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Abstract

Intraductal papillary mucinous neoplasm (IPMN) of the pancreas is among the most clin-
ically relevant and conceptually intricate precancerous lesions encountered in modern
gastroenterology. First identified in the early 1980s as a “mucin-producing tumor,” IPMN
has since undergone a profound redefinition: from an obscure and poorly classified entity
to a well-established precursor of pancreatic ductal adenocarcinoma (PDAC), shaped by
characteristic molecular alterations such as KRAS, GNAS, and RNF43 mutations. Over the
past two decades, the reported incidence of IPMN has risen sharply, a trend largely at-
tributable to the widespread use of high-resolution cross-sectional imaging rather than a
genuine increase in disease prevalence. IPMNs are categorized anatomically into main-
duct (MD-IPMN), branch-duct (BD-IPMN), and mixed-type forms and histologically into
gastric, intestinal, pancreatobiliary, and oncocytic subtypes, each associated with distinct
malignant potential and prognostic implications. International consensus guidelines (Sen-
dai 2006; Fukuoka 2012; Fukuoka revision 2017; Kyoto 2024) have progressively refined
strategies for risk stratification and surgical decision-making. Nevertheless, significant de-
bate persists regarding optimal surveillance intervals, thresholds for resection, and the
management of low-risk branch-duct lesions. This review offers a comprehensive and crit-
ically evaluated synthesis about IPMN, spanning its historical recognition, molecular
pathogenesis, epidemiology, clinical manifestations, diagnostic evaluation, pathological
features, differential diagnosis, surveillance paradigms, long-term complications, associ-
ated conditions, therapeutic options, and future directions. Particular attention is given to
longstanding “myths” that have influenced clinical practice and to emerging “realities”
grounded in contemporary molecular and clinical evidence. Our aim is to provide physi-
cians with a clear and updated framework for navigating the complexities of IPMN man-
agement in current practice.

Keywords: intraductal papillary mucinous neoplasm; pancreatic cystic neoplasm; KRAS;
GNAS; pancreatic ductal adenocarcinoma; surveillance; adenoma—carcinoma sequence;
field defect
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1. Introduction

The identification of intraductal papillary mucinous neoplasm (IPMN) as a distinct
clinicopathological entity has profoundly changed the vision of pancreatic tumorigenesis.
IPMN is defined as a grossly visible (typically 25 mm), mucin-producing intraductal epi-
thelial neoplasm arising within the main pancreatic duct (MPD) or its side branches. It is
distinguished from mucinous cystic neoplasms (MCNs) by the absence of ovarian-type
stroma and by its characteristic communication with the pancreatic ductal system [1,2].
Importantly, IPMN follows a well-established adenoma-dysplasia—carcinoma sequence,
progressing from low-grade dysplasia to high-grade dysplasia (HGD) and ultimately to
invasive carcinoma. This stepwise evolution positions IPMN as a pivotal opportunity for
early interception of pancreatic ductal adenocarcinoma (PDAC), one of the most lethal
malignancies globally [3].

The historical trajectory of IPMN is marked by evolving terminology, shifting classi-
fication schemes, and enduring diagnostic ambiguities. In the early 1980s, Ohashi and col-
leagues first described what would later be recognized as IPMN under the label “mucin-
producing cancer of the pancreas.” Over subsequent years, the lesion was variably re-
ferred to as “mucinous ductal ectasia,” “intraductal mucin-hypersecreting neoplasm,”
and “villous adenoma of the pancreatic duct,” reflecting the conceptual uncertainty sur-
rounding its nature. Only in 1996 did the World Health Organization (WHO) formalize
the unified designation “intraductal papillary mucinous neoplasm” [4,5]. This early ter-
minological heterogeneity, one of the persistent “myths” in the field, contributed to in-
consistencies in reported natural history, malignant potential, and clinical outcomes.

Over the past three decades, research on IPMN has expanded dramatically. A bibli-
ometric analysis covering 1990-2021 identified 879 eligible publications, highlighting a
transition from foundational descriptions and basic science toward themes centered on
management, prognosis, and risk stratification [6]. The International Association of Pan-
creatology (IAP) has played a central role in shaping clinical practice, issuing consensus
guidelines in 2006 (Sendai); 2012 (Fukuoka); 2017; and, most recently, 2024 (Kyoto), each
iteration refining algorithms for risk assessment and surgical decision-making [7]. Despite
these efforts, the guidelines remain consensus-driven rather than evidence-based, and no-
table discrepancies persist among the IAP, the American Gastroenterological Association
(AGA), and the European Study Group on Cystic Tumours of the Pancreas [8-10]. These
divergences underscore the ongoing uncertainty clinicians face when managing this het-
erogeneous disease.

At the heart of IPMN management lies a fundamental tension between two compet-
ing imperatives. The first is preventing progression to PDAC through timely surgical re-
section. The second is avoiding unnecessary pancreatic surgery in patients whose lesions
may never undergo malignant transformation, that represents a relevant concern, given
that such procedures are associated with substantial morbidity and non-negligible mor-
tality. This dilemma is further complicated by the concept of IPMN as a “field defect,”
wherein the entire pancreas exhibits a predisposition to neoplastic change. As a result,
even after curative resection, patients require lifelong surveillance to monitor for meta-
chronous lesions or recurrent disease [11].

The present review seeks to navigate these complexities by synthesizing current evi-
dence into a coherent framework that distinguishes well-established realities from endur-
ing myths. Through this lens, we aim to clarify the evolving understanding of IPMN biol-
ogy, refine risk stratification strategies, and highlight the critical areas where future re-
search must advance to optimize patient outcomes.
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2. Pathogenesis: Molecular Drivers and the Adenoma-
Carcinoma Paradigm
2.1. The KRAS-GNAS Axis as a Foundational Driver

The molecular pathogenesis of IPMN is anchored by two early and characteristic
driver mutations: activating alterations in KRAS (most commonly at codon 12) and in
GNAS, typically involving the R201C/H hotspot. A landmark whole-exome sequencing
study demonstrated that GNAS mutations occur in approximately 41% of IPMNs yet are
virtually absent in conventional pancreatic ductal adenocarcinoma (PDAC), establishing
GNAS as a molecular hallmark of IPMN-derived neoplasia and a key discriminator from
de novo PDAC [12]. GNAS encodes the stimulatory G protein alpha subunit (Gas). Mu-
tations at R201 abolish intrinsic GTPase activity, locking Gas in a constitutively active
state and driving persistent cyclic AMP (cAMP) accumulation with downstream activa-
tion of protein kinase A (PKA) signaling [13]. These events promote mucin hypersecre-
tion, one of the defining phenotypic features of IPMN, as well as proliferative signaling
within the ductal epithelium.

KRAS mutations, present in the majority of IPMNs, activate the canonical RAS-
MAPK pathway and represent the earliest initiating event shared with conventional
PDAC. The co-occurrence of KRAS and GNAS mutations is particularly characteristic of
gastric and intestinal IPMN subtypes, and their synergistic effects likely underpin the pa-
pillary, intraductal growth pattern that distinguishes IPMN from the flat architecture of
pancreatic intraepithelial neoplasia (PanIN) [14].

Emerging evidence suggests that these mutations may also serve as non-invasive bi-
omarkers. A recent pilot study detected KRAS and GNAS mutations in circulating cell-
free DNA (cfDNA) and circulating epithelial cells of patients with IPMN, with GNAS mu-
tations more frequently observed in resected cases than in those under surveillance—an
observation that supports their potential utility in liquid biopsy-based risk stratification
[15]. Further insight into GNAS-driven tumorigenesis comes from the observation that
McCune-Albright syndrome, caused by germline GNAS mosaicism, predisposes to
IPMN-associated pancreatic cancer, providing rare but compelling clinical evidence of
GNAS-mediated susceptibility [16].

2.2. Molecular Events Associated with Progression

Progression from low-grade dysplasia to high-grade dysplasia (HGD) and ultimately
to invasive carcinoma reflects the sequential accumulation of additional genetic altera-
tions. Among these, RNF43 —a negative regulator of Wnt signaling—is frequently mu-
tated in IPMN and appears to be enriched in lesions exhibiting higher-grade dysplasia,
implicating it in the transition toward malignancy [14].

Mutations in TP53 represent a pivotal event in malignant transformation. Next-gen-
eration sequencing (NGS) studies have shown that TP53 alterations can be detected in
pure pancreatic juice, raising the possibility of liquid biopsy-based surveillance for high-
risk lesions [17]. Loss of key tumor suppressors such as SMAD4 and CDKN2A/p16 char-
acterizes the late stages of progression and mirrors the molecular evolution observed in
conventional PDAC [14].

KRAS mutations have also been examined in relation to clinicopathological features.
Chang et al. demonstrated subtype-specific associations, supporting the potential role of
KRAS mutational status as a biomarker for risk stratification [18]. Moreover, comparative
analyses of pancreatic juice from patients with IPMN and concomitant PDAC have re-
vealed distinct mutational profiles, underscoring the molecular heterogeneity of IPMN-
associated neoplasia [19].
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Low-grade IPMN

Experimental models have further clarified the cooperative nature of oncogenic path-
ways. Collet et al. showed that combined Kras and Lkb1 mutations synergistically induce
IPMN:-like lesions in murine ductal cells, providing in vivo evidence for the interplay be-
tween oncogenic drivers and tumor suppressor loss in IPMN initiation [20].

