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ABSTRACT

Introduction: Pancreatic neuroendocrine neoplasms (pNENs) represent an increasingly
significant, unique and complex subgroup of neuroendocrine diseases. Their
heterogeneity is reflected in wide variations in biological behaviour, metastatic potential,
functionality and aetiology. This review synthesizes the current understanding of pNENs,
from diagnosis to treatment.

Discussion: Recent advances in understanding of these neoplasms have led to
significant changes in their classification, now distinguishing three grades of
well-differentiated tumours from poorly differentiated neuroendocrine carcinomas.
These neoplasms are rare and can occur sporadically or within the context of hereditary
syndromes, however, due to advances in diagnostic modalities and ageing population
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their incidence worldwide is on the rise. They can present as functional neoplasms, 2 SO
clinical guidelines

secreting biologically active hormones and inducing hormonal syndromes, or as
non-functional neoplasms. Surgery remains the primary curative-intent approach for
localized and locally advanced tumours, while systemic treatment is often the only
option for patients with advanced disease. Multifaceted nature of pNENs demands a
multidisciplinary approach that incorporates personalized diagnostic and therapeutic
strategies. While clinical guidelines provide an essential framework, they must remain
adaptable to accommodate individual patient circumstances and evolving evidence.
Conclusions: This review addresses existing gaps, unresolved controversies and areas of
inconsistency in diagnostic workup and management of pNENSs. It underscores the
need for continued investigation to refine our understanding and improve patient
outcomes.

KEY MESSAGES

The growing worldwide incidence of pancreatic neuroendocrine neoplasms demands
profound and up-to-date knowledge on diagnostic and therapeutic modalities. Their
complex and versatile pathology necessitates a multidisciplinary approach to ensure
optimal management for each individual patient. In localized disease, treatment is
guided by tumour size and functionality, with active surveillance or surgery as mainstays.
In advanced disease, systemic therapy remains the cornerstone of care.

1. Introduction
1.1. Background

Neuroendocrine neoplasms (NENs) are a unique and diverse group of diseases that span a spectrum
from indolent to highly aggressive malignancies [1]. Although all NENs possess the potential for malig-
nancy, their biological behaviour and metastatic risk can vary dramatically, posing significant challenges
in diagnosis and management [2]. Histologically, these neoplasms are distinguished by their affinity for
silver staining and the expression of hallmark neuroendocrine markers such as synaptophysin (SYP) and
chromogranin A (CgA) [1].
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Although NENs can arise throughout the body, gastroenteropancreatic system represents the most
common primary site [3,4]. Historically, these tumours were often referred to as carcinoids, a term intro-
duced in 1907 by German pathologist Siegfried Oberndorfer to describe growths with benign clinical
behaviour but carcinoma-like microscopic features [5]. Today, the term gastroenteropancreatic neuroen-
docrine neoplasms (GEP-NENs) is preferred for clarity [6], though carcinoid is still commonly used to
describe well-differentiated neuroendocrine tumours of the luminal gastrointestinal tract.

GEP-NENSs, though rare, are an increasingly significant group of neoplasms, with a steadily rising global
incidence over the past few decades. This rising trend is largely attributed to advancements in diagnostic
methods, improved imaging technologies, greater awareness among clinicians and pathologists, as well
as an ageing population and potential yet unidentified environmental factors [5,7,8].

A rising trend in incidence of the pancreatic subtype of GEP-NENs has been observed [9]. A recent
study based on a United States database revealed an increase in incidence rates from 0.27 to 1.00 per
100,000 between 2000 and 2016, largely attributed to a growing proportion of early-stage diagnoses in
recent years [10]. Pancreatic neuroendocrine neoplasms (pNENs) account for approximately 2-5% of all
pancreatic neoplasms [11]. They range from well-differentiated pancreatic neuroendocrine tumours
(pNETs) to poorly differentiated pancreatic neuroendocrine carcinomas (pNECs), demonstrating a spec-
trum of differentiation [12]. Although typically less aggressive than pancreatic ductal adenocarcinoma,
they may metastasize to lymph nodes and distant sites and exert locoregional effects due to their size
and anatomical location [13].

1.2. Objective and methods

The increasing incidence of pNENSs calls for ongoing refinement of diagnostic and therapeutic strategies.
This narrative review aimed to synthesize current knowledge on the aetiology, classification, clinical pre-
sentation, diagnosis and management of pNENs, with a particular focus on sporadic cases, which repre-
sent the majority. Hereditary syndromes were included only where relevant to the broader understanding
of the disease.

Relevant literature was identified through a comprehensive search of two major electronic databases:
PubMed and Google Scholar. The search strategy combined Medical Subject Headings and free-text key-
words related to pNENSs, including terms such as ‘pancreatic neuroendocrine neoplasms, ‘pancreatic neuro-
endocrine tumours, ‘neuroendocrine carcinoma, 'well-differentiated, ‘poorly differentiated, ‘tumour grading,
‘functional tumours, ‘non-functional tumours, 'diagnosis, ‘imaging, ‘biomarkers, ‘surgery’ and ‘systemic ther-
apy. Boolean operators (AND/OR) were used to refine results.

The search included English-language articles published up to June 2025, covering clinical trials,
reviews, meta-analyses, consensus statements, retrospective and prospective studies and practice guide-
lines. Only studies involving human subjects were considered. No formal quality appraisal or meta-analysis
was conducted, consistent with the narrative review design.

As such, this review is subject to limitations, including potential selection bias and the lack of stan-
dardized quality assessment. The exclusion of non-English publications may have omitted relevant data.
Many of the referenced studies are retrospective in nature and subject to publication bias, and existing
clinical guidelines often rely on limited or low-level evidence, contributing to variability in recommenda-
tions. Despite these limitations, efforts were made to include a broad and representative range of key
studies to ensure a balanced overview of the current evidence on pNENs.

2. Factors behind the disease

Approximately 10% of pNENs are associated with hereditary syndromes, while the majority arise sporad-
ically, primarily in older adults, with the highest incidence observed in the sixth decade of life [14,15].
Although the precise drivers of sporadic pNEN development remain to be fully elucidated, several risk
factors have been proposed, including socio-economic status, a family history of cancer, smoking, alcohol
consumption and type two diabetes mellitus [16,17].

Advances in molecular profiling, including next-generation sequencing (NGS) techniques such as
whole-genome and exome analysis, along with preclinical studies, have identified key genetic
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alterations and pathways involved in both sporadic and hereditary pNENs. In sporadic pNETs, MEN1T
mutations are the most frequent, occurring in over 40% of cases [18-21]. Mutations in ATRX and DAXX
are also common and, like MENT, typically involve two-hit inactivation. These alterations are associated
with alternative lengthening of telomeres, chromosomal instability and poor prognosis. Tumours with
ATRX/DAXX loss often present with larger size, higher-grade, lymph node involvement and distant
metastasis [12,22,23]. Other alterations frequently affect mTOR pathway genes such as TSC1, TSC2, PTEN,
PIK3CA and DEPDC5 [18-21]. By contrast, pNECs are distinguished by mutations in the TP53 and Rb7
genes, with occasional mutations in KRAS and SMAD4 [24]. These insights are not only prognostic but
increasingly critical to clinical decision-making, as they provide the foundation for tailoring therapy
selection and sequencing—an aspect that remains underutilized and is addressed in later sections of
this review.

Among the hereditary cases, multiple neuroendocrine neoplasia type one (MEN-1) syndrome is the
most prevalent, followed by von Hippel-Lindau syndrome, Tuberous Sclerosis Complex and
Neurofibromatosis type one [25]. Up to 80% of patients with MEN-1 syndrome develop pNETs, the major-
ity of which are non-functional, with gastrinomas being the most common among functional types [26].
Notably, no hereditary syndromes have been associated with pNECs [27].

