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Abstract

Pancreatic ductal adenocarcinoma (PDAC) remains a highly lethal malignancy. The iden-
tification and management of precursor lesions, particularly the increasingly common
intraductal papillary mucinous neoplasms (IPMNs), pose a significant challenge, creat-
ing a profound clinical dilemma between intercepting pancreatic ductal adenocarcinoma
and avoiding surgical overtreatment. This literature review aims to synthesize the latest
evidence to facilitate a transition from purely morphology-based surveillance toward a
biologically informed risk stratification paradigm. This approach could provide a person-
alized risk-stratification algorithm that optimizes therapeutic management and enables
timely intervention for pancreatic cancer. By using PubMed, Embase, Scopus, and Web
of Science, we analyzed and summarized key findings from recent literature (2020–2025),
including cohort studies, mechanistic analyses, evidence-based guidelines, and systematic
reviews on cyst fluid biomarkers (CEA panels, DNA/RNA sequencing), and emerging AI
applications. Prospective and multicenter studies consistently report that NOD is indepen-
dently associated with high-risk stigmata, cyst progression, and malignant transformation.
Mechanistic research suggests a bidirectional interplay between the evolving neoplasia
and pancreatic endocrine dysfunction. Updated guidelines underscore the need for more
precise diagnostic algorithms. Recent work demonstrates that advanced cyst fluid markers—
CEA panels, DNA/RNA sequencing, and multi-omic signatures—significantly improve
diagnostic accuracy. Furthermore, explainable AI models show encouraging performance
in predicting malignancy and assisting patient triage. Risk stratification in PCLs is shifting
from morphology-based assessment toward integrated, multimodal approaches combining
clinical, endocrine, imaging, molecular, and computational data. Recent evidence positions
new-onset diabetes as a clinically accessible and biologically plausible marker of high-risk
IPMNs. Similarly, molecular assays and AI-enhanced analytics provide an additional layer
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of diagnostic precision. The development of personalized risk prediction algorithms could
improve early detection of malignancy while reducing unnecessary surgical resections.

Keywords: pancreatic cystic lesions (PCLs); intraductal papillary mucinous neoplasm
(IPMN); endoscopic ultrasound (EUS); cyst fluid; new-onset diabetes (NOD); molecular
analysis; artificial intelligence

1. Introduction
Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal malignan-

cies worldwide, largely due to late diagnosis and limited therapeutic options at advanced
stages. Consequently, increasing attention has been directed toward the early detection
and management of precursor lesions, particularly pancreatic cystic lesions (PCLs), which
are now frequently identified due to the widespread use of high-resolution cross-sectional
imaging. Incidental pancreatic cysts are detected in up to 15–20% of abdominal imaging
studies in older adults, creating a growing clinical challenge regarding surveillance strate-
gies and intervention thresholds [1]. Recent radiological data synthesized in 2025 indicates
that the incidental detection rate of PCLs ranges from a modest 1.2% to 2.6% on computed
tomography (CT) scans, but escalates dramatically to between 2.4% and 49.1% on magnetic
resonance imaging (MRI) [2].

Among PCLs, intraductal papillary mucinous neoplasms (IPMNs) and mucinous
cystic neoplasms (MCNs) are of particular importance because of their malignant potential.
However, the natural history of these lesions is highly heterogeneous, ranging from indolent
cysts that remain stable for years to lesions that progress to high-grade dysplasia (HGD) or
invasive carcinoma (Figure 1). The clinical management of PCLs has undergone a paradigm
shift in the last decade, transitioning from a focus on incidental detection to a sophisticated,
multi-layered approach to risk stratification. In the contemporary medical landscape, the
identification of a pancreatic cyst often marks the beginning of a long-term surveillance
journey or a complex surgical decision-making process. The central clinical dilemma lies
in distinguishing cysts that warrant surgical resection from those that could be safely
monitored, as pancreatic surgery carries substantial morbidity and mortality, while delayed
intervention risks missing a window for curative treatment.

The recent systematic review and meta-analysis by Samuel Tanner and colleagues rep-
resents the most definitive quantification of this surgical burden, revealing that a substantial
proportion of surgically resected PCLs were entirely benign or represented low-grade le-
sions that should ideally be managed conservatively [3].

Current risk stratification strategies rely predominantly on morphologic features
identified by computed tomography (CT), magnetic resonance imaging (MRI), and endo-
scopic ultrasound (EUS). Over time, international guidelines have progressively refined
the management of PCLs as knowledge of their natural history and malignant potential
has improved, having defined “high-risk stigmata” (HRS) and “worrisome features” (WFs)
to guide management decisions [4,5].

Although these frameworks have improved clinical standardization, their diagnos-
tic performance remains suboptimal. Overtreatment and undertreatment persist, partly
due to limited sensitivity for early malignant transformation and variability in imaging
interpretation. These shortcomings underscore the need for additional biomarkers that
reflect the biological behavior of pancreatic cysts beyond structural features alone. Re-
cent research supports a shift from morphology-based evaluation to biologically informed
risk stratification. In this context, endocrine alterations—particularly new-onset diabetes
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(NOD)—have emerged as clinically accessible and biologically plausible markers associated
with pancreatic neoplasia [6–8]. Endocrine dysfunction is now recognized as a potential
indicator of malignant transformation in pancreatic cysts. This association suggests that
the tumor microenvironment might affect the endocrine pancreas long before a detectable
mass appears on imaging, reflecting tumor-induced metabolic changes, endocrine dysfunc-
tion, or paraneoplastic phenomena [9]. The development of NOD during pancreatic cyst
progression is multifactorial, involving both direct islet cell destruction by an expanding
tumor and the secretion of paraneoplastic mediators [10–12]. Furthermore, the link between
metabolic syndrome, hypertension, hyperglycemia, and increased pancreatic cancer risk
highlights the systemic nature of the disease.

Figure 1. Malignant progression pathway of pancreatic cystic lesions. Schematic representation of the
stepwise transformation of intraductal papillary mucinous neoplasms (IPMNs) into pancreatic ductal
adenocarcinoma (PDAC). Early stages are characterized by KRAS and GNAS mutations, followed
by progressive genomic alterations including TP53, SMAD4, and CDKN2A in high-grade dysplasia.
Clinical indicators such as cyst growth rate and new-onset diabetes may precede the development of
invasive carcinoma.

Furthermore, parallel advances in cyst fluid diagnostics and molecular profiling have
further expanded the landscape of PCLs evaluation. Analyses of DNA mutations, RNA
expression, and multi-omic signatures in cyst fluid have demonstrated improved accu-
racy in differentiating mucinous from non-mucinous lesions and in identifying high-risk
neoplasia. Advances in cyst fluid diagnostics have significantly expanded the evaluation
of PCLs, moving beyond conventional cytology and carcinoembryonic antigen (CEA)
measurements [13]. Traditional fluid analysis has primarily focused on distinguishing
mucinous from non-mucinous cysts; however, its ability to predict dysplasia grade or
malignant potential has been limited. Recent technological developments now enable more
detailed biochemical, proteomic, and molecular characterization of cyst fluid, offering
improved diagnostic precision and risk stratification. Molecular profiling of cyst fluid
has emerged as a particularly transformative tool. The detection of recurrent somatic
mutations—such as KRAS and GNAS in mucinous cysts, and TP53, SMAD4, or CDKN2A
in advanced neoplasia—has demonstrated strong diagnostic and prognostic value [14].
These molecular alterations not only help classify cyst subtype but also provide insight
into the likelihood of high-grade dysplasia or invasive carcinoma. The integration of next-
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generation sequencing (NGS) panels into clinical practice has therefore enhanced the ability
to identify high-risk lesions that warrant surgical intervention [15–18]. For instance, the
PancreaSeq platform represents the pinnacle of current molecular stratification [19,20].