The pathogenesis of IPMN is represented in Figure 1.
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Figure 1. Molecular pathogenesis of IPMN: early drivers and progression. IPMN initiation is driven
by activating mutations in KRAS (codon 12, RAS-MAPK activation) and GNAS (R201C/H, consti-
tutive Gas/cAMP/PKA signaling and mucin hypersecretion), the latter present in ~41% of IPMN5s
but essentially absent in conventional PDAC; co-occurrence of both mutations characterizes the gas-
tric and intestinal subtypes. Progression to high-grade dysplasia and invasive carcinoma is driven
by sequential acquisition of RNF43 mutations (Wnt pathway dysregulation, enriched in higher-
grade lesions), TP53 mutations (detectable in pancreatic juice, a candidate surveillance biomarker),
and late loss of SMAD4/CDKN2A, mirroring the molecular evolution of conventional PDAC.

2.3. Subtype-Specific Molecular Pathways

A major conceptual advance in recent years has been the recognition that the four
epithelial subtypes of IPMN —gastric, intestinal, pancreatobiliary, and oncocytic—repre-
sent biologically distinct molecular entities, rather than mere morphological variants. In a
comprehensive analysis of 103 IPMN lesions from 43 patients, Kobayashi et al. demon-
strated that each subtype exhibits unique mutational signatures and developmental tra-
jectories [21]. This finding overturns the longstanding “myth” of IPMN as a single disease
with variable histology and establishes a new “reality”: IPMN subtypes follow distinct
molecular pathways with divergent clinical implications.

2.4. Pathways Linking IPMN and PDAC: Clonal Evolution and Field Effect

The relationship between IPMN and pancreatic ductal adenocarcinoma (PDAC) is
increasingly recognized as more complex than a simple linear progression from precursor
lesion to invasive cancer. Advances in molecular profiling have identified multiple evolu-
tionary trajectories underlying the development of PDAC in patients with IPMN. In some
cases, PDAC arises directly from the precursor lesion through a process of stepwise clonal
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evolution, retaining the major driver mutations acquired during IPMN progression. Al-
ternatively, both lesions may originate from a common ancestral clone and subsequently
diverge through the acquisition of distinct genetic alterations, resulting in parallel evolu-
tionary pathways. A third scenario involves the development of PDAC as an independent
neoplasm within the same pancreas, without any detectable clonal relationship to the con-
comitant IPMN. Collectively, these models highlight the biological heterogeneity of pan-
creatic carcinogenesis and underscore the diverse mechanisms through which invasive
cancer may emerge in patients harboring IPMNs [22].

The recognition of these distinct evolutionary patterns has important clinical impli-
cations. Rather than representing an isolated precursor lesion, IPMN is increasingly
viewed as a manifestation of a broader pancreatic field defect, in which the entire gland
exhibits an increased susceptibility to neoplastic transformation. This concept provides a
biological explanation for the persistent risk of PDAC observed even after complete sur-
gical resection of an IPMN and supports the recommendation for continuous surveillance
in selected patients [2]. Additional evidence for this model has been provided by Pfliiger
et al., who demonstrated that some post-resection recurrences originate from clonally un-
related lineages, suggesting the emergence of new neoplastic events rather than true local
relapse [23]. Similarly, studies of uncommon histological variants have revealed highly
complex evolutionary patterns. For example, Matsuzaka et al. reconstructed the molecular
evolution of an adenosquamous carcinoma arising in association with IPMN, illustrating
the branching and heterogeneous nature of tumor progression within the pancreatic epi-
thelium [24].

3. Epidemiology and Incidence
3.1. Incidence Trends and the Role of Detection Bias

Over the past two decades, the reported incidence of IPMN has increased dramati-
cally. This rise is widely interpreted as a consequence of the exponential growth in the use
of high-resolution cross-sectional imaging—CT and MRI/MRCP —rather than a true bio-
logical surge in disease prevalence. Pancreatic cystic lesions are now identified in up to
45% of individuals undergoing abdominal imaging, and among these, 24-82% represent
IPMNSs, depending on the population studied and the imaging modality employed [1,25].
This remarkably broad range underscores one of the central epidemiological challenges
in the field: distinguishing clinically meaningful IPMNs from incidental, indolent cysts
that are unlikely to progress to malignancy.

Demographic factors further contribute to the rising incidence. Aronsson et al. (2017)
highlighted that IPMN prevalence increases with age, making the aging population in
developed countries a key driver of the observed epidemiological trends [25]. The disease
exhibits a slight male predominance and typically presents in the sixth to seventh decades
of life [5]. As detection rates rise, so too does the economic burden associated with IPMN,
given the need for serial imaging; endoscopic evaluations; and, in selected cases, complex
pancreatic surgery. These demands place increasing pressure on healthcare systems
worldwide [7,25].

3.2. Trends in Malignant IPMIN

Population-level analyses have provided important insights into the epidemiology
of malignant IPMN. A Surveillance, Epidemiology, and End Results (SEER) database
study spanning 1990-2010 documented a progressive increase in the identification of ma-
lignant IPMN in the United States, along with detailed survival trends and prognostic
determinants [3]. The findings reinforced the critical importance of early-stage detection,
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as outcomes were strongly influenced by stage at diagnosis and the feasibility of surgical
resection.

Beyond pancreatic malignancy, IPMN appears to confer a broader oncologic risk. A
separate SEER-based study demonstrated an increased incidence of second primary can-
cers following a diagnosis of malignant IPMN, suggesting that affected patients warrant
heightened vigilance not only for pancreatic neoplasia but also for extrapancreatic malig-
nancies [26]. This observation aligns with the emerging concept of IPMN as part of a sys-
temic or field-wide predisposition to neoplastic transformation.

3.3. Geographic Variation and the Evolving Research Landscape

Geographic patterns in IPMN research and incidence offer additional layers of com-
plexity. Bibliometric analyses indicate that Japan has historically led global IPMN re-
search, reflecting both a high prevalence of pancreatic cystic lesions in East Asian popu-
lations and a longstanding tradition of advanced pancreatic surgery and surveillance pro-
grams. South Korea and the United States have also emerged as major contributors to the
scientific literature [6]. Whether these geographic differences reflect true biological varia-
tion or simply differences in diagnostic intensity, clinical awareness, and healthcare infra-
structure remains unresolved.

What is clear, however, is that the global research agenda has shifted markedly over
time. Early studies were dominated by descriptive pathology and disease characteriza-
tion, whereas contemporary research increasingly focuses on management strategies,
prognostic modeling, and biomarker development. Keywords such as “management,”
“prognosis,” and “risk factors” now define the most active research fronts [6], mirroring
the clinical need for more precise risk stratification and individualized surveillance algo-
rithms.

4. Clinical Presentation: Signs and Symptoms
4.1. The Asymptomatic Majority

Paradoxically, the most common clinical presentation of IPMN is the complete ab-
sence of symptoms. The vast majority of lesions are detected incidentally during imaging
performed for unrelated reasons—a trend that has accelerated with the widespread use
of abdominal CT and MRI/MRCP [1,25]. This “incidentaloma” phenomenon introduces a
substantial selection bias into the literature: asymptomatic lesions identified early tend to
exhibit a more indolent biological behavior, thereby skewing natural history data toward
more favorable outcomes.

4.2. Symptomatic Presentation

Although most IPMNs are detected incidentally, a subset of patients develop symp-
toms as a consequence of progressive ductal obstruction, mucin hypersecretion, or exten-
sive involvement of the pancreatic parenchyma. Clinical manifestations are generally non-
specific and may reflect the diverse ways in which these lesions alter pancreatic structure
and function.

Abdominal pain is the most frequently reported symptom and is typically described
as vague, intermittent, and localized to the epigastrium. It is thought to result from in-
creased intraductal pressure caused by mucin accumulation, ductal dilation, or local mass
effect. Acute pancreatitis represents another common presentation, occurring in up to 20—
30% of symptomatic patients. In these cases, recurrent episodes are usually triggered by
intermittent obstruction of the main pancreatic duct or its side branches by mucin plugs,
a mechanism that may closely resemble gallstone-related or idiopathic recurrent pancre-
atitis [5].

https://doi.org/10.3390/medsci14030405
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Longstanding ductal obstruction, particularly in MD- and mixed-type IPMNs, may
eventually result in pancreatic exocrine and endocrine insufficiency [2,10]. Because these
functional consequences represent long-term complications of disease progression and
treatment, they are discussed in detail in Section 8.4

In more advanced disease, involvement of adjacent structures may give rise to addi-
tional clinical findings. Obstructive jaundice is typically observed in patients with large
main-duct lesions located in the pancreatic head and results from compression or invasion
of the intrapancreatic bile duct. Because of its strong association with advanced neoplasia,
jaundice is considered a high-risk stigma for malignancy in all major management guide-
lines. A palpable abdominal mass is uncommon and generally indicates a substantial tu-
mor burden or advanced-stage disease.

Overall, while these manifestations may raise clinical suspicion for IPMN, none are
pathognomonic, and their presence should be interpreted in conjunction with radiologi-
cal, endoscopic, and pathological findings.

4.3. Symptoms as Predictors of Malignancy

A persistent “myth” in IPMN management is the assumption that asymptomatic le-
sions are uniformly benign. While symptomatic IPMNs indeed carry a higher likelihood
of harboring high-grade dysplasia or invasive carcinoma, a substantial proportion of ma-
lignant IPMNs are asymptomatic at diagnosis [5]. Conversely, symptoms such as pancre-
atitis may arise from entirely benign lesions. The clinical challenge lies in contextualizing
symptoms within a broader risk framework. The 2017 revised International Association
of Pancreatology (IAP) guidelines acknowledge this nuance by incorporating new-onset
or worsening diabetes among the “worrisome features” and obstructive jaundice among
the “high-risk stigmata” [1,27]. These additions reflect the incremental —but imperfect—
predictive value of clinical presentation when integrated with imaging, cyst morphology,
and molecular markers. In addition, acute pancreatitis per se does not appear to increase
the risk of malignant transformation in BD-IPMN lacking worrisome features or high-risk
stigmata [28].

