison or
validation of guidelines. Nonetheless, it may be interesting
to consider our results in light of the recently published
American  Gastroenterological ~ Association Institute
guidelines on the diagnosis and management of asymp-
tomatic pancreatic cystic neoplasms”’. After extensive
technical review of the literature 26, these guidelines pro-
posed a conservative approach with indication for surgery
only in the presence of two at least out of three high-risk
features (cyst size >3 cm, MPD dilatation, solid compo-
nent) confirmed by EUS and/or in presence of a positive
cytology result. Mural nodules and MPD dilatation, which
had high pooled specificity values reported in the review
(80% and 91%, respectively), are also the two significant
risk factors outlined by our study. The authors of the
AGA guidelines estimated a specificity of 95% for malig-
nancy using their combination criterion. However, Singhi
et al. retrospectively applied them to a study cohort of 41
patients with pancreatic cystic lesions referred for EUS-
FNA and available pathology results (including 23
IPMNs), and found only a sensitivity of 62% and a spe-
cificity of 79% for malignant disease. In their series,
application of the AGA guidelines would have deferred
surgery for five out of 11 (45.4%) cases of malignant
IPMNs (4 carcinoma, 1 high-grade dysplasia) and would
not have prevented unnecessary surgery for two out of 12
cases of IPMN with low-grade dysplasia (16.7%) . Similar
results were provided by Ge et al. in a multicenter study of
300 patients with PCNs (including 198 IPMNs), where
retrospective application of the AGA guidelines had 83.3%
sensitivity and 69.1% specificity for malignancy. Although
the guidelines accurately recommended surveillance in
95% of patients, nine invasive cancers (5%) would have
been missed®. If retrospectively applied to our subgroup
of operated patients, the AGA guidelines would not have
spared the two patients with low-/intermediate-grade
dysplasia from overtreatment because of the copresence
of mural nodule and cyst size >3 cm in one case and
symptoms (acute pancreatitis) in the other. Conversely,
two cases of malignancy would have been missed (one
case with rapidly growing cyst size and one case with
rapidly enlarging MPD caliber). These results would
indicate that even just one of the morphological high-risk
features may be worrisome per se and the limitation of
having at least two to consider surgery may be too strict.

The most important caveat with the AGA guidelines
emerges from the advocated surveillance protocol, which
is very loose for cysts not classified as being “high-risk”.
The proposed follow-up consists of MRI in one year and
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every two years thereafter for a total of only five years,
provided that the cyst remains unchanged. However,
recent evidence suggests that HRS and WFs may appear
well after this time span. A study on long-term follow-up
of BD-IPMN by Pergolini et al. found that 20 out of 363
patients (5.5%)developed malignancies after five years of
surveillance. More importantly, malignancies developed
in 12 out of 282 patients (4.3%)who had absence of HRS/
WFs at the five-year threshold and would develop them
later, with a median time of 93 months *°. Similar results
were reported in a multicenter study of IPMNs followed-
up for more than five years by Crippa and colleagues''. In
our cohort, most changes developed within the first five
years (the median time was 25 months), but there were
also cases of WFs appearing after this time span in pre-
viously unchanged BD-IPMNs. Discontinuation of follow-
up after five years would have missed eight patients
developing WFs, including one case with MPD dilatation
and one with appearance of a mural nodule. Although all
eight patients were still in follow-up and in the control
group for analysis at the time of the study, the authors
would recommend against generalizing results and setting
a threshold for discontinuation of follow-up.

The present study has major flaws due to its retro-
spective nature. Our study period encompassed 14 years
during which clinical decision making and patient man-
agement changed progressively according to publication
of guidelines and further understanding of the natural
history of the disease. Also, some considerations should
be made for a careful interpretation of our results. As
expected, the rate of malignancy arising in this “naive”,
low-risk BD-IPMN population was low, providing us with
few cases developing the outcomes of interest, and ulti-
mately limiting the power of our statistical analysis.
Follow-up was performed by means of EUS in our Unit,
but any credible reports of cross-sectional imaging and
trans-abdominal ultrasound were accepted as well. It may
be argued that US has lower accuracy and cannot be
considered equally reliable. However, follow-up with US
was only employed for consistently low-risk and
unchanged cysts. This approach is somewhat justified by
the 2014 AIGO-AISP Italian Consensus Guidelines,
which suggest the use of US for single lesions that are
clearly visible in alternation with MRI/MRCP *° It was not
our goal to compare the sensitivity and specificity of dif-
ferent techniques, and we valued actual clinical practice
over inter-observer and inter-technique variability.

In conclusion, this study shows that more than half of
patients with low-risk BD-IPMN develop changes over a
long period of time. Although many of these changes are
actually harmless, consisting of cyst size growth and
finding of new lesions, over one quarter of patients
develop HRS/WFs, and the risk of malignancy in this
population remains low but not negligible (4.2%). This
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would discourage discontinuation of surveillance after five
years as proposed by the 2015 AGA guidelines. The
appearance during follow-up of WFs as indicated by the
2012 ICG resulted to be worrisome indeed, and would
justify a tighter follow-up with EUS. MPD dilatation in
particular proved to be the strongest independent factor
associated with malignancy. In presence of such features,
considering the safety and feasibility of EUS-guided FNA
in tertiary referral centers, all efforts should be made to
obtain an adequate cytological analysis whenever feasible.

Study Highlights

What is current knowledge

Management of branch-duct IPMN has become
more and more conservative.

Surgical decision mainly relies on the presence of
clinical and morphological predictors of
malignancy described by different guidelines.

+ The 2012 International Consensus Guidelines first
stratified such predictors into high-risk stigmata
and worrisome features, but their role in defining
the risk of pancreatic malignancy remains unclear.

What is new here

* More than one quarter of patients with initially
low-risk BD-IPMN developed high-risk stigmata or
worrisome features over time and even after a long
follow-up period.

High-risk stigmata and positive cytology results
were rare but associated with malignancy with
100% concordance.

Among worrisome features, mural nodules and
especially MPD dilatation >5 mm proved to be the
strongest predictors of pancreatic malignancy.
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Abstract

Aim The aim of this paper is to describe the characteristics of intraductal papillary mucinous neoplasms (IPMNs) of the pancreas
in young patients.

Methods We evaluated 1693 patients from the Pancreatic Surgery Consortium who underwent resection for IPMN and classified
them as younger or older than 50 years of age at the time of surgery. We assessed the relationship of age with clinical, radiological,
pathological, and prognostic features.

Results We identified 90 (5%) young patients. Age was not associated with differences in main pancreatic duct size (P = 0.323),
presence of solid components (P = 0.805), or cyst size (P = 0.135). IPMNs from young patients were less likely to be of gastric
type (37 vs. 57%, P = 0.005), and more likely to be of oncocytic (15 vs. 4%, P = 0.003) and intestinal types (44 vs. 26%,
P =0.004). Invasive carcinomas arising from IPMN were less common in young patients (17 vs. 27%, P = 0.044), and when
present they were commonly of colloid type (47 vs. 31% in older patients, P = 0.261) and had better overall survival than older
patients (5-year, 71 vs. 37%, log-rank P = 0.031).

Conclusion Resection for IPMN is infrequent in young patients, but when they are resected, IPMNs from young patients
demonstrate different epithelial subtypes from those in older patients and more favorable prognosis.
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Introduction

Intraductal papillary mucinous neoplasms (IPMNs) were
first described by Ohashi et al. in the 1980s and were
commonly reported in older men showing main pancreatic

duct (MPD) dilatation with mucin extrusion through the
ampulla of Vater.!™ In recent years, there has been

mounting evidence of biological heterogeneity within
IPMN, and four epithelial subtypes have been described:
gastric, pancreatobiliary, intestinal, and oncocytic. Each
appears to be associated with unique genetic and clinico-
pathological features.>!* Invasive carcinomas arising

from these different subtypes also exhibit unique features
with prognostic relevance.®’:!3!'# Thus, a better under-

standing of the patient characteristics associated with each
of the IPMN subtypes may help to tailor treatment and
surveillance strategies.

Genetic and epidemiological studies of other cancer
types including colorectal, lung, and breast cancers have

shown that tumors are genetically different in young and
older patients.'>~!7 IPMNs are usually diagnosed and

resected in patients in the seventh decade of life, but
growing awareness of this entity and widespread use of
cross-sectional imaging modalities have made it increas-
ingly clear that IPMNs are not only present in older men

with a florid clinical presentation. In fact, most IPMNs
currently diagnosed are incidentally discovered.'® While

diagnosis of an IPMN remains uncommon in young indi-
viduals, it is unclear whether they have different clinical
and pathological features compared to IPMNs in older
patients. In the present study, we sought to evaluate the
clinical, radiological, pathological, and prognostic charac-
teristics of young patients undergoing resection for IPMN
at three academic institutions in the USA.

Materials and Methods
Study Population

The study population was derived from prospective databases
of patients undergoing surgical resection for [IPMN at the in-
stitutions conforming the Pancreatic Surgery Consortium,
namely: Massachusetts General Hospital (MGH; Boston,
MA), the Johns Hopkins Hospital (JHH; Baltimore, MA),
and Memorial Sloan Kettering Cancer Center (MSKCC;
New York, NY). Surgery was performed at MGH for 472
patients between March 9, 1990 and July 30, 2015; at JHH
for 766 patients between January 31, 1995 and January 15,
2016; and at MSKCC for 455 patients between February 21,
1989 and August 24, 2015. Institutional Review Board ap-
proval was granted or waived at each institution.

@ Springer

Definition of Age Groups

We classified patients based on their age at the time of surgery.
We first examined the age distribution in our study cohort
using a frequency histogram (Fig. 1). The median age at the
time of surgery in our patient population was 69 years, which
is comparable to other contemporary series of resected
IPMNS.'-21 eeking to capture the youngest patients in our
population while maintaining statistical power, we divided our
cohort as younger or older than 50 years of age, which corre-
sponds approximately to the 5th percentile. In post hoc sensi-
tivity analyses, we replicated the main analyses using age
cutoffs of 55 and 60 years of age.

Clinical and Radiological Assessments

From medical records, we collected data about patient sex,
history of abdominal pain and jaundice as presenting symp-
toms, weight loss, type of pancreatic resection, and year of
surgery. Patients without preoperative abdominal pain, jaun-

dice, or weight loss were considered Basymptomatic. We
obtained preoperative radiological assessments from the most
recent abdominal computed tomography (CT), magnetic res-
onance (MR), or endoscopic ultrasound (EUS) prior to sur-
gery. We evaluated the main pancreatic duct (MPD) diameter,

size of the largest cyst, presence of enhancing solid
components/mural nodules within the largest cyst, and evi-
dence of cyst wall thickening or enhancement. Since cross-
sectional imaging techniques (CT and MR) and EUS may
exhibit discrepancies in measurements of dimensions, we only
considered MPD diameter and largest cyst size measurements
obtained from the most recent CT or MR.

Pathological Evaluation

All resected specimens underwent comprehensive gross and
microscopic pathological examination following the same
methodology across centers. The grade of dysplasia was clas-
sified as low-/moderate-grade dysplasia, high-grade dysplasia
(formerly carcinoma in situ), or invasive carcinoma arising in
association with an IPMN. High-grade dysplasia was defined
as severe architectural complexity with micropapillary struc-
tures and/or cribriforming, significant nuclear atypia with loss
of polarity and/or nuclear pleomorphism, and mitotic activity
without evidence of invasion. Invasive carcinoma arising in
association with an IPMN was defined as lesions with micro-
or macroscopic invasion into the stroma beyond the epithelial
basement membrane in direct continuity with areas of high-
grade dysplasia. The predominant histological subtype of the
precursor component was classified as gastric, intestinal,

oncocytic, or pancreatobiliary; tumors with no clear predom-
inant subtype were classified as Bmixed”.®’ Invasive
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Fig. 1 Frequency distribution of &

age at the time of surgery in 1693
patients with resected intraductal
papillary mucinous neoplasms 5
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carcinomas arising from IPMN were classified as tubular, col-
loid, or oncocytic.®’

Outcome Measures

The main outcome measures in this study were (1) highest
grade of dysplasia, (2) predominant histological subtype of
the precursor lesions and of the invasive carcinoma arising
from IPMN, and (3) disease-specific (DSS) and overall sur-
vival (OS). For analyses of the highest grade of dysplasia, we
evaluated high-grade dysplasia and invasive carcinomas as
two distinct outcomes (i.e., not combined into a single cate-
gory). For analyses of predominant histological subtypes, the
comparisons were made between each individual subtype vs.
all others combined (e.g., gastric-type vs. other precursor sub-
types combined, colloid carcinoma vs. other invasive sub-
types combined). DSS analyses were performed in patients
with non-invasive IPMN (i.e., tumors with low-/moderate-
or high-grade dysplasia), and it was defined as time between
surgery and pancreatic cancer-related death; OS was defined
as time between surgery and death from any cause; given that
death from non-IPMN related causes is expected to be higher
among older patients—particularly among older patients with
non-invasive tumors—we restricted OS analyses to patients
with invasive carcinomas arising in association with an [IPMN.

Statistical Analyses

We evaluated the associations of age at surgery with grade of
dysplasia and predominant histological subtypes using chi-
square and Fisher’s exact tests. Survival analyses were con-
ducted using the log-rank test and Cox proportional hazards
regression obtaining hazard ratios (HR) and 95% confidence

Age

intervals (CI). Survival statistics are also presented using
Kaplan-Meier curves and 2- and 5-year survival rates. All
hypothesis tests were two-sided and statistical significance
was set at P < 0.05. Statistical analyses were performed using
SAS software (version 9.4; SAS Institute, Cary, NC).

Results

The baseline characteristics of our study population overall
and by age at surgery are presented in Table 1. There were
no sex differences between the two age groups (women, 50 vs.
50%). Young patients were significantly more likely to present
with abdominal pain (54 vs. 34%, P < 0.001), less likely to
present with obstructive jaundice (0 vs. 11%, P = 0.003), and
had similar rates of weight loss (24 vs. 30%, P = 0.349) com-
pared with older patients. Overall, 41% of the patients in our
study were asymptomatic and they were distributed similarly
between young and older patients (34 vs. 42%, P = 0.240).

Location of the IPMN in the pancreatic head and uncinate
process was significantly more common among young patients,
and accordingly, patients in this age group were significantly
more likely to have undergone a pancreaticoduodenectomy (80
vs. 63%, P = 0.007) compared to older ones. Radiologically,
there were no significant differences between the two age groups
in terms of MPD diameter, presence of enhancing solid
components/mural nodules, thickened or enhancing cyst walls,
and largest cyst size (Table 1).