At the same time, artificial intelligence (AI) and radiomic approaches offer new op-
portunities to integrate multimodal data and generate individualized risk predictions.
AI-driven models offer the potential to integrate high-dimensional data and detect subtle
patterns not appreciable to the human eye, thereby improving diagnostic consistency and
predictive accuracy [21].

Given this rapidly evolving field, a comprehensive synthesis of recent evidence is
needed to clarify how emerging clinical, endocrine, molecular, and computational markers
can be incorporated into contemporary risk stratification. The present review aims to
summarize current data from 2020 onward on predictors of malignant transformation
in pancreatic cystic lesions, with a particular focus on new-onset diabetes, molecular
cyst fluid analysis, and AI-based tools. By examining these developments within an
integrated framework, we seek to outline a more precise and personalized approach to the
management of PCLs.

2. Methods
2.1. Literature Search Protocol

This literature review is based on a comprehensive literature search, conducted to
identify relevant studies addressing risk stratification in pancreatic cystic lesions (PCLs),
with a particular focus on intraductal papillary mucinous neoplasms (IPMNs), malignant
transformation, endocrine alterations, cyst fluid biomarkers, and emerging diagnostic
technologies. We analysed electronic databases including PubMed/MEDLINE, Embase,
Scopus, and Web of Science searching for studies published between January 2020 and Jan-
uary 2026, with additional landmark studies published earlier included when considered
essential for contextual understanding of pancreatic cyst pathogenesis and management.
The search strategy combined keywords and Medical Subject Headings (MeSH) related
to PCLs and risk stratification. Representative search terms included: “pancreatic cystic
lesions” or “pancreatic cyst” or “IPMN” or “intraductal papillary mucinous neoplasm”
or “mucinous cystic neoplasm”) and “malignant transformation” or “risk stratification”
or “high-grade dysplasia” or “pancreatic cancer” and “new-onset diabetes” or “cyst fluid
biomarkers” or “molecular analysis” or “molecular profiling” or “next-generation sequenc-
ing” or “genetic mutations” or “artificial intelligence”. Reference lists of relevant review
articles and guidelines were also manually screened to identify additional studies not
captured by the database search.

2.2. Study Selection

Studies were screened by all authors in two stages (Figure 2): first, titles and abstracts
were evaluated to exclude clearly irrelevant publications; full-text articles were subse-
quently reviewed through a joint assessment by all co-authors to determine final eligibility.
Eligible study designs included prospective or retrospective cohort studies, multicenter
studies, systematic reviews, meta-analyses, and international guideline publications.

The selection process is summarized using a PRISMA-style flow diagram (Figure 3) [22].
After removal of duplicates, titles and abstracts were screened, followed by full-text

eligibility assessment. A total of 98 studies were included in the qualitative synthesis
addressing risk stratification in pancreatic cystic lesions (Figure 3). Studies were included if
they: evaluated clinical, imaging, endocrine, or molecular biomarkers, addressed cyst fluid
analysis or genomic profiling, or assessed artificial intelligence or radiomic approaches in
pancreatic cyst evaluation and if they investigated risk factors or predictors of malignant
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transformation in pancreatic cystic lesions. On the other hand, studies were excluded if
they: were not available in English, involved pediatric populations, focused exclusively
on non-cystic pancreatic tumors, lacked clear relevance to risk stratification or disease
progression or if they were conference abstracts without full manuscripts.

 
Figure 2. Literature selection process for PCLs risk stratification (2020–2025).

 

Figure 3. PRISMA-style flow diagram of literature selection.
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In addition, international consensus statements and clinical guidelines—including the
Fukuoka guidelines, American Gastroenterological Association (AGA), American College
of Gastroenterology (ACG), European evidence-based guidelines, and the Kyoto 2024
update—were reviewed to contextualize the evolution of diagnostic and surveillance
strategies for pancreatic cystic lesions.

2.3. Thematic Synthesis

Relevant data from the selected studies were extracted and qualitatively synthesized.
Key variables included study design, patient population, type of pancreatic cystic lesion,
diagnostic modality, evaluated biomarkers, and reported outcomes related to malignant
transformation or high-grade dysplasia. Given the heterogeneity of study designs and
outcomes, we decided to interpret the findings through a narrative review rather than
performing a quantitative meta-analysis. The evidence was synthesized qualitatively and
organized into thematic sections covering:

• Clinical and epidemiological predictors, including age, symptoms, and family history;
• Imaging and endoscopic findings, including CT, MRI, and endoscopic ultrasound

(EUS) features defined by international guidelines;
• Endocrine markers, particularly the role of new-onset diabetes (NOD) as an indicator

of malignant progression;
• Cyst fluid biomarkers and molecular profiling, including genomic alterations identi-

fied through next-generation sequencing;
• Emerging approaches including artificial intelligence and radiomics.

The review methodology was designed to ensure transparency and reproducibility
while allowing comprehensive integration of emerging diagnostic approaches in pancreatic
cystic lesions.

2.4. Classification of Pancreatic Cystic Lesions

Pancreatic cysts are being identified with increasing frequency due to the widespread
use of high-resolution imaging techniques, and are detected in approximately 2–13%
of patients without a prior history of pancreatic disease [1,23]. These lesions encom-
pass a broad and heterogenous spectrum of entities, ranging from benign cysts without
malignant potential to premalignant and malignant lesions, including pancreatic adeno-
carcinoma. Pancreatic cysts might be benign, mucinous cystic lesions with malignant
transformation potential—such as intraductal papillary mucinous neoplasms (IPMNs)
and mucinous cystic neoplasms (MCNs)—pancreatic pseudocysts, as well as malig-
nant cystic lesions resulting from the cystic degeneration of solid pancreatic tumors
(Figures 4–6) [1,24]. Pancreatic pseudocysts and serous cystadenomas (SCA) are gener-
ally benign and lack malignant potential. Intraductal papillary mucinous neoplasms
(IPMN) and mucinous cystic neoplasms (MCN) are mucin-producing lesions with a
recognized risk of malignant transformation, with higher risk in main-duct IPMN com-
pared with branch-duct IPMN. Solid pseudopapillary tumors (SPT) and cystic pancreatic
neuroendocrine tumors (PanNET) represent less common cystic pancreatic neoplasms
with variable malignant potential. Optimal management of patients with pancreatic
cysts requires integration of clinical, imaging, and endoscopic ultrasound findings,
with EUS representing an essential tool for accurate risk stratification and therapeutic
decision-making [5,25].
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Figure 4. Classification and management of pancreatic cystic lesions.

Figure 5. Major pancreatic cystic lesions: clinical characteristics, imaging findings, and malignant
potential.
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Figure 6. Endoscopic ultrasound (EUS) images showing different pancreatic cystic lesions: (A) Pseudocyst
showing a unilocular anechoic cyst. (B) Cystadenocarcinoma demonstrating a complex cystic le-
sion with thick irregular walls, internal solid components, and heterogeneous echogenic content.
(C) Intraductal papillary mucinous neoplasm (IPMN) showing cystic dilation communicating with
the pancreatic duct, with mural nodule. (D) Serous cystadenoma with microcystic “honeycomb”
appearance. (E) Mucinous cystic neoplasm (MCN) showing a macrocystic lesion with thick walls,
septations, and internal echogenic material.

2.5. Imaging-Based Risk Stratification and Current Limitations

Despite their essential role for the initial evaluation, computed tomography (CT) and
magnetic their ability to precisely characterize the nature of a pancreatic cyst remains
limited whereas the reliance on structural features alone often fails to capture the under-
lying molecular and pathological heterogeneity of these lesions [26]. For example, serous
cystadenomas (SCAs), mucinous cystic neoplasms (MCNs), and branch-duct intraductal
papillary mucinous neoplasms (IPMNs) may all appear as unilocular or oligocystic lesions
on CT or MRI. Similarly, SCAs with oligocystic morphology or atypical features may mimic
mucinous lesions, leading to diagnostic uncertainty. This overlap can lead to inappropri-
ate surgical indications when benign lesions are mistaken for premalignant or malignant
cysts [3]. The magnitude of this problem is illustrated by recent evidence demonstrating
that a substantial proportion of resected pancreatic cysts ultimately prove to be benign [3].