5. Diagnosis
5.1. Imaging Modalities

The diagnostic evaluation of IPMN relies on a multimodal strategy that integrates
cross-sectional imaging, endoscopic assessment, and cyst fluid analysis [9,29]. Each mo-
dality contributes complementary information, and together they form the backbone of
contemporary diagnostic algorithms.

Contrast-enhanced multidetector CT with a dedicated pancreatic protocol remains
the most widely used initial imaging modality (Figure 2A,C). CT provides excellent spa-
tial resolution for characterizing cyst morphology, assessing main pancreatic duct (MPD)
diameter, identifying mural nodules, detecting calcifications, and evaluating parenchy-
mal atrophy. It is also indispensable for staging suspected invasive IPMN and for as-
sessing vascular involvement.

Magnetic Resonance Imaging (MRI) with Magnetic Resonance Cholangiopancrea-
tography (MRCP) is generally considered the preferred modality for IPMN characteriza-
tion and long-term surveillance (Figure 2B,D). Its advantages include superior soft-tissue
contrast, absence of ionizing radiation—an essential consideration for lifelong follow-
up—and unparalleled ability to delineate ductal communication, a hallmark feature dis-
tinguishing IPMN from other cystic neoplasms [29]. Min et al. (2021) evaluated the diag-
nostic performance of the 2017 international consensus guidelines utilizing CT and MRI,
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demonstrating that MRI/MRCP outperformed CT in detecting mural nodules and MPD
dilation, two key features associated with malignancy [30].

Figure 2. Representative cross-sectional imaging findings of main-duct and branch-duct intraductal
papillary mucinous neoplasms (IPMNs). (A,B) Contrast-enhanced computed tomography (CT) (A)
and axial T2-weighted magnetic resonance imaging (MRI) (B) from the same patient with main-duct
IPMN (MD-IPMN), demonstrating diffuse dilatation of the main pancreatic duct (indicated by white
arrows). (C,D) Contrast-enhanced CT (C) and axial T2-weighted MRI (D) from a patient with
branch-duct IPMN (BD-IPMN), showing multiple fluid-signal cystic lesions arising from the branch

ducts and communicating with the main pancreatic duct (indicated by white arrows).

Endoscopic Ultrasound (EUS) offers the highest-resolution imaging of pancreatic
cystic lesions and enables fine needle aspiration (FNA) for cyst fluid analysis. It is recom-
mended as a second-line modality when cross-sectional imaging reveals worrisome fea-
tures or when further characterization is required. EUS allows detailed evaluation of mu-
ral nodules—including with contrast-enhanced techniques—cyst wall thickness, and in-
ternal architecture.

More recently, EUS-guided fine-needle biopsy (FNB) and through-the-needle micro-
forceps biopsy have emerged as complementary diagnostic tools [31]. FNB may provide
histological architecture in selected solid components, whereas microforceps biopsy ena-
bles direct sampling of the cyst wall, potentially improving diagnostic accuracy and dys-
plasia grading compared with cytology alone. However, both techniques remain reserved
for selected cases because of procedural complexity and the need for further validation.

5.2. Cyst Fluid Analysis

Endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) allows the acquisi-
tion of cyst fluid for biochemical, cytological, and molecular analyses, providing im-
portant complementary information when imaging findings are inconclusive. Although
no single cyst fluid marker can reliably establish the diagnosis or predict malignant trans-
formation, the combined interpretation of multiple parameters may significantly improve
diagnostic accuracy.

https://doi.org/10.3390/medsci14030405
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Among biochemical markers, carcinoembryonic antigen (CEA) remains the most
widely used indicator of mucinous differentiation. Elevated CEA levels, particularly
above the commonly adopted threshold of 192 ng/mL, support a mucinous origin of the
cyst but do not reliably distinguish IPMNs from mucinous cystic neoplasms (MCNs) nor
benign from malignant mucinous lesions. Consequently, its primary clinical value lies in
confirming the mucinous nature of a pancreatic cyst rather than assessing its malignant
potential.

Amylase concentration provides complementary information regarding communica-
tion with the pancreatic ductal system. High amylase levels generally favor the diagnosis
of IPMN, reflecting direct ductal communication, whereas low levels are more consistent
with non-communicating cystic lesions such as serous cystadenomas. Cytological exami-
nation, although highly specific when atypical or malignant cells are identified, is limited
by the frequently paucicellular nature of pancreatic cyst aspirates, resulting in a sensitivity
of approximately 50%.

More recently, molecular analysis of cyst fluid has emerged as one of the most prom-
ising advances in the diagnostic evaluation of pancreatic cystic lesions. The detection of
characteristic mutations, particularly involving KRAS and GNAS, as well as the applica-
tion of next-generation sequencing (NGS) panels, has improved the ability to characterize
cyst subtype and assess the risk of progression. Integrated molecular pathology (IMP)
models further combine molecular findings with clinical and radiological variables to re-
fine risk stratification. In this context, Simpson et al. demonstrated that simplifying the
IMP algorithm by excluding most clinical variables, with the exception of main pancreatic
duct diameter, improved the discrimination of invasive or malignant disease [32]. In par-
allel, the search for novel biomarkers continues to evolve, with preliminary studies sug-
gesting that cyst fluid proteins such as HMGA2 may help differentiate low-grade from
high-grade dysplasia and thereby enhance preoperative risk assessment [14,32,33].

Overall, molecular profiling is progressively reshaping the diagnostic approach to
IPMNs and may play an increasingly important role in personalized risk stratification as
these technologies become more widely available and clinically validated.

5.3. Endoscopic Findings

Classic endoscopic findings of main-duct and mixed-type IPMN include the “fish-
mouth” or “fish-eye” papilla, characterized by a patulous ampulla of Vater with mucin
extrusion. Although pathognomonic, this sign is infrequently observed.

Endoscopic retrograde cholangiopancreatography (ERCP), once central to diagnosis,
has largely been replaced by MRCP due to its invasiveness and risk profile, though it re-
tains a role in selected therapeutic interventions.

Peroral pancreatoscopy (POP) has emerged as a valuable adjunct for direct visuali-
zation of the pancreatic ductal system. A systematic review and meta-analysis by de Jong
et al. (2022) encompassing 25 studies demonstrated high cannulation and visualization
rates, with consistently strong diagnostic accuracy [34]. Reported visual features include
fish-egg-like lesions, hypervascularity, and granular mucosa. Importantly, POP altered
surgical management in 13-62% of cases. However, its adverse event rate of 12% — pri-
marily post-ERCP pancreatitis—remains a significant limitation [34].

5.4. Predictive Models and Risk Stratification

Recent research has increasingly focused on developing quantitative, imaging-based
predictive models to refine malignancy risk assessment. Park et al. (2024) proposed and
validated a multiparametric imaging model capable of estimating malignancy risk in
IPMN, reflecting the broader shift toward data-driven risk stratification [35]. These mod-
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els aim to transcend the binary “high-risk stigmata” versus “worrisome features” frame-
work of current guidelines. Hasegawa et al. (2024) further advanced this field by integrat-
ing the age-adjusted Charlson comorbidity index with imaging features such as solid com-
ponents, thereby incorporating patient fitness into surgical decision-making [36]. This ap-
proach reflects a growing recognition that optimal management requires balancing onco-
logic risk with individualized assessment of operative suitability.

6. Classification, Macroscopic Characteristics, and Pathological Features
6.1. Anatomical Classification

IPMNs are classified based on the ductal segment involved in Main-duct (MD-
IPMN), Branch-duct (BD-IPMN), and mixed type. Each one of this subtype presents pe-
culiar characteristics and malignant risk (Figure 3).

Type of IPMN Ductal anatomy (schematic) Malignancy risk Predominant subtype
i i) High Intestinal,
© 4 (40-90%) pancreatobiliary
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Figure 3. Anatomical classification of IPMNs and their association with malignant risk and epithe-
lial subtype. Representative schematics of main-duct (MD-IPMN), branch-duct (BD-IPMN), and
mixed-type IPMNs. MD-IPMNs are characterized by dilatation of the main pancreatic duct and
have the highest risk of malignant progression (40-90%), predominantly showing intestinal or pan-
creatobiliary differentiation. BD-IPMNSs arise from cystic branch-duct dilatation and have a lower
risk of malignancy (15-25%), most commonly exhibiting a gastric phenotype. Mixed-type IPMNs
involve both the main duct and branch ducts and display intermediate-to-high malignant potential
with variable histological differentiation. Colors indicate the main pancreatic duct (purple), branch

ducts and cystic lesions (blue), and representative epithelial subtypes.
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This classification, first formalized in the Sendai guidelines (2006) and refined in the
Fukuoka (2012) and revised 2017 guidelines, remains the cornerstone of clinical risk strat-
ification [2,9]. The malignant risk of main-duct and mixed-type IPMN ranges broadly
from approximately 40% to 90%, while the malignancy risk for BD-IPMN is more variable
but considered to be substantially lower [1].