Our study population spans a 27-year period, over which
surgical indications and surveillance strategies for patients
with IPMN have experienced important changes.”224 At our
institutions, we have mostly followed the recommendations of
the International Consensus Guidelines put forth first in
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Table 1 Baseline characteristics
0f 1693 resected IPMN based on
age at resection
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Overall Age
<50years >S50 years p
No. of patients 1693 90 1603
Women, n (%) 851 (50%) 45 (50%) 806 (50%) 0.959
Abdominal pain, n (%)
Yes 511 (35%) 39 (54%) 472 (34%) <0.001
No 935 (65%) 33 (46%) 902 (66%)
Unknown 247 18 229
Jaundice, n (%)
Yes 155 (11%) 0 (0%) 155 (11%) 0.003
No 1289 (89%) 72 (100%) 1217 (89%)
Unknown 249 18 231
Weight loss, n (%)
Yes 369 (29%) 16 (24%) 353 (30%) 0.349
No 888 (71%) 50 (76%) 838 (70%)
Unknown 436 24 412
Type of pancreatic resection, n (%)
Pancreaticoduodenectomy (Whipple procedure) 1070 (64%) 70 (80%) 1000 (63%) 0.007
Middle or distal pancreatectomy 498 (30%) 15 (17%) 483 (30%)
Total pancreatectomy 111 (6%) 3 (3%) 108 (7%)
Unknown 14 2 12
MPD size, n (%)
MPD < 5 mm 498 (50%) 28 (61%) 470 (50%) 0.323
5 mm < MPD < 10 mm 289 (29%) 11 (24%) 278 (29%)
MPD > 10 mm 206 (21%) 7 (15%) 199 (21%)
Unknown 700 44 656
Mural nodule/solid component, n (%)
Yes 245 (22%) 11 (21%) 234 (22%) 0.805
No 862 (78%) 42 (79%) 820 (78%)
Unknown 586 37 549
Thickened/enhancing cyst walls, n (%)
Yes 110 (10%) 4 (8%) 106 (10%) 0.551
No 997 (90%) 49 (92%) 948 (90%)
Unknown 586 37 549
Cyst size (cm), median (IQR) (n = 646) 2.90 (1.79) 2.54(1.55) 290 (1.80) 0.135
Predominant precursor epithelial subtype, n (%)
Gastric 544 (55%) 19 (37%) 525 (57%) <0.001
Intestinal 265 (27%) 23 (44%) 242 (26%)
Oncocytic 49 (5%) 8 (15%) 41 (4%)
Pancreatobiliary 47 (5%) 1 2%) 46 (5%)
Mixed 76 (8%) 1 2%) 75 (8%)
Unknown 712 38 674
Highest grade of dysplasia, n (%)
Low/moderate grade 837 (50%) 47 (54%) 790 (50%) 0.103
High grade 381 (23%) 25 (29%) 356 (23%)
Invasive carcinoma 440 (27%) 15 (17%) 425 (27%)
Unknown 35 3 32
Histological type of invasive carcinoma, n (%)
Tubular 275 (66%) 7 (47%) 268 (67%) 0.155
Colloid 134 (32%) 7 (47%) 127 (31%)
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Table 1 (continued)

Overall Age
<50years >S50 years pe
Oncocytic 8 (2%) 1 (6%) 7 (2%)
Unknown 23 - 23

IPMN intraductal papillary mucinous neoplasm, IQR interquartile range, MPD main pancreatic duct

# Chi-square or Fisher exact test for categorical variables and Wilcoxon rank-sum test for continuous variables, not

considering missing values

20062* and updated in 2012,%* but management strategies
may have varied prior to that. Notably, the proportion of
young patients with resected IPMN was similar from 1989
to 2005 (pre-Sendai), from 2006 to 2011 (Sendai), and from
2012 to 2016 (Fukuoka): 6.0, 5.0, and 4.8%, respectively
(P =0.615). Moreover, when we evaluated the differences in
baseline clinical and radiological characteristics stratified by
these three treatment eras (Supplemental Table 1), we only
found significant differences in the pre-Sendai era, when
young patients were significantly more likely to present with
abdominal pain and less likely to present with jaundice.

Highest Grade of Dysplasia

The prevalence of high-grade dysplasia was similar in both
age groups (29 and 23% in young and older patients, respec-
tively). Invasive carcinoma arising in association with an
IPMN was less frequent among young patients (17 vs. 27%)
(Table 1). To further explore the risk of invasive carcinoma by
age group, we dichotomized cases as invasive and non-
invasive (low-, moderate-, or high-grade dysplasia). Young
patients had a 44% lower risk of invasive carcinoma arising
in association with an IPMN compared to patients age 50 and
older (95% CI 0.32-0.99, P = 0.044). We observed a similar
trend of lower risk of invasive carcinoma in younger patients
using age thresholds of 55 years (P = 0.091) and 60 years
(P =0.031) (Supplemental Table 2).

Histological Subtypes of Precursor Lesions and Invasive
Carcinomas Arising from [PMN

Overall, the most common histological subtype in precursor
lesions was the gastric type (55%) followed by intestinal type
(27%) (Table 1). Young patients were significantly less likely
to harbor gastric-type IPMN (37 vs. 57%, OR 0.44, 95% CI
0.25-0.79, P = 0.005), and more likely to harbor oncocytic-
type IPMN (15 vs. 4%, OR 3.94, 95% CI 1.74-8.90,
P = 0.003) and intestinal-type IPMN (44 vs. 26%, OR 2.25,
95% CI1.28-3.97, P =0.004). Associations between younger
age and distinct epithelial subtypes of the precursor lesions
were still present (statistically significant or as a trend) when
we used age thresholds of 55 and 60 years, especially for the

oncocytic subtype (Supplemental Table 2). Among patients
with invasive carcinomas arising in association with an
IPMN, the most common histological subtype overall was
tubular carcinoma (66%), followed by colloid carcinoma
(32%) (Table 1). Colloid carcinoma was more common in
young patients compared to older ones, but the association
was not statistically significant (47 vs. 31%, OR 1.89, 95%
CI 0.67-5.34, P = 0.261). Lymph node metastases were less
common in invasive carcinomas arising in association with an
IPMN in young patients than in older ones (20 vs. 39%) but
this difference did not reach statistical significance
(P =0.106). Colloid carcinomas in the entire study population
(i.e., irrespective of age) rarely had LN metastases (20 vs. 56%
in tubular carcinomas, P < 0.001).

Disease-Specific and Overall Survival

Of'the 1218 patients with non-invasive IPMN, follow-up data
was available in 1122. Of these, the cause of death was known
for 1010 patients, who constituted the study population for
DSS. Among young patients, there were no disease-specific
deaths, compared to 13 in patients age 50 and older. This
translated into 5-year DSS rates of 100 and 98.3% in young
and older patients, respectively (log-rank P = 0.300) (Table 2,
Fig. 2a). Of the 440 patients with invasive carcinoma arising
from IPMN in the entire cohort, 410 had follow-up data and
these comprised the study population for OS. Patients with
invasive carcinoma arising in association with an IPMN had
a median OS of 38.9 months (95% CI 31.6-48.8 months).
While limited by sample size in the young age group, survival
analysis showed that young patients with invasive carcinoma
had longer OS than patients age 50 and older (5-year OS 71.4
vs. 36.9%, HR 0.24, 95% CI 0.06-0.98, log-rank P = 0.031)
(Table 2, Fig. 2b). Young and older patients with invasive
carcinoma arising from IPMN were followed for a similar
duration of time after surgery (median follow-up time among
patients who were alive at the end of the study, 22 and
25 months, respectively; P = 0.968). We conducted secondary
OS analyses using alternative cutoffs of 55 and 60 years of age
(Supplemental Fig. 1) and found that younger patients had
longer OS using both these cutoffs, but the association was
statistically significant only with the 55 years cutoff. After
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Table 2  Disease-specificand overall survival by patient age at the time
of resection

Disease-specific survival (DSS)

No. at No. of 2-year 5S-year Log-rank
risk® events P
Age
< 50 years 58 0 100.0% 100.0% 0.300
>50 years 952 13 99.0% 98.3%
Overall survival (OS)
No. at No. of 2-year 5-year Log-rank
riskb events P
Age
<50 years 12 2 71.4% 71.4% 0.031
>50 years 398 240 63.1% 36.9%

IPMN intraductal papillary mucinous neoplasm, HR hazard ratio for un-
adjusted Cox proportional hazards regression, CI confidence intervals

#In patients with non-invasive IPMN and excluding those with missing
follow-up data and unknown cause of death

®In patients with invasive carcinoma arising from IPMN and excluding
those with missing follow-up data

adjusting for the invasive carcinoma histological subtype (tu-
bular vs. colloid vs. oncocytic), age was no longer significant-
ly associated with improved OS (HR 0.30, 95% C10.07-1.24)
and colloid type carcinoma was found to be associated with
longer OS independent of patient age (HR 0.58, 95% C10.43—
0.77). These results suggest that at least some of the favorable
prognosis seen in young patients with invasive carcinomas

may be attributed to their high prevalence of colloid-type
carcinoma.

Discussion

In a large, multi-institutional series of resected IPMNs,
we found that patients who underwent surgery before
age 50 were more likely to have IPMN of oncocytic
and intestinal epithelial subtypes located in the pancre-
atic head and uncinate process. Notably, young patients
were not more or less likely to be symptomatic or show
radiological worrisome features or high-risk stigmata of
malignancy. Young patients were less likely to harbor
invasive carcinoma arising from IPMN, and when they
did, it was frequently of the colloid type and was asso-
ciated with improved prognosis compared to older pa-
tients with invasive carcinomas.

IPMNs are commonly diagnosed in individuals in the sev-
enth decade of life.>> The actual prevalence of IPMN in the
general population is unknown, but under the premise that
most incidentally found pancreatic cysts are IPMN, the prev-

alence would be at the very least 0.8/100,000 and as high as
10% in older patients.”®~2® The incidence of pancreatic cysts

appears to increase with age; in a study of 2803 individuals
with a median age of 51 years old undergoing magnetic reso-
nance imaging as part of a preventive medical examination,
1.3% of individuals between ages 40 and 49 had a pancreatic

cyst, while the prevalence in subjects age 70 and older was
around 10%.%°
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Fig. 2 Kaplan-Meier curves for survival by age at the time of surgery for intraductal papillary mucinous neoplasm (IPMN). a Disease-specific survival
in patients with non-invasive IPMN. b Overall survival among patients with invasive carcinoma arising from IPMN
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The reason why we observed a lower risk of invasive car-
cinoma in association with an IPMN resected at a younger age
is not entirely clear. [IPMNs exhibit a progressive spectrum of
dysplasia from low-/moderate-grade to invasive carcinoma,
thus it is possible that the lower prevalence of invasive carci-
noma was a function of earlier diagnosis. Due to a longer life
expectancy, young patients could have undergone surgery for
tumors with fewer high-risk features compared to older pa-
tients, leading to lower rates of invasive carcinoma in the
young group. This interpretation, however, is debatable given
the other differences between the groups that are outlined
below.

Our results suggest that indications for surgery in young
and older patients in our study may have been similar. There
were no significant differences in terms of MPD size, cyst
size, presence of mural nodules/solid component, or thick
walls, which are known worrisome features and high-risk stig-
mata of malignancy. If IPMNs from younger patients were
truly diagnosed and resected at an earlier stage in their natural
history, one could expect to see differences in these parame-
ters. Collectively, the rate of asymptomatic lesions was similar
in young and older patients. Individually, we did find that
obstructive jaundice—which is associated with invasive car-
cinoma—was more common among older patients.
Conversely, while abdominal pain is not part of the consensus
guidelines algorithm, it was more common in younger pa-
tients and it could have led to patients with benign lesions
and no worrisome radiological signs to have surgery, especial-
ly before the guidelines were in place. In fact, the associations
of age with abdominal pain and obstructive jaundice were
only observed among patients who underwent surgery in the
pre-Sendai era.

Indications for surgical resection of IPMNs have evolved
over the past two decades. Before clinical guidelines were
published, the decision to operate rested heavily on individual
and institutional experience, making it prone to wide varia-
tions across centers. As our understanding of the disease im-
proved, it became clear that certain clinical and radiological
characteristics could help us stratify patients based on their

risk of cancer, leading to the publication of the International
Consensus Guidelines in 2006%3 and its updated version in

2012.24 In our study population, 614 (36%) patients had sur-
gery before 2006. Remarkably, the proportion of patients un-
der age 50 who underwent resection was similar between
1989 and 2005, 2006 and 2011, and from 2012 onward.
Taken together, these data suggest that while indications for
surgery have changed over time, they were likely applied to
young and older patients similarly.

The finding that most strongly supports the notion that
IPMN:ss in young patients may have underlying biological dif-
ferences is the marked contrast in the epithelial subtypes in
IPMN of young and older patients. Young patients were sig-
nificantly more likely to have oncocytic- and intestinal-type

precursor epithelia, whereas IPMNs from older patients were
predominantly of the gastric type. These differences may have

significant importance. Gastric-type IPMN (also referred to as
Bnull type”’) are frequently confined to the side branches of

the pancreatic ductal system and usually have low to moderate
dysplasia; however, when they become invasive, they give
rise to tubular-type carcinomas, which have a very poor prog-

nosis similar to that of conventional pancreatic ductal
adenocarcinoma.®” Intestinal-type IPMNs are commonly

found in the pancreatic head and uncinate process involving
the MPD and they often show high-grade dysplasia or inva-
sive carcinoma; when intestinal-type IPMNs become inva-
sive, they often give rise to colloid-type carcinomas which

have a lower frequency of LN metastases and a more favor-
able prognosis than tubular-type carcinomas.®’ Oncocytic-

type IPMNs and their associated oncocytic-type carcinomas

are very rare, accounting for approximately 5% of resected
IPMN.”3% In our study, 15% of IPMNs from young patients

were of the oncocytic type, compared to 4% in older patients.
This IPMN subtype is predominantly located in the pancreatic
head and uncinate process with MPD involvement. By defi-
nition, all oncocytic-type IPMNs have high-grade dysplasia
with or without invasive carcinoma, yet they have an excellent

prognosis, with a 5-year DSS of 93 to 100% in patients with
invasive carcinoma.’%-3!

It could be hypothesized that intestinal- and oncocytic-type
IPMNs develop earlier but take longer time to undergo malig-
nant transformation than other subtypes, hence their high
prevalence in young patients and the lower risk of invasive
carcinoma in this age group. This does not appear to be the
case, since the age differences of patients with and without
invasive carcinoma were not larger for intestinal- and
oncocytic-type IPMNs in our series (average difference,
3.6 yearsin gastric-type,2.9 years in intestinal-type,— 0.5 years
in oncocytic-type, and 1.1 years in pancreatobiliary-type).
Additionally, it is highly unlikely that intestinal- and
oncocytic-type IPMNs go on to become gastric-type tumors
as patients become older. While we did not perform molecular
analyses on our study population, recent studies have shed
light on the genetic events occurring in these different sub-
types and strongly suggest that they represent distinct path-

ways of carcinogenesis. KRASmutations are very frequent in
gastric-type IPMN and tubular carcinomas,'?'3:'* whereas

intestinal-type IPMN and colloid carcinomas are characterized
by a high prevalence of GNASmutations and markers of in-
testinal differentiation.>!%!113:14 In contrast, most oncocytic-
type IPMNs are KRASand GNASwild types and have been
found to have BRAFmutations.'!»!431:32 Collectively, our re-
sults indicate that resected IPMNs from young patients have
predominantly intestinal and oncocytic differentiation and
therefore may have distinct molecular features. Given that
invasive carcinomas arising from these subtypes have been
found to be more indolent and have a lower rate of LN
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metastases,®’ this might be the reason young patients with
invasive carcinomas had a more favorable prognosis. Next-
generation sequencing may soon allow us to better character-

ize IPMN preoperatively using cyst fluid and fine-needle as-
piration biopsies,'? which may help identify gene alterations

associated with distinct IPMN subtypes and improve risk
stratification of patients.

The present study has multiple strengths. It is to the best of
our knowledge the first study to explore the differences in the
characteristics of IPMN based on patient age at the time of
surgery. Given the small number of patients undergoing resec-
tion at a very young age, a large study sample is needed to
observe substantial differences. This was made possible in our
study by the collaborative effort of three academic pancreatic
surgery reference centers. Our study has highly annotated ra-
diological data that allows us to conduct analyses of known
imaging features associated with high-risk lesions; in the case
of two of the most important parameters (MPD diameter and
cyst size), measurements were obtained from the same imag-
ing modality, minimizing variability. Moreover, surgical spec-
imens were re-reviewed by pathologists with a special interest
in IPMN to identify the histological subtypes of the precursor
and invasive components.

Our study also has limitations. We do not know the exact
indication for surgery for every patient in our study or how much
weight was given to life expectancy when deciding whether to
operate, although the proportion of asymptomatic patients and
the radiological characteristics associated with high-risk lesions
were similar between age groups. Given that our study is limited
to resected IPMNSs, we recognize that it fails to capture younger
patients with IPMNs who did not meet the criteria for surgery—
which may represent a larger proportion of patients under age 50
with suspected [IPMN—and older patients who had indications
for resection but were not surgically fit, as well as patients of any
age diagnosed with an unresectable disease. Despite our best
efforts, a fraction of patients lacked radiological and histological
data. Nevertheless, missing data was likely randomly distributed
between the two age groups and there is no indication that this
introduced bias in our results. Lastly, while survival analyses
revealed that young patients with invasive carcinomas arising
from IPMNs show improved survival compared to older patients,
these results must be interpreted with caution given the small
number of young patients with invasive carcinomas.

