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Abstract: Pancreatic neuroendocrine neoplasms (panNENs) represent the second most common
pancreatic tumors. They are a heterogeneous group of neoplasms with varying clinical expres-
sion and biological behavior, from indolent to aggressive ones. PanNENs can be functioning or
non-functioning in accordance with their ability or not to produce metabolically active hormones.
They are histopathologically classified according to the 2017 World Health Organization (WHO)
classification system. Although the final diagnosis of neuroendocrine tumor relies on histologic
examination of biopsy or surgical specimens, both morphologic and functional imaging are crucial
for patient care. Morphologic imaging with ultrasonography (US), computed tomography (CT) and
magnetic resonance imaging (MRI) is used for initial evaluation and staging of disease, as well as
surveillance and therapy monitoring. Functional imaging techniques with somatostatin receptor
scintigraphy (SRS) and positron emission tomography (PET) are used for functional and metabolic
assessment that is helpful for therapy management and post-therapeutic re-staging. This article
reviews the morphological and functional imaging modalities now available and the imaging features
of panNENs. Finally, future imaging challenges, such as radiomics analysis, are illustrated.

Keywords: abdominal radiology; gastrointestinal radiology; pancreatic neuroendocrine neoplasms
(panNENs); computed tomography (CT); magnetic resonance imaging (MRI); somatostatin receptor
scintigraphy (SRS); positron emission tomography (PET)

1. Introduction

Pancreatic neuroendocrine neoplasms (panNENs) arise from pluripotent cells within
the exocrine pancreas and share the common morphologic neuroendocrine differentiation
and expression of neuroendocrine markers, such as synaptophysin and chromogranin [1].

Though rare, this group of tumors represents the second most common pancreatic
neoplasm, with an estimated annual incidence of 1 per 100,000 individuals; in recent years,
this value has been increasing largely due to the improvement of available diagnostic
modalities [2]. Besides the sporadic form, about 10–20% of panNENs occur in genetic
syndromes, such as multiple endocrine neoplasia (MEN-I), Von Hippel Lindau disease,
tuberous sclerosis and neurofibromatosis [3].

Clinically, panNEN can be distinguished into functioning and non-functioning based
on the association with a specific syndrome related to hormone overproduction [4]. About
30% of panNENs are functioning type and are diagnosed earlier than non-functioning
tumors; insulinomas and gastrinomas are the most common functioning ones [5]. Because
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of the non-specific clinical symptoms, nonfunctioning tumors present when they exhibit
mass effect symptoms or when the disease is already metastatic [6].

The grading system is based on 2017 World Health Organization (WHO) classification,
which stratifies panNENs according to cellular differentiation and cellular proliferation.
Morphologically, they are distinguished in well-differentiated pancreatic neuroendocrine
tumors (PanNETs), poorly differentiated pancreatic neuroendocrine carcinomas (panNECs)
and mixed neuroendocrine/non-neuroendocrine neoplasms (MiNENs) of the pancreas.
Well-differentiated panNETs typically have an organoid architecture, and according to the
Ki-67 proliferation index and/or mitotic index, they are classified into three grades; the Ki-
67 cutoff for panNET G1 and G2 is 3% (mitotic rate cutoff is 2/10 high-power fields), while
panNET G3 is identified by a high proliferation index (Ki-67 > 20% and/or mitotic rate >
20/10 high-power fields). PanNET G3 and panNEC share the same proliferation system
and are distinguished only by cellular differentiation. All of these entities differ significantly
in clinical presentations, imaging features, prognosis and management [7,8]. The great
update of the 2017 WHO classification is the concept of high-grade (G3) well-differentiated
NETs, so that G3 is no longer reserved only for poorly differentiated NECs. The fifth edition
of the WHO classification of digestive-system tumors published in 2019 extended the 2017
WHO classification of panNENs for NENs throughout the gastrointestinal tract [9].

Tumor staging can be assessed either by the American Joint Committee on Cancer
(AJCC) or by the European Neuroendocrine Tumor Society (ENETS) systems. The most
recent classification is the revised AJCC eighth staging system (2017), which introduced
the classification criteria, asserted by ENETS. This staging system is used only for G1,
G2 and G3 panNETs; indeed, neuroendocrine carcinoma follows the exocrine pancreatic
cancer staging system. The T parameter depends on the size of the tumor, and soft-tissue
invasion is no more staging criteria. Duodenum or bile-duct invasion is categorized as T3
category; instead, invasion into adjacent structures, including the spleen, stomach, colon,
adrenal gland and major vessels, suggests assignment of stage T4. The M1 category has
been subdivided into three stages according to hepatic or extra-hepatic localization [10,11].

Although a panNEN diagnosis of certainty is determined by histologic examination of
biopsy or surgical specimens, morphologic and functional imaging techniques are crucial
for detection, staging, prognosis and determination of treatment strategy [12]. In addition,
most of NENs are non-functioning incidentally detected tumors, so it is important for
radiologists to suspect NEN on the basis of the imaging features and to be aware of atypical
presentation. Furthermore, some NECs can show negative immunohistochemistry marker,
and the radiologist, as part of the multidisciplinary team, may suggest the neuroendocrine
nature of the lesion [13].

In this setting, many works in the literature describe the crucial role of imaging for
patient care. Dushyant et al. provided a panoramic review on diagnosis of gastroen-
teropancreatic neuroendocrine tumors, with a special emphasis on the role of imaging
in tumor detection and characterization [12]. Dromain et al. highlighted the need for a
multidisciplinary approach to diagnosis, characterization and staging of panNENs [14].
The purpose of this review is to comprehensively review the role and the recent updates
in both morphological and functional imaging modalities describing typical and atypical
imaging features of panNENs.

2. Morphologic Imaging

Cross-sectional radiological examinations, including computed tomography (CT)
and magnetic resonance imaging (MRI), are essential for the localization and staging
of panNENs. Therefore, at least one high-quality imaging examination with contrast
enhancement is mandatory. Total-body contrast-enhanced CT with a two-phase protocol is
useful for primary NEN diagnosis, staging, surveillance and therapy monitoring; however,
it shows a low sensitivity for bone metastases. Contrast-enhanced MRI including diffusion-
weighted imaging is preferred for examination of the liver and pancreas, but its role in
disease staging is limited by the long acquisition time. Ultrasonography (US) is excellent
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for the initial diagnosis of liver metastases and is the method of choice to guide the biopsy
needle for the histopathological NEN grading; endoscopic US is the most sensitive method
to diagnose pancreatic NENs [15,16].

