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Abstract
Pancreatic neuroendocrine tumors (pNETs) are rare neoplasms that secrete peptides and neuro-amines. pNETs can be spo-
radic or hereditary, syndromic or non-syndromic with different clinical presentations and prognoses. The role of medical 
imaging includes locating the tumor, assessing its extent, and evaluating the feasibility of curative surgery or cytoreduction. 
Pancreatic NETs have very distinctive phenotypes on CT, MRI, and PET. PET have been demonstrated to be very sensitive 
to detect either well-differentiated pNETs using 68Gallium somatostatin receptor (SSTR) radiotracers, or more aggressive 
undifferentiated pNETS using 18F-FDG. A comprehensive interpretation of multimodal imaging guides resectability and 
cytoreduction in pNETs. The imaging phenotype provides information on the differentiation and proliferation of pNETs, as 
well as the spatial and temporal heterogeneity of tumors with prognostic and therapeutic implications. This review provides 
a structured approach for standardized reading and reporting of medical imaging studies with a focus on PET and MR tech-
niques. It explains which imaging approach should be used for different subtypes of pNET and what a radiologist should be 
looking for and reporting when interpreting these studies.

Keywords  Neuroendocrine tumors · PET-CT · Theranostics · Somatostatin receptors

Abbreviations
ADC	� Apparent diffusion coefficient
AJCC	� American Joint Committee on 

Cancer
APUD	� Amine precursor uptake and 

decarboxylation

CEUS	� Contrast-enhanced ultra sound 
examination

CT	� Computed tomography
DOPA	� Dihydroxyphenylalanine
DOTATOC	� DOTA0-Phe1-Tyr3 octreotide
DWI	� Diffusion-weighted imaging
ENETs	� European Neuroendocrine Tumor 

Society
EUS	� Endoscopic ultrasound examinationLaura Rozenblum and Fatima-Zohra Mokrane contributed equally 

to the manuscript.

 *	 Laurent Dercle 
	 ld2752@cumc.columbia.edu

1	 Sorbonne Université, Service de Médecine Nucléaire, AP-
HP, Hôpital La Pitié-Salpêtrière, 75013 Paris, France

2	 Radiology Department, Toulouse University Hospital, 1 
Avenue du Professeur Jean Poulhes, 31059 Toulouse, France

3	 Department of Radiology, New York Presbyterian Hospital, 
Columbia University, New York, NY, USA

4	 Memorial Sloan Kettering Cancer Center, Molecular Imaging 
and Therapy Service, New York, NY, USA

5	 Department of Imaging and Nuclear Medicine, Institut 
Claudius Regaud - Institut Universitaire du Cancer de 
Toulouse - Oncopole, Toulouse, France

6	 Paris Sud University, Kremlin Bicêtre Hospital, Paris, France
7	 Department of Nuclear Medicine, Institut Curie-René 

Huguenin, Saint‑Cloud, France
8	 Department of Endocrine Oncology, Hôpital Saint Louis, 

Paris, France
9	 UMR 1015, Gustave Roussy Institute, Université 

Paris-Saclay, Villejuif 94805, France

http://orcid.org/0000-0002-6306-8008
http://orcid.org/0000-0002-1322-0710
http://crossmark.crossref.org/dialog/?doi=10.1007/s00261-019-01994-5&domain=pdf


2475Abdominal Radiology (2019) 44:2474–2493	

1 3

18F-FDG	� 18Fluoro-Fluorodeoxyglucose
68Ga	� Gallium-68
99mTc	� Technetium 99m
GLP-1	� Glucagon-like peptide 1
IACIG	� Intra-arterial injection of calcium
IOUS	� Intraoperative ultrasound 

examination
LM	� Liver metastases
MEN	� Multiple endocrine neoplasia 

syndrome
MRI	� Magnetic resonance imaging
NANETS	� North American Neuroendocrine 

Tumor Society
NF	� Neurofibromatosis
NET	� Neuroendocrine tumors
OS	� Overall survival
PDAC	� Pancreatic ductal adenocarcinoma
pNET	� Pancreatic tumor
SSTR	� Somatostatin receptor
SSTR-PET	� Somatostatin receptor PET
SSTR scintigraphy	� Somatostatin receptor scintigraphy
SUV	� Standard uptake value
TSC	� Tuberous sclerosis complex
US	� Ultrasound examination
VHL	� Von Hippel–Lindau syndrome
WHO	� World Health Organization