Hereditary pNETs typically present at an earlier age compared to their sporadic counterparts and are
often multifocal [28]. While comparative studies are limited, recent retrospective data suggest that hered-
itary cases have better overall survival (OS) than sporadic ones [15]. In sporadic pNETs, older age and the
presence of metastatic disease are consistently associated with poorer outcomes. Supporting this, a
study of patients with Zollinger-Ellison syndrome (ZES)—a clinical manifestation of gastrinomas—found
that those with MEN-1-associated ZES had significantly improved OS and progression-free survival (PFS)
compared to sporadic cases [29].

3. Classification
3.1. Tumour grade and differentiation

The clinical behaviour and prognosis of pNENs are heavily influenced by various factors, including tumour
grade, differentiation and disease stage [30,31]. Tumour grade reflects the rate of tumour cell prolifera-
tion, assessed using the mitotic index (mitoses per 10 high-power fields (HPF) or per 2mm?) and the
Ki-67 index (percentage of dividing nuclei expressing Ki-67 protein). Differentiation describes how closely
neoplastic cells resemble their normal counterparts [32,33].

First introduced in 2017 and retained in the 2022 World Health Organization (WHO) classification, the
current system categorizes pNENs by grade (G1-G3) and histologic differentiation (well-differentiated
pNETs versus poorly differentiated pNECs) [33,34]. The revision reflects growing evidence that grade
alone does not fully capture differences in clinical behaviour or prognosis. Although G3 neoplasms are
relatively rare, they vary widely in aggressiveness depending on their degree of differentiation [35,36].
Well-differentiated G3 pNETs are now recognized as a distinct entity, morphologically similar to
lower-grade pNETs but differing molecularly from pNECs. Accurate classification is crucial, as it informs
subsequent treatment choices discussed later in this article. Yet, distinguishing G3 pNETs from pNECs
remains challenging in practice, and misclassification can adversely affect management.

Emerging evidence supports the view that pNETs and pNECs are biologically separate entities rather
than a spectrum [37]. At diagnosis, metastases are found in about one-third of low-grade pNETs and 80%
of high-grade pNETs, while nearly all pNECs present with metastatic disease [38,39]. Even G3 pNETs, with
a Ki-67 index reaching up to 50%, are more closely related to lower-grade pNETs than to pNECs [37].
pNECs, in contrast, are poorly differentiated with significant atypia and geographic necrosis, making care-
ful histopathologic assessment and immunohistochemistry essential for distinguishing them from G3
pNETs [33,40]. Figure 1 provides an overview of the latest WHO classification for pNENs and the immu-
nohistochemical characteristics used to differentiate high-grade pNENs.

The WHO classification expands beyond pNETs and pNECs by including a third category known as
mixed neuroendocrine-non-neuroendocrine neoplasms (MiNENSs) [33,34]. These rare neoplasms consist of
both neuroendocrine and non-neuroendocrine components, each accounting for at least 30% of the
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Figure 1. Summary of the 2022 WHO classification and immunohistochemical differentiation of high-grade pNENs
[27,33,34]. Ki-67 index is expressed in percentages; mitotic index is expressed in mitoses per 10HPF or per 2mm?.
Abbreviations: pNETs—pancreatic neuroendocrine tumours; pNECs—pancreatic neuroendocrine carcinomas; MiNENs—
mixed neuroendocrine-non-neuroendocrine neoplasms, SSTRs—somatostatin receptors. TAll pNECs are by definition
high-grade neoplasms.

Table 1. The TNM classification for pNETs, 8/9th edition AJCC/UICC [45,46].

TNM
Stage
T1 Tumour limited to pancreas, <2cm
T2 Tumour limited to pancreas, >2cm but <4cm
T3 Tumour limited to pancreas, >4 cm; or invading duodenum or bile duct
T4 Tumour invades adjacent structures
NO No regional lymph node metastasis
N1 Regional lymph node metastasis
Mo No distant metastasis
M1 Distant metastasis
M1la Metastasis confined to liver
M1b Metastasis in at least one extrahepatic site
M1c Both hepatic and extrahepatic metastases
| T1 NO MO
Il T2-3 NO MO
I} T4 NO MO
T1-4 N1 MO
v T1-4 NO-1 M1

Abbreviations: T—tumour; N—node; M—metastasis.

neoplasm’s cellular makeup. The non-neuroendocrine component is most often ductal adenocarcinoma,

though acinar carcinoma is less common. In most cases, all components of MINENs are high-grade
[41,42].

3.2. Disease stage

The staging of pNENs is based on the tumour, node, metastasis (TNM) classification system. Currently,
two major TNM systems exist. One was proposed by the European Neuroendocrine Tumour Society
(ENETS), and the other was developed by the American Joint Committee on Cancer (AJCC) and endorsed
by the International Union for Cancer Control (UICC) [43]. The latest version is the 9th edition of the
AJCC/UICC classification for GEP-NENs. For pNETs, this edition remains unchanged from the 8th edition,
which was previously aligned with the ENETS system (Table 1) [44-46]. However, this classification does

not apply to pNECs, which are staged using the prognostic framework for exocrine pancreatic carcino-
mas [45,46].
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4. Clinical presentation

Clinically, pNENs are classified as functional or non-functional based on their ability to secrete biologi-
cally active hormones and induce hormonal hypersecretion syndromes. While pNETs can be either func-
tional or non-functional, pNECs are predominantly non-functional [27].

The defining criterion for functional pancreatic neuroendocrine neoplasms (F-pNENSs) is the presence
of a hormone-specific clinical syndrome supported by biochemical evidence of elevated hormone levels
[47]. Non-functional pancreatic neuroendocrine neoplasms (NF-pNENs) are more prevalent, representing
60-90% of all cases [48,49].

4.1. Functional neoplasms

The clinical presentation of F-pNENs depends on the hormone produced in excess by the neoplastic
cells. Up to sixteen different syndromes have been described, with insulinomas and gastrinomas being
the most common [50,51]. Although uncommon, F-pNENs can produce multiple bioactive hormones
simultaneously, leading to the concurrent manifestation of more than one syndrome in a single patient.
Clinical presentations of these functional syndromes are summarized in Table 2.

4.2. Non-functional neoplasms

NF-pNENs often present with non-specific symptoms, in contrast to functional neoplasms. Most NF-pNENs,
excluding the aggressive pNECs, are frequently indolent and slow-growing, often remaining asymptom-
atic for a long time [11]. When symptoms do occur, they are usually caused by the neoplasm’s growth,
leading to local compression, invasion of adjacent structures or metastasis. Common symptoms include
abdominal pain, obstructive jaundice and weight loss, while less frequent manifestations include loss of
appetite, nausea and intra-abdominal bleeding [49]. The absence of hormone-related symptoms means
these neoplasms are frequently diagnosed at advanced stages, when they are large and distant metas-
tases are already present [55]. The frequent late presentation complicates management and highlights
the need for improved strategies to facilitate earlier detection and refine risk stratification.