6.2. Histological Subtypes

According to the current WHO classification, IPMNs can be categorized into four
major epithelial subtypes based on their morphological, immunohistochemical, and mo-
lecular characteristics. These subtypes are increasingly recognized as biologically distinct
entities rather than merely descriptive histological variants, as accumulating evidence
suggests that they differ in their molecular pathogenesis, propensity for malignant trans-
formation, and clinical outcomes.

The gastric subtype is the most prevalent form, accounting for approximately 50—
70% of all IPMNs. Histologically, it is characterized by pyloric gland-like epithelium with
strong MUC5AC expression and is most commonly identified in branch-duct lesions. Gas-
tric-type IPMNs typically exhibit low-grade dysplasia and are frequently associated with
KRAS mutations. When invasive transformation occurs, the resulting carcinoma is usually
of the tubular adenocarcinoma type. Overall, this subtype is associated with the lowest
malignant potential and the most favorable prognosis among conventional IPMNs.

In contrast, the intestinal subtype displays a villous architecture resembling that of
colonic adenomas and is characterized by expression of MUC2 and CDX2. It is predomi-
nantly encountered in main-duct IPMNs and commonly harbors both KRAS and GNAS
mutations. A distinctive feature of this subtype is its tendency to progress to colloid car-
cinoma when invasion develops. Because colloid carcinoma generally exhibits a more in-
dolent biological behavior than conventional tubular pancreatic ductal adenocarcinoma,
patients with invasive intestinal-type IPMN often experience more favorable outcomes.

The pancreatobiliary subtype represents the least common but clinically most aggres-
sive conventional IPMN variant. It is characterized by complex branching papillae sup-
ported by delicate fibrovascular cores and typically expresses MUC1. Compared with the
gastric and intestinal subtypes, pancreatobiliary IPMNs are more frequently associated
with high-grade dysplasia and invasive tubular adenocarcinoma, translating into a less
favorable prognosis.

A distinct category is represented by the oncocytic subtype, which was reclassified
in the 2019 WHO classification as intraductal oncocytic papillary neoplasm (IOPN). His-
tologically, IOPN is characterized by elaborate arborizing papillae lined by oncocytic cells
containing abundant eosinophilic, mitochondria-rich cytoplasm. Unlike conventional IP-
MN:s, these neoplasms typically lack the canonical KRAS and GNAS mutations and in-
stead exhibit a unique molecular landscape, supporting their recognition as a separate
pathological entity. Despite their often complex morphology, IOPNs are generally associ-
ated with favorable long-term outcomes.

The clinical relevance of histological subclassification extends beyond pathological
diagnosis. Del Chiaro and Verbeke emphasized that several macroscopic and microscopic
features correlate with the risk of malignancy and should therefore be systematically re-
ported [37]. Furthermore, molecular studies have provided strong evidence that the dif-
ferent epithelial subtypes arise through distinct developmental pathways, reinforcing the
concept that they represent separate biological entities rather than stages of a single dis-
ease spectrum [21]. Consistent with this view, Chang et al. demonstrated significant asso-
ciations between KRAS mutational status, histological subtype, and clinicopathological
characteristics, further highlighting the interplay between morphology and molecular
evolution in IPMN progression [18].
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6.3. Macroscopic Features

Macroscopically, IPMNs are characterized by intraductal epithelial proliferations
that produce varying degrees of cystic dilation of the pancreatic ductal system. The gross
appearance of these lesions largely reflects their anatomical distribution and biological
behavior, providing important clues for diagnosis and risk stratification.

One of the most distinctive findings is the extrusion of mucin through the ampulla of
Vater, resulting in the characteristic “fish-eye” or “fish-mouth” appearance. Although
considered highly specific for IPMN, this finding is encountered in only a minority of pa-
tients. More commonly, the macroscopic appearance is determined by the pattern of duc-
tal involvement. Branch-duct IPMNs typically present as unilocular or multilocular cystic
lesions with a grape-like configuration, whereas main-duct IPMNs are characterized by
diffuse or segmental dilation of the main pancreatic duct. Lesion size also carries im-
portant clinical implications, as cysts measuring 3 cm or larger are considered a worrisome
feature in current management guidelines.

Particular attention should be paid to the presence of mural nodules, which represent
one of the strongest macroscopic predictors of advanced neoplasia and invasive disease.
The risk is especially increased when these nodules demonstrate contrast enhancement
and measure at least 5 mm in diameter. Accurate differentiation between true mural nod-
ules and intraluminal mucin aggregates, commonly referred to as mucin balls, is therefore
essential during radiological and endoscopic evaluation, as the latter lack vascularization
and do not carry the same prognostic significance.

The cystic spaces are typically filled with thick, viscous mucin, reflecting the secre-
tory activity of the neoplastic epithelium. This feature may also be appreciated during
EUS-guided aspiration, where the presence of highly viscous fluid producing a positive
“string sign” supports the diagnosis of a mucinous cystic lesion. Another key morpholog-
ical parameter is the diameter of the main pancreatic duct. Current guidelines recognize
a ductal diameter of 5 mm or greater as a worrisome feature, whereas dilation of 10 mm
or more constitutes a high-risk stigma strongly associated with malignancy in main-duct
and mixed-type IPMNs.

Finally, chronic ductal obstruction may induce secondary changes in the surround-
ing pancreatic parenchyma. Upstream glandular atrophy is frequently observed in
longstanding disease and reflects the progressive impact of ductal dilation and impaired
pancreatic drainage on the adjacent exocrine tissue. Together, these macroscopic features
not only facilitate diagnosis but also provide important prognostic information that con-
tributes to clinical decision-making and surgical risk assessment.

6.4. Differential Diagnosis

The differential diagnosis of IPMN encompasses several pancreatic cystic and solid
lesions (Table 1). Chelliah et al. (2016) provided a systematic overview of intraductal tu-
bulopapillary neoplasms, highlighting the diagnostic confusion that can arise between
these rare entities and conventional IPMNs and emphasizing the importance of precise
categorization for prognostication [4]. The distinction between IPMN and MCN has been
particularly refined by the recognition that ductal communication (demonstrated by
MRCP) is the single most reliable discriminator between these two entities [9].
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Table 1. Pancreatic diseases that should be considered in differential diagnosis with IPMN.

Entity Key Distinguishing Features

Ovarian-type stroma (pathognomonic); no ductal commu-
Mucinous cystic neoplasm nication; almost exclusively in women (>95%); body/tail lo-
(MCN) cation; typically unilocular or oligolocular; does not com-
municate with the MPD on MRCP
Non-mucinous; microcystic (“honeycomb”) pattern with
Serous cystadenoma (SCN) central stellate scar; VHL gene-driven; benign; low CEA in
cyst fluid; predominantly in women

Pancreatic pseudocvst History of pancreatitis or trauma; no epithelial lining; in-
P y flammatory fibrous wall; elevated amylase; low CEA

Tubular (rather than papillary) architecture; rare; may lack
GNAS mutations; tends to have dense cellular prolifera-
tion without mucin overproduction

Intraductal tubulopapillary
neoplasm (ITPN)

Solid pseudopapillary neo- Young women; solid and cystic with hemorrhagic degen-
plasm (SPN) eration; (3-catenin mutations; low malignant potential

Microscopic (<5 mm); flat or papillary; shares KRAS but
typically lacks GNAS; cannot be detected by imaging
PDAC with cystic degenera- Solid mass with secondary cystic change; aggressive fea-

tion tures; heterogeneous enhancement

PanIN

. . Enhancing rim; chromogranin/synaptophysin positive;
Cystic neuroendocrine tumor & . g /.y Propaysiitp
characteristic imaging features

7. Surveillance and Follow-Up
7.1. Guideline-Based Risk Stratification

In the absence of definitive indications for surgery, the management of IPMNs relies
on risk stratification strategies aimed at identifying lesions with a higher likelihood of
harboring high-grade dysplasia or invasive carcinoma while minimizing unnecessary
pancreatic resections. Among the available frameworks, the 2017 revised International
Association of Pancreatology (IAP) guidelines remain the most widely adopted and clas-
sify IPMNs according to the presence of either high-risk stigmata or worrisome features,
each associated with distinct management recommendations.

High-risk stigmata identify patients who should generally be considered for surgical
resection if medically fit. These include obstructive jaundice associated with a cystic lesion
in the pancreatic head, the presence of an enhancing mural nodule measuring at least 5
mm, marked dilation of the main pancreatic duct (210 mm), and cytological evidence of
malignancy or high-grade dysplasia. The presence of any of these findings is strongly as-
sociated with advanced neoplasia and substantially increases the probability of invasive
disease.

In contrast, worrisome features indicate an intermediate level of risk and warrant
further evaluation, most commonly by endoscopic ultrasound. These features include cyst
diameter of at least 3 cm, small enhancing mural nodules (<5 mm), thickened or enhancing
cyst walls, main pancreatic duct dilation between 5 and 9 mm, abrupt changes in duct
caliber associated with distal pancreatic atrophy, regional lymphadenopathy, elevated se-
rum CA 19-9 levels, rapid cyst growth, and the development of new-onset or worsening
diabetes mellitus. Although individually less predictive than high-risk stigmata, these
findings may identify lesions requiring closer surveillance or more detailed diagnostic
assessment.

The clinical performance of this risk-based approach has been evaluated in several
studies. Watanabe et al. demonstrated that the 2017 IAP guidelines provide reasonable
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sensitivity for the detection of malignant IPMNs; however, their specificity remains
suboptimal, as a considerable proportion of surgically resected lesions ultimately prove
to harbor only low-grade dysplasia [27]. This observation highlights one of the central
challenges in contemporary IPMN management: achieving an appropriate balance be-
tween early identification of malignant transformation and avoidance of unnecessary pan-
creatic surgery, which continues to carry substantial morbidity despite advances in surgi-
cal techniques and perioperative care.