Endoscopic ultrasound (EUS) plays a substantial role in the assessment of these
lesions due to its superior resolution and its ability to provide detailed evaluation of cyst
morphology, the presence of mural nodules, communication with the pancreatic duct,
and surrounding structures [27,28]. In addition, EUS allows cyst aspiration and cyst fluid
analysis, thereby facilitating a more accurate approach [4,23,28,29]. However, despite its
widespread use, EUS has not fully resolved the problem of diagnostic uncertainty. Recent
evidence indicates that increasing use of EUS has not significantly reduced the rate of
surgical resections for IPMNs with low-grade dysplasia [3].
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In the absence of HRS, surveillance strategies are guided by cyst size and the presence
of WFs. Smaller cysts are typically monitored at longer imaging intervals, while larger
lesions require closer follow-up with MRI and/or EUS. When WFs are identified, EUS with
cytology and detailed morphologic assessment plays a central role in determining further
management. Overall, risk level dictates surveillance intensity, with the goal of balancing
early cancer detection against avoidance of unnecessary surgery.

The most prominent guidelines include the International Consensus Guidelines
(Fukuoka), the American Gastroenterological Association guidelines, the American College
of Gastroenterology guidelines, and the European Evidence-Based Guidelines [5] (Table 1).
The Fukuoka guidelines, first introduced in 2006 and revised in 2012 and 2017, represented
a major milestone by standardizing the management of MCNs and IPMNs [30]. MCNs are
generally recommended for surgical resection given their significant malignant potential
and frequent occurrence in surgically fit patients. For IPMNs, surgery is advised in the
presence of HRS, including obstructive jaundice related to a cyst in the pancreatic head, an
enhancing solid component, or main pancreatic duct dilation ≥10 mm [23,30].

American guidelines have generally favored a more conservative and cost-conscious
approach, recommending surveillance intervals primarily based on cyst size and stabil-
ity over time, and allowing discontinuation of follow-up in selected low-risk cases after
prolonged stability [31]. European guidelines have similarly promoted risk-adapted man-
agement but emphasize multidisciplinary decision-making and the integration of clinical
and biological markers such as CA 19-9 [4,32].

The most recent Kyoto 2024 guidelines retain the high-risk stigmata (HRS) and worri-
some features (WFs) framework while refining clinical, imaging, and biological risk criteria.
Firstly, regarding the redefinition of HRS, Kyoto 2024 explicitly incorporates EUS and
EUS-guided fine-needle aspiration (EUS-FNA) cytology into the initial HRS assessment
framework. Under the new guidelines, suspicious or positive cytology for high-grade
dysplasia or invasive carcinoma is now classified as an independent absolute indication for
surgery (an HRS), elevating the role of cyto-molecular acquisition [2]. The morphological
thresholds for HRS remain strictly defined: main pancreatic duct (MPD) dilation must be
10 mm, and enhancing mural nodules must measure 5 mm to trigger automatic surgical re-
ferral in fit patients [4]. Secondly, the expansion of WF in the Kyoto 2024 update represents
a significant leap forward in dynamic risk stratification. The guidelines introduce a highly
specific growth kinetic threshold, defining a cyst growth rate of 2.5 mm/year as a distinct
WF, replacing older and more ambiguous velocity metrics [2,4]. Furthermore, new-onset or
acute exacerbation of diabetes mellitus within the past year is formally codified as a WF,
fundamentally linking endocrine dysfunction to morphological surveillance algorithms.
Other WFs include a cyst size ≥30 mm, enhancing mural nodules measuring <5 mm, thick-
ened or enhancing cyst walls, an MPD diameter between 5 and 9.9 mm, an abrupt change in
the MPD caliber with distal pancreatic atrophy, lymphadenopathy, and an elevated serum
level of CA 19-9 in the absence of biliary obstruction. Last but not least, the guidelines
now uniquely permit the discontinuation of surveillance for small, branch-duct IPMNs
(BD-IPMNs) measuring <20 mm that have remained morphologically unchanged without
the development of any WFs for a continuous period of five years [18,33]. This repre-
sents a major paradigm departure from previous IAP guidelines that mandated lifelong
surveillance, and it aligns much more closely with the cost-conscious, resource-sparing
approach originally championed by the 2015 American Gastroenterological Association
(AGA) guidelines.

Collectively, these updates reflect a shift toward multimodal assessment and personal-
ized management strategies in PCLs.
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Table 1. Evolution of major international guidelines for pancreatic cystic lesions.

Clinical Guideline
Framework

High-Risk Stigmata/Absolute
Surgical Indications

Worrisome Features/Relative
Surgical Indications

Surveillance Discontinuation
Criteria

Kyoto (IAP)
2024 [33,34]

MPD ≥ 10 mm; Enhancing mural
nodule ≥ 5 mm;
Positive/suspicious cytology;
Obstructive jaundice.

Cyst ≥ 30 mm;
Growth ≥ 2.5 mm/year;
Enhancing nodule < 5 mm;
MPD 5–9.9 mm; NOD;
CA 19-9 elevation; Pancreatitis.

Optional discontinuation for
stable BD-IPMNs <20 mm
after 5 years of
unchanged surveillance.

European ESGCTP
2018 [4,32]

MPD > 10 mm; Enhancing mural
nodule ≥ 5 mm; Tumour-related
jaundice; Positive cytology for
HGD/malignancy.

Cyst ≥ 40 mm;
Growth ≥ 5 mm/year;
MPD 5–9.9 mm; Serum
CA 19-9 > 37 U/mL.

Lifelong follow-up
recommended as long as the
patient remains surgically fit.

AGA 2015 [5]

Requires the presence of ≥2
high-risk features for surgical
referral (e.g., solid component
combined with MPD dilation).

Cyst ≥ 30 mm; dilated MPD;
solid component.

Strong recommendation to
discontinue after 5 years if no
morphological changes occur.

ACG 2018 [31]

Jaundice; Positive cytology;
Presence of any mural
nodule; MPD > 5 mm (utilizes a
notably lower threshold for
absolute concern).

Cyst growth > 3 mm/year;
New-onset or rapidly worsening
diabetes mellitus.

No explicit time-based
cessation rule; surveillance
intensity is tailored purely to
patient surgical fitness.

MPD, main pancreatic duct; BD, branch-duct; NOD, new-onset diabetes.

Contrast-enhanced ultrasound (CEUS) has emerged as a useful adjunct imaging
modality in the evaluation of PCLs, particularly for the assessment of features associated
with malignant transformation [35]. Its main advantage lies in the real-time evaluation of
vascularity within cyst walls, septa, and mural nodules, allowing differentiation between
enhancing solid components and avascular intracystic debris or mucin [35,36]. This dis-
tinction is clinically important because enhancing mural nodules represent one of the most
significant imaging predictors of high-grade dysplasia or invasive carcinoma in mucinous
cystic lesions such as IPMNs and MCNs. Contrast-enhanced ultrasound has shown high
sensitivity for detecting vascular mural nodules and might improve risk stratification in
indeterminate pancreatic cysts detected on CT or MRI [35]. Additionally, CEUS could be
particularly useful in patients with contraindications to iodinated or gadolinium-based
contrast agents, serving as a problem-solving tool before proceeding to EUS-FNA [35].
Although CEUS does not replace MRI/MRCP for ductal communication assessment or
EUS for cyst fluid analysis and molecular testing, it represents a valuable complementary
technique in the multimodality diagnostic approach to PCLs, especially for evaluating
malignant potential, hence guiding the need for EUS-FNA or surgical management in
indeterminate cysts.