2.1. Ultrasonography

The use of ultrasonography imaging is almost exclusively limited to Endoscopic
Ultra-Sound (EUS). In fact, due to its low sensitivity and specificity, the usefulness of
transabdominal ultrasonography is limited to the detection of possible liver metastases [17].

EUS, on the other hand, plays a crucial role when panNEN is suspected especially in
case of small size lesion (2 cm), such as insulinomas and gastrinomas, with a sensitivity
ranging from 57 to 94% [18,19]. According to ENETS Consensus guidelines, it is considered
as the imaging study of choice to be performed when other non-invasive imaging studies
have failed in diagnosis [18].

As recently demonstrated by Manta et al., Computed Tomography (CT) failed to detect
the lesion in more than 68% of p-NETs with a diameter less than 10 mm, and in a further
15% of patients with a lesion diameter between 11 and 20 mm [20]. In a recent systematic
review and meta-analysis, was observed that preoperative EUS evaluation consistently
increased the detection of PNETs by over 25% after CT scan [21].

At EUS panNENs usually presents as homogeneously hypoechoic mass with sharp,
well-defined margins. Rarely, they may present cystic spaces [22].

Although most pancreatic solid lesions are hypoechoic on EUS; therefore, contrast-
enhanced harmonic EUS (CH-EUS) has proven to be useful in differential diagnosis of
pancreatic lesions showing a typical rapid and intense enhancement in the early arterial
phase, as demonstrated by Kitano et al., who reported this enhancing pattern in 78% of
panNENs [23].

EUS can also provide high-resolution pre-operative staging, evaluating the vascular
invasion and the distance from the Wirsung duct, driving the decision on the optimal
treatment strategy and surgical approach to undertake [24].

However, the most important application of endoscopy is the collection of biopsy
sample via Fine Needle Aspiration (FNA), which is crucial for diagnosis and grading of
pancreatic tumors [25].

A 2019 retrospective study by Di Leo et al. reported an adequacy of 98.3% in the
diagnosis of panNET for the combination of cytology and histology obtained from EUS
biopsy with a concordance of 84% between surgery and EUS biopsy comparing the Ki-67
index and grading [26].

Finally, as demonstrated in a cross-sectional study, EUS has greater sensitivity than
other diagnostic procedures in identifying pancreatic lesion in patients with a proven MEN-
1 mutation or with a MEN-1 manifestation and a mutation carrier in a first-degree family
member (detection rate of 94% versus 22% and 12% with CT/MRI or SRS, respectively) [26],
suggesting a possible role in the follow-up of patients with MEN-1.

2.2. Computed Tomography (CT)

CT is widely used as first line anatomical imaging of choice for initial tumor detec-
tion and staging, thanks to its availability, high spatial resolution and rapid acquisition.
A number of studies carried out on the diagnostic accuracy of CT in panNENs have
showed lesion detection rates ranges between 69 and 94% depending on tumor size and
vascularization [21].

Multiphase CT protocol should include non-enhanced CT images in order to identify
calcifications or hemorrhage and perform post-contrast acquisition, including an arterial
(25–30 s) or pancreatic phase (40–45 s) and a portal venous phase (70–80 s). Due to
their hypervascularization, arterial phase, with a sensitivity of 83–88%, shows a clear
advantage over venous phase (sensitivity 11–76%), especially in small tumors, such as
insulinomas [21,27].
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At pre-contrast CT examination, panNENs typically appear as well-rounded, iso-
dense or slightly hypo-dense lesions, with a homogeneous pattern and regular mar-
gins [28]. Following the administration of intravenous contrast material, panNENs typically
tend to hyper-enhance during arterial phase and demonstrate a slow washout, appear-
ing hyper-dense or isodense among the surrounding parenchyma during portal phase
(Figure 1) [29,30]. This typical presentation is more frequently seen in functioning tumors;
non-functioning panNENs, especially large ones, more often tend to have an atypical
appearance.
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Figure 1. PanNET G1 according to the 2019 WHO classification. CT images in the transverse plane during the basal (a),
the arterial (b), the portal venous (c) and the delay (d) phases show a small pancreatic hypervascularized tumor of the
pancreatic tail with sharp margin (arrow).

The most common atypical presentations are the hypo-enhancing pattern (Figure 2),
the intra-vessels growth, the intra-ductal growth and the cystic and calcified variants,
aspects that can make difficult the radiological differential diagnosis with pancreatic ductal
adenocarcinoma [31]. Furthermore, as recently demonstrate by Kim. Et al., panNENs with
uncommon findings are associated with a significantly worse survival rate [31].
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Figure 2. Patient with liver metastases from poorly differentiated pancreatic neuroendocrine carci-
noma. CT images in the transverse plane during the basal (a), the arterial (b) and portal (c) phases
show a large mass developed in the pancreatic tail with atypical hypo-enhancing pattern (arrow).
This lesion is associated with multiple liver metastases (arrowheads) that appear hypodense with
rim enhancement during arterial phase (b). According to the poorly differentiated tumor feature,
FDG PET/CT (e,f) shows high uptake in pancreatic lesion while Somatostatin Receptor Scintigraphy
with 111-pentetrotide is negative (d).

Analysis of pancreatic masses solely based on enhancement patterns can be misleading,
as panNENs sometimes can have a highly fibrotic stroma and show slow and progressive
wash-in. In a recent retrospective study by Jeon et al. on a population of patients with
surgically confirmed panNETs, 49% showed a non-hypervascular pattern [32]. On the other
hand, the main pancreatic ductal involvement, presenting with upstream duct dilatation,
is infrequent, and is an independent predictor for adenocarcinoma [31]. However, in a
recent study focused on the identification of CT features distinguishing panNECs from
panNETs by Park HJ et al., the first ones demonstrated significantly higher frequencies of
main pancreatic ductal dilatation (Figure 3) [33].

Analyzing the CT features of functioning versus non-functioning panNENs, we see
that the first finding to describe is that functioning panNENs are often of small size,
while non-functioning panNENs are often large; thus, that the challenge of imaging is to
determine their extent and the potential of resectability.