7.2. Surveillance Protocols: Controversies and Discrepancies

Despite broad agreement regarding the major risk factors for malignancy, substantial
differences remain among international surveillance guidelines, reflecting the persistent
uncertainty surrounding the natural history of IPMNs and the limited availability of high-
quality prospective evidence. Consequently, surveillance recommendations vary consid-
erably with respect to imaging intervals, duration of follow-up, and criteria for discontin-
uing monitoring.

The revised IAP/Fukuoka guidelines, originally introduced in 2012 and updated in
2017, advocate for continued surveillance for all branch-duct IPMNs lacking high-risk
stigmata or worrisome features. Surveillance intervals are tailored according to cyst char-
acteristics and generally range from 6 to 24 months, with long-term or lifelong follow-up
frequently recommended. In contrast, the 2015 American Gastroenterological Association
(AGA) guidelines proposed a more conservative strategy, suggesting that surveillance
may be discontinued after five years of stability in the absence of concerning findings. This
recommendation generated substantial debate, as subsequent studies documented the oc-
currence of malignant transformation beyond the five-year surveillance window. The
2018 European evidence-based guidelines adopted a more intermediate position, support-
ing continued monitoring while allowing longer surveillance intervals for selected low-
risk lesions that remain stable over time. More recently, the 2024 Kyoto guidelines have
incorporated emerging evidence and further refined risk stratification criteria, reflecting
the ongoing evolution of the field [7,11,38].

Notwithstanding these differences, a common limitation of all currently available
recommendations is that they remain largely consensus-driven. As highlighted by Levink
et al., many surveillance strategies are based on expert opinion rather than robust pro-
spective data, underscoring the need for more reliable predictors of malignant progres-
sion [7]. Furthermore, a significant proportion of IPMNs resected according to guideline-
based criteria are ultimately found to harbor only low-grade dysplasia on final pathology.
This observation challenges the assumption that current algorithms can accurately distin-
guish high-risk from low-risk disease and highlights the persistent risk of overtreatment.
In this context, Mayhew et al. emphasized the importance of moving toward more indi-
vidualized surveillance strategies that integrate not only cyst-related features but also pa-
tient-specific factors such as age, comorbidities, life expectancy, and operative risk [11].
Such an approach may ultimately provide a more balanced framework for decision-mak-
ing than the exclusive reliance on morphological criteria.

An important area of ongoing debate concerns the duration of surveillance for small,
stable BD-IPMNs. While the 2015 AGA guidelines proposed discontinuing surveillance
after 5 years of stability, this recommendation has remained controversial because subse-
quent studies documented malignant progression beyond this time point. More recently,
however, large international cohort studies have suggested that surveillance discontinu-
ation may be reasonable in carefully selected patients. In particular, Marchegiani et al.
demonstrated that in patients with presumed BD-IPMNs lacking worrisome features or
high-risk stigmata, the risk of developing pancreatic cancer after 5 years of radiological
stability becomes comparable to that of the age-matched general population when cyst
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size remains small and patient age is advanced [38]. Consistent with these findings, the
2024 Kyoto guidelines endorse a more individualized approach, allowing consideration
of surveillance discontinuation in selected low-risk patients after prolonged stability,
while emphasizing that this decision should account for cyst characteristics, life expec-
tancy, comorbidities, and patient preferences [39].

7.3. Recommended Surveillance Protocol

From a practical perspective, effective surveillance should extend beyond the simple
application of guideline thresholds and focus on the longitudinal assessment of disease
behavior. Follow-up imaging should systematically evaluate cyst size, number, and ana-
tomical distribution, together with the diameter of the main pancreatic duct, the presence
of mural nodules or solid components, and associated parenchymal abnormalities such as
pancreatic atrophy (Figure 4).

Pancreatic cyst
detected on imaging

IPMN
features
confirmed?

Consider other
cystic lesions

High-risk
stigmata?

EUS + FNA for
further evaluation

Worrisome
features?

Yes

Surgery
recommended

Definitive
high-risk
features?

MRI/MRCP every MRI/MRCP every EUS alternating with
12-24 months 6-12 months MRI every 6 months

Close surveillance
every 6 months

Figure 4. Simplified risk-stratified management algorithm for IPMNs. Schematic overview of the
diagnostic work-up and surveillance strategy for patients with pancreatic cystic lesions suspected
to be IPMNss. Clinical management is guided by the presence of high-risk stigmata, worrisome fea-
tures, and cyst size. EUS-FNA is recommended for further evaluation of lesions with concerning
features, whereas surveillance intervals are tailored according to cyst dimensions in low-risk le-
sions. Surgical resection is reserved for patients with definitive high-risk features suggestive of ad-

vanced neoplasia or invasive carcinoma.

Equally important is the comparison with previous examinations, as temporal evo-
lution often provides more clinically meaningful information than a single cross-sectional
assessment. Progressive cyst enlargement, the appearance of new mural nodules, or in-
creasing main pancreatic duct dilation may indicate biological progression and warrant
closer monitoring or additional diagnostic evaluation. Conversely, prolonged stability
generally supports a more conservative management strategy.
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This dynamic approach reflects the current understanding that IPMNs represent a
heterogeneous group of lesions with variable biological potential. Accordingly, surveil-
lance should aim not only to identify established high-risk features but also to detect sub-
tle changes over time that may signal the transition from indolent disease to clinically
significant neoplasia.

7.4. Duration of Surveillance and the “Field Defect” Paradigm

The duration of surveillance remains one of the most debated and conceptually chal-
lenging aspects of IPMN management. Central to this debate is the recognition of IPMN
as a “field defect” —a biological state in which the entire pancreas exhibits a predisposition
to neoplastic transformation. This paradigm implies that new IPMNs may arise in previ-
ously unaffected regions of the gland and that pancreatic ductal adenocarcinoma (PDAC)
may develop in the remnant pancreas even after complete resection of the index lesion [2].
This biological reality strongly supports the rationale for lifelong surveillance.

However, the benefits of indefinite monitoring must be balanced against cumulative
costs, patient anxiety, and diminishing clinical returns in elderly or comorbid individuals.
The challenge lies in determining when continued surveillance meaningfully contributes
to patient outcomes and when it becomes disproportionately burdensome. Sekine et al.
(2024) addressed this dilemma through a large multicenter study involving 1864 patients
with IPMN, applying competing risk analysis to differentiate predictors of comorbidity-
related mortality from those associated with pancreatic cancer-related mortality [40].
Their findings underscore a critical principle: surveillance and treatment decisions should
be individualized, taking into account not only the biological behavior of the lesion but
also the patients overall health status, comorbidities, and life expectancy. This patient-
centered approach marks a shift away from rigid, guideline-driven algorithms toward a
more nuanced framework that integrates oncologic risk with personalized assessment of
benefit. As the field evolves, refining surveillance duration will require prospective data
that better capture long-term outcomes across diverse patient populations.

8. Long-Term Complications
8.1. Malignant Transformation

The most clinically significant long-term complication of IPMN is progression to in-
vasive carcinoma. However, the risk of malignant transformation is highly heterogeneous
and largely depends on the pattern of ductal involvement. Main-duct IPMNs carry the
highest risk, with reported malignancy rates ranging from 40% to 90% in surgical series.
These estimates should be interpreted with caution, as they are derived predominantly
from resected cohorts and are therefore influenced by selection bias toward higher-risk
lesions. In contrast, branch-duct IPMNs generally exhibit a substantially lower risk of ma-
lignant progression, estimated at approximately 15-25%. Mixed-type IPMNs occupy an
intermediate-to-high-risk position and are generally considered biologically similar to
main-duct lesions with regard to their malignant potential [1,11,25].

Although the association between IPMN and invasive carcinoma is well established,
the natural history of malignant transformation remains incompletely understood. In par-
ticular, the timing of progression and the factors determining why some lesions remain
indolent for decades whereas others rapidly evolve toward invasive cancer continue to
represent major unresolved questions. As highlighted by Ma et al., the biological mecha-
nisms governing the transition from non-invasive neoplasia to invasive carcinoma remain
only partially elucidated, constituting one of the most important knowledge gaps in the
field [29].
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Molecular studies have identified a series of genetic alterations associated with ad-
vanced neoplastic progression, including TP53 and SMAD4 inactivation, which are typi-
cally regarded as late events in the adenoma—carcinoma sequence of IPMN evolution
[10,17]. Nevertheless, despite substantial advances in understanding the molecular land-
scape of these lesions, these discoveries have not yet translated into clinically validated
predictive models capable of accurately identifying which patients will ultimately de-
velop invasive disease. Consequently, the prevention of malignant transformation re-
mains heavily reliant on imaging-based surveillance and risk stratification strategies ra-
ther than on molecularly guided decision-making.

A recent large multicenter study involving 3844 BD-IPMN patients demonstrated
that the risk of developing pancreatic malignancy without worrisome features or high risk
stigmata after 5 years of surveillance is comparable to that of the general population de-
pending on cyst size and patient age. In those patients, surveillance discontinuation could
be justified after 5 years of stability in patients older than 75 years with cysts <30 mm, and
in patients 65 years or older who have cysts <15 mm [38].