An important limitation of imaging is the considerable variability in interpretation
among clinicians. Differences in experience among radiologists and endosonographers
may influence the identification and characterization of cyst features [26]. For example,
mural nodules, septations, and ductal communication might be interpreted differently
across observers, particularly when lesions are small or exhibit subtle morphological
characteristics. Endoscopic ultrasound, although considered one of the most sensitive
modalities for cyst evaluation, is also subject to operator-dependent variability [30,31].
Factors such as imaging angle, technical expertise, and experience in pancreatic imaging
could influence diagnostic performance. Consequently, the same cyst may be classified
differently by different clinicians, contributing to inconsistent management decisions.

Even when the cyst subtype is correctly identified, imaging has limited ability to
determine the degree of dysplasia within mucinous cystic lesions. Perhaps the most funda-
mental limitation of imaging is that it evaluates structural changes rather than biological
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processes. Malignant transformation in pancreatic cysts is driven by molecular and cellular
alterations that may occur long before visible morphological changes become apparent.
Consequently, there is growing recognition that imaging must be complemented by clinical
factors, endocrine markers, molecular profiling, and artificial intelligence tools that might
provide a more accurate prediction of cyst behavior.

2.6. Endocrine Markers—The Role of New-Onset Diabetes in Pancreatic Cystic Lesions

The pancreas serves both exocrine and endocrine functions, and neoplastic transfor-
mation within the pancreatic parenchyma could disrupt the endocrine microenvironment
well before structural changes become detectable on imaging. Hence, the recognition
that metabolic disturbances might precede overt malignant transformation has prompted
increasing interest in incorporating endocrine markers into risk assessment algorithms so
as, in recent years, studies focused on metabolic and endocrine alterations as potential
biomarkers for pancreatic neoplasia [37]. Among these, new-onset diabetes (NOD) has
emerged as a particularly promising clinical indicator associated with pancreatic cancer
and its precursor lesions [9,33,35]. However, rather than representing only a general risk
factor for PDAC, NOD in patients with pancreatic cystic lesions may function as a dynamic
biomarker of cyst progression and malignant transformation.

Increasing evidence suggests that endocrine dysfunction may represent an early biolog-
ical manifestation of neoplastic progression in pancreatic cystic lesions (PCLs), particularly
intraductal papillary mucinous neoplasms (IPMNs). While current surveillance strategies
rely predominantly on morphologic imaging criteria, recent studies indicate that metabolic
alterations may precede overt radiologic progression. Consequently, NOD has emerged
as a clinically accessible and biologically plausible marker associated with high-risk cyst
evolution and malignant transformation. This concept is further supported by the Ky-
oto 2024 guidelines, which formally incorporated NOD as a worrisome feature in IPMN
surveillance algorithms, reflecting the growing recognition that endocrine dysfunction may
provide additional prognostic information beyond imaging alone. Several cohort studies
demonstrated that patients with pancreatic cysts who develop NOD exhibit significantly
higher rates of cyst progression, high-grade dysplasia, and pancreatic cancer compared
with non-diabetic cyst surveillance populations [6,38,39]. Importantly, these findings sug-
gest that NOD in the context of PCLs could function not merely as a metabolic comorbidity,
but rather as a dynamic biomarker of neoplastic progression.

The relationship between pancreatic neoplasia and endocrine dysfunction appears
multifactorial. Progressive cyst-associated neoplastic transformation might impair pancre-
atic endocrine function through local disruption of islet architecture, ductal obstruction,
and chronic inflammatory remodeling [40,41]. In parallel, experimental studies suggest
that neoplastic pancreatic tissue could induce systemic metabolic alterations through se-
cretion of diabetogenic mediators, inflammatory cytokines, exosomes, and paraneoplastic
signaling molecules [10,11]. These mechanisms may contribute to peripheral insulin re-
sistance and β-cell dysfunction, potentially explaining why metabolic abnormalities can
develop before clear morphologic evidence of invasive transformation becomes detectable
on imaging [10,11]. Overall, the integration of endocrine markers into pancreatic cyst
surveillance represents an important step toward precision medicine in PCL management.
Future multimodal algorithms integrating endocrine, imaging, molecular, and computa-
tional data may further improve early malignancy detection while reducing unnecessary
surgical intervention and excessive surveillance.

Multiple epidemiological and cohort studies have established a profound associa-
tion between newly diagnosed metabolic dysfunction and underlying pancreatic neopla-
sia, demonstrating that patients with pancreatic cysts who develop new-onset diabetes
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progress to malignancy at nearly three times the rate of non-diabetic cyst surveillance
populations [8,36,38,39,42–44]. This elevated metabolic risk is most pronounced within
a critical 0-to-36-month window prior to cancer diagnosis, particularly in individuals
aged 50 years or older with newly diagnosed diabetes who represent the highest-risk
group [10,11,32,33,41]. Furthermore, significant unexplained weight loss exceeding 10% of
body weight or more than 2 kg in older individuals occurring around the time of diabetes
diagnosis, combined with a rapid deterioration of glycemic control, represents an important
clinical phenotype that distinguishes pancreatic cancer-associated diabetes from typical
type 2 diabetes [7,39,42]. Therefore, the development of NOD in a patient undergoing cyst
surveillance constitutes a dynamic clinical indicator of advanced neoplastic progression
rather than a standard metabolic comorbidity.

The relationship between pancreatic neoplasia and diabetes appears to be com-
plex and bidirectional, involving both local pancreatic damage and systemic tumor-
mediated metabolic effects [10,13,45]. One proposed mechanism is the direct disrup-
tion of pancreatic endocrine tissue, whereby expanding neoplastic lesions impair β-cell
function through destruction of islet architecture or ductal obstruction, ultimately re-
ducing insulin secretion [12]. However, pancreatic cancer-associated diabetes often de-
velops even in patients with relatively small tumors, suggesting that additional mecha-
nisms are involved. Increasing evidence supports the concept of tumor-induced para-
neoplastic diabetes, in which pancreatic tumors release diabetogenic factors that al-
ter systemic glucose metabolism [10–12]. Experimental studies have identified several
tumor-derived mediators—including inflammatory cytokines, exosomes, and peptides
such as adrenomedullin—that may induce peripheral insulin resistance or impair β-cell
function [11,39]. These tumor-secreted factors can disrupt insulin signaling pathways and
promote hepatic glucose production, contributing to rapid metabolic deterioration. Fur-
thermore, chronic inflammation associated with tumor development could exacerbate
metabolic dysregulation through cytokine-mediated pathways and alterations in adipokine
signaling. Together, these mechanisms suggest that diabetes arising in the context of
pancreatic neoplasia represents a distinct metabolic phenotype, often referred to as pan-
creatogenic or tumor-associated diabetes, which might precede the clinical diagnosis of
pancreatic cancer by several months and serve as an early biological manifestation of
malignancy [9,10,37,45].

These mechanisms suggest that pancreatic neoplasia induces detectable metabolic al-
terations prior to radiologic progression, prompting investigation into additional metabolic
biomarkers beyond NOD. For instance, glycemic abnormalities might precede the diagnosis
of pancreatic cancer by several months.

In many cases, elevations in fasting glucose or HbA1c can be detected approximately
7–8 months before the clinical diagnosis of pancreatic cancer, reinforcing the concept that
metabolic disturbances might represent early biological signals of malignant evolution [38].
In large prospective cohorts, glycemic changes identifiable through electronic health records
occurred on average 8 months before the clinical cancer diagnosis. This has led experts to
recommend that monitoring gradual increases in HbA1c and fasting glucose could serve as
early metabolic warning signals suggesting cyst progression or malignant transformation
and should be integrated in PCLs surveillance protocols [38,42,43,46–48].