Among functioning panNENs the most common ones are Insulinomas (40% of all
functioning tumors). They can be located all over the pancreas and generally isolate.
Insulinomas show a round shape with a diameter < 2 cm and well-defined borders [32].
As confirmed by the study of Fidler et al., on CT images, these lesions are homogeneously
hyper-dense in the arterial/pancreatic phase [34]. The second most common functioning
panNEN is Gastrinoma that tend to be less vascular and with a higher probability to
be extra-pancreatic than insulinoma. Gastrinomas are small tumors (0.3–3 cm) too, and
80–90% are located within the “gastrinoma triangle”, defined as the space marked by the
junction point between the cystic duct with the common hepatic duct, by the second and
the third parts of the duodenum and by the connection between the neck and the body of
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the pancreas. They are often multi-centric, especially when they are associated with MEN1.
On contrast-enhanced CT images, gastrinomas show often a delayed enhancement due to
presence of fibrosis [34]. The others less common subtype of functioning panNENs (5%)
are glucagonoma, somatostatinoma, VIPoma, ACTHoma and PPoma. Usually, they are
isolate lesions with heterogeneous enhancement pattern due to necrotic or hemorrhagic
aspects or cystic and calcified pattern [32].
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Figure 3. CT images in the transverse plane during the basal (a), the arterial (b) and portal (c) phases
show a large mass developed between the second portion of the duodenum and the pancreatic
head (arrowhead). This panNEN is associated with a dilation of the intrahepatic biliary tree (d),
common bile duct (e) and main pancreatic ductal (f) (arrows). Somatostatin Receptor Scintigraphy
with 111-pentetrotide shows high uptake of somatostatin analogue in pancreatic lesion (g–i).

On the other hand, non-functioning tumors are 60–80% of panNENs. They tend to be
a pancreatic mass with a high rate of tumoral vein thrombosis even more than pancreatic
adenocarcinoma, while dilatation of the main pancreatic duct and common bile duct is
less common than in pancreatic adenocarcinoma. Their pattern of enhancement is often
heterogeneous due to necrotic and hemorrhagic changes [34].

When a hypervascular pancreatic or peri-pancreatic lesion is found, panNENs differ-
ential diagnosis should also include metastasis from primary hypervascular malignancies,
such as renal cell carcinoma, thyroid cancer, and melanoma, as well as an intra-pancreatic
or peri-pancreatic accessory spleen and duodenal gastrointestinal stromal tumors (GISTs)
arising from the second portion of the duodenum [33–36].

CT is mandatory for disease staging with a sensitivity for lymph node metastases
from gastro-entero-pancreatic Neuroendocrine Neoplasms (gepNENs) ranging between 60
and 70% and a specificity ranging from 87 to 100% [21,27,37].

The most common sites of metastases are liver, peritoneum, bone and more rarely
lungs [38]. Hepatic and lymph node metastases can appear both hyper- or hypo-vascular
during arterial phase (Figure 2) [39].
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2.3. Magnetic Resonance Imaging (MRI)

MR imaging is a suitable alternative to CT in detection and characterization of lesions
and is an excellent modality when CT findings are equivocal or inconclusive, thanks to its
superior soft-tissue resolution without ionizing radiation.

A sensitivity of 79% (range: 54–100%) and specificity range of 78–100% [26] for MRI
in panNEN detection were calculated, with increasing values for tumors greater than
2.5 cm [40]. Moreover, a retrospective study by Farchione et al., observed that MRI with
morphological sequences and diffusion-weighted imaging (DWI), and 68Ga-DOTANOC
PET/CT had comparable diagnostic results, confirming them as alternative tools [41].

After obtaining initial localizer sequences, MRI protocol should include triplanar
(axial, coronal and sagittal) T2-weighted Turbo Spin Echo (TSE) sequences, fat saturation
T2 weighted images and T1-weighted in-phase and out-of- phase axial chemical shift
imaging, primarily to assess anatomy [21,42]. Axial unenhanced and contrast-enhanced
T1W fat-saturated 3D volumetric (GRE) sequences are essential as well. Dynamic contrast
enhancement sequences include arterial, venous, and delayed phase 3–5 min after injection
start [26].

PanNEN appears, on MRI, as a T1 hypo-isointense lesion within the surrounding
hyperintense pancreatic parenchyma, T2 hyperintense or less hypointense and, similarly
to CT, hyperenhance during arterial phase with a slow washout (Figure 4) [25]; type of
enhancement depends on necrotic and hemorrhagic changes.
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Figure 4. Small functioning pancreatic neuroendocrine tumor. T2-weighted MR image (a) shows
a small lesion with well-circumscribed margin and high signal intensity (arrow). On T1W image,
the lesion appears hypo-intense within the surrounding hyperintense pancreatic parenchyma (b).
On contrast enhancement sequences during the arterial (c) and portal (d) phases, the lesion shows
hyper-enhancement (arrow). On DWI (e) and ADC map (f), the lesion shows a clearly restrictive
pattern.
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On MRI, insulinomas show a high signal on T2-weighted imaging, so that they are
often better depicted on this sequence, especially with fat suppression than on T1 weighted
in the arterial phase [34]. Gastrinomas are hyperintense on T2W images too. However,
gastrinomas usually have a ring-enhancement on contrast-enhanced T1weighted imaging,
as Semelka et al. found in their study on 22 panNENs. In addition, in their study, they
found that the others functioning panNENs usually enhance heterogeneously [43]. Non-
functioning panNENs, in contrast to pancreatic adenocarcinoma, show a high signal on
T2-weighted imaging and a vivid contrast enhancement during the arterial/pancreatic
phase of the dynamic study. The enhancement can be homogeneous or heterogeneous, and
ring- or target-like [32].

The use of MR cholangiopancreatography (MRCP) can be useful in case of pancreatic
duct or main bile duct involvement [21,44].

The use of DWI is increasing in the evaluation of panNENs, which show a clearly
restrictive pattern; echo planar diffusion-weighted axial imaging with b-values of 50, 500
and 1000 (with calculated apparent diffusion coefficient (ADC) map) are performed to
obtain information about tumor cell density. A lot of studies underlined how DWI is
helpful to detect and localize especially small panNENs as insulinomas, thanks to its
greater image contrast and functional information [45–47]. DWI is particularly useful in
those patients with contraindications to contrast medium injection and the association of
DWI and T2-weighted images improve detection of panNENs [41,48]. DWI is also useful
for metastasis and peritoneal carcinomatosis detection [21,49,50].

Pancreatic disease processes that should be considered in panNENs differential diagno-
sis on MRI include benign lesions such as intra-pancreatic accessory spleen, which typically
shows lower ADC values, along with malignant processes, such as solid-appearing serous
cystic neoplasms and pancreatic metastasis [51,52].

Furthermore, MRI may have a potential role in the surveillance of patients with
MEN-1, in order to reduce radiation dose exposure [53].

3. Functional Imaging

Nuclear medicine has identified, as functional imaging’s target for gepNENs, the
somatostatin receptors (SSTRs), which are expressed in 50–80% of panNENs [54].