Conclusion

In summary, resection for IPMN is uncommon in individuals
aged 50 or younger. These patients are more likely to have
oncocytic- and intestinal-type IPMNs and less likely to harbor
an associated invasive carcinoma. Our results suggest that
when an invasive carcinoma arising from IPMN is present,
young patients may have a more favorable prognosis than

@ Springer

older ones, and this could be attributable to a higher frequency
of colloid-type carcinomas in young patients, but these obser-
vations need to be further validated. Understanding the bio-
logical and prognostic differences of IPMNs between young
and older patients could be a valuable step towards achieving
management strategies tailored to different groups of patients.
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Development and Validation of a Multi-Institutional Preoperative
Nomogram for Predicting Grade of Dysplasia in Intraductal
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Objective: Previous nomogram models for patients undergoing resection of
intraductal papillary mucinous neoplasms (IPMNs) have been relatively small
single-institutional series. Our objective was to improve upon these studies by
developing and independently validating a new model using a large multi-
institutional dataset.

Summary Background Data: IPMNs represent the most common radio-
graphically identifiable precursor lesions of pancreatic cancer. They are a
heterogenous group of neoplasms in which more accurate markers of high-
grade dysplasia or early invasive carcinoma could help avoid unnecessary
surgery in 1 case and support potentially curative intervention (resection) in
another.

Methods: Prospectively maintained databases from 3 institutions were
queried for patients who had undergone resection of IPMNs between 2005
and 2015. Patients were separated into main duct [main and mixed-type
(MD)] and branch duct (BD) types based on preoperative imaging. Logistic
regression modeling was used on a training subset to develop 2 independent
nomograms (MD and BD) to predict low-risk (low- or intermediate-grade
dysplasia) or high-risk (high-grade dysplasia or invasive carcinoma) disease.
Model performance was then evaluated using an independent validation set.
ResultS' We identified 1028 patients who underwent resection for IPMNs
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disease comprised 71% and 29% of MD and BD groups, respectively
(P <0.0001). MD and BD nomograms were developed on the training set
[70% of total (n 4 720); MD: n % 318, BD: n % 402] and validated on the test
set %a ron/oogt éféﬁ I)VB yDasgocl:/la%g \Eg.hlgﬁ Hsﬁ d;'gelg ere(‘gsng? ?g Jpaﬁrllg}tcse
98%). Cyst size >3.0cm, solid component/mural nodule, pain symptoms, and
weight loss were significantly associated with high-risk disease. C-indices
were 0.82 and 0.81 on training and independent validation sets, respectively;
Brier scores were 0.173 and 0.175, respectively.

Conclusions: For patients with suspected IPMNs, we present an independ-
ently validated model for the prediction of high-risk disease.

Keywords: cancer, dysplasia, intraductal papillary mucinous neoplasm,
IPMN, nomogram, pancreas, the pancreatic surgery consortium

(Ann Surg 2016;XX:XXX—XXX)

Intraductal papillary mucinous neoplasms (IPMNs) of the pancreas
are radiographically identifiable precursors of invasive pancreatic

cancer. The incidence of IPMNs is rising mostly due to the increasing
use of high-resolution cross-sectional imaging.'””> These cystic

neoplasms have been shown to evolve from low-grade dysplasia
to high-grade dysplasia to invasive carcinoma, and this pathway of
progression is believed to account for 20% to 30% of pancreatic
cancers.” The timing and frequency of malignant progression are
unknown, and therefore the management of patients with IPMNss is
controversial. > This controversy exists because current laboratory,
endoscopic, cytologic, and imaging technologies are unable
to reliably distinguish between IPMNs that are at low-risk (low-
to intermediate-grade dysplasia) from those that are at high-risk
(high-grade dysplasia) of progressing to invasive cancer.

Presently, the most accurate factor associated with high-risk
IPMNs is dilation of the main pancreatic duct on preoperative
imaging [main duct [IPMNs (MD-IPMN)]. Patients who undergo

resection for MD-IPMN have a 50% to 60% chance of having high-
grade dysplasia or invasive carcinoma at the time of resection.

Conversely, high-grade dysplasia is present in only 10% to 15% of
patients who undergo resection in the absence of a dilated pancreatic
duct [branch duct IPMNs (BD-IPMN)].” The 2012 International

Consensus Guidelines (ICG2012), therefore, recommend resection
for patients with MD- IPMN and observation for the majority of
patients with BD-IPMN. 478 The identification of more accurate

markers of high-grade dysplasia could allow for more rational
treatment decision-making. Low-risk patients could avoid a poten-
tially morbid and life-threatening operation, and high-risk patients
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could undergo resection hopefully prior to the development of
invasive disease.

Previously published data from Memorial Sloan Kettering
described a nomogram-derived objective risk score that could be
used to assess the probability of patients with IPMNs having high-
risk disease.” While only a single-nstitutional study, the nomograms
for MD-IPMN and BD-IPMN each had a relatively strong concord-
ance index of 0.74, demonstrating a significant association between
nomogram-predicted and actual risk of having high-risk disease.

The current study sought to build on these and other previous
nomograms by expanding our patient population to include a large
multi-institutional dataset.'®!'" These data were gathered from
3 high-volume institutions, and previous factors that were found
to be associated with the presence of high-risk IPMNs were included
in the analysis.

METHODS

Prospectively maintained databases from 3 of the institutions
of The Pancreatic Surgery Consortium were included in the study.
The Consortium is composed of 5 independent groups from 4 high-
volume institutions [Memorial Sloan Kettering (MSK), Johns Hop-
kins Hospital (JHH), Massachusetts General Hospital (MGH), and
University of Verona (UV)]. The current study was conceived and
designed by investigators from MSK, JHH, and MGH. Data from
MSK, JHH, and MGH were combined into a cumulative database
that was queried for patients who had undergone resection of
pathologically proven IPMNs between 2005 and 2015. Patients
resected for a recurrent IPMN, pancreatic adenocarcinoma in the
absence of an IPMN, and patients who had postoperative pathologi-
cal findings of concurrent malignancies (eg, cholangiocarcinoma,
neuroendocrine tumor) were excluded. Preoperative imaging reports
were reviewed to ensure that all cases were radiographically
described as predominantly cystic in nature.

Demographic, clinical, laboratory, radiological, and patho-
logical factors were extracted from the databases. The presence of
symptoms was interpreted as any episode of abdominal pain or
gastrointestinal (GI) disturbance in the upper abdomen, and the
symptoms of weight loss and jaundice were recorded separately.
Factors such as alcohol use or smoking were defined as any past or
current use. Laboratory results were recorded from those obtained at
preoperative testing. If multiple cysts were seen on imaging, the cyst
size and location were recorded as that of the largest cyst. Main
duct dilation measurements were stratified across 3 categories:

280.5, >0.5 and =:81.0, and >1.0 cm. IPMN subtypes were assigned
MﬁQPm)maKlnyd 1(I:1tdi1(11élsatcl>(r)1ni aggl%g Aert Q&Iléls\’%‘léoﬁ '30%11:
ponent, thickened or enhanced cyst, concurrent lesion, and/or mural
nodule were initially recorded separately but later combined into a
single variable (“solid component/mural nodule”) as the composite
was thought to be more replicable across observers. A concurrent
lesion was defined as a concurrent noncystic finding (eg, a mass in
the head of the pancreas and a cyst in the tail). A radiological
diagnosis of mixed-type was classified as main duct.

Pathological analysis was performed by dedicated gastroin-
testinal pathologists at each of the 3 institutions, and all pathology
had been previously reviewed. The determination of risk was
based on the highest grade of dysplasia noted in the resected lesion:
low- and intermediate-grade were classified as “low-risk,” while
high-grade dysplasia and invasive carcinoma were classified as
“high-risk.” Any incidence of adenocarcinoma on pathology with
a concurrent IPMN was recorded as an invasive IPMN and therefore
“high-risk.” A breakdown of the study cohort can be found in
Figure 1.
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Statistical Analysis

The outcome of interest was the level of risk (low- vs. high-
risk) determined by the grade of dysplasia on pathologic analysis.
The data were split into a training set (70% of patients) and a
validation set (30% of patients), stratified by MD- and BD-IPMN.
Univariate and multivariate models were built from the training set to
predict the probability of high-risk disease in future patients. Based
on the significant difference between the levels of high-risk in the
2 duct-type groups, separate nomograms for MD-IPMN and BD-
IPMN were created. In addition, a history of jaundice had an
extremely high positive predictive value (57 of 58 patients with
jaundice in the training dataset had high-risk disease). We therefore
designed our model to assign a predicted probability of high-risk
disease of 1 to patients with jaundice, and those patients were
consequently excluded from further model building.

Patient characteristics were summarized separately for
MD-IPMN and BD-IPMN using median and range for continuous
covariates, and frequency and percentage for categorical covariates.
Differences between patients with low- and high-risk disease were
assessed using the Wilcoxon rank sum test and Fisher exact test.
Variable selection was based on univariate significance, clinical
importance, and results from prior studies. Multivariable modeling
was done using logistic regression and assessed using concordance
indices (c-indices), calibration plots, and Brier scores (mean squared
prediction error). The concordance index is a measure of model
discrimination and represents the probability that given a pair of
patients, the model assigns a higher risk to the patient who is truly
high risk compared with the patient who is truly low risk. Calibration
plots show the true (observed) rate of high-risk disease in groups of
patients defined by model-predicted risk of high-risk disease; in a
well-calibrated model, the observed and expected rates are very
similar. The final multivariable model was visually represented
using nomograms and validated using the test datasets. All statistical
analysis was done in R 3.1.1 using the rms, Hmisc, pROC, and readxl
packages, and P values less than 0.05 were considered significant.

RESULTS

A total of 1073 patients underwent pancreatic resection for
IPMNs at 1 of the 3 institutions between 2005 and 2015. Resection
was performed for recurrence in 20 patients, and these patients were
excluded. In addition, 25 additional patients were excluded because
the IPMNs were identified at the time of resection for a separate
pathologically distinct malignancy (eg, distal cholangiocarcinoma).
The remaining 1028 patients constituted our study group. Sex was
equally distributed (49% male; 51% female). Median age at resection
was 68 years (IQR 60-75 yrs). High-risk disease was identified
on final pathological analysis in 487 patients (47%). Patients with
MD-IPMN had a significantly higher likelihood of having high-risk
disease (high-risk disease: 71% MD vs. 29% BD; P <0.0001). The
training and validation sets contained 720 (70%) and 308 (30%)
patients, respectively. The distributions of MD-IPMN and BD-IPMN
were comparable between the 2 groups (44% MD-IPMN and 56%
BD-IPMN in each of the training and validation sets).

Univariate analysis identified 7 variables that were signifi-
cantly different between low- and high-risk groups in the MD-IPMN
and BD-IPMN subsets (Table 1). Patients with isolated main duct
dilation were more likely to have high-risk disease (compared with
mixed-type), and mixed-type lesions were more likely to have high-
risk disease when the cyst size was greater than 3.0 cm (ie, mixed-
type with large branch duct component). High-risk disease was also
associated with a solid component/mural nodule, a history of weight
loss, pain and/or GI symptoms, and main pancreatic duct dilatation
greater than 1.0 cm. For BD-IPMN, high-risk disease was associated

B 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 1. Study cohort.

with a cyst size greater than 3.0 cm, solid component/mural nodule,
pain and/or GI symptoms, older age, and male sex. Preoperative CA
19-9 levels were only available for approximately 60% of the patients
in each of the main and branch duct groups, and despite their
significance in univariate analysis, they were excluded from
further modeling.

Based on univariate results, a multivariate logistic regression
model was built for MD- and BD-IPMN (Table 2), and nomograms
were created to predict high-risk disease (high-grade dysplasia or
invasive carcinoma) (Fig. 2). Patients with jaundice were assigned a
high-risk probability of 1, and the rest were assigned a high-risk
probability based on the nomogram that matched their radiological
diagnosis (MD-IPMN or BD-IPMN). For example, a 70-year-old
nonjaundiced asymptomatic male with a 3.5 cm BD-IPMN without
high-risk imaging features would have a score of 136, resulting in a
probability of high-risk disease of 32%. We initially tested the model
using our training set, and the c-index was 0.82 (Brier score 0.173).
The validation set was then applied to the model, and the c-index was
0.81 (Brier score 0.175). Calibration plots for training and validation
sets can be seen in Figure 3. The data points on the training
calibration plot are expected to be close to the equivalence line
since they were used to build the model. The strength of the model is
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displayed in the validation calibration plot as the equivalence line
generally falls within the 95% confidence interval of the observed
rate of high-risk disease for each group indicating accurate prediction
of high-risk disease on new unseen data.

DISCUSSION

Currently, our ability to accurately identify high-risk disease
in patients with IPMNs is limited. Resection is generally recom-
mended for patients with MD-IPMN, yet up to 40% of these patients
will have low-risk disease at the time of resection.' The con-

sequences of these limitations should not be understated as pancrea-
ticoduodenectomy continues to be associated with a 2% to 4% risk of

mortality and a 20% to 25% risk of major morbidity at institutions
with the largest operative volumes.'> A recent report from MSK

highlighted the difficulty in identifying those at high-risk for
progression to invasive cancer.'? In this study of 186 patients who
underwent resection for IPMNSs, there were 75 patients (40%) who
proved to have only low- or intermediate-grade dysplasia. The
median age of patients in this study was 69 years, the risk of dying
from operative complications was 2%, and the major operative
complication rate was 37%. Improving our ability to predict high-risk
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TABLE 1. Patient Characteristics  From Training pnpn]aﬁnn and Univariate Ana]ycic (n A 667)
Training_Set (n % 662)
Main Duct and Mixed-type (n 4 281) Branch Duct (n % 381)
High-risk Low-risk High-risk Low-risk
Total (n) (n Y4 191) (n ¥ 90) P Value Total (n) (n % 105) (n Y4 276) P Value

Institution
MSK 99 (35%) 71 (37%) 28 (31%) 0.331 129 (34%) 40 (38%) 89 (32%) 0.569
JHH 93 (33%) 65 (34%) 28 (31%) 152 (40%) 39 (37%) 113 (41%)

MGH 89 (32%) 55 (29%) 34 (38%) 100 (26%) 26 (25%) 74 (27%) .
Age 68 (18-92) 67 (18-92) 69 (30-89) 0.244 67 (34-92) 70 (41-92) 66 (34-88) 0.0114
Body mass index 25.8 259 25.4 0.922 26.0 25.7 26.3 0.383

(15.5-46.1) (15.5-46.1) (17.5-38.1) (15.0-47.0) (17.6-47.0) (15.0-43.2)

Sex
Male 154 (55%) 112 (59%) 42 (47%) 0.072 160 (42%) 50 (48%) 110 (40%) 0.2014
Female 127 (45%) 79 (41%) 48 (53%) 221 (58%) 55 (52%) 166 (60%)

Diabetes
Yes 78 (28%) 56 (29%) 22 (24%) 0.476 58 (15%) 15 (14%) 43 (16%) 0.873
No 203 (72%) 135 (71%) 68 (76%) 323 (85%) 90 (86%) 233 (84%)

Pancreatitis
Yes 91 (32%) 62 (32%) 29 (32%) 1.000 81 (21%) 25 (24%) 56 (20%) 0.484
No 190 (68%) 129 (68%) 61 (68%) 300 (79%) 80 (76%) 220 (80%)

Personal history of cancer
Yes 64 (23%) 39 (20%) 25 (28%) 0.174 68 (18%) 20 (19%) 48 (17%) 0.765
No 217 (77%) 152 (80%) 65 (72%) 313 (82%) 85 (81%) 228 (83%)

Family history of pancreatic cancer
Yes 31 (11%) 20 (10%) 11 (12%) 0.686 64 (17%) 7 (7%) 57 (21%) <0.001
No 250 (89%) 171 (90%) 79 (88%) 317 (83%) 98 (93%) 219 (79%)

Symptomatic . .
Yes 159 (57%) 117 (61%) 42 (47%) 0.0284 167 (44%) 53 (50%) 114 (41%) 0.1334
No 122 (43%) 74 (39%) 48 (53%) 214 (56%) 52 (50%) 162 (59%)

Weight loss .

Yes 93 (33%) 73 (38%) 20 (22%) 0.0104 51 (13%) 16 (15%) 35 (13%) 0.505

No 188 (67%) 118 (62%) 70 (78%) 330 (87%) 89 (85%) 241 (87%)
cay, 19-serum) ~40y

42 (23%) 36 (29%) 6 (10%) 0.003 35 (16%) 16 (28%) 19 (12%) 0.007
0, 0, 0, 0, 0,

Sgﬁd component/mural nodulez(77A)) 86 (71%) 55 (90%) 185 (84%) 42 (72%) 143 (88%)

122 (43%) 94 (49%) 28 (31%) 0.0054 102 (27%) 41 (39%) 61 (22%) 0.0014

No 159 (57%) 97 (51%) 62 (69%) 279 (73%) 64 (61%) 215 (78%)

Number of cysts .