Furthermore, metabolic syndrome and insulin resistance have been associated with
increased pancreatic cancer risk through mechanisms involving chronic hyperinsulinemia
and activation of insulin-like growth factor signaling pathways which stimulate cellular
proliferation and inhibit apoptosis [49,50]. Emerging research has also explored the role
of adipokines and metabolomic signatures as potential biomarkers reflecting systemic
metabolic changes linked to tumor development [51]. Moreover, among patients with
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pancreatic cysts, the presence of obesity, hypertension, dyslipidemia, and insulin resistance
induces a pro-inflammatory and pro-oncogenic metabolic environment. Although these
factors are not specific to pancreatic neoplasia, they could interact with cyst-related molec-
ular changes to accelerate tumor progression. Therefore, metabolic syndrome should be
considered a relevant component of the overall clinical risk profile in patients undergoing
cyst surveillance.

Adipose tissue-derived signaling molecules, known as adipokines, have also been
implicated in pancreatic tumor biology [9]. Alterations in circulating adipokines such
as leptin, adiponectin, and resistin influence inflammatory pathways, insulin sensitivity,
and tumor microenvironment dynamics. For example, decreased adiponectin levels and
elevated leptin concentrations have been associated with increased pancreatic cancer risk
in several observational studies [52,53]. Although their clinical utility in PCLs surveillance
remains investigational, adipokine profiling could reflect systemic metabolic inflammation
that promotes carcinogenesis.

Several studies have identified advances in metabolomics which enabled the identifi-
cation of metabolic signatures associated with pancreatic cancer [54–58]. High-throughput
techniques could detect alterations in circulating metabolites, including branched-chain
amino acids, lipids, and energy metabolism intermediates, which occur during early
tumor development.

Risk stratification models have been developed to identify high-risk individuals. One
of the most widely studied tools is the Enriching New-Onset Diabetes for Pancreatic Cancer
(ENDPAC) score, which aims to identify patients with NOD who are at increased risk of
PDAC and could benefit from targeted pancreatic imaging or surveillance [59]. Recent
2025 prospective and retrospective validations of the ENDPAC score demonstrate that it is
a critical triage tool. The score integrates three clinical parameters: the age of diabetes onset,
the degree of unintentional weight change, and the rapidity of blood glucose escalation (or
HbA1c increase) in the year immediately prior to the formal diagnosis of NOD [57,59]. An
ENDPAC score of ≥3 indicates a profoundly high risk for short-term PDAC development—
yielding an estimated 3.6% probability of diagnosing pancreatic cancer within 3 years [7].
The authors must argue that an ENDPAC score of ≥3 should automatically trigger inten-
sified screening protocols, circumventing standard morphological waiting periods and
proceeding directly to EUS and dynamic MRI [7,59,60]. However, while NOD is biologically
profound, its clinical utility is currently bottlenecked by fragmented electronic health record
data and inconsistent primary care metabolic tracking; an exhaustive 2025 British cohort
study analyzing 197.092 NOD patients sourced from the Clinical Practice Research Datalink
revealed that complete primary care longitudinal information necessary to calculate the
true ENDPAC score was only available in 9.2% of patients [60]. Although the score alone is
not sufficient for definitive screening, it represents an important clinical tool that can be
combined with biomarkers, imaging, and molecular testing to improve early detection of
pancreatic cancer in patients with new-onset diabetes.

2.7. Cyst Fluid Analysis and Molecular Profiling

Endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) allows direct sam-
pling of pancreatic cyst fluid and has become a key adjunct to imaging in the diagnostic
evaluation of PCLs [30,31,61].

2.7.1. Emerging Tissue Acquisition Techniques—EUS-Guided Through-the-Needle
Biopsy (TTNB)

Although EUS-guided fine-needle aspiration (EUS-FNA) and cyst fluid analysis have
improved the evaluation of pancreatic cystic lesions (PCLs), important diagnostic limita-
tions remain, particularly in cysts with indeterminate imaging or inconclusive cytology.
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Although current international guidelines do not yet recommend TTNB routinely, increas-
ing evidence suggests that it may become an important adjunctive tool within integrated
risk stratification algorithms, especially for diagnostically challenging PCLs [62,63].

In this context, TTNB has emerged as a promising technique enabling direct histologi-
cal sampling of the cyst wall, septa, or mural nodules and appears particularly useful in
lesions with atypical morphology, insufficient cyst fluid, or discordant imaging and molec-
ular findings [64]. Compared with conventional cyst fluid cytology, it seems that TTNB
provides substantially higher diagnostic yield and improved cyst subtype characterization,
particularly in differentiating mucinous from non-mucinous lesions and identifying high-
grade dysplasia. Several studies demonstrated that TTNB improves diagnostic concordance
with surgical pathology and may reduce the proportion of indeterminate cysts.

This technique is performed using microforceps introduced through a 19-gauge EUS
needle, allowing tissue acquisition for histopathological and immunohistochemical eval-
uation. Furthermore, tissue sampling enables assessment of epithelial architecture and
stromal characteristics that cannot be evaluated through fluid analysis alone [64].

However, TTNB remains associated with procedure-related risks, including intracystic
bleeding, pancreatitis, and infection, with adverse event rates generally higher than those
reported for standard EUS-FNA [63]. Consequently, patient selection and procedural
expertise remain essential.

2.7.2. Conventional Cyst Fluid Biomarkers

Historically, cyst fluid evaluation has relied primarily on cytological examination and
measurement of biochemical markers such as carcinoembryonic antigen (CEA). Cytology
is highly specific when malignant or high-grade dysplastic cells are identified; however,
its sensitivity is limited because cyst fluid often contains few cellular elements [61,65,66].
Cytology yields diagnostic material in approximately 30–40% of cases and has an overall
accuracy of 30–50% in differentiating mucinous from non-mucinous cysts [66–69]. As a
result, cytology alone frequently fails to provide definitive diagnostic information.

CEA remains the most widely used biomarker for distinguishing mucinous from non-
mucinous cystic lesions (an overall diagnostic accuracy of approximately 79%). Elevated
cyst fluid CEA levels—commonly using a threshold of approximately 192 ng/mL—suggest
a mucinous etiology, including IPMNs and MCNs [50,70,71]. Although CEA demonstrates
reasonable diagnostic accuracy for identifying mucinous cysts, it does not reliably predict
the degree of dysplasia or malignant potential [65]. Consequently, CEA measurement is
primarily used as a classification tool rather than a prognostic marker. Other biochemical
markers have also been explored [51,54]. High cyst fluid amylase levels may indicate
communication between the cyst and the pancreatic ductal system, which is commonly
observed in pseudocysts and IPMNs [69,72]. However, similar to CEA, amylase levels lack
sufficient specificity to independently guide management decisions.

In recent years, additional biomarkers—including glucose, CA 19-9, and molecu-
lar alterations detected through next-generation sequencing (NGS)—have significantly
improved the diagnostic performance of cyst fluid analysis (Table 2) [21,67,68,70,73]. In-
tracystic glucose measurement has emerged as a simple, inexpensive, and highly accurate
biomarker for identifying mucinous pancreatic cysts [74]. Multiple studies and meta-
analyses have demonstrated that in clinical practice, low intracystic glucose levels strongly
suggest a mucinous cystic lesion, whereas higher glucose concentrations are more consis-
tent with non-mucinous cysts (cyst fluid glucose levels ≤50 mg/dL are strongly associated
with mucinous lesions, with reported sensitivity of 90–92%, specificity of 85–88%, and an
overall diagnostic accuracy approaching 90–94%) [73–75]. Notably, glucose testing requires
only small volumes of cyst fluid and can be performed rapidly, even using point-of-care
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glucometers, with results comparable to laboratory-based measurements. Given these
advantages, glucose measurement is increasingly recommended as a complementary test
alongside CEA analysis and cytological examination [34].