However, SSRTs expression is not specific, because SSTRs are expressed by brain,
pituitary, gastrointestinal tract, pancreas, thyroid, spleen, kidney, immune cells, vessels and
peripheral nervous system [55]. Moreover, a wide variety of tumors show SSTRs expression,
such as bronchopulmonary carcinoids, pituitary adenoma, pheochromocytoma, paragan-
glioma, neuroblastoma, medullary thyroid cancer and small-cell lung carcinoma [56].

Nuclear imaging is commonly indicated to perform staging, localization of a primary
unknown NEN in patients with proved neuroendocrine metastasis, determination of radio-
tracer uptake for radionuclide therapy management and post-therapeutic re-staging [57].

Radiotracers consist of somatostatin analogues (SSAs); among somatostatin-receptor
family members, SSAs have a high affinity only for subtypes sst2, sst3 and sst5 [21].

First molecular method to be introduced was Somatostatin Receptor Scintigraphy
(SRS) with 111-pentetrotide (OCTREOSCAN; Mallinckrodt, St Louis, MO, USA) to date the
most used and available SSA tracer.

More recently, the Food and Drug Administration approved 68-Gallio labeled SSA,
allowing the use of positron emission tomography (PET) as functional imaging of choice
due to its superior spatial resolution. In addition, PET/CT has the possibility of to perform
a metabolic nuclear imaging through the use of 18F-fluorodeoxyglucose (18F-FDG) or
18F-L-dihydroxyphenylalanine (18F-DOPA). To date, guidelines indicate Octreoscan as a
receptor tracer in gepNEN, but it will probably be replaced by Ga68-SSA tracers, due to their
greater sensitivity for both primary lesion and metastasis [58]. Moreover, 68-Ga-DOTA-
Exendin-4 PET/CT showed 94% accuracy in insulinomas localization [59], suggesting a
role when preoperative localization of insulinomas fails with conventional imaging [60].
More recently, 68-Ga PET/MRI has been proposed as an alternative to PET/CT [61].
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Peptide receptor radiometabolic treatment (PRRT) is recognized as a second- or third-
line medical alternative by the recently published ENETS guidelines for the management
of metastatic NEN [62]. Therefore, the individualization of the best candidates for PRRT
is urgently needed. Some studies suggest that gepNENs with high uptake at SRS can be
considered candidates for PRRT [63].

3.1. SRS

Scintigraphy protocol consists in a whole-body 2D (anterior–posterior) acquisition
at 24h; 3D images can be performed with single photon emission computed tomography
(SPECT), using the same radiotracer. This functional technique is highly specific, with a
specificity value range between 92 and 100% [21]. The sensitivity value ranges between 40
and 70% [63] and is greater for well-differentiated gastrinoma, glucagonoma, VIPoma and
non-functioning panNEN, while its value decreases in case of poorly differentiated NEC
(Figure 2), insulinoma or small-size NEN [64,65].

3.2. PET/CT

PET/CT with 68-Gallio labeled SSA is the imaging method of choice for panNEN
functional study. There are mainly three available SSAs showing no substantial differences
in patients staging: 68-Ga-DOTANOC, 68-Ga-DOTATOC (Figure 5) and 68-Ga-DOTATATE.
All of them are SSRT2 high-affinity tracers; only 68-Ga-DOTANOC proved to have an
affinity for SSRT3.
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Figure 5. CT images (a–c) show a hyper-enhancing pancreatic nodule in the body/tail of the organ
(arrows) well depicted on the coronal (d) and sagittal (e) reconstruction too. The 68-Ga-DOTATOC
PET/CT (f) shows focal uptake in the pancreatic lesion.

Compared to SRS, PET/CT has shown higher sensitivity and specificity for identifying
receptor-positive panNENs [66]. Several studies on the diagnostic accuracy of 68-GaSSTA
PET in gepNENs have demonstrated a sensitivity range of 88–93%, and specificity range
of 88–95% [21]. PET/CT and CT should be considered as complimentary procedures for
patients with a suspected panNEN. Indeed, Versari et al. calculated a CT sensitivity of 91%
and a mean 92% with 68-Ga DOTA-TOC for detection of duodeno-pancreatic neoplasia [67].

Furthermore, this nuclear technique has other advantages: the study has a lower
radiation dose for the patient, thanks to the 2 h protocol, in comparison to 24 h of SRS;
68-GA SSA tracers have a favorable normal biodistribution, with a lower liver up-take,
which can increase metastasis detection rate; background physiological uptake is similar
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to Octreoscan, with prominent uptake in adrenal glands and in the uncinated process of
the pancreas, so that can be misdiagnosed as panNEN [68]. Standardized uptake values
(SUVs) are calculated for quantitative analysis, allowing a direct comparison among exams
performed with the same radiotracer.

Other positron-emitting biomarkers, such as 18-FDG and 18-F DOPA, are used to
assess metabolic imaging, but their role is still unclear [69]. Moreover, 18-FDG PET might
be useful for detecting aggressive neoplasms with increased levels of Ki67 and low SSTRs
expression (Figure 2) [70]. Furthermore, 18-FDG uptake seems to be negatively corre-
lated with prognosis [71]. Infectious and inflammatory processes can cause false-positive
interpretations.

PET/CT plays a crucial role in metastasis detection, especially bone ones, when CT is
negative or ambiguous. In a study by Prasad et al., 68-Ga-DOTANOC PET helped identify
lymph node involvement in all patients, whereas CT identified nodal involvement in only
50% of patients [72].

Future improvement of nuclear imaging may consider dual-tracer PET/CT with both
18F-FDG and 68-Ga-DOTATATE to better differentiate G3 NETs, which show increased
uptake with 68-Ga-DOTATATE, from panNECs, avid of 18F-FDG PET/CT [73].

4. Imaging Prognostic Factors

Since prognosis and treatment planning of panNENs are based on histologic differ-
entiation and grading, many studies researched a relationship between CT/MRI findings
and tumor grade, with most of them based on the 2010 WHO classification [74–76].

However, the role of CT in differentiation of panNENs grades is still limited. In a
retrospective study by Zamboni et al. on 148 histologically confirmed panNENs, none of
the analyzed parameters turned out to be significant predictors of G1/G2 tumors. The
combination of the parameters with better performance (hypervascularity in the arterial
phase, hyperdensity in the venous phase and well-defined margins) in recognizing G1/G2
tumors provided a low sensitivity (47%), higher specificity and positive predictive value
(88% and 97%, respectively). On the other hand, G3 tumors resulted in being larger
and being more often non-hypervascular in the arterial phase as compared to G1/G2
tumors [77]. Accordingly, in a previous work by Takumi et al., G2 tumors were found
to be significantly larger in tumor size than G1 tumors (p = 0.029) [78]. In their study
on 25 patients with panNENs, Zhu et al. found that, among the features of preoperative
MDCT, lymphadenopathy and peripancreatic fat or vascular invasion were inclined to
higher histopathological grading (tending to be malignant) [79].