Introduction

Although pancreatic NETs (pNETs) are relatively uncommon 
tumors (1 per 100,000 population), they represent 1–2% of all 
pancreatic neoplasms [1, 2]. Additionally, increasing use of 
non-invasive diagnostic imaging techniques, as well as increas-
ing availability of imaging techniques worldwide has led to 
increasing rates of incidental detection of pancreatic NETs, 
especially non-functional ones [3, 4]. The 5-year overall sur-
vival is 85% for G1 and 78% for G2 pNETs [5], explaining 
their high prevalence compared to other pancreatic neoplasms 
such as the 8% 5-year survival of pancreatic ductal adenocar-
cinoma [6]. pNETs have a slight predilection for male (55%) 
and are typically observed between the third and sixth decades 
[7]. Earlier presentation of these tumors is generally associated 
with a familial syndrome. Surgery remains the only curative 
possibility. Yet, only 20% to 40% of patients diagnosed with 
pNETs have early-stage curable disease at diagnosis [8].

Medical imaging plays a central role in the diagnosis, 
staging, and recurrence detection of pNETs, as well as to 
guide theranostic procedures [9]. Risk stratification is cru-
cial for patients’ management: high-risk patients should 
be guided toward treatment that is more aggressive while 
therapeutic options should not be exhausted too rapidly in 
low-risk patients [10, 11]. Predictors of poorer prognosis 

are Multiple Endocrine Neoplasia Syndrome (MEN), high 
tumor grade, high tumor burden (e.g., pancreatic insulino-
mas larger than 2 cm [12, 13]), presence of hormonal syn-
drome, and non-resectable tumors [14–16]. For resectable 
tumors, four prognostic factors of metastatic relapse have 
been validated: tumor size > 5 cm; positive lymph node 
status; Ki67 proliferative index; and tumor grade [17].

In this article, we review the role of CT, MRI as well 
as SPECT and PET functional imaging. We report on the 
real-life experience of how hybrid imaging might lead to 
improve patient care in pNET and discuss potential future 
clinical applications and research directions. Additionally, 
we provide a structured approach for standardized reading 
and reporting through the proposal of a standardized case 
report form (Table 1).

Classification of pNETs

Nearly, all well-differentiated pNETs produce hormones 
and the vast majority are sporadic. The current classification 
relies on the evaluation of whether production of hormones 
is sufficient to produce clinical symptoms. Consequently, 
pNETs are classified as syndromic, non-syndromic, and 
hereditary.

Tumor imaging phenotype using molecular imaging is 
strongly associated with tumor grade, which is at the center 
of patient treatment and management [18]. pNETs are pre-
dominantly well-differentiated tumors with endocrine dif-
ferentiation arising from pluripotent stem cells. The embryo-
logical origin of pNETs (foregut) explains that over 80% of 
NETs overexpress somatostatin receptor (SSTRs) (Figs. 1 
and 2). High expression of SSTR on SSTR-specific imaging, 
and low glucose uptake (on 18F-FDG PET) are indicative 
of a well-differentiated NETs with low pathological grade, 
allowing thus to guide patient management [11, 19, 20]. A 
recent update of WHO Classification for pNETs introduced 
four categories [21, 22]: Grade 1 well-differentiated NETs 
(G1 NETs; Ki67 index < 3%; mitotic index < 2/10 high-
power microscopic fields); Grade 2 well-differentiated NETs 
(G2 NETs; Ki67 index 3–20%; mitotic index 2–20/10 HPF); 
Grade 3 well-differentiated NETs (G3 NETs; Ki67 index 
> 20%; mitotic index > 20/10 HPF); Grade 3 poorly differ-
entiated neuroendocrine carcinomas (G3 NECs; Ki67 index 
3–20%; mitotic index 2–20/10 HPF) [14]. G1-NETs are rela-
tively indolent while G3 NECs have the worst prognosis [14, 
15]. Immunohistochemistry differentiates G3 NECs from 
G3 NETs (Fig. 1).