Table 2. Cyst Fluid Biomarkers and Molecular Analysis Used in the Evaluation of PCLs.

Biomarker Typical
Threshold/Finding Diagnostic Role Associated Lesions Limitations

CEA ≥192 ng/mL Differentiates mucinous
vs. non-mucinous cysts IPMN, MCN Cannot determine

dysplasia grade

Glucose ≤50 mg/dL Highly sensitive marker
for mucinous cysts IPMN, MCN Cutoffs vary across

studies

Amylase Elevated levels Indicates ductal
communication Pseudocyst, IPMN Low specificity

Cytology Malignant or atypical
cells

Highly specific for
malignancy

PDAC, high-grade
IPMN Low sensitivity

KRAS mutation Presence of mutation Marker of mucinous
differentiation IPMN, MCN Does not confirm

malignancy

GNAS mutation Presence of mutation Highly specific for IPMN IPMN Rare in other cyst
types

TP53/SMAD4/CDKN2A
mutations Presence of mutation Suggest advanced

neoplasia
High-grade IPMN,
PDAC

Requires molecular
testing

VHL mutation Presence of mutation Diagnostic for serous
cystadenoma SCA Limited prognostic

value

CTNNB1 mutation Presence of mutation Characteristic of solid
pseudopapillary tumor SPT Rare cyst subtype

miRNA profiles Differential expression
patterns Emerging biomarker Various cystic lesions Still investigational

2.7.3. Serum and Urine Biomarkers

Beyond cyst fluid analysis, increasing interest has focused on non-invasive serum
and urine biomarkers that could complement imaging and endoscopic evaluation in pan-
creatic cyst surveillance. Serum carbohydrate antigen 19-9 (CA 19-9) remains the most
widely used circulating biomarker and is currently incorporated into several international
guidelines as a relative risk factor for malignant transformation in IPMNs [18]. Elevated
CA 19-9 levels have been associated with high-grade dysplasia and invasive carcinoma,
although sensitivity and specificity remain suboptimal.

Recent research has explored additional circulating biomarkers, including circulating
tumor DNA (ctDNA), exosomes, microRNAs (miRNAs), inflammatory mediators, and
metabolomic signatures. Circulating KRAS and GNAS mutations, as well as specific
miRNA expression profiles, have shown potential for identifying high-risk mucinous
lesions and early malignant transformation [76]. Similarly, exosome-based biomarkers
may reflect tumor-associated molecular alterations before overt radiological progression
becomes apparent.

Urine biomarkers have also emerged as a promising non-invasive diagnostic approach.
Preliminary studies evaluating urinary proteins, metabolomic signatures, and miRNA pan-
els demonstrated encouraging results for differentiating benign from high-risk pancreatic
lesions [77]. In particular, combinations of urinary biomarkers with serum CA 19-9 and
imaging findings might improve diagnostic accuracy and patient stratification.

Although most serum and urine biomarkers remain investigational and are not yet
integrated into routine clinical practice, they represent an important component of future
multimodal and minimally invasive surveillance strategies [78].
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2.7.4. Molecular Analysis of Cyst Fluid

Advances in molecular diagnostics have significantly improved the evaluation of
pancreatic cystic lesions by enabling the detection of genetic alterations within cyst fluid.
Molecular analysis has emerged as a valuable adjunct to conventional diagnostic methods,
including cytology and biochemical markers, particularly in cases where imaging findings
have reached their limit in diagnostic accuracy and cyst fluid biomarkers yield inconclusive
results [14,18,19]. In last years, technological advances, particularly the implementation
of next-generation sequencing (NGS) platforms, have enabled comprehensive genomic
profiling of cyst fluid samples using minimal DNA quantities [15,16]. This technique allows
detailed genomic profiling of cyst fluid, enabling the detection of driver mutations asso-
ciated with specific cyst types and stages of neoplastic progression [21,61,79]. It has been
highlighted that NGS-based panels simultaneously detect multiple oncogenic mutations
and chromosomal alterations, thereby improving diagnostic accuracy and allowing more
precise differentiation among cyst subtypes [16–18].

Platforms such as PancreaSeq represent the pinnacle of current molecular stratification
by integrating DNA mutation analysis with RNA expression profiling to generate compre-
hensive molecular signatures of pancreatic cysts and risk profile [20]. These assays evaluate
a broad panel (74 genes) of oncogenic mutations and gene expression markers, enabling
simultaneous assessment of cyst subtype and malignant potential. In a multicenter valida-
tion, the genomic classifier demonstrated a sensitivity of 83% and a specificity of 98% for
identifying high-grade dysplasia and cancer, significantly outperforming existing clinical
guidelines based solely on imaging [17]. Moreover, the integration of mRNA expression of
CEACAM5 (which encodes CEA) within the NGS panel provides an internal verification of
mucinous differentiation, supporting the genomic findings.

Among the most frequently identified mutations in pancreatic cystic lesions are alter-
ations in the KRAS and GNAS genes, which are strongly associated with mucinous cystic
neoplasms (Table 2). Activating mutations in KRAS occur early in pancreatic tumorigenesis
and are commonly detected in both IPMNs and MCNs [13,14,80]. Similarly, mutations in
GNAS, which encodes the stimulatory G-protein alpha subunit, are highly characteristic of
IPMNs and are rarely found in non-mucinous cysts [81]. The presence of either KRAS or
GNAS mutations in cyst fluid therefore strongly supports a mucinous etiology [82,83].

Additionally to mutations associated with mucinous differentiation, several genetic
alterations have been linked to high-grade dysplasia and malignant transformation. These
include mutations in tumor suppressor genes such as TP53, SMAD4, and CDKN2A, as
well as alterations in PIK3CA and other oncogenic pathways [17,18,84,85] (Table 2). De-
tection of these mutations might indicate advanced neoplastic progression and has been
proposed as a marker of increased malignancy risk within pancreatic cystic lesions, provid-
ing valuable prognostic information and facilitating the identification of cysts requiring
surgical resection. Furthermore, molecular testing could also assist in identifying other
pancreatic cyst subtypes. For instance, alterations in the VHL gene are highly character-
istic of serous cystadenomas, whereas mutations in CTNNB1 are associated with solid
pseudopapillary tumors [61,65,66] (Table 2). These genetic signatures contribute to a more
precise classification of cystic lesions when imaging findings are inconclusive.

2.8. Emerging Multi-Omic and Proteomic Approaches

Beyond genomic sequencing, emerging technologies are exploring proteomic,
metabolomic, and transcriptomic profiling of cyst fluid. These high-dimensional analyses
aim to identify biomarker signatures associated with early malignant transformation. For
instance, proteomic studies have identified candidate markers involved in inflammation,
extracellular matrix remodeling, and tumor signaling pathways. Similarly, metabolomic
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analyses have revealed alterations in amino acid and lipid metabolism that may reflect
early neoplastic changes [86]. Recent advances in proteomic cyst fluid analysis have begun
to reach clinical translation and regulatory maturity. The PanCystPro assay (Amplified
Sciences), which obtained Clinical Laboratory Improvement Amendments (CLIA) certifica-
tion and College of American Pathologists (CAP) accreditation in 2025, represents one of
the most advanced proteomic platforms currently under clinical evaluation [87]. Unlike
NGS approaches, PanCystPro uses a Surface Enhanced Raman Spectroscopy (SERS)-based
optical reporter platform to analyze a tri-analyte biomarker panel consisting of cyst fluid
glucose, carcinoembryonic antigen (CEA), and the protease gastricsin. This approach re-
quires minimal cyst fluid volume and has demonstrated excellent diagnostic performance,
with reported sensitivity of approximately 99% and a negative predictive value exceeding
95% for identifying non-mucinous pancreatic cystic lesions [88]. A prospective multicenter
clinical utility study (PanAMP) is currently ongoing and is expected to further evaluate the
clinical role of this proteomic liquid biopsy platform in pancreatic cyst risk stratification.