0 52 (19%) 42 (22%) 10 (11%) 0.0014 N/A N/A N/A 0.381

1 158 (56%) 110 (58%) 48 (53%) 223 (60%) 69 (66%) 154 (58%)

2 29 (10%) 21 (11%) 8 (9%) 53 (14%) 14 (13%) 39 (15%)

42 (15%) 18 (9%) 24 (27%) 94 (26%) 22 (21%) 72 (27%)

Laré)est cyst size§ . .
. 3.0cm 113 (42%) 63 (34%) 50 (58%) <0.0014 253 (67%) 54 (52%) 199 (72%) <0.0014
3.0 cm 106 (39%) 80 (43%) 26 (30%) 127 (33%) 50 (48%) 77 (28%)

None seen 52 (19%) 42 (23%) 10 (12%) N/A N/A N/A
MPD size .

0 R 220 (78%) 144 (75%) 76 (84%) 0.0914 N/A N/A N/A N/A

ST and 0810 em  Tgy 500 47 (25%) 14 (16%) N/A N/A N/A

- 0,
P%lr?g[t)sle‘évll}}sle Elrl‘sts(l)l 8 eoqf jau dlcﬁl(/an/ﬁ tgsgnv&iere excluded from training set. Median (low—high) or n (%).

alysis.

yPreoperative CA 19-9 was only available for 183/281 (65%) MD-IPMN and 220/381 (58%) BD-IPMN patients.
ol ABBRIR bathiskenad PRI SYSbaT Ul RadSe & SPOSHTENL 800N available.

IQR indicates interquartile range; JHH, Johns Hopkins; MGH, Massachusetts General Hospital; MPD, main pancreatic duct; MSK, Memorial Sloan Kettering.

IPMNs would improve clinical care. Patients with low-risk lesions
could be monitored and avoid a life-threatening operation until
high-risk disease developed, and patients with high-risk lesions
could undergo resection hopefully prior to the development of
pancreatic cancer.

In the current study, we developed and independently
validated a preoperative clinical model for IPMN that strongly
predicts the risk of having high-grade dysplasia or invasive cancer.
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Analysis of our predictive model suggests that it may be better than
the ICG2012 at identifying the presence of high-risk disease. The
c-index of the model on validation data was 0.81 which highlights
the model’s ability to discriminate between low- and high-risk
disease in a large group of patients 81% of the time. Currently,
the reported rate of high-risk disease in patients with main duct

dilation under omg resection for presumed MD-IPMN is approxi-
mately 60%.%> In addition, a separate model that determined

B 2016 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 2. Main and Branch Duct Nomogram Models (Multivariable Logistic Regression Models Fit on the Training Data,

Excluding Patients With Jaundice)

Branch Duct (n % 380)

Main_ Duct _and Mixed-tvpe (n Y% 271)

Odds Ratio (95% CI) P Value Odds Ratio (95% CI) P Value
Largest cyst size®
>3.0 cm 2.19 (1.20-4.05) 0.002 2.24 (1.37-3.65) 0.001
None seen 3.61 (1.65-8.53) N/A N/A
Solid component/mural nodule 2.44 (1.39-4.39) 0.002 2.08 (1.25-3.45) 0.005
Weight loss 1.92 (0.92-4.12) 0.086 N/A N/A
Symptomatic 1.39 (0.73-2.64) 0.316 1.51 (0.94-2.44) 0.087
Main duct >1.0 cm 1.13 (0.55-2.40) 0.742 N/A N/A
Agey N/A N/A 1.02 (1.00-1.05) 0.119
Sex (male) N/A N/A 1.14 (0.70-1.85) 0.593

Odds ratios refer to the odds of having high-risk disease (vs. low-risk).

A .

Odds ratio compared to reference category, :83.0 cm.
yOdds ratio per 1 year increase in age.

Lindi nfidence interval

high-risk probability based solely on the presence of main versus
branch duct disease was run on our validation dataset and the c-index
was 0.74. Therefore, our model is able to predict higher-risk disease
better than the presence of main duct dilation alone.

The strengths of this study include the large sample size, the
multi-institutional nature of the data, and the use of an independent
validation dataset. Prior studies have typically been single-institu-
tional and without independent validation. Validation on an inde-
pendent dataset decreases the risk of over-fitting the model to an
individual dataset, and the similarity between the c-indices of the
training (0.82) and validation (0.81) sets suggests that this model is
widely applicable. An additional advantage of this model, and
nomograms in general, is that they assign risk probabilities on a
continuous scale as an individualized risk score rather than splitting
patients into 2 broad risk groups. This allows for additional strat-
ification of risk and for patients and doctors to tailor treatment
decisions based on patients’ individual risks.

The prevalence of high-risk disease in the present study is in
accord with the existing literature: 71% of resected MD-IPMN were
found to have high-risk disease (defined as having high-grade
dysplasia or invasive carcinoma) compared with only 29% of
resected BD-IPMN. In patients with MD-IPMN, cyst size greater
than 3.0 cm carried an odds ratio of 2.19 and an even higher odds
ratio of 3.61 when there were no cysts seen (P ¥4 0.002). These results
are similar to previously published reports that have demonstrated a
slightly lower risk of high-grade or invasive IPMNs in patients
undergoing resection for mixed-type IPMNs when compared with
pure main duct disease.'®!> Interestingly, to our knowledge, the
association in mixed-type IPMNs between a larger cyst size and
higher-risk disease has not been reported.

The presence of a solid component, mural nodule, concurrent
lesion, or thickened or enhancing cyst on imaging was associated
with the presence of high-risk disease in both MD- and BD-IPMN.
We combined these findings into a single variable (“solid com-

ponent/mural nodule™) as previous studies have documented the
difficulty in distinguishing between these features.'® As part of a

study by Do et al investigating interobserver agreement, 4 independ-
ent radiologists reviewed pancreatic protocol CT studies for 84
patients who had undergone resection for IPMNs. They classified
the lesion as main, branch, or mixed and provided their estimation of
the presence of malignant features such as a solid component or a
mural nodule. The study results showed that while the radiologists’
estimations of cyst size and MPD diameter were comparable, their
assessment of malignant features was more variable. The authors

5 2016 Wolters Kluwer Health, Inc. All rights reserved.
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suggested that these markers could be better determined as part of a
tumor board conference where a consensus can be reached especially
for factors that consensus guidelines have established as indications
for resection.

Jaundice is considered a marker of high-risk disease in
patients with a cystic lesion of the head of the pancreas. The
ICG2012 recommend resection in such cases.* Similarly, in our

study, jaundice was found to be a very strong predictor of high-risk
disease. For MD and BD patients who presented with a history
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FIGURE2. Clinical nomograms for predicting high-risk disease
in nonjaundiced patients with MD-IPMN (A)and BD-IPMN (B).

Ifa patient has symptoms of jaundice, assign probability ' 1. A,
Main duct nomogram. B, Branch duct nomogram.
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of jaundice, 37 of 37 (100%) and 20 of 21 (95%) of patients were
found to have high-risk disease following resection, respectively.
(The single low-risk patient with a history of jaundice also had prior
episodes of biliary stricture and cholangitis that we believe to be the
cause of his symptom.) Our model automatically assigns a predicted
probability of high-risk disease of 1 to these patients and excludes
them from the logistic regression analysis, allowing us to more
accurately measure associations between the remaining factors
and high-risk disease. Therefore, our model agrees with previously
published guidelines stating that patients with jaundice should
undergo resection.

Currently, standard recommendations for the management of

IPMN are based on metaanalyses first published in 2006 and later
updated in the ICG2012.*” These guidelines attempt to stratify

patients into higher-risk groups and aid surgeons with treatment
recommendations. Recommendations include resection for all
patients with MD-IPMN and resection for BD-IPMN with “high-risk
stigmata” on imaging (eg, mural nodules). Observation is generally
recommended for BD-IPMN without radiological findings of a solid
component or mural nodularity. A review of the 2006 guidelines
by Nagai et al'” found that while the guidelines had near perfect
sensitivity (97%), their low specificity (30%) resulted in many
patients with low-risk IPMNs being resected. In 2015, a validity
study examined the conclusions drawn from the ICG2012 and found

that many mixed-type IPMNs were actually low-risk which further
reduced the likelihood of high-risk disease in the MD-IPMN group.'®

Their results for sensitivity and specificity for the ICG2012 guide-
lines were 88% and 65%, respectively. These findings suggest a
continued need for an improved ability to discriminate between
patients with low- versus high-risk [IPMNs.

A nomogram is a graphical representation of a complex
statistical formula that accepts multiple input variables and provides
an easy-to-understand answer to a focused question. As a prognostic
tool, nomograms provide an individualized risk score for a given
patient. Both preoperative (eg, estimating risk of severity of disease)
and postoperative (eg, predicting recurrence-free or overall survival)
nomograms have been described in the literature on topics such as
breast, GI, and prostate cancer. A recent review hi 9ghlighted the
strengths and pitfalls of using clinical nomograms.”” The authors
highlighted 4 key performance metrics: validation, discrimination,
calibration, and clinical usefulness. With respect to validation, our
study used an independent dataset to validate the model to ensure a
more fair and unbiased assessment of the model. With respect to
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FIGURE3. Observed probability of high-
risk disease by model-predicted  prob-
ability of high-risk disease in training data
(A) and validation data (B). Error bars
represent 95% confidence intervals for
observed probabilities. A, Training cali-
bration plot. C-index 0.82. Brier score
0.173. B, Validation calibration plot. C-
index 0.81. Brier score 0.175.

discrimination, nomograms are typically scored using a c-index
ranging from 0.5 (as good as chance) to 1.0 (perfect discrimination).
The c-index of our model was 0.81 on a validation dataset meaning
that 81% of the time, the model assigned a lower probability to a
patient with truly low-risk disease than a patient with high-risk
disease. With respect to calibration, the accuracy of a nomogram
is best depicted by a calibration plot showing the relationship
between predicted risk and actual risk. An ideal plot would show
a diagonal line (y'4x). The calibration plot of our model on the
training set (Fig. 3A) demonstrated a strong association between the
nomograms and the data. The validation plot (Fig. 3B) was expect-
edly weaker (ie, larger confidence intervals, data points further away
from the “ideal line”) but was still able to show high accuracy for
patients in the lower (,,, 10%-30%) and higher (., 90%) risk groups.
Finally, with respect to clinical usefulness, our Tesults suggest that
our model may be a better predictor of high-risk disease and therefore
could be a useful adjunct to clinical decision-making. It provides a
risk assessment on a continuous scale, as opposed to the ICG2012’s
categorical criteria, that is easier to apply to an individual patient in
the context of associated comorbidities and life expectancy. Further
work will include a prospective analysis to determine whether
it significantly improves patient outcomes when compared with
clinician-directed management.

In 2013, researchers from MSK published an IPMN nomo-

gram that sought to predict high-grade dysplasia and invasive
carcinoma based on more limited data.” The nomograms developed

in this previous study contained the same factors presented here,
namely, solid component/mural nodule, lesion size, and weight loss.
The endpoint in that study was a 3-level ordinal outcome: benign,
high-grade dysplasia, and invasive carcinoma. In the present study,
we elected to use the simpler and more clinically useful endpoint of
high-risk disease, a composite of high-grade dysplasia and invasive
carcinoma. By expanding our sample size to include 2 other large
pancreatic centers and by including independent validation, our
study serves not only to support prior results but also to expand
and strengthen the model by identifying other possible markers of
high-risk disease. In 2010, researchers in Japan created and later
validated a fgmogram that could predict the probability of carcinoma
in IPMNs.!»20 While this study ﬁad the benefit of being externally
validated, the sample size used (n % 81 for the training set; n % 180
for validation) was relatively small. In addition, 1 factor they found to
be significant was cytology grade. As part of our data collection, we
attempted to collect data on cytology in a similar manner, but the

B 2016 Wolters Kluwer Health, Inc. All rights reserved.
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variability as well as lack of specificity in reports led to the exclusion
of this variable from the final model. Practically speaking, the use of
a nonstandardized cytology grade in the model renders a nomogram
difficult to apply to other centers.

The present study has several weaknesses. First, our cohort only
included patients who underwent resection resulting in a selection bias
in our data; it is unknown whether these factors would remain
significant in unresected patients. This makes it difficult to apply
the nomogramsto patients whocarry a diagnosisof anincidentalcystic
lesion. Additional studies are currently being developed tovalidate our
model on unresected patients undergoing surveillance. Second, as
mentioned previously, the clinical utility our model offers has yet to be
demonstrated to be significant due to the lack of any prospective
analysis.We anticipatefuturestudieswillfurthervalidateourmodelby
applying it to patients with IPMNs and determining its accuracy and
usefulness. However, for this particular type of study, patients deter-
mined to likely be low-risk and therefore managed conservatively will
not have a pathological diagnosis to support or refute the model’s
prediction. Assuming the patient does not undergo resection during
their follow-up period, 1 possible solution is to define a length of
time (eg, at least 5 years) after which it can be safely stated that in
the absence of clinical or radiographicevidenceof disease progression,
the patient likely had a low-risk lesion. Third, our study found
preoperativeCA19-9tobepredictiveofthigh-riskdiseaseonunivariate
analysis. However, due to its specificity for malignancy and that
approximately 40% of our cohort did not have CA 19-9 levels
available,itwasexcludedfromsubsequentanalysis.Finally,our model
is not meant to replace a clinician’s decision-making with regard to
resecting an IPMN. Although nomograms can predict the likelihood of
identifying a high-risk lesion, only the surgeon and the patient can best
balance risks and benefits and decide the threshold for which resection
is indicated.

In conclusion, for patients with suspected IPMNSs, we present an
independentlyvalidated model containing 2 nomograms forpredicting
high-risk disease. Our study is the largest to date to identify significant
factors contributing to high-risk disease in IPMNs, and our model
displays strong objective predictive power when validated with inde-
pendent data. As noted previously, future studies will need to expand
these nomograms to include unresected patients so their applicability
can go beyond preoperative patients. Finally, studies investigating the
useofcystfluidcharacteristicsasdiagnosticand/orprognosticmarkers
may enhance our model even further.
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ARTICLE INFO ABSTRACT
Article history: Background: While the association between Diabetes Mellitus (DM) and pancreatic ductal adenocarci-
Received 26 May 2017 noma is well recognized, its importance in intraductal papillary mucinous neoplasm of the pancreas

Received in revised form
21 July 2017

Accepted 30 August 2017
Available online xxx

(IPMN) is not well-defined. We sought to examine the associations of DM with degree of dysplasia and
morphological subtypes in IPMN.

Methods: In 454 patients with resected IPMN, we evaluated associations of DM with high-grade
dysplasia (HGD), invasive carcinoma, precursor epithelial subtype (gastric, intestinal, oncocytic, pan-
creatobiliary), and histological type of invasive carcinomas (tubular, colloid, oncocytic) using logistic

E:::::::z cystic neoplasms regression. We performed multivariate analyses adjusting for worrisome features and high-risk stigmata
Intraductal papillary mucinous neoplasms of malignancy in a subset of 289 patients with annotated radiological characteristics.

Pancreatic cancer Results: The prevalence of DM in our study was 34%.DM was significantly associated with HGD (OR 2.02,
Diabetes mellitus 95% CI 1.02—4.01, P % 0.045) and invasive carcinoma (OR 2.05, 95% CI 1.08—3.87, P % 0.027) after

adjusting for worrisome features. Compared to patients without DM, those with recent-onset DM (::°5
years before surgery) had 6.9-fold (95% CI2.38—19.92, P < 0.001) higher risk of invasive carcinoma. DM
was associated with increased likelihood of intestinal-type precursor epithelium (OR 1.63, 95% CI 1.07
—247, P % 0.022) and colloid carcinomas (OR 2.46, 95% CI 1.01-5.99, P % 0.047)

Conclusion: Preoperative DM was associated with significantly higher risk of HGD and invasive carci-
noma in resected IPMN, and risk of invasive carcinoma was highest in patients with recent-onset DM.
Patients with DM were more likely to harbor intestinal-type IPMN and colloid carcinomas. Our findings
suggest that a diagnosis of DM in patients with IPMN may warrant more aggressive surveillance.