Table 2. Clinical presentations and primary locations of F-pNENs.
Tumour type (hormone) Primary location Clinical presentation

Insulinoma (insulin) [52-54] Evenly distributed throughout the pancreas Hypoglycaemia® symptoms (usually fasting):
a) Neurogenic symptoms (i.e. sweating, tremor,
palpitations)
b) Neuroglycopenic symptoms (i.e. confusion,
fatigue, visual changes, coma)
Frequent small meals may cause weight gain

Gastrinoma (gastrin) [55,56] Gastrinoma triangle® ZES:
(predominantly in the duodenum, followed a) Gastroesophageal reflux disease
by the pancreas) b) Peptic ulcer disease (multiple ulcers in

uncommon sites, e.g. third part of the
duodenum, small bowel)
¢) Chronic diarrhoea
Glucagonoma (glucagon) [57,58] Distal pancreas (tail) Pathognomonic dermatitis (necrolytic migratory
erythema), diabetes mellitus, other
manifestations (i.e. weight loss, diarrhoea,
anaemia, deep vein thrombosis, depression)
VIPoma (vasoactive intestinal peptide) [59] Distal pancreas (body, tail) Varner-Morrison syndrome/WDHA syndrome:
a) Watery diarrhoea (up to 31/day)
b) Hypokaliemia
¢) Achlorhydria

Somatostatinoma (somatostatin) [60,61] Pancreas, ampulla, duodenum Somatostatinoma syndrome (diabetes mellitus,
gallstones, steatorrhea/diarrhoea)c
Other rare forms Secretion of somatoliberin, adrenocorticotropin, parathyroid hormone related peptide,

serotonin, tachykinins, etc., causing symptoms.

@Hypoglycaemia in a non-diabetic patient is defined by Whipple's triad: low blood glucose, hypoglycaemia symptoms and symptom relief after
carbohydrate intake.

5The gastrinoma triangle is formed by connecting three points: the junction of the second and third parts of the duodenum, the cystic duct
and common bile duct junction, and the body and neck of the pancreas junction.

‘Somatostatinomas are often silent, diagnosed incidentally or present with non-specific symptoms.
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5. Diagnostic approach

The diagnostic approach to pNENs is a multifaceted process combining clinical evaluation, blood-based
markers, advanced imaging, with histopathological or cytological examination remaining the gold stan-
dard for definitive diagnosis [62].

5.1. Biochemical diagnostics

Circulating neuroendocrine markers, detectable in plasma and/or serum, are divided into two groups
where non-specific or general markers are expressed by almost all pNENs and specific markers are pri-
marily associated with F-pNENs [63,64]. Hormonal markers such as insulin, gastrin, glucagon, vasoactive
intestinal peptide and somatostatin are commonly used in the diagnosis and monitoring of F-pNENs [65].

General circulating markers are widely used in clinical practice to monitor and support the diagnosis
of NENs. CgA, the most common marker, is expressed in both normal and neoplastic neuroendocrine
cells [61]. However, its diagnostic utility is constrained by limited sensitivity and specificity. Its sensitivity
is more acceptable in functional and advanced NENs [65,66]. Despite its limitations, CJA remains valu-
able for assessing disease progression, tumour burden and treatment response in non-functional pancre-
atic neuroendocrine tumours (NF-pNETs) when measured consistently with the same assay [67,68]. Other
markers, such as neuron specific enolase (NSE) and pancreatic polypeptide, are also relevant, with NSE
linked to poor differentiation and shorter PFS, even when CgA levels are normal [69].

Molecular biomarkers like circulating tumour cells, microRNAs and the NETest are transforming NEN
diagnosis and management through more precise detection and monitoring. The NETest, with its supe-
rior sensitivity and specificity in analysing NEN-specific gene expression, remains limited by high cost and
accessibility [65,70]. Researchers are exploring affordable alternatives, such as serum B-human chorionic
gonadotropin, for evaluating treatment response and disease progression in pNENs [71].

Taken together, circulating markers are useful for monitoring and prognostication but lack the speci-
ficity needed for reliable diagnosis, making imaging and pathology indispensable. Emerging molecular
biomarkers show promise for improving diagnostic accuracy and disease monitoring, but their clinical
utility remains limited by cost, accessibility and the need for robust validation.

5.2. Diagnostic imaging

Imaging is central to the evaluation of pNENs, offering critical information for diagnosis, staging and
treatment planning. Broadly, modalities are categorized as morphological imaging, which assesses ana-
tomical structures, and functional imaging, which captures receptor expression or metabolic activity.

5.2.1. Morphological imaging techniques

Multiphasic contrast-enhanced computed tomography (CT) is a widely used first-line modality due to its
availability, high spatial resolution and ability to assess both primary tumour and metastases. Detection
rates range from 69% to 94%, depending on tumour size and vascularity [72]. CT is particularly useful
for whole-body staging, but its sensitivity for detecting bone metastases is limited, and lymph node
evaluation is constrained by size-based criteria [72,73].

Abdominal ultrasound (US) is commonly used as an initial imaging step given its accessibility, though
its detection rate for primary neoplasms is low (i.e. around 40%) even with contrast enhancement [72].
While more effective for identifying liver metastases, its role in comprehensive evaluation remains limited.

In contrast, endoscopic ultrasound (EUS), particularly with contrast enhancement, offers the highest
sensitivity for detecting small lesions such as insulinomas and gastrinomas [72,74,75]. It also enables
tissue sampling through fine-needle aspiration (FNA) or fine-needle biopsy (FNB), with FNB demonstrat-
ing superior diagnostic yield and greater accuracy in preoperative Ki-67 index assessment [76,77].
Additionally, EUS accurately maps lesion location and proximity to critical structures like the main pan-
creatic duct (MPD), which is essential for surgical planning.

Magnetic resonance imaging (MRI) provides superior contrast resolution compared to abdominal US
and CT, as well as avoids ionizing radiation. It is particularly effective in detecting liver, brain and bone
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metastases [78] and is often used when CT results are inconclusive [79]. Magnetic resonance cholan-
giopancreatography further enhances lesion characterization by delineating their relationship to the pan-
creatic and bile ducts, improving surgical planning. Additionally, diffusion-weighted imaging (DWI) is
useful for identifying small lesions and is suitable for patients who cannot receive contrast agents [78,80].

5.2.2. Functional imaging techniques

Many well-differentiated pNENs express somatostatin receptors (SSTRs), enabling their detection through
SSTR-based functional imaging. Radiolabelled somatostatin analogues (SSAs) are commonly used for
identifying primary tumours, detecting metastases and identifying candidates for SSTR-targeted thera-
pies [81].

Historically, somatostatin receptor scintigraphy (SRS) with indium-111 ("""In)-pentetreotide (Octreoscan),
was the cornerstone of functional imaging. However, it has largely been replaced by positron emission
tomography (PET) combined with CT (SSTR-PET/CT) using gallium-68 (5Ga) based tracers (e.g. ®Ga-DOTA-
TATE, DOTA-NOC and DOTA-TOC), which offers significantly higher spatial resolution and sensitivity
[82,83]. SSTR-PET/CT provides high diagnostic accuracy and greater sensitivity than conventional CT for
detecting distant metastases, especially in bones, though it is less effective for pulmonary lesions [84]. It
also improves detection of lymph node metastases that are challenging to assess on CT or MRI [72]. For
liver metastases, however, MRI with hepatocyte-specific contrast remains superior [85]. Prior to local
treatment, liver MRI with DWI and hepatocyte-specific contrast is recommended, either alongside
SSTR-PET/CT or as part of hybrid SSTR-PET/MRI imaging [68,86].

While an unenhanced low-dose CT in PET/CT may suffice for anatomical orientation and attenuation
correction, contrast-enhanced imaging, either as part of PET/CT or via dedicated CT and/or MR, is crucial
for comprehensive tumour evaluation, including local resectability and metastatic anatomy [85,87].

As Ki-67 index increases, SSTR expression typically decreases, reducing the utility of SSTR-based imag-
ing. Conversely, fluorine-18-fluorodeoxiglucose ('8F-FDG)-PET/CT becomes more effective due to increased
glucose metabolism in high-grade tumours. A positive '8F-FDG-PET/CT result strongly correlates with
poorer disease outcomes and can also offer valuable prognostic information in lower-grade pNENs
[82,88]. Using both SSTR-PET/CT and '8F-FDG-PET/CT offers complementary insights into tumour biology.