Although these approaches remain largely investigational, they illustrate the growing
potential of cyst fluid analysis to capture the biological processes underlying cyst progres-
sion. In the future, integrated multi-omic profiling might allow clinicians to move beyond
morphology-based classification toward a biologically informed risk stratification model.

2.9. Artificial Intelligence and Predictive Models

The growing availability of high-resolution imaging data and molecular biomarkers
has created an opportunity for the application of artificial intelligence (AI) and machine
learning (ML) techniques in the evaluation of PCLs [72,89]. AI-based approaches aim to
improve diagnostic accuracy and risk stratification by analyzing complex datasets that
integrate radiologic, clinical, biochemical, and molecular information so as to identify
subtle patterns and correlations that might not be readily apparent through conventional
clinical assessment [21,88,90].

One of the most promising applications of AI in PCLs evaluation is radiomics, a
technique that extracts large numbers of quantitative features from imaging modalities
such as CT and MRI [91–93]. Radiomic features could include texture, shape, intensity, and
spatial relationships within the lesion, allowing for more detailed characterization of cyst
morphology. Machine learning algorithms trained on these features have demonstrated
the ability to differentiate mucinous from non-mucinous cysts, as well as to identify lesions
with high-grade dysplasia or malignant transformation [93]. Several studies have reported
that radiomic models might outperform conventional imaging criteria and improve the
prediction of malignancy risk [91–95]. In addition to radiomics, deep learning models
based on convolutional neural networks (CNNs) have been applied to pancreatic imaging
to automatically classify cyst types and detect worrisome features such as mural nodules
or main pancreatic duct dilation [89,90,95]. These algorithms evaluate large imaging
datasets and continuously improve their performance as more annotated data become
available. Early studies suggest that deep learning systems might achieve diagnostic
accuracies comparable to those of experienced radiologists and may serve as valuable
decision-support tools in clinical practice [89,94].

Beyond imaging analysis, AI has also been used to develop integrated predictive
models that combine clinical variables, cyst fluid biomarkers, molecular alterations, and
radiologic features. Such models could generate individualized risk scores for malignant
progression and maybe help guide decisions regarding surveillance versus surgical resec-
tion. By incorporating multiple data sources, AI-driven algorithms have the potential to
overcome the limitations of existing guidelines, which primarily rely on imaging criteria
and may lead to both overtreatment and undertreatment.
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Despite these promising advances, the clinical implementation of AI in pancreatic cyst
management remains limited. Current studies are often based on retrospective datasets
and relatively small patient cohorts, and external validation across diverse populations is
still required. Furthermore, issues related to model interpretability, data standardization,
and regulatory approval must be addressed before AI-based tools can be widely adopted
in routine clinical practice. However, artificial intelligence represents a rapidly evolving
field with significant potential to transform the management of PCLs. By enabling more
accurate diagnosis and personalized risk assessment, AI-driven approaches might improve
the early detection of malignancy, optimized surveillance strategies, and more precise
patient selection for surgical intervention.

3. Discussions
The management of pancreatic cystic lesions remains challenging because currently

available diagnostic tools, when used in isolation, are frequently insufficient to distinguish
benign, premalignant, and malignant cysts with adequate precision. Existing international
guidelines rely predominantly on morphologic and radiologic criteria, such as cyst size,
mural nodules, and main pancreatic duct dilation, to estimate malignancy risk and guide
surveillance or surgical referral. Although these parameters are clinically useful, they do
not fully capture the biological heterogeneity of pancreatic cystic lesions leading to both
overtreatment and undertreatment.

3.1. Future Directions—Toward Personalized Integrative Algorithms for Risk Stratification
in PCLs

Given the limitations of isolated imaging criteria and single biomarkers, an impor-
tant area of discussion is whether personalized, multimodal algorithms could provide
a more accurate and clinically useful framework for risk stratification in pancreatic
cystic lesions.

Recent advances in endocrine profiling, molecular diagnostics, and artificial intelli-
gence support a transition from morphology-based surveillance toward integrated and
biologically informed risk stratification in PCLs (Figure 7). The proposed multimodal
workflow combines clinical, imaging, endocrine, molecular, and computational parame-
ters into a sequential decision-making algorithm designed to improve early identification
of high-risk lesions while reducing unnecessary surgical resections.

Such models might overcome the limitations of current guideline-based approaches by
providing a more nuanced estimation of malignant potential and supporting individualized
management decisions. The development and prospective validation of these multimodal
strategies should therefore be considered a major priority in the field.

Concretely, a stepwise multimodal pathway could be as follows:

A. Primary Stratification (Morphologic and Endocrine Assessment): Initial evalua-
tion should combine high-resolution MRI/MRCP with clinical and metabolic assess-
ment according to the updated Kyoto 2024 criteria, including cyst growth kinetics
(≥2.5 mm/year). Morphologic evaluation should assess cyst size, mural nodules,
main pancreatic duct dilation, and other worrisome features or high-risk stigmata.
Simultaneously, endocrine assessment should screen for new-onset diabetes (NOD),
rapid HbA1c escalation, and unexplained weight loss. Importantly, endocrine dys-
function should modify risk stratification independently of cyst morphology. An
ENDPAC score ≥3 or rapidly progressive NOD should prompt expedited EUS evalua-
tion regardless of whether the cyst meets the conventional 30 mm threshold, reflecting
the possibility that metabolic alterations may precede overt radiologic progression.
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B. Secondary Evaluation (EUS and Multimodal Fluid Analysis): Patients with in-
determinate lesions or worrisome imaging features should undergo EUS-guided
fine-needle aspiration (EUS-FNA) with sequential cyst fluid analysis. Initial bio-
chemical and proteomic assessment should include intracystic glucose measure-
ment and high-negative-predictive-value proteomic platforms such as PanCystPro.
Cyst fluid glucose levels ≤ 50 mg/dL strongly support mucinous differentiation
and may serve as rapid triage tools for excluding low-risk non-mucinous cysts.
For lesions remaining clinically relevant or molecularly indeterminate, targeted
DNA/RNA next-generation sequencing (NGS) should be performed using com-
prehensive platforms such as the 74-gene PancreaSeq panel. Molecular analysis
enables identification of KRAS and GNAS mutations associated with mucinous
lineage, as well as TP53, SMAD4, CDKN2A, and CTNNB1 alterations linked to
advanced neoplasia and high-grade dysplasia.

C. Tertiary Integration (Multidisciplinary Decision-Anchored Assessment): Final man-
agement decisions should integrate morphologic, endocrine, molecular, and clinical
data within a multidisciplinary framework involving gastroenterologists, pancreatic
surgeons, radiologists, pathologists, and endocrinologists. Risk assessment should
incorporate genomic classifier results, ENDPAC trajectory, cyst growth kinetics,
patient age, comorbidities, and surgical fitness to guide individualized surveillance
or surgical intervention. Importantly, the algorithm should also include a formal
surveillance “off-ramp” strategy. Stable branch-duct IPMNs measuring <20 mm,
lacking molecular markers of high-grade dysplasia, and remaining morphologically
stable for 5 years may be considered for surveillance discontinuation in selected
patients. This approach may reduce unnecessary long-term surveillance and help
address the substantial burden of surgical overtreatment reported in pancreatic
cystic lesions.