© 2017 TAP and EPC.Published by Elsevier B.V.All rights reserved.

Introduction Consensus Guidelines for the management of IPMN (2012 Fukuoka

consensus) have defined clinical and radiological worrisome fea-

Intraductal papillary mucinous neoplasms (IPMN) are mucin- tures and high-risk stigmata of malignancy that help guide clinical

producing cystic tumors arising from the epithelium of the decision-making [2]. However, very limited attention has been paid

pancreatic ductal system and are precursors to invasive carcinoma to the role of metabolic risk factors in the malignant progression of
[1]. The management and diagnostic work-up of IPMN is complex IPMN.

and has evolved over recent years. The 2012 International Diabetes mellitus (DM) is a frequent finding in patients with

pancreatic ductal adenocarcinoma (PDAC) and a wealth of epide-
miological evidence indicates that new-onset DM is strongly
associated with a PDACdiagnosis [3—10]. Whether DM is associated
with malignant progression of IPMN is not well established, and
only a few studies have reported associations between DM and
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degree of dysplasia in IPMN with conflicting results [11—18]. Factors

associated with increased risk of developing PDACmay or may not
exert the same influence on the malignant progression of IPMN,
since genomic and morphologic analyses of invasive carcinomas
arising from IPMN have revealed critical distinguishing features
from conventional PDAC [19—22]. These biological differences

highlight the importance of evaluating risk factors for IPMN pro-
gression as a distinct entity.

The main goal of this study was to evaluate the association be-
tween preoperative DM and the degree of dysplasia in a series of
resected IPMN from a single institution. We also explored whether
DM was associated with the precursor epithelial subtype (gastric,
intestinal, pancreatobiliary, or oncocytic) [22,23] and the histo-
logical type of invasive carcinomas arising from IPMN (tubular,
colloid, or oncocytic) [22,23].

Methods
Study population

We evaluated 507 consecutive patients with pathologically-
confirmed IPMN of the pancreas who underwent surgical resec-
tion at the Massachusetts General Hospital between March, 1990
and June, 2016. Demographic and clinical data including sex, age,
and history of acute pancreatitis and jaundice were obtained from
medical records. This study was approved by Institutional
Board.

Review

Assessment of preoperative diabetes mellitus
The primary criteria for diagnosis of DM were preoperative
fasting plasma glucose 8126 mg/dL or hemoglobin AlC =8 6.5%,
based on the current American Diabetes Association guidelines
[24]. We ascertained patient DM status by retrospective
preoperative  clinical laboratory chemistries from medical records.
Additionally, self-report of a history of DM and the date it was
diagnosed were recorded from preoperative surgical consultation

notes and were used for secondary analyses.

review of

Radiological evaluation

A radiologist blinded to the final pathological diagnosis evalu-
ated preoperative computed tomography and magnetic resonance
imaging studies. The most recent imaging study prior to the date of
surgery was selected. Consistent with the 2012 Fukuoka consensus,
the presence features and high-risk
stigmata by assessing the main pancreatic duct (MPD) largest
diameter, evidence of enhancing solid components within the cyst,
size of the largest cyst, thickened/enhancing cyst walls, non-
enhancing mural nodules, abrupt change in caliber of the MPD
with distal pancreatic atrophy, and lymphadenopathy  [2]. Radio-
logical IPMN type was defined as follows: IPMN with MPD dilata-
tion <85 mm were classified as main duct IPMN (MD-IPMN); lesions
with cysts >5 mm showing communication with the MPD were
classified as branch-duct IPMN (BD-IPMN); tumors that met criteria
for both BD-and MD-IPMN were classified as mixed-type IPMN [2].

we evaluated of worrisome

Pathological evaluation

Comprehensive  gross and microscopic evaluation of the resec-
tion specimens was performed. The highest degree of cellular
atypia was classified as low-, high-grade dysplasia (formerly

carcinoma in situ), or invasive carcinoma [25]. High-grade dysplasia

was defined as IPMN with severe architectural complexity (cri-
briforming and/or micropapillary structures), nuclear atypia (loss
of polarity and/or nuclear pleomorphysm), and significant mitotic
activity without evidence of invasion. Invasive carcinoma
from IPMN was defined as microscopic and/or macroscopic
sion into the stroma beyond the basal membrane in direct conti-
nuity with areas of high-grade dysplasia. The predominant
precursor epithelial subtype was classified as gastric, intestinal,
pancreatobiliary, oncocytic, or mixed in cases where a single pre-
subtype could not be identified [22,23]. The histological

type of invasive carcinomas arising from IPMN was classified as
tubular, colloid, or oncocytic [22].

arising
inva-

dominant

Outcome measures

The main outcomes of interest were high-grade dysplasia and
invasive carcinoma. Analysis of high-grade dysplasia used patients
with low-grade dysplasia as the reference group, excluding patients
with invasive carcinoma from the analysis. Analysis of invasive
carcinoma used patients with low- and high-grade dysplasia as
reference group. Secondary outcomes were the predominant pre-
cursor epithelial subtype and the histological type of invasive
carcinomas.

Case selection

We first excluded patients with distinct concomitant PDAC or
ampullary cancer arising separately from the IPMN (n ,, 27). We
next excluded patients whose DM status could not be ascertained
due to lack of preoperative clinical chemistry (n ,, 26), leaving 454
eligible patients for unadjusted (univariate) analys"es. Of those, 289
patients had preoperative imaging available for complete radio-
logical evaluation in our institution's Electronic Medical Record
system and they comprised the study population for multivariable-
adjusted analyses. Imaging for the remaining 165 patients was
reviewed for clinical care prior to surgery, but their studies were
not available for re-evaluation for research purposes when this
study was conducted.

Statistical analysis

Associations of DM with high-grade dysplasia and invasive
carcinoma using unadjusted and multivariable-
adjusted binomial logistic regressions calculating odds ratios (OR)
and 95% confidence intervals (CI). Two multivariable-adjusted
models were used based on known clinical and radiological pre-
dictors of malignant transformation  from the 2012 Fukuoka
consensus [2]: the first model adjusted for history of acute
pancreatitis, cyst size <83 cm, thickened/enhancing cyst walls,
abrupt change in caliber of the MPD with distal pancreatic atrophy,
lymphadenopathy, =~ and MPD diameter 85 mm (worrisome fea-
tures); the second model adjusted for history of jaundice,
enhancing solid component, and MPD diameter :810 mm (high-risk
stigmata). Further, in stratified analyses, we examined the associ-
ation of DM with high-grade dysplasia and invasive carcinoma
among patients with MPD size <10 mm and in those with MPD size

were evaluated

2810 mm.

We next evaluated whether the association of DM with high-
grade dysplasia and invasive carcinoma differed by the duration
of DM prior to surgery. The date of DM diagnosis was available only
by patient self-report; therefore, this analysis was restricted to
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patients whose self-reported DM status was confirmed by direct
laboratory measurements (n % 351, of which 222 had preoperative
images available and were eligible for multivariable-adjusted

analysis). DM was classified based on the date of diagnosis as
new-onset  (diagnosed °l year before surgery),

(diagnosed =°5 years before surgery), or longstanding
>5 years before surgery) based on a recent meta-analysis
association between DM and PDAC [8].

In secondary analyses, we assessed the relationship between
DM and predominant precursor epithelial subtype and the histo-
logical type of invasive carcinomas using binomial logistic regres-
sion. All hypothesis tests were two-sided and statistical significance

recent-onset
(diagnosed
of the

was set at P :° 0.05. Statistical analyses were performed using SAS
software (version 9.4; SASInstitute, Cary, NC).

Results

Baseline characteristics of the patients in our study population

Table 1

Baseline characteristics of 454 resected IPMN based on Diabetes Mellitus status.

are shown in Table I. Criteria for diagnosis of DM were met by 154
(34%) patients. with DM were predominantly male and
older, and were more likely to exhibit jaundice, MPD dilation, and
an enhancing solid component.

Patients

Diabetes mellitus, high-grade dysplasia, and invasive carcinoma

We first evaluated the association of DM with high-grade
dysplasia and invasive carcinoma (Table 2). DM was associated
with a 1.6-fold (95% CI 1.00—2.62, P %4 0.051) higher risk of high-
grade dysplasia in unadjusted analysis. After adjusting for worri-
some features, DM was associated with a 2-fold (95% CI11.02—4.01,
P Y4 0.045) higher risk of high-grade dysplasia. There was no sig-
nificant association between DM and high-grade dysplasia after
adjusting for high-risk stigmata (Table 2). DM was significantly
associated with higher risk of invasive carcinoma in unadjusted
analysis (OR 2.49, 95% CI1.59—3.90, P < 0.001) and after adjusting

for worrisome features (OR 2.05, 95% CI 1.08—3.87, P % 0.027). We

Overall Diabetes Mellitus
Yes No P
No. patients for clinical and pathological features 454 154 (34%) 300 (66%)
Men, n (%) 231 (51%) 95 (62%) 136 (45%) 0.001
Age (years), mean (standard deviation) 66.7 (10.2) 69.1 (9.8) 65.5 (10.3) <0.001
Jaundice, n (%)
Yes 33 (7%) 21 (14%) 12 (4%) <0.001
No 415 (92%) 130 (84%) 285 (95%)
Unknown 6 (1%) 3 (2%) 3 (1%)
Acute pancreatitis, n (%)
Yes 102 (23%) 27 (18%) 75 (25%) 0.079
No 346 (76%) 124 (80%) 222 (74%)
Unknown 6 (1%) 3 (2%) 3 (1%)
Predominant precursor epithelial subtype, n (%)
Gastric 259 (57%) 73 (47%) 186 (62%) 0.021
Intestinal 135 (30%) 57 (37%) 78 (26%)
Pancreatobiliary 15 (3%) 7 (5%) 8 (2.7%)
Oncocytic 20 (4%) 8 (5%) 12 (4%)
Mixed 16 (4%) 8 (5%) 8 (2.7%)
Unknown 9 (2%) 1 (1%) 8 (2.7%)
Highest grade of dysplasia, n (%)
Low grade 240 (53%) 62 (40%) 178 (59%) <0.001
High grade 111 (24%) 40 (26%) 71 (24%)
Invasive carcinoma 103 (23%) 52 (34%) 51 (17%)
Histological type of invasive carcinoma, n (%)
Tubular 51 (49%) 23 (44%) 28 (55%) 0.133
Colloid 33 (32%) 22 (42%) 11 (21%)
Oncocytic 7 (7%) 3 (6%) 4 (8%)
Unknown 12 (12%) 4 (8%) 8 (16%)
No. of patients for radiological characteristics 289 111 (38%) 178 (62%)
IPMN type, n (%)
Branch duct 134 (46%) 39 (35%) 95 (53%) 0.003
Mixed-type 114 (40%) 57 (51%) 57 (32%)
Main duct 41 (14%) 15 (14%) 26 (15%)
MPD size, n (%)
MPD < 5 mm 134 (46%) 39 (35%) 95 (53%) 0.004
5 mm ©° MPD < 10 mm 87 (30%) 36 (32.5%) 51 (29%)
MPD o5 10 mm 68 (24%) 36 (32.5%) 32 (18%)
Enhancing solid component, n (%)
Yes 40 (14%) 22 (20%) 18 (10%) 0.020
No 249 (86%) 89 (80%) 160 (90%)
Thickened/enhancing  cyst walls, n (%)
Yes 38 (13%) 19 (17%) 19 (11%) 0.115
No 251 (87%) 92 (83%) 159 (89%)
Cyst size (mm), mean (standard deviation) 30.3 (£15.2) 33.2 (£16.7) 28.4 (£13.9) 0.003
Lymphadenopathy, n (%)
Yes 14 (5%) 9 (8%) 5 (3%) 0.041
No 275 (95%) 102 (92%) 173 (97%)

Abbreviations: IPMN, intraductal papillary mucinous neoplasm; MPD, main pancreatic duct.

% Global chi-square or Fisher exact test for categorical variables; Wilcoxon rank-sum

test for continuous variables.
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Table 2
Odds ratios for high-grade

dysplasia and invasive carcinoma by Diabetes Mellitus status.

High-Grade Dysplasia

Invasive Carcinoma

Number of patients OR (95% CI) P Number of patients OR (95% CI) P
Diabetes Mellitus
No 249 1.00 (reference) 300 1.00 (reference)
Yes 102 154
Unadjusted 1.62 (1.00—2.62) 0.051 2.49 (1.59—-3.90) <0.001
Adjusting for worrisome features 2.02 (1.02—4.01) 0.045 2.05 (1.08—3.87) 0.027
Adjusting for high-risk stigmata 1.57 (0.84—2.96) 0.161 1.46 (0.75—2.87) 0.270

Abbreviations: OR, odds ratio. Worrisome features: Acute pancreatitis, cyst size

atrophy, lymphadenopathy, and main pancreatic duct diameter
Jaundice, enhancing solid component, and main pancreatic

distal pancreatic
High-risk stigmata:

did not find a significant association between DM and invasive
carcinoma after adjusting for high-risk stigmata (Table 2).

Stratified analysis by main pancreatic duct size

Based on the 2012 Fukuoka consensus, dilation of the MPD be-
tween 5 and 9 mm is a worrisome feature of malignancy in IPMN
and warrants further work-up with endoscopic ultrasound (EUS)
but it does not represent a direct indication for surgery by itself [2].
In turn, MPD dilation <810 mm is a high-risk stigma and is an
indication to consider surgery. Hence, the relevance of novel risk
factors for malignant progression of IPMN is highest for patients
with MPD size <10 mm.

We therefore examined whether the association between DM
and malignant progression was present in patients with MPD
<10 mm, and found that a diagnosis of DM was significantly asso-

ciated with a 2.1-fold (95% CI1.01—4.46, P % 0.047) higher risk of
high-grade dysplasia in these patients, independent of other
worrisome features of malignancy. We found no statistically sig-
nificant association between DM and high-grade dysplasia in pa-
tients with MPD dilation 810 mm (P ' 0.273), although this
analysis was limited by sample size (Table 3). DM was not signifi-

cantly associated with invasive carcinoma in patients with MPD
<10 mm but it was associated with a 3.3-fold (95% CI 1.03—10.30)

higher risk of invasive among patients with MPD
0 mm (Table 3).

carcinoma

New-onset, recent-onset, and longstanding diabetes mellitus

©83 cm, thickened/enhancing

cyst wall, abrupt change in caliber of main pancreatic duct with

=85 mm.
duct diameter

810 mm.

diagnosed with DM in the five years prior to
cancer diagnosis. DM diagnosed five to nine years before cancer
diagnosis is also associated with increased PDAC risk albeit to a
lower extent [8]. Therefore, we assessed the duration of DM prior to
surgery for IPMN in the subset of patients whose self-reported DM
status  was confirmed by direct laboratory measurements.  The
median duration of DM before surgical resection for IPMN was 45
months (range 1 month—47.2 years). The majority of IPMN from
patients with new- and recent-onset DM harbored
nomas (63% and 59%,respectively), while this proportion was lower
in patients with longstanding DM (41%).

After adjusting for worrisome features in patients with available
preoperative  imaging (n Y 222), neither recent-onset nor long-
standing DM was significantly associated with high-grade dysplasia
(P %4 0.264 and P % 0.638, respectively). In contrast, recent-onset
DM was associated with a 6.9-fold (95% CI12.38—19.92, P < 0.001)
higher risk of invasive carcinoma compared to patients without
DM. Longstanding DM was not associated with increased risk of
to patients without DM (P % 0.224).

higher in patients

invasive carci-

invasive carcinoma compared

Diabetes mellitus, predominant
histological type of invasive carcinoma

precursor epithelial subtype, and

IPMN exhibit significant morphological heterogeneity in the
epithelia of precursor lesions as well as in invasive carcinomas
arising from them [22,23]. These morphological differences
late with distinct genomic alterations and are associated with
clinical presentation and prognosis [22,23,26—30]. We therefore

corre-

sought to determine whether DM was associated with specific
Epidemiological evidence shows that risk of developing PDACis precursor epithelial subtypes and with the histological type of
Table 3
Odds ratios for high-grade dysplasia and invasive carcinoma by Diabetes Mellitus status stratified by main pancreatic duct diameter, adjusting for worrisome features.
High-Grade Dysplasia
MPD <10 mm MPD ©210_mm
No. of patients OR (95% CI) P No. of patients OR (95% CI) P
Diabetes Mellitus
No 128 1.00 (reference) 25 1.00 (reference)
Yes 60 2.12 (1.01—4.46) 0.047 18 2.58 (0.47—14.12) 0.273
Invasive Carcinoma
MPD < 10 mm MPD =2 10 mm
No. of patients OR (95% CI) P No. of patients OR (95% CI) P
Diabetes Mellitus
No 146 1.00 (reference) 32 1.00 (reference)
Yes 75 1.85 (0.84—4.06) 0.126 36 3.26 (1.03—10.30) 0.045
Abbreviations:  OR, adjusted odds ratio; MPD, main pancreatic duct.