In insulinomas, which may lack significant SSTR expression, glucagon-like peptide one receptor
(GLP-1R)-PET/CT, has shown promise, especially in benign cases. However, its utility in malignant insuli-
nomas is limited due to downregulation of GLP-1R [82].

From a clinical standpoint, morphological and functional imaging provide complementary insights—
one defining anatomical extent, the other capturing tumour biology. Both are central to staging and
treatment planning, yet their sequencing is not standardized. Although practice must be tailored to indi-
vidual patient characteristics, the absence of unified recommendations highlights the need for a clearer
framework to guide diagnostic workup of suspected pNENs. A recent international Delphi consensus
sought to address this by providing expert guidance on the sequencing of SSTR-PET and EUS biopsy. For
example, SSTR-PET was recommended as the preferred initial test in surgical candidates with >2cm,
multifocal or functional pancreatic neuroendocrine tumours (F-pNETs), while biopsy was considered
unnecessary before resection unless there was concern for high-grade features, metastatic disease, incon-
clusive findings or alternative diagnoses [89]. These statements aim to harmonize practice in the absence
of high-level evidence.

5.3. Pathological analysis

Pre-treatment assessment of pathological tumour grade in pNENSs is important for determining prognosis
and informing management decisions. ENETS guidelines recommend sampling the most accessible site,
with liver metastases prioritized when available. If metastases are absent or inaccessible, EUS-FNA or
EUS-FNB of the primary tumour is suggested, with CT-guided biopsy as an alternative [68].
Histopathological evaluation, typically performed on surgical or endoscopic biopsy samples, relies on
morphological analysis of the neoplasm and immunohistochemistry. Currently, CgA and SYP are regarded
as the most specific immunohistochemical markers for neuroendocrine differentiation. Well-differentiated
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neoplasms generally show high levels of CgA expression, while poorly differentiated pNECs display
reduced or focal expression [63,90].

Immunohistochemical staining for SSTR-2 is valuable for assessing tumour differentiation [7]. The Ki-67
marker plays a central role in grading pNENs by evaluating the proliferative activity of neoplastic cells.
Additionally, other markers are used to distinguish between G3 pNETs and pNECs (see Classification sec-
tion). In some cases, neoplastic cells produce hormones that do not enter the bloodstream but can be
detected using specialized staining techniques [63,90].

5.4. Radiomics: a new look at pNENs

While the invasive nature and vulnerability to sampling error limit reliability of tissue biopsy, the diag-
nostic accuracy of imaging modalities is often constrained by subjective interpretation [91]. Radiomics
presents a more objective approach by extracting quantitative features from medical images and con-
verting them into high-dimensional data that may capture underlying tumour biology. Integrated with
machine learning, radiomics has shown promise in predicting pNEN grade and may support treatment
planning and follow-up [92-95]. It has also demonstrated high sensitivity in detecting small pNETs on
CT, suggesting utility in early detection and opportunistic screening [96]. Beyond diagnosis, radiomics
may help overcome the limitations of size-based surgical thresholds by identifying small but aggressive
tumours and larger indolent ones and assist in evaluating metastatic lesions [97].

Despite this promise, clinical translation remains limited. Radiomics features vary with scanner set-
tings, reconstruction methods, software and segmentation, which remains a major source of variability.
Standardization initiatives such as the Image Biomarker Standardization Initiative, which defines feature
calculation and reporting standards, and harmonization methods such as ComBat, which adjust feature
distributions across centres, have improved comparability, but cross-centre variability continues to hinder
reproducibility [98-100]. Most studies are small, retrospective and single-centre, with little external or
prospective validation [101], and current artificial intelligence models remain exploratory and imprecise.
For now, radiomics in pNENs should be regarded as experimental until validated in large, prospective
multicentre studies.

6. Treatment options

pNENs have diverse treatment options shaped by tumour differentiation, pathological grade, clinical
stage and hormonal symptoms. Recent advancements in surgical techniques and systemic therapies have
led to a shift towards individualized management, with treatment strategies crafted by a multidisciplinary
team of pNEN specialists.

6.1. Surgical treatment

Surgical resection remains the primary curative-intent approach for localized and locally advanced pNENs
and can also offer significant benefits for patients with metastatic disease, particularly by alleviating
symptoms and improving survival outcomes [102]. Given the rarity and specificity of pNENSs, their man-
agement should be centralized in specialized high-volume centres to minimize morbidity and mortality.

6.1.1. Localized disease
6.1.1.1. Sporadic F-pNETs. Surgery with radical intent is recommended for medically fit patients with
localized sporadic G1 or G2 F-pNETs, regardless of tumour size, due to the significant clinical syndromes
these tumours can cause [86,103-107]. Surgical resection not only alleviates symptoms caused by hor-
mone overproduction but also serves to prevent metastases [102]. However, medical control of the hor-
monal syndrome must be achieved before surgery to reduce perioperative risks.

Insulinomas are typically benign and curable with surgery, with enucleation often sufficient, provided
tumour size, location and MPD proximity are carefully assessed. Routine lymphadenectomy is not indi-
cated due to their minimal malignant potential [86,104,106]. By contrast, gastrinomas are more frequently
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malignant and often involve lymph nodes, making peritumoural lymphadenectomy necessary and formal
pancreatic resection more appropriate than enucleation [86,104,106,108,109]. Other F-pNETs are excep-
tionally rare, making standardized management difficult, though surgical resection remains the only cura-
tive option [51,104,106].

For patients with symptoms of hormone hypersecretion, the primary tumours may remain occult
despite advanced preoperative imaging [110]. Historically, blind distal pancreatectomy was performed
when insulinomas could not be localized or palpated during surgery [111]. However, guidelines now
prioritize surgical exploration with intraoperative US, which significantly enhances tumour localization
and surgical precision [86,104].

6.1.1.2. Sporadic NF-pNETs. The management of sporadic NF-pNETs is challenging due to their vari-
able biology and uncertain malignant potential [109,112]. Advances in high-resolution imaging have sig-
nificantly increased the detection of small (<2cm), asymptomatic NF-pNETs, shifting management from
routine surgery to a more selective approach [113]. Although surgery remains the standard for localized
disease and is generally recommended for sporadic and MEN-1-related NF-pNETs [114], studies have
shown that a non-operative approach can be safe for carefully selected small tumours [102,115,116].
However, most evidence derives from small, non-randomized series, limiting generalizability.

At the same time, studies indicate that even small NF-pNETs can exhibit aggressive behaviour, includ-
ing lymph node or distant metastases and recurrence, negatively impacting OS and cancer-specific sur-
vival [117-120]. This underscores the potential long-term benefits of surgical resection. Preoperative
examinations lack accuracy in predicting nodal involvement, as current imaging modalities show high
specificity but very low sensitivity for detecting lymph node metastases [121]. Still, surgery may not
improve survival in patients with localized, well- to moderately-differentiated tumours with lymph node
metastases only [122].

The growing trend towards the ‘watch-and-wait’ strategy emphasizes the importance of individualized
approach, where clinical practice guidelines are not rigidly applied but rather serve as adaptable tools
to guide decisions tailored to each patient’s unique circumstances. Data analysis from the National
Cancer Database indicates that surgery improves survival for localized tumours 1-2cm and >2cm in size,
but not for those <1cm, after adjusting for covariates [123].