More prognostic information can be obtained with MRI. Many studies found MRI
morphological features of aggressiveness, such as size greater than 2 cm, irregular margins
and atypical vascular appearance [46]. In addition, a correlation between DWI signal
intensity, ADC value and panNENs grading has been widely suggested. Guo et al. ob-
served a sensitivity and specificity of 72.3% and 91.6%, respectively, using an ADC value
cutoff of 0.95 × 10−3 mm2/s for differentiating panNET G3 from panNETs G1/G2 [47].
In another more recent study, Guo et al. corroborated the inverse correlation between
ADC values and tumor grade, demonstrating that ADC mean values was higher in well-
differentiated G3 tumors (0.97 ± 0.16 10–3 mm2/s) than in poorly differentiated G3 tumors
(0.69 ± 0.19 mm2/s) [80]. Lotfalizadeh et al. confirmed the prognostic usefulness of ADC
values and the inverse correlation with Ki-67 [81]. Recently, in a retrospective analysis
focused on predicting tumor grade with whole-tumor histogram analysis of ADC maps,
De Robertis et al. found out that ADCentropy is significantly higher in G2/G3 tumors (95%
CI: 36.1–81.7). ADCkurtosis was higher in panNENs with vascular involvement, nodal and
hepatic metastases [82]. A large meta-analysis showed a pooled sensitivity and specificity
for ADC in distinguishing G3 from G1/G2 of 0.93 (95% CI, 0.66–0.99) and 0.92 (95% CI,
0.86–0.95), respectively [83]. Moreover, tumor size, enhancement pattern and ADC value
are independent prognostic factors for recurrence after curative resection of panNENs [84].
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Some studies showed that SUV max values on 68 Ga-DOTATATE seem to have an
inverse relationship with Ki-67. Both FDG PET/CT and 68 Ga-DOTATATE had a higher
sensitivity for well-differentiated G2 and G3 tumors than for poorly differentiated G3
tumors [70,85].

Traditional diagnostic imaging has limitations for preoperative prognostication due
to an evaluation of subjective qualitative imaging features. On the other hand, radiomics
allows for the extraction of more objective quantitative features “hidden” inside the ra-
diological images, using advanced texture and shape analysis [86–89]. With the advent
of radiomics, many studies have tried to identify preoperative radiomics features able
to predict tumor grade using CT and MR [90–93]. Good results have been achieved in
terms of grading classification by radiomics in clear cell renal cell carcinoma, colorectal
adenocarcinoma and gliomas [94–97]. Recent studies have focused the research on pan-
NENs by using the radiomic method [97]. On CT, quantitative radiomics features, such as
entropy, uniformity and kurtosis, are significantly different between well-differentiated
G1/G2 tumors and poorly differentiated G3 tumors. In particular, entropy is the feature
with the highest sensitivity in differentiating panNEN tumor grades [98]. Even if the
research in this field is still limited, some studies build a radiomic-based predictive model
to preoperatively and noninvasively differentiate tumor grades in patients with panNENs.
Liang et al., in their study on 137 patients diagnosed with panNENs, found 233 radiomics
features with statistical significance (p < 0.01) between the G1 and G2/G3 groups extracted
from contrast-enhanced CT images. In addition, their nomogram developed by combining
the radiomics signature with clinical stage showed a favorable result in predicting the his-
tologic grade (G1 vs. G2/G3) with an AUC of 0.894 [99]. The multicenter study by Gu et al.
on 138 patients with pathologically confirmed panNEN, building a comprehensive model
consisting of tumor margin and fusion radiomic signature from the arterial and portal
venous phase CT images for the preoperative prediction of histologic grade of panNENs
(G1 vs. G2/G3): their nomogram obtained a good performance with AUC 0.974 and 0.902
in the training and validation cohorts, respectively [80]. On MRI, tumor texture analysis
performed to predict tumor grade found that skewness and kurtosis values increase as
tumor grade increases [100].

5. Conclusions

PanNENs are rare neoplasms that require a multidisciplinary and multimodal ap-
proach. Morphological imaging (CT, MRI and US) and functional imaging (111In-Octreoscan,
68-Ga-DOTATATE,18F-FDG PET, etc.) play a complementary role for panNEN detection,
staging and surveillance. Moreover, the future challenge of imaging is to provide preopera-
tive prognostic information. Promising results in this field have been achieved by radiomics.
Knowledge of recent updates in imaging modalities and familiarity with typical/atypical
imaging findings of panNENs are essential for the management of these patients.

Author Contributions: Conceptualization, G.G. and G.C.; methodology, S.P., G.C. and G.G.; vali-
dation, S.P., G.D., D.C., B.M., V.G., L.B., L.R. and G.G.; formal analysis, G.G.; investigation, G.G.
and G.C.; resources, V.M.; data curation, G.D.; writing—original draft preparation, G.C. and G.G.;
writing—review and editing, G.G. and G.C.; visualization, S.P., B.M., G.D., V.G., L.R., L.B. and D.C.;
supervision, V.M.; project administration, B.M.; funding acquisition, V.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Stateme: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the local ethics committee (register number 13261_oss,
approved on 2 February 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Environ. Res. Public Health 2021, 18, 8895 12 of 16

References
1. Guilmette, J.M.; Nosé, V. Neoplasms of the Neuroendocrine Pancreas: An Update in the Classification, Definition, and Molecular

Genetic Advances. Adv. Anat Pathol. 2019, 26, 13–30. [CrossRef] [PubMed]
2. Bilimoria, K.Y.; Tomlinson, J.S.; Merkow, R.P.; Stewart, A.K.; Ko, C.Y.; Talamonti, M.S.; Bentrem, D.J. Clinicopathologic features

and treatment trends of pancreatic neuroendocrine tumors: Analysis of 9,821 patients. J. Gastrointest. Surg. 2007, 11, 1460–1467;
discussion 1467–1469. [CrossRef]

3. Pea, A.; Hruban, R.H.; Wood, L.D. Genetics of pancreatic neuroendocrine tumors: Implications for the clinic. Expert Rev.
Gastroenterol. Hepatol. 2015, 9, 1407–1419. [CrossRef] [PubMed]