Worrisome features: Acute pancreatitis, cyst size ©33 cm, thickened/enhancing
lymphadenopathy; ~ main pancreatic duct diameter 5—9 mm is a worrisome

cyst wall, abrupt change in caliber of main pancreatic  duct with distal pancreatic atrophy, and
feature but it was not used in this analysis given that it is the stratifying variable.
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invasive carcinomas arising from IPMN.

Overall, gastric- and intestinal-type  epithelia were the most
frequent precursor subtypes in our patient population (Table I).
DM was significantly associated with lower likelihood of gastric-
type epithelium (OR 0.52, 95% CI 0.35—0.77, P ' 0.001) and
higher likelihood of intestinal-type  epithelium (OR 1.63, 95% CI
1‘0772.47, P % 0.022) (Table 4). Among patients with invasive car-
cinomas arising from IPMN, half had tubular histology, one third
were colloid carcinomas, and a minority were oncocytic carcinomas
(Table 1). The prevalence of tubular carcinomas was lower in pa-
tients with DM compared to those without DM (44% vs. 55%) but
the difference was not statistically significant (P % 0.101). In
contrast, DM was significantly associated with a 2.5-fold (95% CI

1‘0175.99, P % 0.047) higher likelihood of colloid carcinoma
compared to patients without DM (Table 4).

Discussion

In this series of resected IPMN, preoperative DM was signifi-
cantly associated with atwofold higher risk of high-grade dysplasia
and invasive carcinoma, which was independent of known worri-
some features of malignancy such as cyst size and a dilated
pancreatic  duct. Furthermore, the risk of malignant progression
differed based on the duration of DM prior to surgery, and patients
whose DM was diagnosed within five years had a 6.9-fold increased
risk of harboring invasive carcinoma compared to patients without
DM, whereas those with longstanding DM did not have an elevated
risk. A history of DM was also linked to IPMN morphological sub-
types, and we found that tumors from patients with DM were more
likely to be of the intestinal-type,
nomas arising from IPMN were more frequently colloid.

The observed prevalence of DM in our patient population (34%)
was higher than that of subjects age 65 and older in the general
population of the United States (26%) [31]. Wide variations in the
prevalence of DM among patients undergoing resection for IPMN
have been reported (11%—42%). Such variations likely reflect dif-
ferences in sample size, patient selection, and method of DM
ascertainment [11—18]. Among patients with invasive carcinomas
arising from IPMN in our study, half had a diagnosis of DM, which is
similar to the reported prevalence of DM in patients with PDAC
undergoing fasting plasma glucose testing [3—5].

Previous studies of predictors of malignancy in IPMN have
described an association between DM and dysplasia in IPMN, but
the results are conflicting and no study has concretely focused on
DM as risk factor for progression [11—18]. While some reports have
found that DM is associated with higher degrees of dysplasia, most
analyses  have not examined whether associations were

and those with invasive -carci-

Table 4

independent  of other known predictors of malignant
(e.g. 2012 Fukuoka consensus worrisome features and high-risk
stigmata of malignancy). A study of 82 patients with resected
IPMN found that after adjusting for radiological IPMN type, patients
with DM were at higher risk of “malignancy” defined as high-grade
dysplasia and invasive carcinoma combined in a single category
[13]. This definition of malignancy is an important limitation.
Assessment of high-grade dysplasia separately from invasive car-
cinoma is crucial in studies of IPMN, as the two lead to markedly
different outcomes. Patients undergoing complete resection for
IPMN with no evidence of invasive carcinoma have an excellent
prognosis  (>95% disease-specific survival) [32], whereas patients
with invasive carcinoma arising from IPMN have a five-year sur-
vival of approximately = 40% [33]. Therefore, markers that help
identify high-grade dysplasia before progression
noma are the most relevant for practicing clinicians.

In our study population, a diagnosis of DM was associated with a
twofold higher risk of both high-grade dysplasia and invasive car-
cinoma when analyzed separately. Notably, the associations were
independent of known worrisome features of malignancy defined
by the 2012 Fukuoka consensus guidelines [2]. Based on these
guidelines, patients who show worrisome features should undergo
further diagnostic evaluation with EUS and closer monitoring. Our
findings indicate that a diagnosis of DM in patients with IPMN may
be helpful to identify patients with high-risk lesions who could
benefit from further diagnostic work-up to detect high-grade
dysplasia, which may include EUS and fine-needle aspiration bi-
opsy. Moreover, our results suggest DM is of value for detecting
high-grade dysplasia in patients with a MPD <10 mm. The risk of
malignant progression in our study differed by the duration of DM
before surgery. Similar to observations made in epidemiological
studies of PDAC, the association between DM and malignant pro-
gression in IPMN was stronger in patients with recently-diagnosed
DM, and we found that patients whose DM was diagnosed within
five years before resection had a 6.9-fold higher risk of invasive
carcinoma relative to patients without DM.

A diagnosis of DM was also associated with distinct precursor
epithelial subtypes and with the histological type of invasive car-
cinomas arising from IPMN. Tumors from patients with DM were
less likely to be gastric-type predominant and more likely to have
intestinal-type  precursor epithelium; in cases of invasive carci-
noma arising from IPMN, those from patients with DM were more
likely to be colloid type. It is becoming increasingly clear that IPMN
are genetically and morphologically heterogeneous. Invasive car-
cinomas arising from gastric-type predominant IPMN are mostly
tubular carcinomas with a high prevalence of KRASmutations and a
prognosis  similar to that of conventional PDAC [22,23,27].

progression

to invasive carci-

Odds ratios for predominant precursor epithelial subtype and histological type of invasive carcinomas by Diabetes Mellitus status.

Precursor Epithelial Subtype Gastric-Predominant”

Intestinal-Predominant”

Number of patients OR (95% CI) P Number of patients OR (95% CI) P
Diabetes Mellitus
No 292 1.00 (reference) 292 1.00 (reference)
Yes 153 0.52 (0.35—0.77) 0.001 153 1.63 (1.07—2.47) 0.022
Invasive Carcinoma Histological Type Tubular Carcinoma® Colloid Carcinoma®

Number of patients OR (95% CI) P Number of patients OR (95% CI) P
Diabetes Mellitus
No 43 1.00 (reference) 43 1.00 (reference)
Yes 48 0.49 (0.21—1.15) 0.101 48 2.46 (1.01-5.99) 0.047

Abbreviations: OR, unadjusted odds ratio.
® Compared vs. other epithelial subtypes combined.
b Compared vs. other histological types combined.
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Conversely, colloid carcinomas frequently arise from intestinal-
type IPMN and exhibit very high prevalence of GNAS mutations
and more favorable  outcomes than  tubular  carcinomas

[22,23,26—28,34,35]. Intestinal-type ~IPMN and colloid carcinomas
strongly express the intestinal lineage marker CDX2 and secrete
MUC2-rich, thick, viscous mucin [36]. We and others previously
reported that episodes of acute pancreatitis in patients with IPMN
are associated with intestinal-type tumors [29,37]; however, it is
unclear whether this same chronic obstruction is leading to
pancreatic endocrine dysfunction or if the mechanism is entirely
different.

The current study has several strengths. It is to our knowledge
the largest study evaluating the association of DM with high-grade
dysplasia and invasive carcinoma in resected IPMN. To define DM
we used current thus
reducing the risk of misclassification bias. Since all the patients in
our study underwent surgical resection, we had pathological
confirmation of an IPMN diagnosis and detailed information about
tumor morphological features. Lastly, a subset of our patients had
highly annotated radiological data that allowed wus to assess the
value of DM after adjusting for known clinical and radiological
predictors of malignant progression; while the ability to examine
the independent role of DM in multivariable-adjusted  models is of
great value, we were not able to do it in the entire patient popu-
lation due to unavailable preoperative imaging studies.

Our study also had limitations. Our patient population is derived
from a high-volume pancreatic surgery reference center, intro-
ducing potential for referral bias [38] which may limit the gener-
alizability of our findings to the general populations. Our study
population consisted of patients who underwent resection over a
26-year period and indications for surgery in IPMN have varied
over time. At our institution, we have mostly followed the recom-
mendations  put forth by the 2006 International Consensus
Guidelines  (Sendai) [2] and since 2012 the revised Fukuoka
consensus [39], but prior to that indications for surgery were not
well defined. Lastly, date of DM diagnosis was derived from patient
self-report and may be subject to recall bias [40]. To reduce the
likelihood of misclassification, we restricted analyses based on DM
duration to patients whose self-reported DM status was confirmed
by laboratory tests. Moreover, as mentioned in the previous para-
graph, the sample size for these analyses was further restricted by
lack of preoperative imaging in a fraction of patients.

In summary, a diagnosis of DM — especially of recent onset — in
patients with IPMN may help to identify patients with high-risk
lesions who could benefit from further diagnostic work-up, inde-
pendent of other features of malignancy. The risk-
stratification value of DM was present in patients with MPD
<10 mm, who continue to pose a management challenge. Presence
of DM may also be informative of the morphological subtypes of
IPMN, both in precursor and invasive lesions. Prospective obser-
vational studies evaluating the role of DM in patients under sur-
veillance are warranted, and if this association is confirmed, the
presence of DM could be added to the management algorithm.

American Diabetes Association guidelines,

worrisome
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Multiparametric plasma EVprofiling facilitates
diagnosis of pancreatic malignancy

2017 © The Authors,
some rights reserved;
exclusive licensee
American Association
for the Advancement
of Science.
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Pancreatic ductal adenocarcinoma (PDAC)is usually detected late in the disease process. Clinical workup through

imaging and tissue biopsies is often complex and expensive due to a paucity of reliable biomarkers. We used an
advanced multiplexed plasmonic assay to analyze circulating tumor-derived extracellular vesicles (tEVs)in more
than 100 clinical populations. Using EV-based protein marker profiling, we identified a signature of five markers
(PDACE v signature) for PDACdetection. In our prospective cohort, the accuracy for the PDACY signature was
84% [95% confidence interval (CI),69 to 93%] but only 63 to 72% for single-marker screening. One of the best markers,

GPCl alone, had a sensitivity of 82% (CI,60 to 95%) and a specificity of 52% (CL,30 to 74%), whereas the PDACY
signature showed a sensitivity of 86% (CL65 to 97%) and a specificity of 81% (CL58 to 95%). The PDACEVsignature

of tEVsoffered higher sensitivity, specificity, and accuracy than the existing serum marker (CA19-9) or singletEV
marker analyses. This approach should improve the diagnosis of pancreatic cancer.

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause
of cancer death in the United States, with a 5-year survival rate below
10%. Most newly diagnosed patients’ (>80%) tumors are considered
unresectable (1). Earlier detection could increase survival by an esti-
mated 30 to 40% (2), and more reliable and real-time assessment of
treatment effectscould prolong survivaland/or improve quality oflife.
Detecting serum concentrations of CA 19-9 is currently the best
established blood test for PDAC and has a pooled sensitivity of
75.4%1[95% confidence interval (CI), 73.4 to 77.4%]and a specificity
0f 77.6%(CI, 75.4 to 79.7%)(3). Although often used to follow treat-
ment response, CA 19-9 is a poor biomarker for early detection,
commonly rises late in the disease, and may be elevated in non-
malignant conditions such as biliary obstruction and pancreatitis (4).
Recent modeling studies on assay performance cite a minimum sen-
sitivity of 88%and a specificityof 85%to prolong patient survivaland
demonstrate cost effectiveness(2). Various approaches to achieving
this are being explored (5, 6), including the use of CA242 (3), circulat-
ing tumor cells (7), circulating tumor-derived extracellular vesicles
(tEVs), which include exosomes (8), metabolites (9) and proteomic
analyses (10, 11), and circulating DNA (12). Beyond the inherent
technical challenges of these advanced analyses, a key question is
whether early reported findings can be validated independently in
larger sets of patients.

tEVs offer an attractive approach to monitoring cancers using “lig-
uid biopsies.” tEVs are relativelymore abundant than other circulating
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biomarkers, are structurally more stable, and contain protein and
mRNA profiles that highly reflect parental cancer cells(13—15). Exper-
imental studies have shed light on the composition and functional roles
of tEVs (16, 17) for (i) diagnosis (13, 18, 19), (ii) long-range communi-
cation (16), and (iii) host cellinteraction (20). Rapid and accurate anal-
ysis of tEVs in clinical samples is often hampered by three practical
challenges: lengthy isolation procedures requiring ultracentrifugation

to isolate tEVs, general unavailability of ultrasensitive assay systems
to analyze large clinical cohorts for multiple markers, and specific
cancer markers that separate tEVs from host cell EVs. Here, we devel-
oped an advanced plasmonic sensing system for higher-throughput
analysis of clinical samples to directly address the shortcomings often
found in translational clinical analyses. The basic operating principle
relies on measuring spectral shifts of resonant light transmission
through periodically arranged gold nanopores to which tEVs are
captured by immunoaffinity. In proof-of-principle cancer experiments,

we showed that tEVs can be detected by plasmonic sensors (14). How-
ever, the original prototype was manually operated and had limited
throughput and chipproduction rates,thuspreventing widespreadclin-
icaluse. As a result, we devised a multiparametric system incorporating

large numbers of sensing arrays (>100 sensing spots) and automatic
operation to enable routine clinicalsample analyses. Intrigued by recent
reports (8, 21), we set out to determine key protein profiles of tEVs in

135 patients undergoing surgery for pancreatic pathologies. Motivated
by clinical needs, we were particularly interested in defining practical
and reliable tEV marker sets for PDAC diagnosis.

RESULTS

NaakpsmghicVssensors  for high-throughput,  sensitive

Figure 1 summarizes the working principle of the nanoplasmonic sen-
sor (NPS) assay, specificallydesigned for clinical workflows, small
clinical sample amounts, and high-throughput detection. The sensor
chip contains periodically arranged nanopores (200 nm in diameter
and 500 nm in periodicity) patterned in a 100-nm-thick gold film.
The function of the pores is to transmit light shone onto the gold
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surface (Fig. lA). When EVs are bound
in the vicinity of these pores via specific
antibodies, the wavelength of the tran-
sited light shifts to red. It is this red shift
that is detected by sensors and reflects
the amount of bound EVs (Fig. 1, B
and C).

The sensor chip is easily scalable to
larger arrays of more than 1000 sensing
sites; multiple sensor chips can be made
through batch fabrication processes (see
Materials and Methods for details). We
prepared a customized chip with 100 de-
tection sites to yield data for 25 antibodies/
markers in quadruplicate. Antibody and
EV solutions were printed on the sensor
chip in spots as small as 100 nl through a
molecularprintingmethod. Apiezoelectric
microscope stage was incorporated into
the system for scanning sensing arrays
and collecting transmission spectra. Both
printing and measurements are operated
automaticallytoimproveassaythroughput
and reduce variation among users. Overall,
the smaller chip size, higher spot density,
and smaller measurement volumes re-
sulted in a 25x increase in sensitivity com-
pared to a previous prototype (120 ml for
12 markers versus 10 ml for 25 markers).
Figure S1 shows the NPS chip with 100
sensing arrays and the integrated setup op-
timized for processing clinical samples.

Correlation between tEV

Fig. 1. Workingprincipleoftheplasmonsensorchip(NPS)fortEVs. (A)EVbinding to the nanopore surface viamonoclonal o N
antibody (mAb) immobilized on the gold surface causes a spectral shift of light transmitted through the nanopores. (B) The composition  in PDACmodels and
spectral shift of resonance peak in light transmission is measured to quantify the amount of EVscaptured on the nanopore that of parental cells

surface. a.u., arbitrary unit. (C) Scanning electron micrographs show the periodically arranged nanopore array and EVscaptured A number of putative cell-associated

on the surface. Each nanohole has a diameter of 200 nm and a periodicity of 500 nm.