Clinical guidelines broadly endorse surveillance for small, asymptomatic, localized sporadic NF-pNETs,
while recommending surgical removal for tumours larger than 2cm due to their higher risk of metastasis,
local invasion and nodal involvement [68,103-107,118]. Tumours 1-2cm in size fall into a ‘grey zone,
requiring a tailored approach based on tumour grade, location, growth behaviour and patient-specific
factors [68,104,105]. For tumours exceeding 2cm, most guidelines recommend regional lymph node
removal [103-107], though ENETS raises this threshold to 3cm [68]. Recommendations from international
societies are summarized in Table 3.

Adding to this, a multicentre retrospective study demonstrated a strong correlation between tumour
size and the risk of lymph node metastasis in NF-pNETs. Tumours larger than 2cm were identified as
independent risk factors for lymph node metastases and reduced disease-free survival, supporting surgi-
cal intervention in fit patients [124].

The interim analysis of the Asymptomatic Small Pancreatic Endocrine Neoplasms (ASPEN) study, the
largest prospective multicentre study of small asymptomatic NF-pNETs (<2cm), reported surveillance to
be safe over a median follow-up of 2years, with minimal tumour growth and no cases of distant metas-
tases [125,126]. Follow-up remains short and cannot exclude late progression, a well-recognized risk in
indolent tumours. Notably, nearly all tumours with aggressive histological features and nondilated MPD
exceeded 1cm [126]. These results provide short-term reassurance but fall short of establishing
long-term safety.

Analysis from the SEER database [127] and a retrospective multicentre study [128] highlight that
tumour size alone is an imperfect surrogate for tumour aggressiveness and insufficient for determining
eligibility for the ‘watch-and-wait’ strategy. The latter study recommends personalized management and
surveillance for G1 tumours under 2cm, G2 tumours under 1cm and a 1.5cm cut-off for unknown-grade
tumours due to higher Ki-67 indices in tumours >=1.5cm and strong tumour diameter predictive ability
for lymph node metastases [128].
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Table 3. Comparison of clinical guidelines for managing localized sporadic NF-pNETs.
Clinical guideline Recommendations

Europe ENETS (2023) [68] No MPD dilatation

<1cm and asymptomatic: Active surveillance

>1 and <2cm: Personalized approach considering type of surgical approach needed and
patients’ comorbidities

>2 cm: Resection +routine lymphadenectomy, if >3cm

MPD dilatation

Any size: Resection +routine lymphadenectomy, if >3cm

ESMO (2020) [103] <2cm and incidentally discovered: Imaging-based surveillance (suggested for elderly
patients, those with important comorbidities, or deep localization in the pancreatic head;
surgery recommended for young patients or when signs of local invasiveness are present)

>2cm: Standard pancreatectomy (PD/DP)+regional lymphadenectomy
North America  NCCN (2.2024) [104] Grade 1/2

<1cm, Grade 1 and incidentally discovered: Observation

>1 to <2cm:

Observation (consider for grade 1, incidentally discovered tumours; base decision on surgical
risk, tumour site and comorbidities),

or pancreatectomy + lymphadenectomy,

or enucleation +lymphadenectomy

>2cm, invasive, or node-positive: Pancreatectomy +lymphadenectomy

NANETS (2020) [105] <1cm, asymptomatic and imaging consistent with pNETs: Observation

1-2cm:

Observation (consider age, comorbidities, tumour growth over time, estimated risk of
symptom development, details of imaging, grade, the extent of surgical resection required,
patient’s wishes, access to long-term follow-up)

or resection

>2 cm: Formal resection + lymphadenectomy

Asia JNETS (2019) [106] <1cm, incidentally discovered, asymptomatic and no radiographic evidence of
metastasis/invasion (e.g. hepatic or lymphatic involvement, pancreatic duct stenosis, biliary
stricture): Follow-up with informed consent

<1cm not reaching criteria for observation: Resection including enucleation

21 and <2cm: Resection including enucleation + lymphadenectomy

=2 cm: Standard resection +lymphadenectomy

China (2020) [107] Grade 1/2

<2cm:

Imaging-based surveillance with informed consent

or resection (especially for grade 2, significant progression/volume increase >20%, evidence of
lymph node metastasis/local invasion, MPD dilatation, or obstructive jaundice)

=2 cm: Regular pancreatectomy +lymphadenectomy

Abbreviations: ENETS—European Neuroendocrine Tumour Society; ESMO—European Society for Medical Oncology; NCCN—National
Comprehensive Cancer Network; NANETS—North American Neuroendocrine Tumour Society; JNETS—Japanese Neuroendocrine Tumour
Society; MPD—main pancreatic duct; PD—pancreatoduodenectomy; DP—distal pancreatectomy; pNETs—pancreatic neuroendocrine tumours.

Finally, patients eligible for the ‘watch-and-wait’ strategy require structured follow-up to monitor for
changes necessitating surgical intervention. 2016 ENETS guidelines recommend EUS and MRI/CT every
6 months, transitioning to annual evaluations for patients with stable disease and a low Ki-67 index [129].
ESMO advises annual high-quality imaging [103], Japanese Neuroendocrine Tumour Society suggests
follow-ups every 6-12months [106], and Chinese guidelines advocate more frequent monitoring, with
follow-ups every 3months in the first year, transitioning to 6-month intervals for 3years and annually
thereafter if the disease remains stable [107].

In summary, while surveillance is increasingly endorsed for small, low-grade, asymptomatic NF-pNETs,
supporting evidence is limited, largely retrospective and prone to selection bias. Prospective data, such
as the ASPEN trial, offer short-term reassurance but cannot establish long-term safety. Tumour size
alone is insufficient for risk stratification, with biological features, imaging characteristics and
patient-specific factors providing more reliable guidance. Until high-quality, long-term prospective data
are available, surveillance should be reserved for carefully selected patients within structured follow-up,
and guided by multidisciplinary expertise. Even with growing guideline support, the ‘watch-and-wait
strategy’ rests more on pragmatic consensus than on solid evidence, and its uncertainty must be
acknowledged.

6.1.2. High-Grade pNENs
The role of surgical resection in G3 pNENs remains controversial, as evidence is largely limited to retro-
spective series, few of which account for the updated subcategories [105,130]. Outcomes appear to differ
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by subtype. In pNECs without metastases, surgery provides limited benefit and should be considered
cautiously [131]. By contrast, surgery for G3 pNETs, regardless of metastatic status, has shown favourable
outcomes [131] and is an independent predictor of improved prognosis [132]. Another study also sug-
gested a survival benefit in selected pNEC patients, though negative prognostic factors such as vascular
infiltration, lymph node involvement and distant metastases were highlighted [133]. Reflecting these dif-
ferences, the European Society of Endocrine Surgeons (ESES) recommends surgery for G3 pNETs without
metastases and selective resection for localized pNECs within a multimodal framework [134].

6.1.3. Surgical management approaches and alternative strategies

The surgical management of pNETs includes standard pancreatic resections with lymphadenectomy and
parenchyma-sparing procedures [135,136]. Standard resections include pancreatoduodenectomy, com-
monly performed for tumours in the pancreatic head, and distal pancreatectomy, with or without spleen
preservation, for tumours in the body or tail. For larger central tumours or multiple tumours confined to
the pancreas, total pancreatectomy may be necessary [136,137].

Conservative surgical techniques, including tumour enucleation and central pancreatectomy, aim to
preserve healthy pancreatic tissue to minimize the risk of postoperative pancreatic exocrine and endo-
crine insufficiency. However, they often fall short in achieving sufficient lymphadenectomy compared to
standard resections [138,139]. Enucleation can therefore be an option for small, benign tumours (e.g.
insulinomas and NF-pNETs <2cm) located >2-3mm from the MPD [105,140,141]. On the other hand,
small, low-grade pNETs in the neck or proximal body of the pancreas that cannot be enucleated due to
proximity to MPD may undergo central pancreatectomy [105]. Because these procedures carry a higher
risk of postoperative pancreatic fistula, the benefits of parenchyma preservation must be carefully
weighed against this risk [139,142-144].