4. Klöppel, G. Classification and pathology of gastroenteropancreatic neuroendocrine neoplasms. Endocr. Relat. Cancer. 2011, 18
(Suppl. S1), S1–S16. [CrossRef]

5. Fang, J.M.; Shi, J. A Clinicopathologic and Molecular Update of Pancreatic Neuroendocrine Neoplasms with a Focus on the New
World Health Organization Classification. Arch Pathol. Lab Med. 2019, 143, 1317–1326. [CrossRef] [PubMed]

6. Wu, J.; Sun, C.; Li, E.; Wang, J.; He, X.; Yuan, R.; Yi, C.; Liao, W.; Wu, L. Non-functional pancreatic neuroendocrine tumours:
Emerging trends in incidence and mortality. BMC Cancer. 2019, 19, 334. [CrossRef]

7. Singhi, A.D.; Klimstra, D.S. Well-differentiated pancreatic neuroendocrine tumours (PanNETs) and poorly differentiated pan-
creatic neuroendocrine carcinomas (PanNECs): Concepts, issues and a practical diagnostic approach to high-grade (G3) cases.
Histopathology 2018, 72, 168–177. [CrossRef] [PubMed]

8. Basturk, O.; Yang, Z.; Tang, L.H.; Hruban, R.H.; Adsay, V.; McCall, C.M.; Krasinskas, A.M.; Jang, K.T.; Frankel, W.L.; Balci, S.; et al.
The high-grade (WHO G3) pancreatic neuroendocrine tumor category is morphologically and biologically heterogenous and
includes both well differentiated and poorly differentiated neoplasms. Am. J. Surg. Pathol. 2015, 39, 683–690. [CrossRef]

9. Assarzadegan, N.; Montgomery, E. What is New in the 2019 World Health Organization (WHO) Classification of Tumors of the
Digestive System: Review of Selected Updates on Neuroendocrine Neoplasms, Appendiceal Tumors, and Molecular Testing.
Arch. Pathol. Lab. Med. 2021, 145, 664–677. [CrossRef]

10. Li, X.; Gou, S.; Liu, Z.; Ye, Z.; Wang, C. Assessment of the American Joint Commission on Cancer 8th Edition Staging System for
Patients with Pancreatic Neuroendocrine Tumors: A Surveillance, Epidemiology, and End Results analysis. Cancer Med. 2018, 7,
626–634. [CrossRef]

11. Luo, G.; Javed, A.; Strosberg, J.R.; Jin, K.; Zhang, Y.; Liu, C.; Xu, J.; Soares, K.; Weiss, M.J.; Zheng, L.; et al. Modified Staging
Classification for Pancreatic Neuroendocrine Tumors on the Basis of the American Joint Committee on Cancer and European
Neuroendocrine Tumor Society Systems. J. Clin. Oncol. 2017, 35, 274–280. [CrossRef]

12. Sahani, D.V.; Bonaffini, P.A.; Fernández-Del Castillo, C.; Blake, M.A. Gastroenteropancreatic neuroendocrine tumors: Role of
imaging in diagnosis and management. Radiology 2013, 266, 38–61. [CrossRef]

13. Choe, J.; Kim, K.W.; Kim, H.J.; Kim, D.W.; Kim, K.P.; Hong, S.M.; Ryu, J.S.; Tirumani, S.H.; Krajewski, K.; Ramaiya, N. What Is
New in the 2017 World Health Organization Classification and 8th American Joint Committee on Cancer Staging System for
Pancreatic Neuroendocrine Neoplasms? Korean J. Radiol. 2019, 20, 5–17. [CrossRef] [PubMed]

14. Dromain, C.; Déandréis, D.; Scoazec, J.Y.; Goere, D.; Ducreux, M.; Baudin, E.; Tselikas, L. Imaging of neuroendocrine tumors of
the pancreas. Diagn Interv. Imaging 2016, 97, 1241–1257. [CrossRef] [PubMed]

15. Graziani, R.; Brandalise, A.; Bellotti, M.; Manfredi, R.; Contro, A.; Falconi, M.; Boninsegna, L.; Pozzi Mucelli, R. Imaging of
neuroendocrine gastroenteropancreatic tumours. Radiol. Med. 2010, 115, 1047–1064. [CrossRef] [PubMed]

16. Foti, G.; Boninsegna, L.; Falconi, M.; Mucelli, R.P. Preoperative assessment of nonfunctioning pancreatic endocrine tumours: Role
of MDCT and MRI. Radiol. Med. 2013, 118, 1082–1101. [CrossRef]

17. Hashimoto, S.; Hirooka, Y.; Kawabe, N.; Nakaoka, K.; Yoshioka, K. Role of transabdominal ultrasonography in the diagnosis of
pancreatic cystic lesions. J. Med. Ultrason. 2020, 47, 389–399. [CrossRef]

18. Falconi, M.; Eriksson, B.; Kaltsas, G.; Bartsch, D.K.; Capdevila, J.; Caplin, M.; Kos-Kudla, B.; Kwekkeboom, D.; Rindi, G.; Klöppel,
G.; et al. Vienna Consensus Conference participants. ENETS Consensus Guidelines Update for the Management of Patients with
Functional Pancreatic Neuroendocrine Tumors and Non-Functional Pancreatic Neuroendocrine Tumors. Neuroendocrinology 2016,
103, 153–171. [CrossRef] [PubMed]

19. Puli, S.R.; Kalva, N.; Bechtold, M.L.; Pamulaparthy, S.R.; Cashman, M.D.; Estes, N.C.; Pearl, R.H.; Volmar, F.H.; Dillon, S.;
Shekleton, M.F.; et al. Diagnostic accuracy of endoscopic ultrasound in pancreatic neuroendocrine tumors: A systematic review
and meta analysis. World J. Gastroenterol. 2013, 19, 3678–3684. [CrossRef]

20. Manta, R.; Nardi, E.; Pagano, N.; Ricci, C.; Sica, M.; Castellani, D.; Bertani, H.; Piccoli, M.; Mullineris, B.; Tringali, A.; et al.
Pre-operative Diagnosis of Pancreatic Neuroendocrine Tumors with Endoscopic Ultrasonography and Computed Tomography in
a Large Series. J. Gastrointestin Liver Dis. 2016, 25, 317–321. [CrossRef]

21. Sundin, A.; Arnold, R.; Baudin, E.; Cwikla, J.B.; Eriksson, B.; Fanti, S.; Fazio, N.; Giammarile, F.; Hicks, R.J.; Kjaer, A.; et al.
Antibes Consensus Conference participants. ENETS Consensus Guidelines for the Standards of Care in Neuroendocrine Tumors:
Radiological, Nuclear Medicine & Hybrid Imaging. Neuroendocrinology 2017, 105, 212–244. [CrossRef]