8.2. Recurrence After Resection

Although surgical resection represents the definitive treatment for selected IPMNs,
it does not eliminate the risk of subsequent neoplastic progression within the remnant
pancreas. Recurrence therefore remains a major long-term concern and provides further
support for the concept of IPMN as a manifestation of a diffuse pancreatic field defect
rather than a purely localized lesion.

Evidence from large multicenter cohorts has demonstrated that clinically relevant re-
currences may occur many years after apparently curative surgery. In a study including
1074 patients who underwent resection for IPMN, Hirono et al. reported an overall recur-
rence rate of 14.4%, with more than one-third of high-risk lesions arising in the remnant
pancreas being diagnosed beyond five years after surgery [41]. These findings challenge
the notion that postoperative risk substantially declines over time and provide a strong
rationale for prolonged, and often lifelong, surveillance following resection.

Importantly, the same study showed that patients undergoing repeat surgery for
metachronous high-risk lesions achieved significantly better survival than those who were
managed non-operatively, highlighting the potential clinical benefit of early detection
through structured postoperative follow-up (p = 0.04) [41]. Several factors were inde-
pendently associated with the development of metachronous high-risk lesions, including
symptomatic presentation at diagnosis, body or tail location of the primary lesion, marked
main pancreatic duct dilation (210 mm), and the presence of high-grade dysplasia or in-
vasive carcinoma in the resected specimen.

The clinical relevance of early intervention was further supported by Djoumi et al.,
who reported comparable long-term survival in patients undergoing pre-emptive resec-
tion of non-invasive IPMNs and those treated for early-stage invasive disease [42]. These
findings suggest that timely identification and treatment of high-risk lesions may mitigate
the adverse prognostic impact of malignant transformation.

Recent molecular studies have provided additional insight into the biological basis
of postoperative recurrence. Pfliiger et al. demonstrated that recurrent lesions may origi-
nate from clonally distinct cellular populations rather than from residual disease left be-
hind at surgery [23]. This observation reinforces the field-defect hypothesis supporting
the concept discussed above that postoperative lesions may arise independently rather
than from residual disease. Consequently, postoperative surveillance should not be con-
sidered merely a strategy for detecting local relapse but rather an essential component of
long-term disease management aimed at identifying newly emerging high-risk lesions.
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Invasive IPMN exhibits relapse patterns that differ from those of conventional PDAC.
Capretti et al. (2022) showed that invasive IPMN tends to relapse later and more fre-
quently in the lungs, suggesting a biologically distinct metastatic behavior [43]. These
findings support the concept that IPMN-derived carcinomas represent a biologically
unique entity, with implications for postoperative surveillance strategies and potentially
for systemic therapy selection.

8.3. Peritoneal Metastases

Peritoneal metastasis is a rare but recognized complication following resection of ma-
lignant IPMN. Snow et al. (2023) reviewed institutional and published data, noting that
although uncommon, peritoneal metastases carry a poor prognosis, and their true preva-
lence and risk factors remain poorly defined due to limited case numbers [44]. Mechanis-
tically, peritoneal dissemination is thought to result from mucin spillage into the perito-
neal cavity, either through spontaneous rupture of a main-duct IPMN or intraoperative
leakage.

8.4. Pancreatic Exocrine and Endocrine Insufficiency

Beyond the risk of malignant transformation, IPMNs may lead to significant long-
term functional impairment of the pancreas. Longstanding ductal obstruction is primarily
observed in MD-IPMN and mixed-type IPMN, where diffuse involvement of the main
pancreatic duct may lead to progressive pancreatic atrophy, exocrine insufficiency, and
pancreatogenic diabetes. Progressive ductal obstruction caused by mucin accumulation
and ductal dilation can induce chronic injury to the surrounding parenchyma, ultimately
resulting in both exocrine and endocrine insufficiency. These complications may arise as
a direct consequence of the disease itself or be exacerbated by surgical treatment.

Exocrine pancreatic insufficiency develops as a result of progressive loss of acinar
tissue and impaired pancreatic secretion. Clinically, affected patients may present with
maldigestion, steatorrhea, weight loss, and deficiencies of fat-soluble vitamins, including
vitamins A, D, E, and K. If left untreated, these alterations can contribute to progressive
malnutrition and reduced quality of life. Consequently, pancreatic enzyme replacement
therapy (PERT) often represents a key component of long-term management, particularly
in patients with extensive ductal involvement or after pancreatic resection [2].

Endocrine dysfunction may also occur due to the gradual destruction of islet-rich
pancreatic tissue. This can manifest as new-onset diabetes mellitus or worsening glycemic
control in patients with pre-existing diabetes, a condition often classified as pancreato-
genic (type 3c) diabetes [10]. In addition to disease-related parenchymal loss, endocrine
insufficiency may be precipitated or aggravated by pancreatic surgery, especially follow-
ing extensive resections such as pancreatoduodenectomy or total pancreatectomy.

Surgical treatment itself represents an additional source of long-term morbidity.
While resection remains the cornerstone of management for high-risk lesions, postopera-
tive complications including pancreatic fistula, anastomotic dysfunction, and the meta-
bolic consequences of reduced pancreatic reserve may significantly affect long-term out-
comes. Taken together, these considerations highlight that the burden of IPMN extends
beyond oncological risk alone and includes substantial functional consequences that
should be incorporated into both surveillance strategies and therapeutic decision-making.

9. Clinical Syndromes, Associated Conditions, and
Management Challenges

9.1. Associated Conditions and Risk Modifiers

9.1.1. Extrapancreatic Malignancies
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An intriguing and still debated aspect of IPMN biology is its reported association
with an increased incidence of extrapancreatic malignancies. Several observational stud-
ies have suggested that patients with IPMN may be at higher risk of developing second
primary cancers, raising the possibility that IPMN represents not only a localized pancre-
atic neoplasm but also a marker of broader cancer susceptibility. Supporting this hypoth-
esis, Huang et al. identified an increased incidence of malignancies involving the colorec-
tum, stomach, kidney, and thyroid among patients with malignant IPMN in a population-
based SEER analysis [26].

The mechanisms underlying this association remain incompletely understood. Sev-
eral explanations have been proposed, including shared genetic susceptibility factors,
such as defects in DNA repair pathways or germline mutations involving BRCA2 and
related genes, as well as surveillance bias resulting from the intensive imaging follow-up
commonly performed in these patients. Another possibility is that IPMN may represent
one manifestation of a broader cancer-prone phenotype driven by molecular alterations
that extend beyond the pancreas. Although definitive evidence remains lacking, clarifica-
tion of this relationship could have important clinical implications, potentially supporting
more individualized cancer screening strategies in selected high-risk patients.

9.1.2. Chronic Pancreatitis

The chronic obstruction of the pancreatic ductal system caused by mucin-producing
neoplastic epithelium may result in recurrent episodes of acute pancreatitis, which over
time can evolve into chronic pancreatitis. This progression contributes to a spectrum of
complications including chronic abdominal pain, exocrine pancreatic insufficiency, endo-
crine dysfunction, and impaired quality of life. From a diagnostic perspective, the coex-
istence of chronic pancreatitis and IPMN presents additional challenges, as inflammatory
changes may obscure mural nodules, alter ductal morphology, and reduce the accuracy
of radiological surveillance. Consequently, distinguishing disease progression from in-
flammation-related abnormalities often requires a multimodal approach incorporating
imaging, endoscopy, and longitudinal follow-up.

9.1.3. Familial Pancreatic Cancer Syndromes

Accumulating evidence suggests that IPMN may occur more frequently in individu-
als with hereditary predisposition to pancreatic cancer. Associations have been reported
with familial pancreatic cancer kindreds as well as several well-characterized hereditary
cancer syndromes, including those related to BRCA2, PALB2, CDKN2A, STK11 (Peutz—-
Jeghers syndrome), and mismatch repair gene mutations associated with Lynch syn-
drome. These observations support the concept that inherited susceptibility may contrib-
ute not only to pancreatic ductal adenocarcinoma but also to the development of precur-
sor lesions such as IPMN.

The biological relevance of genetic predisposition is further highlighted by the re-
ported association between McCune-Albright syndrome and IPMN-associated pancreatic
cancer, a relationship thought to be mediated by germline GNAS mosaicism [15]. In clin-
ical practice, the presence of a strong family history of pancreatic cancer or a known he-
reditary cancer syndrome may justify more intensive surveillance strategies and a lower
threshold for further diagnostic evaluation or surgical intervention.

9.1.4. Metabolic and Vascular Associations

Emerging evidence has suggested possible links between IPMN and metabolic con-
ditions such as obesity, metabolic syndrome, and type 2 diabetes mellitus. However, the
interpretation of these associations remains challenging because these conditions are
highly prevalent in the same aging population in which IPMNs are commonly diagnosed.
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It therefore remains unclear whether these relationships reflect causal biological mecha-
nisms, including chronic hyperinsulinemia and growth factor-mediated stimulation of
ductal epithelium, or simply the coexistence of shared epidemiological risk factors.

At present, available data are insufficient to establish metabolic factors as independ-
ent predictors of IPMN progression or malignant transformation. Dedicated prospective
studies are needed before these associations can be incorporated into risk stratification
models or surveillance algorithms.

9.2. Challenges and Burden of Management
9.2.1. Surgical Morbidity and Mortality

Although surgical resection remains the cornerstone of treatment for high-risk IP-
MNs, pancreatic surgery continues to carry substantial perioperative and long-term mor-
bidity. Procedures such as pancreatoduodenectomy, distal pancreatectomy, and total pan-
createctomy are associated with significant complication rates, including pancreatic fis-
tula, delayed gastric emptying, postoperative hemorrhage, biliary complications, and in-
tra-abdominal infections. In a 13-year single-center experience, Marsoner et al. confirmed
the considerable morbidity associated with IPMN resection, particularly among patients
with invasive disease [45].