Surgery for pNETs can be performed using open, laparoscopic or robotic techniques. Minimally inva-
sive surgery (MIS) offers benefits like shorter hospital stays, reduced blood loss and lower recurrence
rates [145]. Robotic surgery, an advancement in MIS, addresses limitations of laparoscopy by enhancing
manoeuvrability with wristed instruments, enabling precise manipulation and providing 3D visualization
[146]. A meta-analysis found robotic distal pancreatectomy as effective as laparoscopic surgery, with
added advantages including higher spleen preservation and fewer conversions to open surgery [147].
MIS should be prioritized whenever feasible [68,103], though laparoscopic pancreatoduodenectomy
remains challenging due to its complexity. In such cases, robotic surgery serves as a superior MIS option
[136,146,148].

For low-grade, small pNETs, particularly for patients unfit for surgery, EUS-guided radiofrequency abla-
tion (EUS-RFA) is emerging as a promising alternative. By inducing coagulation necrosis in targeted
tumour tissue while sparing surrounding healthy tissue, EUS-RFA achieves high efficacy with low risk for
adverse events [149-152]. Although still investigational, early results are encouraging and reflect a
broader trend towards tailoring local therapies to balance oncologic control with preservation of pancre-
atic function.

6.1.4. Advanced disease

Advanced pNETs often manifest as large masses that invade extrapancreatic structures or major ves-
sels and are frequently accompanied by metastases. Complete surgical resection remains the only
potentially curative treatment, particularly for large tumours or low-volume metastases. In locally
advanced disease, surgical intervention may require resection of adjacent organs and vascular recon-
struction, which, while potentially improving outcomes, also increases the risk of postoperative com-
plications [134,153-155].

Multiple guidelines recommend surgery for locally advanced and/or metastatic pNETs when complete
resection is feasible and clinically appropriate, considering patient health and tumour characteristics
[68,104,107]. Additionally, several low-quality studies have examined neoadjuvant protocols for downsiz-
ing advanced borderline resectable or unresectable pNETs using peptide-receptor radionuclide therapy
(PRRT) and chemotherapy. While PRRT shows higher partial response rates, the optimal treatment
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regimen remains unclear [134,156,157]. These findings suggest some of these patients may achieve
resectable disease and undergo curative resection.

6.1.4.1. Management of liver metastases. In pNENs, the liver is the most common site of distant
metastases [158,159]. Liver failure resulting from extensive tumour replacement is the leading cause of
death in these patients [160]. The conventional treatment of metastatic pNETs includes a combination of
surgical resection, locoregional and systemic therapies [161].

Surgical treatment focuses on reducing tumour burden while preserving liver function. Patients with
G1 or G2 pNETs, resectable neuroendocrine liver metastases (NELMs) and no extrahepatic disease may
undergo curative resection. This can involve staged or synchronous removal of the primary tumour and
liver metastases. However, cure is rare due to frequent recurrence. In palliative care, cytoreduction
(debulking) helps slow disease progression and relieve hormonal or mass-effect symptoms [162,163]. A
70% hepatic clearance threshold is widely accepted as beneficial [164].

Surgical strategies often combine non-anatomical resections of superficial metastases with
ultrasound-guided ablations for deeper lesions. Additional locoregional therapies including transarterial
embolization, chemoembolization and yttrium-90 radioembolization offer effective, lower-morbidity alter-
natives to surgical metastasectomy and are viable for patients unsuitable for surgery [102,165,166].

Furthermore, orthotopic liver transplantation is a promising investigational option for select patients
with unresectable NELMs, provided the primary tumour and lymph node metastases are fully resected
[167,168].

6.1.4.2. The role of primary tumour resection in unresectable liver metastases. The benefit of pri-
mary site resection in patients with unresectable NELMs remains uncertain. Studies suggest it may relieve
hormonal and local tumour symptoms while improving disease control [169]. Systematic reviews also link
primary tumour resection to longer survival compared to non-operative management [169-171]. However,
these results are primarily based on retrospective studies, which are susceptible to selection bias. For
severe symptoms like gastric outlet or biliary obstruction, endoscopic resection or surgical bypass can be
considered as treatment options [172].

6.2. Systemic treatment

Systemic treatment is essential for managing advanced pNENs when curative surgery or locoregional ther-
apies are not viable or pose significant risks, aiming to control hormone overproduction, alleviate symp-
toms and suppress tumour growth. Treatment selection and sequencing should be personalized, considering
patient, tumour and therapeutic goals, ideally guided by a multidisciplinary team discussion [173,174].

Interestingly, systemic treatments for syndromic pNENSs, including those linked to MEN-1 syndrome,
are largely consistent with those used for sporadic pNENs, despite the absence of robust evaluation in
large patient cohorts [175,176].

6.2.1. Systemic treatment modalities

SSAs exert their therapeutic effects in pNETs through binding to SSTRs, primarily SSTR-2 and, to a lesser
extent, SSTR-5 [81,177]. In addition to their antisecretory effects in functional tumours, SSAs also have
antiproliferative properties that suppress tumour growth and stabilize disease [178].

For pNETs, this antiproliferative activity has been well-documented for lanreotide [179], though pro-
spective studies on octreotide are lacking. Despite this, antitumour activity is considered a class effect of
SSAs, making both lanreotide and octreotide recommended as first-line treatments for SSTR-positive G1
pNETs and G2 pNETs with a Ki-67 index <10%, non-bulky disease and unaggressive behaviour [180].
There is also limited evidence to support the use of SSAs in patients with relatively aggressive tumours,
such as those with a Ki-67 index =10% [181]. While SSAs have a very tolerable safety profile, resistance
can develop, posing challenges in patient management [182]. Moreover, negative SSTR imaging typically
predicts SSA ineffectiveness [183], guiding patients with such imaging results, progression on
standard-dose SSAs or aggressive disease to alternative systemic treatments.
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Everolimus, an oral mTOR inhibitor, and sunitinib, a multitargeted tyrosine kinase inhibitor, are key
targeted therapies for advanced pNETs. Both therapies have demonstrated efficacy in well-differentiated
pNETs through phase three trials [184,185], with sunitinib further validated in a phase four study [186].
In the absence of comparative studies, and given their similar median PFS, the choice between these
agents should be guided by the safety profile best suited to the individual patient [68,187]. More recently,
the phase three CABINET trial showed that cabozantinib, an oral multikinase inhibitor, significantly
improved PFS in patients with progressive pNETs previously treated with PRRT or targeted therapies such
as everolimus or sunitinib, supporting its role as a new treatment option in this setting [188]. Although
cabozantinib’s toxicity profile necessitates careful patient selection and monitoring, it presents itself as an
emerging key agent in later-line treatment settings. Especially patients with progressive, well-differentiated,
non-resectable pNENs who have failed or do not tolerate other approved therapies are most likely to
benefit from cabozantinib [173,188-190].

Despite their benefit in disease control, sunitinib and everolimus are less likely to induce significant
tumour shrinkage compared to chemotherapy and PRRT [105,191]. Consequently, cytotoxic chemother-
apy remains an essential component of pNEN treatment, especially for patients with bulky, symptomatic
or rapidly progressing pNETs. Similarly, the aggressive nature of pNECs demands the prompt initiation of
chemotherapy [187,191].