22. Caglià, P.; Cannizzaro, M.T.; Tracia, A.; Amodeo, L.; Tracia, L.; Buffone, A.; Amodeo, C.; Cannizzaro, M.A. Cystic pancreatic
neuroendocrine tumors: To date a diagnostic challenge. Int. J. Surg. 2015, 21 (Suppl. 1), S44–S49. [CrossRef]

http://doi.org/10.1097/PAP.0000000000000201
http://www.ncbi.nlm.nih.gov/pubmed/29912000
http://doi.org/10.1007/s11605-007-0263-3
http://doi.org/10.1586/17474124.2015.1092383
http://www.ncbi.nlm.nih.gov/pubmed/26413978
http://doi.org/10.1530/ERC-11-0013
http://doi.org/10.5858/arpa.2019-0338-RA
http://www.ncbi.nlm.nih.gov/pubmed/31509453
http://doi.org/10.1186/s12885-019-5543-2
http://doi.org/10.1111/his.13408
http://www.ncbi.nlm.nih.gov/pubmed/29239037
http://doi.org/10.1097/PAS.0000000000000408
http://doi.org/10.5858/arpa.2019-0665-RA
http://doi.org/10.1002/cam4.1336
http://doi.org/10.1200/JCO.2016.67.8193
http://doi.org/10.1148/radiol.12112512
http://doi.org/10.3348/kjr.2018.0040
http://www.ncbi.nlm.nih.gov/pubmed/30627018
http://doi.org/10.1016/j.diii.2016.07.012
http://www.ncbi.nlm.nih.gov/pubmed/27876341
http://doi.org/10.1007/s11547-010-0540-1
http://www.ncbi.nlm.nih.gov/pubmed/20221711
http://doi.org/10.1007/s11547-013-0956-5
http://doi.org/10.1007/s10396-019-00975-x
http://doi.org/10.1159/000443171
http://www.ncbi.nlm.nih.gov/pubmed/26742109
http://doi.org/10.3748/wjg.v19.i23.3678
http://doi.org/10.15403/jgld.2014.1121.253.ned
http://doi.org/10.1159/000471879
http://doi.org/10.1016/j.ijsu.2015.04.087


Int. J. Environ. Res. Public Health 2021, 18, 8895 13 of 16

23. Kitano, M.; Kudo, M.; Yamao, K.; Takagi, T.; Sakamoto, H.; Komaki, T.; Kamata, K.; Imai, H.; Chiba, Y.; Okada, M.; et al.
Characterization of small solid tumors in the pancreas: The value of contrast-enhanced harmonic endoscopic ultrasonography.
Am. J. Gastroenterol. 2012, 107, 303–310. [CrossRef]

24. James, P.D.; Tsolakis, A.V.; Zhang, M.; Belletrutti, P.J.; Mohamed, R.; Roberts, D.J.; Heitman, S.J. Incremental benefit of preoperative
EUS for the detection of pancreatic neuroendocrine tumors: A meta-analysis. Gastrointest Endosc. 2015, 81, 848–856.e1. [CrossRef]
[PubMed]

25. Weynand, B.; Borbath, I.; Bernard, V.; Sempoux, C.; Gigot, J.F.; Hubert, C.; Lannoy, V.; Deprez, P.H.; Jouret-Mourin, A. Pancreatic
neuroendocrine tumour grading on endoscopic ultrasound-guided fine needle aspiration: High reproducibility and inter-observer
agreement of the Ki-67 labelling index. Cytopathology 2014, 25, 389–395. [CrossRef] [PubMed]

26. Di Leo, M.; Poliani, L.; Rahal, D.; Auriemma, F.; Anderloni, A.; Ridolfi, C.; Spaggiari, P.; Capretti, G.; Di Tommaso, L.; Preatoni, P.;
et al. Pancreatic Neuroendocrine Tumours: The Role of Endoscopic Ultrasound Biopsy in Diagnosis and Grading Based on the
WHO 2017 Classification. Dig. Dis. 2019, 37, 325–333. [CrossRef] [PubMed]

27. Kim, J.H.; Eun, H.W.; Kim, Y.J.; Lee, J.M.; Han, J.K.; Choi, B.I. Pancreatic neuroendocrine tumour (PNET): Staging accuracy of
MDCT and its diagnostic performance for the differentiation of PNET with uncommon CT findings from pancreatic adenocarci-
noma. Eur. Radiol. 2016, 26, 1338–1347. [CrossRef]

28. Foti, G.; Malleo, G.; Faccioli, N.; Guerriero, A.; Furlani, L.; Carbognin, G. Characterization of adrenal lesions using MDCT
wash-out parameters: Diagnostic accuracy of several combinations of intermediate and delayed phases. Radiol. Med. 2018, 123,
833–840. [CrossRef]

29. Ciaravino, V.; De Robertis, R.; Tinazzi Martini, P.; Cardobi, N.; Cingarlini, S.; Amodio, A.; Landoni, L.; Capelli, P.; D’Onofrio, M.
Imaging presentation of pancreatic neuroendocrine neoplasms. Insights Imaging 2018, 9, 943–953. [CrossRef]

30. Tamm, E.P.; Bhosale, P.; Lee, J.H.; Rohren, E.M. State-of-the-art Imaging of Pancreatic Neuroendocrine Tumors. Surg. Oncol. Clin.
N. Am. 2016, 25, 375–400. [CrossRef]

31. D’Onofrio, M.; De Robertis, R.; Capelli, P.; Tinazzi Martini, P.; Crosara, S.; Gobbo, S.; Butturini, G.; Salvia, R.; Barbi, E.; Girelli,
R.; et al. Uncommon presentations of common pancreatic neoplasms: A pictorial essay. Abdom. Imaging 2015, 40, 1629–1644.
[CrossRef] [PubMed]

32. Bicci, E.; Cozzi, D.; Ferrari, R.; Grazzini, G.; Pradella, S.; Miele, V. Pancreatic neuroendocrine tumours: Spectrum of imaging
findings. Gland Surg. 2020, 9, 2215–2224. [CrossRef] [PubMed]

33. Park, H.J.; Kim, H.J.; Kim, K.W.; Kim, S.Y.; Choi, S.H.; You, M.W.; Hwang, H.S.; Hong, S.M. Comparison between neuroendocrine
carcinomas and well-differentiated neuroendocrine tumors of the pancreas using dynamic enhanced CT. Eur. Radiol. 2020, 30,
4772–4782. [CrossRef] [PubMed]