While perioperative mortality has progressively declined and now approaches 1-3%
in experienced high-volume centers, the risks associated with surgery remain clinically
relevant, especially when balanced against the often indolent natural history of low-risk
branch-duct IPMNs [8]. These considerations underscore the importance of accurate pre-
operative risk stratification. Recent approaches have increasingly incorporated patient-
related factors into surgical decision-making. For example, Hasegawa et al. proposed cri-
teria integrating the age-adjusted Charlson Comorbidity Index with radiological features
such as solid components, aiming to identify patients for whom operative risks may out-
weigh potential oncological benefits [36]. Similarly, the Kyoto 2024 guidelines emphasize
the importance of patient fitness, frailty, and life expectancy when considering surgical
intervention [39].

9.2.2. Surveillance-Related Burden

The benefits of long-term surveillance must be weighed against its economic and
psychological consequences. Repeated MRI/MRCP examinations, endoscopic ultrasound
procedures, specialist consultations, and prolonged follow-up generate substantial
healthcare costs, particularly given the often lifelong nature of surveillance programs. Ar-
onsson et al. demonstrated that surveillance is generally more cost-effective than imme-
diate surgery for low-risk branch-duct IPMNS, although cumulative expenditures remain
considerable over time [46].

Beyond financial considerations, surveillance may impose a significant psychological
burden on patients. The awareness of harboring a potentially premalignant lesion, com-
bined with the uncertainty associated with repeated imaging assessments, may generate
chronic anxiety and reduced quality of life. This phenomenon has occasionally been de-
scribed as the “Damocles syndrome,” reflecting the persistent perception of an impending
health threat. Although relatively understudied, these psychological aspects deserve
greater attention when designing patient-centered surveillance strategies.

9.2.3. Competing Causes of Mortality

One of the most important contemporary challenges in IPMN management is the
recognition that the risk of pancreatic cancer must be interpreted within the broader con-
text of patient health status. Many individuals diagnosed with IPMN are elderly and fre-
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quently have multiple comorbid conditions that substantially influence long-term sur-
vival. Consequently, the probability of death from cardiovascular disease, other malig-
nancies, or age-related illnesses may exceed the risk of progression to pancreatic cancer,
particularly in patients with low-risk branch-duct lesions.

This concept has important implications for both surveillance and surgical decision-
making. Using competing-risk analysis in a large multicenter cohort, Sekine et al. identi-
fied distinct predictors of pancreatic cancer-related and comorbidity-related mortality,
demonstrating that these outcomes cannot be considered independently when designing
follow-up strategies [40]. Their findings support a more individualized approach in which
age, frailty, life expectancy, and comorbidity burden are integrated alongside traditional
radiological risk factors. For an elderly patient with a small, stable branch-duct IPMN and
significant medical comorbidities, the likelihood of dying from unrelated causes may
greatly exceed the probability of IPMN-related mortality. In such circumstances, the ben-
efits of intensive surveillance or prophylactic surgery become increasingly uncertain and
should be carefully balanced against their potential risks and burdens.

Taken together, these observations highlight the need to move beyond a purely lesion-
centered approach toward a more comprehensive model of IPMN management that inte-
grates biological risk, patient characteristics, quality of life, and competing health priorities.

10. Therapeutic Approach: Current Practice and Future Perspectives
10.1. Surgical Resection: Indications and Techniques

Surgical resection remains the only potentially curative treatment for IPMNs harbor-
ing high-grade dysplasia or invasive carcinoma. Current recommendations are largely
based on the anatomical classification (i.e., MD- vs. BD-IPMN), and presence of high-risk
stigmata or worrisome features associated with concerning endoscopic findings, as de-
fined by the revised 2017 International Association of Pancreatology (IAP) guidelines and
further refined in the 2024 Kyoto consensus [1,39]. The extent of resection is determined
by the anatomical distribution of disease, ranging from segmental pancreatectomy to
more extensive procedures in patients with diffuse ductal involvement (Table 2).

Table 2. Surgical approach according to different clinical presentation of IPMN.

Clinical Scenario Recommended Procedure
IPMN of the pancreatic head with high-risk Pancreatoduodenectomy (Whipple proce-
features dure)
IPMN of the body/tail with high-risk features Distal pancreatectomy + splenectomy
Diffuse main-duct involvement Total pancreatectomy (selected cases)
Multifocal BD-IPMN without high-risk fea-

Surveillance preferred over surgery
tures

Individualized decision balancing onco-

Borderline surgical candidates ) . ..
logical risk vs. operative risk

Standard oncological resections remain the preferred approach for patients with MD-
IPMN, mixed-type IPMN, or lesions harboring high-grade dysplasia or invasive carcinoma,
as they ensure adequate lymphadenectomy and oncological clearance. Conversely, paren-
chyma-sparing procedures—including central pancreatectomy and enucleation—may be
considered in carefully selected patients with low-risk, non-invasive lesions located in fa-
vorable anatomical positions, particularly younger individuals in whom preservation of en-
docrine and exocrine function is a priority [47]. Total pancreatectomy should be reserved
for diffuse main-duct involvement, multifocal disease not amenable to segmental resection,

https://doi.org/10.3390/medsci14030405



Med. Sci. 2026, 14, 405

22 of 29

or persistent high-grade dysplasia at the resection margin, balancing oncological benefit
against the substantial metabolic consequences of complete pancreatic removal.

A fundamental objective of surgery is the achievement of oncologically adequate re-
section while preserving as much functional pancreatic parenchyma as possible. For this
reason, intraoperative frozen-section analysis of the pancreatic margin is routinely recom-
mended. The identification of high-grade dysplasia or invasive carcinoma at the transec-
tion margin generally warrants additional resection, whereas low-grade dysplastic
changes may not justify further sacrifice of pancreatic tissue.

Although current guidelines provide a practical framework for surgical decision-
making, their performance remains imperfect. Watanabe et al. demonstrated that the re-
vised 2017 criteria achieve acceptable sensitivity for detecting malignant lesions but re-
main limited by suboptimal specificity, resulting in a substantial proportion of resections
for lesions ultimately found to harbor only low-grade dysplasia [27]. This limitation high-
lights one of the central dilemmas in IPMN management: balancing the prevention of in-
vasive cancer against the morbidity associated with pancreatic surgery.

The potential benefit of timely intervention was illustrated by Djoumi et al., who re-
ported comparable long-term survival among patients undergoing pre-emptive resection
of non-invasive IPMN and those treated for early-stage invasive disease [42]. These find-
ings support the concept that the ideal therapeutic window lies before invasive transfor-
mation occurs. At the same time, growing evidence suggests that the traditional binary
distinction between surgical and non-surgical management may be overly simplistic.
Fong et al. advocated for a more nuanced approach that incorporates biological risk, pa-
tient comorbidities, life expectancy, and individual preferences, thereby moving toward
a more personalized therapeutic strategy [8].

10.2. Postoperative Surveillance

The rationale for postoperative surveillance stems directly from the recognition of
IPMN as a diffuse pancreatic field defect rather than a purely localized neoplasm. Conse-
quently, resection of the index lesion does not eliminate the risk of subsequent neoplastic
progression within the remnant pancreas.

As discussed previously, Hirono et al. reported an overall recurrence rate of 14.4% in
a multicenter cohort of 1074 surgically treated patients, with more than one-third of met-
achronous high-risk lesions occurring beyond five years after surgery [41]. Importantly,
patients who underwent repeat surgery for newly detected high-risk lesions experienced
significantly improved survival, emphasizing the clinical value of continued surveillance.

Current surveillance protocols generally recommend cross-sectional imaging every six
months during the first postoperative year, followed by annual MRI/MRCP examinations
thereafter. In selected patients with resected non-invasive IPMN and prolonged radiological
stability, surveillance intervals may be extended. Nevertheless, both the IAP and Kyoto rec-
ommendations support lifelong follow-up, reflecting the absence of a clearly defined time
point at which the risk of new pancreatic neoplasia can be considered negligible.

Patients with resected invasive IPMN require more intensive monitoring. In addition
to imaging of the remnant pancreas, surveillance should include serum CA 19-9 assess-
ment and careful evaluation for distant recurrence. Particular attention should be paid to
the lungs, which have been identified as a relatively frequent site of metastatic relapse in
several surgical series, including the study by Capretti et al. [43].

10.3. Emerging Diagnostic and Therapeutic Technologies

Molecular Biomarkers and Liquid Biopsy
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One of the most rapidly evolving areas of IPMN research is the development of mo-
lecular tools capable of improving risk stratification beyond conventional imaging crite-
ria. The ultimate goal is to identify biomarkers that can reliably distinguish indolent le-
sions from those destined to progress toward invasive carcinoma.

Several complementary approaches are currently under investigation. Analysis of
pancreatic juice using next-generation sequencing has shown particular promise, as the
detection of TP53 mutations may provide a non-surgical method for identifying advanced
neoplastic progression [17]. Moreover, distinct mutational signatures identified in pa-
tients with IPMN-associated PDAC suggest that pancreatic juice profiling may eventually
facilitate earlier detection of concomitant pancreatic cancer [19].