Cytotoxic chemotherapy for G1 and G2 pNETs commonly involves alkylating agents like streptozocin
(STZ) or temozolomide (TEM), often combined with antimetabolites such as 5-fluorouracil (5-FU) or
capecitabine (CAP) [192,193]. While STZ-based regimens have long been the standard of care, the capecit-
abine/temozolamide (CAPTEM) regimen has gained popularity due to its favourable toxicity profile and
convenient oral administration [191,194]. Meanwhile, platinum-based chemotherapy remains the frontline
treatment for pNECs [195]. For the recently recognized G3 pNET category, the optimal regimen remains
debated [196]. However, CAPTEM is frequently recommended as a first-line option for tumours with a
Ki-67 index below 55%, given their limited response to platinum-based regimens compared to pNECs [180].

Finally, theranostics, a key advancement in precision medicine, uses radiopharmaceuticals to first
detect tumours via PET or single photon emission computed tomography (SPECT) imaging and then
treat them with cytotoxic radionuclides [197]. Radiolabelled SSAs, with high affinity for SSTRs, are ideal
for PRRT due to their uptake by receptor-expressing tumour cells and rapid clearance from blood, ensur-
ing precise delivery of ionizing radiation [198]. In pNEN diagnosis, gallium-labelled SSAs are used, while
PRRT utilizes SSAs labelled with B-emitters like lutetium ('77Lu) combined with DOTA chelators (e.g.
177 u-DOTA-TATE) [199].

Early clinical data support the efficacy of PRRT in pNETs. Preliminary phase two trial results indicate
that "77Lu-DOTA-TATE PRRT nearly doubles 12-month PFS compared to sunitinib, with final data pending
[200], while a retrospective study [201], building on NETTER-1 [202] and Erasmus MC [203] findings,
confirms its effectiveness. Already approved in the United States and Europe for advanced,
well-differentiated (G1 and G2), SSTR-positive GEP-NENs [204], 77Lu-DOTA-TATE PRRT also shows promise
in G3 pNETs with a Ki-67 index below 55% [205].

Further comparative evidence comes from a multicentre retrospective cohort study of 508 patients
with advanced G1-G3 enteropancreatic NETs progressing on SSAs, who subsequently received PRRT, che-
motherapy or targeted therapy. Median PFS was 2.2years with PRRT (vs 0.6years with chemotherapy or
targeted therapy; hazard ratio (HR) 0.37). In the pNET subgroup, the adjusted HR was 0.41, corresponding
to an absolute PFS gain of 1.6years. Similar benefits were observed across functioning and non-functioning
tumours, intestinal primaries and G1-G2 disease (Ki-67<10%) [206]. While limited by its retrospective
design, this study highlights the potential of earlier PRRT use, contrasting with current practice where
treatment is typically reserved for later lines.

Prospective trials are now strengthening this evidence base by evaluating PRRT earlier in the treat-
ment course. The NETTER-2 trial is the first randomized study to assess PRRT as a first-line treatment in
patients with advanced, well-differentiated, higher-grade (G2>10% and G3) GEP-NETs. The primary anal-
ysis demonstrated that first-line 77Lu-DOTATATE combined with octreotide LAR prolonged median PFS by
more than 14months compared with high-dose SSAs (22.8 versus 8.5 months), establishing a new stan-
dard of care in this population and addressing a critical unmet need where no evidence-based standard
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previously existed [207]. PRRT with '77Lu-DOTATATE has also demonstrated efficacy and safety as a neo-
adjuvant therapy for high-risk resectable or potentially resectable NF-pNETs [208].

Despite advancements in systemic therapies, adjuvant therapy is not currently indicated for patients
with completely resected pNETs. Recent practice guidelines emphasize the lack of robust, high-level evi-
dence to support the use of systemic therapy regimens, including chemotherapy, radiotherapy or chemo-
radiotherapy, in improving recurrence or survival outcomes after complete surgical resection of pNETs
[68,104,105].

6.2.2. The challenge of treatment sequencing
6.2.2.1. Barriers to defining a standard sequencing approach. The optimal sequencing of systemic ther-
apies for advanced pNENs remains undefined due to limited comparative data. Most patients eventually
receive all available treatments in varying orders, based on individual clinical and tumour characteristics
as well as treatment goals (e.g. tumour stability versus tumour response) [174,180,187,192]. While updated
guidelines offer general frameworks, significant discrepancies persist, particularly regarding second-line
treatment recommendations. Figure 2 illustrates differences among international guidelines for systemic
therapy in advanced G1-G2 SSTR-positive pNETSs.

A recent comparative analysis of these guidelines highlights this variability and the ongoing lack of
consensus, emphasizing the need for prospective trials to clarify sequencing strategies [209]. However,
the authors acknowledge that global differences in drug approval processes make a universal

G1-G2 pNETs (SSTR-positive)
Favourable phenotype (e.g., asymptomatic, stable or slow-growing, low tumour burden)
Guideline ENETS ESMO NCCN ASCO
1%tline SSAs? SSAs? Observation/SSAs SSAs?
Progression? MTAs/PRRT Chemo/MTAs
MTAs/PRRT/Chemo® PRRT/Chemo/MTAs
Progression? Chemo PRRT
) 4
G1-G2 pNETs (SSTR-positive)
Unfavourable phenotype
1%tline Chemo Chemo (MTAs)
MTAs/PRRT/Chemo® Chemo (PRRT/MTAs®)
Progression? MTAs/PRRT PRRT
7
Note: Of the major guidelines, only ENETS specify therapy sequencing forunfavorable phenotypes. ASCO prefer chemotherapy, while
ESMO recommend chemotherapy for bulky disease without prior progression and reserve PRRT foruse after approved therapies fail.

Figure 2. Variability in guideline recommendations for the management of advanced G1-G2 somatostatin receptor-positive
pNETs across disease course. Note: For somatostatin receptor-negative tumours (not shown), therapies such as SSAs and
PRRT are not applicable. However, the overall treatment algorithm remains similar and is still guided by clinical pheno-
type. Abbreviations: SSAs—somatostatin analogues; SSTR—somatostatin receptor; MTAs—multitarget agents; PRRT—
peptide-receptor radionuclide therapy; chemo—chemotherapy; ENETS—European Neuroendocrine Tumour Society;
ESMO—European Society for Medical Oncology; NCCN—National Comprehensive Cancer Network; ASCO—American
Society of Clinical Oncology. ?Preferably for Ki-67 <10%. PIncluding platinum-based chemotherapy. For patients ineligi-
ble for chemotherapy, PRRT and multitarget agents are recommended.
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sequencing algorithm unlikely and emphasize the importance of flexibility in applying guidelines to indi-
vidual patient contexts. Nonetheless, drawing from multiple international guidelines, Figure 3 presents a
proposed treatment algorithm for advanced pNETs.

To date, no randomized trial has definitively established the optimal sequencing of therapies in pNENs.
The SEQTOR trial initially set out to compare everolimus followed by STZ/5-FU versus the reverse
sequence, but slow enrolment shifted the focus to a direct comparison of first-line treatments [210]. PFS
was similar between the two arms. However, first-line STZ/5-FU achieved a significantly higher overall
response rate than everolimus (30% versus 11%), indicating greater antitumour activity. Other large pro-
spective comparative studies are underway, including the COMPOSE trial (NCT04919226; comparing PRRT
with either chemotherapy or everolimus) and the COMPETE trial (NCT03049189; PRRT versus everolimus),
though neither is designed to evaluate treatment sequencing.

Beyond the lack of trial data, biological complexity further challenges sequencing decisions. Possible
intrapatient tumour heterogeneity, particularly the emergence of clones lacking treatment targets like
SSTRs, also complicates sequencing by limiting the applicability of certain therapies and negatively
impacting prognosis [211].