3.2. Avoiding Unnecessary Surgical Resection in PCLs

A central challenge in the management of PCLs is balancing the early detection
of malignant transformation against the risks associated with pancreatic surgery. Al-
though surgical resection remains the only curative option for lesions harboring high-
grade dysplasia or invasive carcinoma, accumulating evidence indicates that a substan-
tial proportion of patients undergo surgery for lesions with limited or no malignant
potential. In the systematic review and meta-analysis by Tanner et al., a considerable
proportion of resected PCLs were ultimately found to represent IPMNs with low-grade
dysplasia or benign cysts, highlighting a persistent gap between pre-operative risk
assessment and final histopathologic diagnosis [3]. The study encompassed 16 high-
quality, globally distributed studies involving a total of 5830 sub-jects who underwent
surgical resection for PCLs. The findings revealed that exactly 44% of all surgically
resected PCLs were either entirely benign or represented IPMNs with low-grade dyspla-
sia, which are lesions that should ideally be managed conservatively. When exclusively
examining the subset of resected IPMNs, the meta-analysis demonstrated that 62%
harbored only low-grade dysplasia (95% CI: 51–71%), meaning that nearly two-thirds
of patients undergoing highly morbid pancreatic re-sections for IPMN derived no
immediate oncological survival benefit [3].
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Figure 7. The Multimodal PCL Stratification Workflow.

This finding is particularly relevant given the non-negligible morbidity and mortal-
ity associated with pancreatic surgery, which has been reported to reach approximately
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30% postoperative morbidity and around 2% mortality even in high-volume centers [3].
Consequently, the current paradigm—largely based on morphologic imaging criteria—
might lead to overtreatment in a subset of patients whose lesions could be safely managed
with surveillance. Crucially, there is a central diagnostic paradox identified by this 2026
meta-analysis regarding the utility of endoscopic ultrasound (EUS). While the increasing
utilization of pre-operative EUS over the past two decades has successfully and significantly
reduced the rate of inappropriate resections for SCAs—largely because EUS excels at iden-
tifying the typical microcystic, honeycomb morphological pattern characteristic of serous
lesions—EUS has completely failed to impact or reduce the rate of resections for IPMNs
harboring only low-grade dysplasia. The global pooled prevalence of pre-operative PCLs
misclassification (defined as a mismatch between the presumed pre-operative diagnosis
and the final surgical histopathology) remains unacceptably high at 24% (95% CI: 16–34%),
despite a historical decrease from 50% prior to the year 2000 down to 22% in the 2011–2021
cohort [3].

These findings reinforce the need for more precise multimodal risk stratification
strategies capable of identifying patients who would truly benefit from surgical intervention
whereas by improving diagnostic precision is essential not only to optimize oncologic
outcomes but also to minimize the burden of avoidable pancreatic surgery.

Limitations of Current Evidence and Risk Stratification Strategies

However, it is still worth considering that despite significant advances in imaging,
cyst fluid analysis, molecular profiling, and artificial intelligence-based prediction models,
several limitations remain in the current risk stratification of pancreatic cystic lesions. First,
most available studies evaluating clinical, endocrine, molecular, and radiomic predictors
are retrospective or based on relatively small cohorts, limiting the generalizability of their
findings. Prospective multicenter studies with standardized diagnostic criteria and long-
term follow-up are still required to validate many proposed biomarkers, including NOD,
metabolomic markers, and multi-omic cyst fluid signatures.

Second, although molecular analysis of cyst fluid has demonstrated promising diag-
nostic accuracy, its widespread clinical implementation remains limited by cost, availability,
and lack of standardized testing protocols. Furthermore, the interpretation of molecular al-
terations and their association with malignant transformation risk still varies across studies,
and clear thresholds for clinical decision-making have not yet been universally established.

Third, artificial intelligence and radiomic models show encouraging diagnostic per-
formance; however, most algorithms are developed using retrospective datasets and lack
external validation across different institutions and imaging platforms. Variability in imag-
ing protocols, data quality, and annotation methods could affect model reproducibility and
clinical applicability. In addition, the interpretability of AI models remains a challenge,
which might limit their integration into routine clinical decision-making.

Another important limitation relates to the heterogeneity of pancreatic cystic lesions
themselves. The natural history of IPMNs, MCNs, and other cystic neoplasms is highly
variable, and progression to malignancy may occur over many years. Consequently, many
studies rely on surrogate endpoints such as high-grade dysplasia rather than invasive
carcinoma, which may influence risk prediction models.

Finally, current international guidelines are largely based on imaging morphology and
expert consensus rather than high-level prospective evidence. As a result, both overtreat-
ment and undertreatment remain important clinical problems, highlighting the need for
more precise and biologically informed risk stratification tools.

In clinical practice, the routine implementation of this personalized integrative work-
flow faces significant operational challenges, including operator-dependent variability
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during endosonographic evaluation, cellular scarcity within aspirated cyst fluid that fre-
quently limits conventional cytological assessment, and substantial financial costs or limited
healthcare availability of advanced next-generation sequencing platforms. Furthermore,
given that a considerable proportion of resected lesions ultimately prove to be benign or
exhibit low-grade dysplasia, establishing a precise framework for the type and timing
of conservative follow-up is essential to balance early cancer interception against sur-
gical overtreatment. For low-risk, small cysts lacking worrisome features, longitudinal
monitoring should be performed non-invasively using cross-sectional imaging, focusing
primarily on magnetic resonance imaging (MRI/MRCP) to minimize cumulative radiation
exposure during multi-year surveillance, or computed tomography (CT) when MRI is
contraindicated or unavailable, at extended intervals guided by initial cyst dimensions
and structural stability. Conversely, intermediate-risk lesions presenting with structural
worrisome features or relative surgical indications necessitate intensified, close-interval
follow-up alternating between high-resolution cross-sectional imaging and endoscopic ul-
trasound to maximize diagnostic precision and capture early disease progression. Crucially,
high-risk lesions demonstrating absolute surgical indications, such as main pancreatic duct
dilation ≥ 10 mm, enhancing mural nodules ≥ 5 mm, suspicious cytology, or obstructive
jaundice, as well as those presenting with severe endocrine risk signatures like an END-
PAC score ≥ 3, must bypass standard observational surveillance pathways entirely and
proceed directly to urgent multidisciplinary tumor board review and surgical evaluation to
minimize critical therapeutic delays. Lastly, this resource-intensive surveillance strategy
can be safely discontinued, thereby providing a definitive clinical off-ramp, exclusively
for small branch-duct intraductal papillary mucinous neoplasms (BD-IPMNs) measuring
less than 20 mm that remain completely asymptomatic, morphologically unchanged, and
free of advanced molecular alterations or worrisome features for a continuous period of
five years.

Overall, while emerging clinical, endocrine, molecular, and computational markers
offer promising opportunities to improve risk prediction, further prospective validation and
cost-effectiveness analyses are necessary before these approaches should be fully integrated
into routine clinical practice.

4. Conclusions
Taking everything into account, the management of pancreatic cystic lesions continues

to represent a complex clinical dilemma, requiring clinicians to balance the early detection
of malignant transformation with the avoidance of unnecessary surgical intervention. Evi-
dence from recent literature highlights that a substantial proportion of pancreatic resections
are performed for lesions ultimately found to have low-grade dysplasia or benign histology,
underscoring the limitations of current risk stratification strategies based predominantly
on imaging criteria. Consequently, there is an increasing need to transition toward more
integrative, precise, biology-driven diagnostic approaches. Emerging tools—including
cyst fluid biochemical markers, molecular profiling through next-generation sequencing,
and artificial intelligence-based predictive models—offer promising opportunities to im-
prove diagnostic accuracy and better characterize the malignant potential of PCLs. The
integration of these modalities with clinical variables such as NOD, serum biomarkers, and
detailed EUS morphology might enable the development of personalized risk stratification
algorithms capable of distinguishing indolent cysts suitable for surveillance from lesions
requiring timely surgical intervention. Ultimately, the implementation of such multimodal
and individualized strategies has the potential to optimize patient outcomes by reducing
unnecessary pancreatic resections while preserving the opportunity for curative treatment
in patients with high-risk disease.
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