Liquid biopsy represents another attractive strategy. Nitschke et al. demonstrated
that canonical IPMN-associated mutations, including KRAS and GNAS, can be detected
in circulating cell-free DNA and circulating epithelial cells. Notably, differences in GNAS
mutation profiles between resected and surveilled patients suggest a potential role for
blood-based biomarkers in future risk stratification algorithms [14].

Molecular characterization of cyst fluid continues to advance in parallel. Integrated
molecular pathology (IMP) models combine clinical information with genomic analysis of
cyst fluid DNA, aiming to improve prediction of malignant transformation. Simpson et
al. reported that a simplified IMP model incorporating only main pancreatic duct diame-
ter as a clinical variable achieved improved discrimination of invasive disease [32]. Addi-
tional biomarkers, including HMGAZ2 protein expression, have shown preliminary prom-
ise for differentiating low-grade from high-grade dysplasia [33].

Alongside molecular diagnostics, quantitative imaging approaches are gaining in-
creasing attention. Multiparametric prediction models, such as those developed by Park
et al., integrate multiple radiological features to estimate malignancy risk and may repre-
sent an important step toward data-driven, individualized decision-making [35].

Pancreatoscopy

Peroral pancreatoscopy (POP) has emerged as a valuable adjunctive technique for
the evaluation of selected IPMNs, particularly those involving the main pancreatic duct.
Direct visualization of the ductal epithelium enables more accurate characterization of in-
traductal lesions, facilitates targeted tissue sampling, and may improve preoperative as-
sessment of disease extent.

Recent technological advances, including improved single-operator platforms and
the potential integration of confocal laser endomicroscopy, have further expanded the di-
agnostic capabilities of pancreatoscopy. Although its precise role remains to be defined,
POP may become increasingly important in situations where conventional imaging and
EUS provide inconclusive results [34].

10.4. Chemoprevention

The concept of chemoprevention in IPMN remains largely theoretical, but growing
interest has focused on the possibility of modifying disease progression through pharma-
cological intervention. To date, however, no agent has demonstrated sufficient evidence
to support routine clinical use.

Among the available data, Takasaki et al. reported that low-dose aspirin was not as-
sociated with a significant reduction in pancreatic cancer incidence among patients with
IPMN. Nevertheless, aspirin users exhibited a lower frequency of progressive main pan-
creatic duct dilation, raising the possibility that anti-inflammatory therapies may influ-
ence disease evolution even in the absence of a measurable effect on cancer incidence [48].
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Other agents, including metformin, statins, and non-steroidal anti-inflammatory
drugs, have also been proposed as potential chemopreventive strategies based on epide-
miological and mechanistic observations. However, none have yet been validated in pro-
spective studies specifically designed for IPMN populations. Consequently, chemopre-
vention should currently be regarded as an important area of future investigation rather
than an established component of clinical management.

10.5. Future Perspectives

The future of IPMN management is likely to be defined by the convergence of ad-
vances in molecular diagnostics, quantitative imaging, therapeutic innovation, and pa-
tient-centered decision-making (Figure 5). Collectively, these developments are driving a
transition from the current morphology-based paradigm toward a more personalized and
biologically informed approach to risk assessment and treatment.

One of the most important anticipated advances is the integration of molecular infor-
mation into routine clinical decision-making. Although current management algorithms
rely predominantly on radiological features such as cyst size, mural nodules, and main
pancreatic duct dilation, growing evidence indicates that genomic, transcriptomic, and
proteomic profiling may provide a more accurate representation of biological risk. Molec-
ular alterations involving KRAS, GNAS, TP53, and SMAD4, together with subtype-spe-
cific developmental pathways, offer the potential to identify lesions that are truly destined
for malignant progression while avoiding overtreatment of biologically indolent neo-
plasms [10,17,21].
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pillars: scientific advances, technological innovation, and organizational/patient-centered ap-
proaches. Improvements in molecular understanding, therapeutic development, biomarker discov-
ery, artificial intelligence, multi-omics profiling, personalized surveillance, and evidence-based clin-
ical decision-making are expected to refine risk stratification, optimize treatment selection, and en-
able increasingly individualized management of patients with IPMN. NGS, next-generation se-

quencing; cfDNA, circulating cell-free DNA.

Parallel advances in diagnostic technology are expected to further refine risk stratifi-
cation. Liquid biopsy approaches, including circulating cell-free DNA analysis and mo-
lecular characterization of pancreatic juice, may enable non-invasive detection of high-
risk lesions and concomitant pancreatic cancer. At the same time, artificial intelligence and
machine learning algorithms applied to cross-sectional imaging, endoscopic ultrasound,
and molecular datasets are increasingly capable of integrating complex multimodal infor-
mation into predictive models that exceed the performance of individual clinical varia-
bles. Such approaches may ultimately replace the current reliance on isolated morpholog-
ical thresholds with dynamic, individualized risk prediction systems.

Therapeutic innovation represents another promising frontier. Increasing under-
standing of the molecular pathways underlying IPMN progression has generated interest
in targeted interventions directed against key oncogenic drivers, including KRAS-associ-
ated signaling networks and the GNAS-cAMP-PKA pathway. Although these strategies
remain investigational, the success of molecularly targeted therapies in other malignan-
cies provides proof of principle that pharmacological interruption of the dysplasia—carci-
noma sequence may eventually become feasible. Similarly, minimally invasive ap-
proaches such as EUS-guided radiofrequency ablation and cyst ablation techniques are
being explored as potential alternatives to surgery for carefully selected patients who are
poor operative candidates.

Beyond technological innovation, future progress will require the refinement and
harmonization of clinical practice guidelines. Persistent discrepancies among interna-
tional recommendations continue to generate variability in surveillance and treatment de-
cisions, reflecting the limited availability of high-quality prospective data. The Kyoto 2024
guidelines represent an important step toward updating risk stratification strategies, but
further progress will depend on large prospective registries, multicenter collaborations,
and ideally randomized studies capable of providing stronger evidence for clinical deci-
sion-making [7,8,38].

Perhaps most importantly, the next generation of IPMN management will need to
place greater emphasis on patient-centered care. As highlighted throughout this review,
many patients with IPMN are elderly and frequently face competing health risks that may
exceed their likelihood of pancreatic cancer-related mortality. Consequently, surveillance
and treatment decisions should increasingly incorporate life expectancy, comorbidity bur-
den, quality-of-life considerations, and patient preferences alongside conventional onco-
logical endpoints. The development of shared decision-making tools capable of communi-
cating individualized risk in a clear and accessible manner will therefore represent a crit-
ical component of future clinical practice.

Ultimately, the goal of future IPMN management is not simply earlier detection of
malignancy, but the creation of an integrated precision-medicine framework that com-
bines molecular biology, advanced imaging, clinical risk assessment, and patient-specific
factors to deliver the right intervention to the right patient at the right time.
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11. Conclusions

Intraductal papillary mucinous neoplasm (IPMN) has undergone a remarkable con-
ceptual evolution since its initial description in the 1980s as a poorly defined mucin-pro-
ducing pancreatic lesion. Over the past decades, advances in pathology, molecular biol-
ogy, imaging, and clinical management have transformed IPMN into one of the most ex-
tensively studied precursor lesions in gastroenterology and pancreatic oncology.

Among the most important advances has been the recognition that IPMN follows a
defined neoplastic progression pathway characterized by the sequential accumulation of
molecular alterations. Likewise, the four histological subtypes are now understood to rep-
resent biologically distinct entities with unique molecular signatures, patterns of progres-
sion, and prognostic implications rather than simple morphological variants. The concept
of IPMN as a pancreatic field defect has also emerged as a central paradigm, supported by
molecular evidence demonstrating that metachronous lesions and concomitant pancreatic
ductal adenocarcinomas may arise from clonally distinct lineages within the same gland.

At the same time, several widely held assumptions continue to be challenged. De-
spite significant advances in imaging and risk stratification, current guideline-based algo-
rithms remain imperfect, and a substantial proportion of lesions resected because of sus-
pected high-risk features ultimately prove to harbor only low-grade dysplasia. Similarly,
the optimal duration and intensity of surveillance remain subjects of ongoing debate. Alt-
hough lifelong follow-up has traditionally been recommended, emerging evidence and
the 2024 Kyoto guidelines suggest that surveillance discontinuation may be appropriate
in carefully selected patients with small, stable BD-IPMNs, underscoring the need for in-
dividualized management.

Perhaps the most important message emerging from contemporary IPMN research
is that management can no longer rely exclusively on a morphology-based approach. The
traditional paradigm, largely centered on cyst size and ductal dilation thresholds, is pro-
gressively giving way to a more nuanced model that integrates radiological findings with
molecular characteristics, patient comorbidities, life expectancy, competing mortality
risks, and individual preferences. This transition mirrors the broader evolution of modern
oncology toward precision medicine and patient-centered care.

Looking ahead, the convergence of molecular diagnostics, liquid biopsy technolo-
gies, artificial intelligence, advanced imaging analytics, and large prospective registries
has the potential to transform IPMN management from a predominantly consensus-based
discipline into a truly evidence-based and personalized field.

Viewed through the lens of its history, the evolution of IPMN research illustrates how
scientific progress transforms clinical myths into biological realities, and several assump-
tions that once dominated clinical practice have now been definitively revised.

In this sense, the future of IPMN management lies not in choosing between surveil-
lance and surgery but in developing integrated precision-medicine frameworks capable
of delivering the right intervention to the right patient at the right time. As molecular
diagnostics, artificial intelligence, and personalized risk assessment become increasingly
integrated into clinical practice, many of todaye myths may become tomorrowes realities.
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