34. Fidler, J.L.; Fletcher, J.G.; Reading, C.C.; Andrews, J.C.; Thompson, G.B.; Grant, C.S.; Service, F.J. Preoperative detection of
pancreatic insulinomas on multiphasic helical CT. AJR Am. J. Roentgenol. 2003, 181, 775–780. [CrossRef] [PubMed]

35. Steinman, J.; Zaheer, A.; Kluger, M.D.; Remotti, H.; Hecht, E.M. Rare pancreatic tumors. Abdom. Radiol. 2018, 43, 285–300.
[CrossRef] [PubMed]

36. Addeo, G.; Beccani, D.; Cozzi, D.; Ferrari, R.; Lanzetta, M.M.; Paolantonio, P.; Pradella, S.; Miele, V. Groove pancreatitis: A
challenging imaging diagnosis. Gland Surg. 2019, 8 (Suppl. 3), S178–S187. [CrossRef] [PubMed]

37. Dahdaleh, F.S.; Lorenzen, A.; Rajput, M.; Carr, J.C.; Liao, J.; Menda, Y.; O’Dorisio, T.M.; Howe, J.R. The value of preoperative
imaging in small bowel neuroendocrine tumors. Ann. Surg. Oncol. 2013, 20, 1912–1917. [CrossRef]

38. Bhosale, P.; Shah, A.; Wei, W.; Varadhachary, G.; Johnson, V.; Shah, V.; Kundra, V. Carcinoid tumours: Predicting the location of
the primary neoplasm based on the sites of metastases. Eur. Radiol. 2013, 23, 400–407. [CrossRef] [PubMed]

39. Ronot, M.; Cuccioli, F.; Dioguardi Burgio, M.; Vullierme, M.P.; Hentic, O.; Ruszniewski, P.; d’Assignies, G.; Vilgrain, V. Neuroen-
docrine liver metastases: Vascular patterns on triple-phase MDCT are indicative of primary tumour location. Eur. J. Radiol. 2017,
89, 156–162. [CrossRef]

40. Howe, J.R.; Merchant, N.B.; Conrad, C.; Keutgen, X.M.; Hallet, J.; Drebin, J.A.; Minter, R.M.; Lairmore, T.C.; Tseng, J.F.; Zeh,
H.J.; et al. The North American Neuroendocrine Tumor Society Consensus Paper on the Surgical Management of Pancreatic
Neuroendocrine Tumors. Pancreas 2020, 49, 1–33. [CrossRef]

41. Farchione, A.; Rufini, V.; Brizi, M.G.; Iacovazzo, D.; Larghi, A.; Massara, R.M.; Petrone, G.; Poscia, A.; Treglia, G.; De Marinis, L.;
et al. Evaluation of the Added Value of Diffusion-Weighted Imaging to Conventional Magnetic Resonance Imaging in Pancreatic
Neuroendocrine Tumors and Comparison With 68Ga-DOTANOC Positron Emission Tomography/Computed Tomography.
Pancreas 2016, 45, 345–354. [CrossRef] [PubMed]

42. Higashi, M.; Tanabe, M.; Okada, M.; Furukawa, M.; Iida, E.; Ito, K. Influence of fat deposition on T1 mapping of the pancreas:
Evaluation by dual-flip-angle MR imaging with and without fat suppression. Radiol. Med. 2020, 125, 1–6. [CrossRef]

43. Semelka, R.C.; Custodio, C.M.; Cem Balci, N.; Woosley, J.T. Neuroendocrine tumors of the pancreas: Spectrum of appearances on
MRI. J. Magn Reson. Imaging 2000, 11, 141–148. [CrossRef]

44. Souza, D.; Alessandrino, F.; Ketwaroo, G.A.; Sawhney, M.; Mortele, K.J. Accuracy of a novel noninvasive secretin-enhanced
MRCP severity index scoring system for diagnosis of chronic pancreatitis: Correlation with EUS-based Rosemont criteria. Radiol.
Med. 2020, 125, 816–826. [CrossRef] [PubMed]

45. Anaye, A.; Mathieu, A.; Closset, J.; Bali, M.A.; Metens, T.; Matos, C. Successful preoperative localization of a small pancreatic
insulinoma by diffusion-weighted MRI. JOP 2009, 10, 528–531.

http://doi.org/10.1038/ajg.2011.354
http://doi.org/10.1016/j.gie.2014.12.031
http://www.ncbi.nlm.nih.gov/pubmed/25805462
http://doi.org/10.1111/cyt.12111
http://www.ncbi.nlm.nih.gov/pubmed/24750272
http://doi.org/10.1159/000499172
http://www.ncbi.nlm.nih.gov/pubmed/30897588
http://doi.org/10.1007/s00330-015-3941-7
http://doi.org/10.1007/s11547-018-0911-6
http://doi.org/10.1007/s13244-018-0658-6
http://doi.org/10.1016/j.soc.2015.11.007
http://doi.org/10.1007/s00261-015-0388-x
http://www.ncbi.nlm.nih.gov/pubmed/25772002
http://doi.org/10.21037/gs-20-537
http://www.ncbi.nlm.nih.gov/pubmed/33447574
http://doi.org/10.1007/s00330-020-06867-w
http://www.ncbi.nlm.nih.gov/pubmed/32346794
http://doi.org/10.2214/ajr.181.3.1810775
http://www.ncbi.nlm.nih.gov/pubmed/12933480
http://doi.org/10.1007/s00261-017-1342-x
http://www.ncbi.nlm.nih.gov/pubmed/29022085
http://doi.org/10.21037/gs.2019.04.06
http://www.ncbi.nlm.nih.gov/pubmed/31559185
http://doi.org/10.1245/s10434-012-2836-y
http://doi.org/10.1007/s00330-012-2615-y
http://www.ncbi.nlm.nih.gov/pubmed/22932740
http://doi.org/10.1016/j.ejrad.2017.02.007
http://doi.org/10.1097/MPA.0000000000001454
http://doi.org/10.1097/MPA.0000000000000461
http://www.ncbi.nlm.nih.gov/pubmed/26418904
http://doi.org/10.1007/s11547-019-01087-9
http://doi.org/10.1002/(SICI)1522-2586(200002)11:2&lt;141::AID-JMRI10&gt;3.0.CO;2-U
http://doi.org/10.1007/s11547-020-01181-3
http://www.ncbi.nlm.nih.gov/pubmed/32266691


Int. J. Environ. Res. Public Health 2021, 18, 8895 14 of 16
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