PDAC markers have been described for
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individual patients, but using singlemarkers in entire cohorts generally ~ cell surface (25-27) or exosomal markers (8, 28, 29). To calibrate and
has insufficient sensitivity or specificity.Proteome analyseshaveiden-  validate the new plasmonic sensing system, we investigated 15 puta-
tified solublemarkers (11,22-24), and profiling studies have identified tive cancer and EV markers (table S1) by performing flow cytometry

Table 1. Summary of patient cohorts.

Characteristic Training cohort Prospective cohort Total
Malignant Benign Malignant Benign
Total cases 22 10 82 21 135
Subtypes
PDACuntreated 13 == 22 == 35
PDACneoadjuvant tx 9 = 24 = 33
IPMNinter/high-grade = = 13 — 13
NET = = 12 = 12
Other cancer = = 11 = 11
Benign cystic tumor = = == 5 5
Pancreatitis — — — 8 8
Controls = 10 == 8 18
Age (years)
Median 68 48 65 57 63
Range 47-88 23-82 17-84 19-91 17-91
Sex
Male 8 4 47 14 73
Female 14 1 40 14 69
CA19-9
PDACuntreated 1,148 (1-6,684) — 1,006 (1-10,625) — 1,064 (1-10,625)

PDACneoadjuvant tx

2,258 (19-17,101)

657 (4-7,730)

1,175 (4-17,101)

IPMN — — 10.6 (1-26) — 10.6 (1-26)
CEA

PDACuntreated 7.0 (2-12) = 3.4 (0.6-22.1) = 5.0 (0.6-22.1)

PDACneoadjuvant tx 11.0 (1-53) = 56.4 (0.7-1,003) = 40 (0.7-1,003)

IPMN = — 2.1 (0.7-3.3) — 2.1(0.7-3.3)
Stage

1 0 — 10 = 10

I 1 = 42 — 43

I 5 = 5 = 10

v 16 = 10 — 26
Co-therapies PDAC

Folfirinox/XRT 4 — 21 — 25

Gemcitabine 5 = 1 = 6

Other == = 2 = 2

Yang et al., Sci. Transl. Med. 9, eaal3226 (2017) 24 May 2017 3 of 10
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on whole pancreatic cancer cells(fig. S2). On the basis of the cell data,
we eliminated some of the non—cancer-specific markers and per-
formed NPS measurements on tEVs (Fig.2A). Beyond the commonly
used PDAC cell lines, we also investigated 11 patient-derived tumor
xenograft (PDX) models of PDAC, metastatic PDAC, and intraductal
papillary mucinous neoplasm (IPMN) (Fig.2A). Our data show good
correlation between expression patterns seen in whole cellsand tEVs
(Spearman correlation coefficientr = 0.86 for 1157-PDAC, 1222-PDAC,
1247-PDAC, and 1494-PDAC;Fig.2B). The tEV assaysby the NPS chip
are on the order of 10° more sensitive than the gold standard enzyme-
linked immunosorbent assay (ELISA)for this analysis (Fig. 2C).

Establishing a PDACtEV panel

We next collected plasma from 32 patients enrolled in a training
cohort involving 22 cases of PDAC and 10 healthy controls (Table 1).
Figure 3 A summarizes the chosen tEV markers for each patient, includ-
ing pan-cancer markers (EGFR,EPCAM, HER2, and MUC1) and pu-
tative PDAC markers [GPC1, WNT2, and GRP94(30)]. Using receiver
operating characteristic (ROC) analyses, we determined sensitivity,
specificity,and accuracy for each marker individually and also in com-
bination (Fig. 3B and Table 2). We observed that no single marker
achieved sufficientlyhigh sensitivity and specificity. Therefore, we rea-
soned that a combination of multiple markers would be necessary. A
previouslyidentified generic quad marker cancer signature (31) (EGFR,
EPCAM, HER2, and MUC1) had high sensitivity (91%), specificity
(100%), and accuracy (94%). When we replaced HER2 with putative
PDAC markers (GPC1and WNT2), wefurther improved the sensitivity
and specificity (Table 2). This PDAC®Y signature, representing an
unweighted sum of EGFR,EPCAM,MUC1, GPC1,and WNT2 signals,
had an accuracy of 100% in this training cohort (Fig. 3, C and D).

Becauseof the limited sample size (n = 32), we also tested all four and
fivemarker combinations in the prospective cohort described below.

A number of observations were of particular interest. First, some of
the chosen markers highly expressed in EVsdid not provide diagnos-
tic information (Rab5b,CD9, and CD63;fig.S3)and were thus elimi-
nated from the ensuing prospective study. Second, GPC1 was not
specificfor PDAC in our cohort and had a lower accuracy as a single
marker than marker combinations, similar to other markers tested.
These findingsdid not change by using alternative commerciallyavail-
able GPC1 antibodies, all of which were validated beforeuse (table S1).
Third, other putative PDAC markers such as WNT2 showed better
accuracy than GPCl.

Validation cohort

We next analyzed a prospective cohort 0f43 patients undergoing sur-

gery for pancreatic (n = 35) or other abdominal indications (n = 8,
age-matched control group). In all 35 patients operated for pancreatic
indications, tissue was available for clinical pathology interpretation
(n =22 for PDAC, n = 8 for pancreatitis, and n = 5 for benign cystic
tumor). We obtained 2 to 10 ml of plasma from each patient on the

day of or immediately preceding surgery, and NPS measurements

were performed using identical markers from our training cohorts

(see Materials and Methods for details).

Figure 4A summarizes the performance of the PDAC markers in
differentiating PDAC from pancreatitis, benign, and control patient
groups. Analyzing the heat map of EV markers once again demon-
strated that no single patient had similar markers elevated. Rather, it
was the combination of the fivemarkers comprising the PDAC®" sig-
nature that resulted in an overall accuracy of 84%. In this prospective
cohort, the PDAC" signature (EGFR,EPCAM, MUC1, WNT2, and

A PDAC (n = 22) Healthy controls (n = 10)
4
NE B mE ]
EE B NN N EEE B ’
H _Em . 3
B @ | g
BE BN N R i
s N O . :
e = ol BN e
8 c D
1007 5 e
L -~ = PDAC (n = 22)
3 = Health trols (n = 10)
g \E‘{ 6 . % = Healthy controls (n
2 g 2
2 50{§ _r— AUC g, g
2 ! == Signature 1 tey 3’
& — EGFR  0.90 N 3
— EPCAM  0.88 Q 2 g
= MUC1 0.66 2 o
o4 == GPC1 0.48 3
0 50 100 O"PBAC  Hedithy Plasma samples (7 = 32)

1 - specificity (%) controls

Fig. 3. Molecular profiling of plasma EV for a training cohort. (A) Putative cancer markers (EGFR,EPCAM,HER2,and MUC1)and PDACmarkers (GPC1,WNT2and

GRP94)were profiled on EVscollected from 22 PDACpatients and 10 healthy controls. (B) ROCcurves were calculated for single protein markers as well as for the

PDACEVsignature combination to determine optimum EVthreshold values. AUC,area under the curve. (C) A combined marker panel (EGFR,EPCAM,MUCI1,GPC1,and

WNT2)was established as a PDACEVsignature that showed 100% accuracy for the training cohort in distinguishing PDACfrom healthy controls. P value was determined

by Mann-Whitney test. ****P < 0.0001. (D) A waterfall plot shows the PDAC®Vsignature signals sorted from high (left)to low (right). Each column represents a different

patient sample (red, malignant; blue, benign).
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Table 2. Statistical analyses of EVmarkers for training and prospective cohorts. Ninety-five percent Clsare indicated in parentheses. NA,not applicable.

Biomarker(s) n Cutoff AUC Training cohort (n = 32) Prospective cohort (n = 43)
Sensitivity (%) Specificity (%) Accuracy (%) Sensitivity (%) Specificity (%) Accuracy (%)
0.15 0.90 59 76 67
LeGheLsl U 001-024)  (0.79-1) = oy ol (36-79) (53-92) (51-81)
0.28 0.88 45 95 70
e L 0.0120.34)  (0.77-0.99) 7 e &l (24-68) (76-100) (54-83)
0.13 0.72 59 85 )
IREk L 0.03-0.32) (0.55-0.89) = 2 ) (36-79) (64-97) (56-85)
0.34 0.66 36 90 63
WU L 0022053) (0.48-0.84) e e 20 (17-59) (70-99) 47-77)
0.04 0.48 82 52 67
el L 0.04-068) (0.28-0.67) e L 20 (60-95) (30-74) (51-81)
0.18 0.84 64 76 70
WL L (0.09-0.48) (0.71-0.96) vy 2 ol (41-83) (53-92) (54-83)
0.10 0.73 55 71 63
g L (0.02-046) (0.55-0.90) 7 w L (32-76) (48-89) @7-77)
0.19 0.75
B7-H3 [ SR 50 100 59 NA NA NA
EGFR+ EPCAM+ 067 0.99 o1 100 o 86 86 86
HER2+ MUCI (029-0.68)  (0.97-1) (65-97) (64-97) (72-95)
EGFR+ EPCAM+ 0.74 82 90 86
GPCI+ WNT2 4 (0.65-0.84) 10 100 e 100 (60-95) (70-99) (72-95)
EGFR+ EPCAM+ 0.87 86 81 84
MUCI+ GPCI+ 5 (0.68-1.00) 1.0 100 100 100 (65-97) (58-95) (69-93)
WNT2
EGFR+ EPCAM+ 0.89 95 81 88
HER2+ MUCI+ 6  (0.73-1.00) 10 100 100 100 (77-100) (58-95) (75-96)

GPCI1+ WNT2

GPC1) identified in the training cohort showed a sensitivity of 86%
(CI, 65 to 97%) and a specificityof 81% (CI, 58 to 95%;Fig. 4B and
Table 2), whereas total EV concentrations were not significantly dif-
ferent between the groups (Dunn’s multiple comparisons test, P =
0.16 for PDAC and pancreatitis; P = 0.78 for PDAC and control)
(Fig. 4C). Furthermore, the expression of GPC1 was not significantly
different in PDAC relative to pancreatitis (P = 0.31) but was slightly
higher in PDAC when compared to the control group (median values
0f0.20 for PDAC and 0.02 for the control group; P =0.018)(Fig.4D).
Figure 5 displays the experimental data of single markers and combi-
nations as a waterfall plot. Table 2 summarizes the diagnostic accura-
cies of all markers and combinations in this prospective cohort.

We next correlated EV analyses to clinical gold standard serum
biomarkers (CA 19-9 and CEA)in patients with PDAC. The PDACEY
signature wasnot correlated with either CA 19-9 (Spearman correlation
coefficientr =—0.28;P =0.26)or CEA (r <0.001;P >0.99)(Fig.6A).In
our cohort, only 61%o0fPDACpatients (11 of 1 8)showedanincreased
concentration of CA 19-9 (>37 U/ml, threshold value used in clinic),
whereas 89% (16 of 18) had high PDACY values (>0.87 NPS signal;
Table 2). For CEA,only 17%0f PDAC patients (3 of 18) were positive
(>5 ng/ml; Fig. 6B). Finally, we compared the PDAC"" signature
against tumor size, showing a modest correlation for the signature
(r=0.58;P=0.018)and little correlation (r =—0.09;P = 0.62) between
EV counts and tumor size (Fig. 6C and fig. S4).

Yang et al., Sci. Transl. Med. 9, eaal3226 (2017) 24 May 2017

To further expand the clinical use of tEV analyses, we also studied
several additional patient cohorts (n = 69; Table 1; Fig. 7 and figs. S5
and S6): (i) PDAC treated with neoadjuvant regimen (n = 24), (ii)
IPMN (n = 14), (iii) other gastrointestinal (GI) cancers mimicking
the symptoms of pancreaticoduodenal cancers (n = 11), (iv) pancreatic
neuroendocrine tumors (NETs; n = 12), and (v) benign cystic tumors
(n = 5). Patients with PDAC treated with neoadjuvant regimen had
lower EV signatures (median values, 1.70 versus 0.86; Mann-Whitney
test, P=10.015)(fig.S7A)as a group compared to the untreated PDAC
group, likelyreflecting the smaller tumor mass and/or favorable treat-
ment response.

We also studied a number of cases of IPMNs, which grow within
the pancreatic ducts and are characterized by the production of thick
mucinous fluid. IPMNs are important because some of them pro-
gress to invasive cancer and may therefore represent windows of op-
portunity to treat before aggressive and difficult-to-manage cancer
develops. Our cohort contained 11 cases of intermediate and high-
grade IPMN and 2 cases of low-grade IPMN (Fig. 7 and Table 1). As
shown in fig. S7B,IPMN had an elevated PDAC"" signature com-
pared to age-matched controls (Dunn’s multiple comparisons test,
P < 0.0001), but it was lower compared to PDAC (P = 0.022).

The validation cohort included a limited number of other pan-
creatic cancers or cancers that can mimic pancreatic symptomatol-
ogy. These included NETs and gastroduodenal cancers. Again,
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(C),and single GPCl signal (D)as measured for plasma EVscollected from 22 PDACpatients, 8 with pancreatitis, 5 with benign cystic tumors, and 8 age-matched
controls. Pairwise comparison P values were determined by the Dunn’s multiple comparisons test. *P < 0.05, ***P < 0.001, ****P < 0.0001. n.s., not significant.
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although the numbers are limited, most of the malignancies tested
positive for some of the EV markers (for example, among 23 patients,
18 were positive for EGFR and/or EPCAM). These findings are in line
with other observations. For example, EPCAM has been evaluated as a
CTC detection marker in NET populations (32, 33). Of particular in-
terest was the fact that 9 of 12 NETSs tested positive for SSTR2expres-
sion on EVs, whereas all PDAC patients (n = 22) and age-matched
healthy controls (n = 8) were negative for SSTR2 with a threshold
value of 0.15 (Dunn’s multiple comparisons test, P < 0.0001 between
PDAC and NET; P = 0.0018 between NET and control) (fig. S7C). Fi-
nally, we investigated a limited number of patients with benign muci-
nous tumors but no detectable malignancy. In these cases, we
observed PDAC®Y signatures similar to the age-matched control
group (Mann-Whitney test, P = 0.35; fig. S7D).

DISCUSSION

EVs are attractive as circulating biomarkers given their abundance,

relative stability, and similar molecular makeup to parental cells

(13-15). Despite these apparent advantages, it has been difficult
to define single tumor-specific EV markers (mRNA, DNA, or pro-

tein) (8, 28, 34), validate purported malignancy biomarkers in
larger patient cohorts (8, 13, 34), implement lengthy purification
procedures (ultracentrifugation) into the clinical workflow (13),
and commercialize cost-effective technologies. Here, we show in a
sizablepancreatic data set that single EV protein biomarkers are un-

likely to be sufficiently accurate to improve patient management. No

individual putative protein tEV marker (EGFR, EPCAM, MUCI,
GPCl1, or WNT2) yielded sensitivities above 86% and specificities
above 81% to be considered cost-effective(2). Many had much lower
sensitivities/specificities,including GPC1, despite previous studies

(5, 8); unfortunately, the previously used GPC1 antibody is no longer

6 of 10

210Z ‘gL aunr uo 1sanb Aq /Bio Bewsousios wis//:dly wol pspeojumoq



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A B c . -
= 51 = 59 =5 81% for differentiating PDAC from other
5 =) 3 e PDAC (no tx) . .
8 4] . S 4] . I u PDAC (tx) pancreatic diseases (Table 2). The accura-
Qo [ Qo .
= . N . 2, cy was 84% (CIL 69 to 93%). The relatively
© © ®© . . . ..
5, o 1 2, N 5, f S high accuracy is most likely attributed to
2] eP . z Wt -l . the selection of protein EV markers, the
L] . .
% . - . % L ] £2 g 1 y surgical patient cohorts enrolled, and ease
% o r ; =] r T m 0 otmm y ing i -
N i U i P e B 5 = pr of measurements, resulting in reduced.an
CA19-9 (U/ml) CEA (ng/ml) Tumor volume (cm?) alytical failures. The last point of particu-

Fig. 6. Comparison of EVanalyses with conventional clinical metrics. Correlation of the PDAC

with serum biomarkers [CA19-9 (A) and CEA(B)]and the tumor diameter (C) for patients with PDAC.tx, treatment. The
dashed red lines indicate the threshold values for positivity (CA19-9, 37 U/ml; CEA,5 ng/ml; PDACEVsignature, 0.87).