6.2.2.2. Treatment sequencing beyond efficacy. While disease biology and therapeutic efficacy cur-
rently guide sequencing decisions, safety and tolerability data remain essential to tailoring treatment. A
recent review of clinical trial data outlines the safety profiles of available therapies in advanced NENs,
providing useful context for clinical decisions [212]. Despite therapeutic advances, many patients con-
tinue to experience significant symptom burden [213]. Given the chronicity of many therapies and the
often indolent disease course, patient-reported outcomes (PROs), quality of life (QoL) and treatment-related
toxicities are becoming central considerations in the systemic management of pNENs. PRRT and SSAs are
typically associated with improved global Qol, particularly through effective symptom control. PRRT also
demonstrate significant improvements in several QoL domains according to some randomized trials (like
NETTER-1); however, they carry a risk of long-term haematologic toxicity, including myelodysplastic syn-
dromes, which must be weighed in decision-making, especially in patients with risk factors for cytope-
nias or prior myelotoxic therapy [173,214,215].

Targeted therapies (e.g. everolimus and sunitinib) may prolong PFS but are associated with adverse
effects like hyperglycaemia, diarrhoea and hypertension. These may all negatively impact QolL.

Step Decision point Recommended action
- : . - ; - A de (G1-G3), Ki-67, SSTR status,
1 Confirm diagnosis: Well-differentiated pNET, metastatic/unresectable S3s5s gado( K SIS
symptoms, tumour burden
Individualize th ! ider QoL, toxicity, shared
2 Assess comorbidities, patient preference, MDT input L e L 'clon5| er' L ACERIAS
decision-making
Low tumour burden. slow SSTR-positive SSAs (octreotide or lanreotide)
A I
progression SSTR-negative MTAs (everolimus or sunitinib)
B Intermediate tumour burden/progression Consider MTAs (everolimus or sunitinib)
Initiate cytotoxic ch th CAPTEM or STZ-
(o4 High tumour burden, rapid progression, symptomatic IS eyietexe o em(;Fsgapy( 2
D SSTR-positive, progression after SSAs/MTAs/chemotherapy Consider PRRT
E e e e Sequence next-h.nfe therapy pased on prior response,
toxicity, and patient factors

Figure 3. Proposed decision-making framework for systemic treatment of advanced pNETs. Abbreviations: pNET—
pancreatic neuroendocrine tumour; SSTR—somatostatin receptor; MDT—multidisciplinary team; QoL—quality of life;
SSAs—somatostatin analogues; MTAs—multitarget agents; CAPTEM—capecitabine/temozolamide; STZ-5-FU—streptozocin/5-
fluorouracil; PRRT—peptide-receptor radionuclide therapy.
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Chemotherapy regimens, including CAPTEM, offer higher response rates in selected patients but are
linked to increased grade 3-4 toxicities, necessitating careful patient selection and monitoring
[173,213,214,216].

The American Society for Clinical Oncology emphasizes that shared decision-making, incorporating
patient preferences, comorbidities and anticipated impact on Qol, is essential in therapy selection for
pNENs. PROs and QoL data should be routinely integrated into clinical discussions, as they directly inform
the balance between efficacy and tolerability, especially in the context of multiple treatment possibilities
and the need for chronic therapy [173,213]. Recent literature further highlights the importance of open
patient-clinician communication and the use of standardized QoL assessments to optimize patient-centred
care [216-218].

6.2.3. The future is molecular: advancing personalized therapy

Despite advances in NGS, pNEN management still relies primarily on histologic differentiation and
the Ki-67 index. Molecular profiling remains underutilized, and most clinical trials lack genomic strat-
ification—for example, everolimus studies often disregard mTOR pathway mutations, while antiangio-
genic trials rarely account for the upregulation of angiogenic factors [21]. Nonetheless, NGS enables
comprehensive detection of somatic mutations (e.g. DAXX, MEN1, mTOR, ATRX) and rare actionable
alterations (FGFR3, HER2/Neu amplifications, FTRK fusions). Such information could help predict
prognosis and guide therapy selection. Loss of DAXX/ATRX, for example, may indicate worse progno-
sis and thus potentially propagate more intensive therapy [21,219]. Molecular markers may also
guide decisions such as selecting small pNETs that warrant resection or tailoring surveillance based
on individual risk.

Currently, SSTR expression is the only clinically established predictive biomarker for therapy selection
in pNENSs, guiding eligibility for PRRT. Further advances in NGS may soon identify molecular subgroups
with enhanced response or resistance to PRRT [220-224]. There is also emerging evidence that methyl-
guanine methyltransferase (MGMT) deficiency may predict response to TEM-based chemotherapy
[173,225]. In addition, converging pathways appear to drive pNEN progression, raising opportunities to
target shared regulatory nodes with combination therapies that may reduce toxicity and resistance [18].
In the near future, NGS could influence selection of therapy by identifying specific mutations for targeted
therapies and integrating them with functional imaging or histopathology to optimize patient-centred
treatment [221,226]. Broader patient representation in clinical trials and greater collaboration across insti-
tutions will be essential for translating molecular insights into effective precision therapies.

6.2.4. The complexity of managing advanced functional neoplasms

Managing advanced unresectable F-pNENs involves the dual challenge of controlling tumour growth and
hormonal symptoms [227]. Comprehensive evaluation of the functioning syndrome, along with patient
and tumour characteristics, guides therapy selection, as many treatments impact both hormone produc-
tion and tumour proliferation [68,228]. However, while some antitumour treatments effectively target
tumour growth, they may not sufficiently control hormone excess, necessitating combination therapies
for optimal management [229].

The management of advanced F-pNENs typically starts with hormonal control, with SSAs as the
first-line therapy. SSAs are usually maintained throughout the disease course, even in cases of tumour
progression and can be combined with supportive measures to manage symptoms [187]. However, cau-
tion is required in insulinomas, where SSAs may worsen hypoglycaemia. Instead dietary modifications,
diazoxide or everolimus are preferred alternatives [50,228]. For gastrinomas, high-dose PPIs effectively
control acid hypersecretion, while SSAs can reduce gastrin levels and provide antiproliferative effects
when needed [68].

For controlling tumour growth, SSAs are also commonly used as a first-line option, particularly in
slowly progressive, low-proliferative, well-differentiated F-pNETs [50]. If patients progress on SSAs, have
negative SSTR expression or present with more aggressive disease, alternative systemic therapies such as
PRRT, targeted treatments or chemotherapy may be employed [187].
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7. Conclusions and future directions

pNENs are a diverse group of tumours that demand personalized management within a multidisciplinary
framework. Advances in classification, imaging and therapies have improved outcomes, yet major chal-
lenges remain, particularly in managing small non-functional tumours, advanced-stage disease and defin-
ing optimal treatment sequencing.

Imaging continues to play a central role in pNEN evaluation. Standardized use of morphological and
functional imaging, along with emerging tools like radiomics, holds promise for improving diagnosis,
grading and treatment planning. However, clinical adoption of radiomics requires further validation and
harmonization across imaging protocols.

The optimal management of small NF-pNETs remains controversial. Improved risk stratification is
needed to guide treatment decisions and define surveillance protocols, while minimally invasive options
like EUS-guided ablation warrant further investigation. In advanced disease, the roles of neoadjuvant and
liver-directed treatments remain incompletely defined, while the sequencing of systemic therapies con-
tinues to lack robust evidence. Future trials should prioritize comparative data and incorporate PROs to
better support personalized care.

Despite advances in genomics, molecular profiling remains underutilized in clinical practice and trial
design. Integrating molecular and imaging biomarkers may enhance risk prediction, therapy selection
and surveillance strategies. Expanding clinical trial diversity and fostering multicentre collaboration will
be critical to translating these insights into routine precision care.
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