36
0: .
=3 L]
841 & .o
(=} . 0
» 2 Celo® e "
> A
by oote T % 22
o, L S s b E
o A
D D N & A o 9 O
SR AN UM AN & SRS &
Y ‘20v~ & S & &
O & 4 & &
o &
O &
& &
F

Fig. 7. EV analyses for patients with different types of pancreatic diseases.

The PDACVsignature values were measured for patient cohorts (n = 103) including
(i) PDACwithout treatment (n = 22), (ii) PDACtreated with neoadjuvant regimen
(n = 24), (iii)) IPMN (n = 13), (iv) other GI cancers mimicking the symptoms of
pancreaticoduodenal cancers (n = 11), (v) pancreatic NET(n = 12), (vi) pancreatitis
(n = 8), (vii)benign cystic tumors (n = 5),and (viii)age-matched controls (n = 18).

commercially available. Therefore, there is a possibility that the dis-

crepancy could be attributed to the antibody used in the study.

On the basis of the hypothesis that tumoral heterogeneity will re-
quire multiplexed biomarkers for clinical use, we set out to define pro-
tein signatures representative of epithelial and pancreatic cancers (25).
We initially surveyed about 50 proteins of potential interest and dis-
carded all but 10 after feasibility studies in PDAC cell lines and PDX
models. These 10 EV markers included 7 tEV markers (EGFR,EPCAM,
MUCI1, HER2, GPC1, WNT2, and GRP94) and 3 pan EV markers
(CD63, CD9, and Rab5b). The pan EV markers were excluded from
the tumor diagnostic marker panel and were solely used to confirm
the presence of EVsin a given sample. From an initial training data
set, we further refined the markers to fiveessential ones, which then con-
stituted our PDAC®Y signature (EGFR, EPCAM, MUC1, GPC1, and
WNT2). The signature was defined as the unweighted sum of each
marker expression, with a score of>0.85 suggestingPDAC. It is conceiv-
ableto further improve on this panel by identifying additional molecular
tumor markers present on the EV surface. A number of proteomic
approaches have been used to identify putative markers, but validation
work remains to be done. It would also be attractive to expand the panel
to intravesicular markers such as mutant KRASprotein, but this would
require EV lysisand further NPS assay optimization.

Applying the above PDAC®Y signature to 43 patients, we showed
an overall sensitivity of 86% for detecting PDAC and a specificity of

Yang et al., Sci. Transl. Med. 9, eaal3226 (2017) 24 May 2017

lar interest is that existing EV analyses are
cumbersome and often require large sam-
ple amounts. In contradistinction, we set
out to develop a miniaturized sensing

technology with an automated microarray
spotter and scanning stage to perform
measurements at scales that are clinically
feasible and affordable. The NPS measurements performed here re-

quire ~10 min of measurement/analysis time and currently cost $60
(chip cost, $42; antibody cost, $18) per patient sample. Because the

majority of current costs are driven by manual manufacture of chips
and antibodies, it is expected that real costs will scale downward greatly
with bulk fabrication. The current limits of the NPS technology as
developed in this study are (i) the need for EV purification and con-

centration before measurement, (ii) lower sensitivity for intravesicular

markers, (iii) the need for high-quality antibodies that are necessary
for capture, and (iv) the composition of the marker panel. With fur-

ther optimization and commercialization, all these points could be ad-

dressed and further improved.

A number of previous studies have investigated tEV as a diagnostic
cancer marker by both protein and nucleic acid analyses (8, 13—15). Re-
maining questions include (i) whether these results hold up in larger pa-
tient cohorts and (ii) how cost-effectiveand practical are newer analytical
techniques. For example, Melo et al. (8) explored the use of GPC1 as a
single marker for detection of PDAC from EVs. Similarly,several studies
have explored the serum proteome of PDAC (22-24) with the goal of
providing more advanced diagnostic tools to guide clinicians. So far, mea-
surement oftEV appears to be a promising venue for pancreatic diagnoses.

The current study was designed as a feasibility study to focus on
some of the pressing questions in surgical oncology. Future studies
should expand tEV analysis to assess treatment efficacy. Although
the current study was not designed to investigate this, such work
has been done for other cancers (14, 15, 35). For example, we have
shown that longitudinal tEV profiling is feasibleand can be informa-
tivein treatment assessment (14, 15, 35). Long-term efforts should also
include longitudinally analyzing high-risk subjects for PDAC develop-
ment, which will require larger data sets and multiyear follow-ups.

EVIZLAULT vaiucy

MATERIALSAND METHODS

Study design

We used data collected from a pilot study at Massachusetts General
Hospital (MGH) to optimize use of the NPS technique for tEV detec-
tion in plasma and to identify useful biomarker combinations and their

detection thresholds as a training data set. To more accurately assess
the biomarkerperformance, weobtained an independent data setusing

de-identified specimens from patients with pancreatic-related diseases
collected at MGH. Before processing clinical samples, we performed
exhaustiveanalysisofknown EV protein biomarkers relevantto PDAC
in patient-derived cell lines. In addition, extensivecorrelation and op-

timization studies were performed to validate NPS measurements.
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Cell lines

AsPC-1,MIA PaCa-2, PSN-1,and PANC-1 cell lines were purchased
from the American Type Culture Collection. AsSPC-1 and PSN-1 cells
weremaintained in RPMI 1640medium. MIA PaCa-2 and PANC-1 cells
were maintained in Dulbecco’s modified Eagle’s medium. All cellline
media were supplemented with 10% fetal bovine serum, 100 IU of
penicillin, and streptomycin (100 mg/ml). PDAC PDX cell lines were
provided by C. Fernandez del Castillo and were all maintained in a
50:50 mix of Dulbecco’s modified Eagle’s and Ham’s F-12 medium
supplemented as above.

Selection of markers

Several PDAC proteomic studies have been described in the literature
(10, 11, 2224, 29) or are available online (http://wlab.ethz.ch/cspa/;
https://www.proteomicsdb.org/#projects/4256; pancreaticcancerdatabase.
org/publications.php). These literature sources were analyzed to define
EV marker candidates. To derive the marker set, we surveyed these
available databases, three vesicle databases (Vesiclepedia, EVpedia,
and ExoCarta), and the literature for published markers. The puta-
tive “hits” were then screened using commercially available antibodies
(see table S1). We eliminated targets that were not specific for cancer
cells, yielded only duplicative information, or were primarily intravesi-
cular proteins, which we were not able to capture efficiently.From the
initial 50 candidate markers, we selected 10 after feasibility studies
with PDAC cell lines and PDX models (fig. S2). We decided to take
forward seventumor markers, all of them vesiclesurface markers that
can be used for chip capture. In addition, we assayed for three ubiquitous
EV markers: CD9, CD63, and Rab5b.

Antibody and biotinylation

Allantibodies used in these studies are listed in table S1.For biotinyla-
tion, all antibodies [50 mg in 100 ml of phosphate-buffered saline
(PBS)] were first passed through 0.5 ml 7K MWCO Zeba Spin
Desalting columns (89882, ThermoFisher) to remove sodium azide.
EZ-Link Sulfo-NHS-LC-Biotin(21327, ThermoFisher) was used for
antibody biotinylation according to the manufacturers’ instructions.
Briefly,antibodies were mixed with a 20-fold molar excessof 10 mM
biotin for 30 min at roomtemperature. Excessbiotin wasthenremoved
using a second Zeba Desalting column. Antibody concentration was
checked using a NanoDrop spectrophotometer (ThermoFisher).

Flow cytometry

Antibodies were tested and compared to EV signals from NPS using
flow cytometry. On the day of EV collection from cell lines, a portion
of the remaining cells were trypsinized for flow cytometry. Cells
(500,000 to 1,000,000 per condition) were fixed in 4% paraform-
aldehyde in PBS (15710-S, Electron Microscopy Sciences)for 10 min
at room temperature. Cells were washed twice with PBS plus
0.5% bovine serum albumin (BSA). Antibodies were diluted to
10 mg/ml in 100 ml of PBSplus 0.5%BSAand incubated with cells
for 1 hour at room temperature. Cells were washed twice with PBS
plus 0.5%BSAand then incubated with appropriate AlexaFluor 488
secondary antibody diluted 1:1000in PBSplus 0.5%BSAfor 30 min
at room temperature. Cells were washed twice with PBS plus 0.5%
BSA.Fluorescent signal was measured using a FACSCaliburflow
cytometer (BD Biosciences)and compared to appropriate isotype
controls and secondary antibody—only signal using the following for-
mula: (signal primary antibody — signal isotype control)/signal sec-
ondary antibody.

Yang et al., Sci. Transl. Med. 9, eaal3226 (2017) 24 May 2017

EVisolation from cell culture
Cellswere grown for 48 hours in normalgrowth medium supplemented
with 5% EV-depleted fetal bovine serum (A2720801, ThermoFisher).
Conditioned medium was collected in 50-ml tubes and centrifuged
at 300g for 10 min. Medium was filtered through a 0.22-mm cellulose
acetate vacuum filter (430767,Corning) and then aliquoted into ultra-
centrifuge tubes (344058, Beckman). Medium was centrifuged at
100,000g for 70 min to pellet EVs. The pellet was washed with PBS
and repelleted by centrifugation at 100,000g for 70 min. EVs were re-
suspended in an appropriate volume of PBSand stored at —80°Cuntil
NPS measurement.

Sample collection

The current study was designed to prospectively obtain fresh samples
and then correlate them with pathological and clinical information.
All clinical data were entered into a unified database and used for
blinded analyses by the biobank coordinator at MGH. The biospeci-
men collection was optimized for EV analysis and included the
following steps: (i) collect whole blood into one 10-ml purple-top
EDTA tube, (ii) mix blood by inverting the tube 10 times, (iii) store
vacutainer tubes upright at 4°C and process within 1 hour of blood
collection, (iv) centrifuge blood samples for 10 min at 400g at 4°C,
(v) collectthe plasma layerin a 15-ml conical tube with a pipette with-
out disturbing the buffy coat, (vi) centrifuge the plasma layer for
10 min at 1100g at 4°C, (vii) pipette the plasma into a 15-ml labeled
conical tube, and (viii) store at —80°C until processing.

EVisolation from plasma
Plasma was thawed, aliquoted into ultracentrifuge tubes, and diluted
to 30- to 35-ml total volume in PBS.Plasma was initially centrifuged
at 14,000g for 20 min to pellet cell debris. Cleared supernatant was
passed through a 0.22-mm polyvinylidene difluoride (Millipore) sy-
ringe filter into an ultracentrifuge tube. EVs were then pelleted by ul-
tracentrifugation at 100,000g for 70 min. The pellet was resuspended
in PBSand centrifuged again at 100,000g for 70 min. The final EV
pellets were resuspended in 300 ml of PBS and stored at —80°C until
NPS measurement.

EV size measurements

Nanoparticle tracking analysis (Nanosight) was used to assessEV size
and concentration. Measurements were done as reported in the liter-
ature (36). Briefly,samples were diluted in PBS (generallya 1:100di-
lution). Five30-s videos were recorded using the followingsettings for
all measurements: threshold, 1482; gain, 680. Videos were processed,
and the highest and lowest EV concentrations were excluded.

NPS fabrication

We used interference lithography to prepare NPS devices (fig. S1).
First, periodic nanohole patterns were made on a double-polished

4-inch (~10 cm) Si wafer coated with a 125-nm silicon nitride (SiN)

layer. The patterned wafer was dry-etched using reactive ion etching to
create nanoholes in the SiN layer. In this step, only a partial layer was
etched to protect the front Si surface from the subsequent silicon
etching with potassium hydroxide (KOH). The opposite Si backside
was lithographically patterned to define sensing sites and wet-etched
with KOH at 80°C. Patterned wafers were diced into individual NPS
chips, with each chip containing 100 (10 x 10) measurement sites.
After removing the remaining SiN layer, a 100-nm Au film with a
2-nm Ti adhesion layer was directly deposited on the patterned SiN
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side. After the EV assays, the metal films were removed by Au etchant
and hydrogen fluoride (HF) solutions to regenerate chips. After
cleaning the patterned Sitemplates, fresh metal films were deposited
on the regenerated Sitemplates.

NPS measurement

The fabricated Au chip was first incubated with a 1:3 mixture of 10 mM
linear polyethylene glycol (thiol-PEG-biotin, 1 kDa, Nanocs Inc., and
methyl-PEG-thiol, 0.2 kDa, Fisher Scientific Inc.) overnight at room
temperature. After washing in PBS,the chip was secondarily incubated
with neutravidin (Thermo Scientific;50 mg/ml in PBSwith 0.2%BSA)
for 40 min at room temperature. Finally, after washing, 0.5 ml of bio-
tinylated antibodies (10 mg/ml in PBS with 0.2% BSA)was added to
individual nanopore arrays by using a microarray spotter (DigiLab
Inc.) and incubated for 40 min at room temperature with humidity.
The antibody-conjugated chip was washed in PBSand then measured
with a spectrometer (USB4000-UV-VIS-ES,Ocean Optics Inc.) to
obtain a baseline spectrum.

For EV detection, EV samples (0.5 ml, in 1%BSA)were spotted onto
individual sensor arrays using the microarray spotter and incubated in
a humidity chamber for 50 min at room temperature. The chip was
washed with PBS to remove unbound EVs, and light transmission of
each nanopore array was measured. A custom-built software program
(MATLABR2015a, MathWorks Inc.) was used to analyze spectral
shiftsafter EV binding. A set of control arrays with isotype control anti-
bodies was used to measure signals due to nonspecific binding; these
background signals were subtracted from the positive arrays.

Patients

Between2015 and 2016, 135 patients underwent surgical resection of
pancreatic neoplasms or other abdominal abnormalities. Through an
Institutional Review Board—approved protocol at MGH (principal
investigator: C.F.d.C.), blood samples were acquired. All samples
were anonymized, and only age, gender, medical history, and final
pathological diagnosis were recorded. All samples were processed
by operators blinded to the sample type.

Statistics

The Spearman correlation coefficientwas used to quantify the corre-
lations between different variables. Group differences were tested
using the nonparametric Mann-Whitney test for two groups and
the Kruskal-Wallistest for more than two groups; P valuesfor pairwise
comparisons were obtained using the Dunn’s multiple comparison
test. ROC curves were constructed for individual markers and selected
marker combinations todescribe the accuracy of detecting cancer. The
cutoff points were selected using Youden’s index, which maximizes
the sum of sensitivity and specificity. We used data from the training
cohort (n = 32) to selectthe optimal cutoff points associated with in-
dividual markers and marker combinations and then evaluated the
sensitivity, specificity,and accuracy of predicting tumor status asso-
ciated with the optimal cutoff points using data from the prospective
cohort (n = 43). Selection of marker combinations was informed by
literature, biological information, and data-driven statistical proce-
dures. One set of markers was selected through fitting the least abso-
lute shrinkage and selection operator (lasso) paths for regularized
logistic regression (37) to the training cohort, where the tuning
parameter was selected through a 10-fold cross-validation (38). For
marker combinations, the sums of selected markers were used to pre-
dict tumor status. Notably, although the lasso procedure suggested a

Yang et al., Sci. Transl. Med. 9, eaal3226 (2017) 24 May 2017

linear combination of markers with the weights being the estimated
coefficients,the uncertainty associated with these estimated coefficients
was large. We therefore used the unweighted sums for all marker com-

binations for ease of implementation in practice. CIs for AUC were
calculated using the DeLong method (39), and for the cut points,
the stratified bootstrap percentile method was used. Exact Cls for
sensitivity, specificity,and accuracy were obtained on the basis of bi-

nomial distributions. All tests were two-sided, and a P value of <0.05
was considered statistically significant. Analyses were performed
using R version 3.3.2 and GraphPad Prism 7.

SUPPLEMENTARYMATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/391/eaal3226/DC1
Fig. S1. NPS setup.

Fig. S2. Comparison of PDACand EVmarkers on cells and EVs.
Fig. S3. EVmarkers in a training cohort.

Fig. S4. Comparison of EVcounts with conventional clinical metrics.
Fig. S5. NPS signal from validation cohort tEVs.

Fig. $6. EVcounts for patients with different types of pancreatic diseases.
Fig-S7. Comparison of the PDAC*"signature and SSTR2in different patient cohorts.
Table S1. Antibodies used in flow cytometry and NPS.
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