Syndromic

Functioning NETs are defined by the production of spe-
cific hormones, and further characterized by the produced 
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Table 1   Standardized case report form

Y/N yes or no, URL upper right lung lobe, ML middle right lung lobe, LRL lower right lung lobe, ULL upper left lung lobe, LLL upper left lung 
lobe, TACE transcatheter arterial chemoembolization, CE-DEB chemoembolization using drug-eluting beads, SIRT Selective internal radiother-
apy, PRRT​ peptide receptor radionuclide therapy, FDG Fluorodeoxyglucose, DOPA dihydroxyphenylalanine, SSTR somatostatin receptor

Standardized imaging case report form for multidisciplinary tumor board
Local and regional assessment
Resectability Resectable/Non-resectable
Primary tumor (T) Location

Size
Local perivascular extension Y/N

Superior than hemicircumferential Y/N
Mesenteric extension Y/N

Local thrombus Y/N
Bland thrombus Y/N
Tumor thrombus Y/N

Local perineural extension Y/N
Local lymph node (N) Involvement Y/N

Location
Metastatic assessment (M)
Liver Number of lesion(s)

Segment location I II III IV V VI VII VIII
Lung Number of lesion(s)

Location URL ML LRL ULL LLL
Axial bone Number of lesion(s)

Location cervical, dorsal, lumbar spine
Risk of neurological complication Y/N

Other bone Number of lesion(s)
Location

Other metastases Number of lesion(s)
Location

Imaging phenotype
SSTR imaging (Krenning score) 1 2 3 4
FDG PET High/low uptake
DOPA PET High/low uptake
Treatment eligibility
Curative surgery Y/N
Cytoreduction procedures Y/N

Surgery Y/N
Location

Thermal ablation Y/N
Location

Surgery/thermal ablation combination Y/N
Location

Palliative treatment Y/N
Liver embolization Y/N

Bland embolization TACE CE-DEB
SIRT Y/N
PRRT​ Y/N
Contraindication for systemic treatment Y/N
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hormones or associated hormonal syndrome. They are 
observed in up to 40% of pNETs [22, 23]. The prevalence 
of non-functioning pNETs, which are usually indolent and 
typically subcentimetric, has increased due to the improve-
ment of imaging capabilities [24–26].

The prognosis of functioning pNETs is driven by clinical 
symptoms (i.e., hypoglycemias in functioning insulinomas). 
However, the functional status should be considered for the 
choice of the imaging protocol. For instance, the identifica-
tion of dehydration or dysglycemia could preclude the acqui-
sition of contrast-enhanced CT and 18F-FDG PET [23, 29, 
30]. Additionally, imaging may fail to visualize small tumor 
foci of functioning NETs detected biochemically [20].

The main types of functioning pNETs are insulinoma 
(50% of functioning pNETS) followed by gastrinoma, 
glucagonoma, and VIPomas. The majority of insulinoma 
are benign, solitary, intrapancreatic lesion smaller than 
2 cm in size. A typical presentation is the Whipple triad 
with fasting hypoglycemia, symptoms of hypoglycemia, 
and relief of symptoms after the intra venous administra-
tion of glucose. Gastrinoma is the second most frequent. 
They are often small (1–3 cm) and multiple, and the major-
ity is malignant, intra-pancreatic, and in the gastrinoma tri-
angle which is localized between cystic duct/common duct 
insertion, pancreatic neck, and junction of 2nd/3rd por-
tions of the duodenum (Fig. 3). The typical presentation is 
Zollinger–Ellison Syndrome characterized by large amount 

Fig. 1   Imaging phenotype suggests pancreatic NET grade. G1, G2, 
G3 Grade 1, 2, or 3. NET: neuroendocrine tumor, NEC neuroendo-
crine carcinoma, CT computed tomography, MRI magnetic resonance 

imaging, FDG fluorodeoxyglucose, DOPA dihydroxyphenylalanine, 
DOTATOC DOTA0-Phe1-Tyr3 octreotide, SRS somatostatin receptor 
scintigraphy, SSTR somatostatin receptor

Fig. 2   Well-differentiated syndromic pNET: insulinoma. A 10-mm 
solitary pancreatic nodule (yellow-dotted circle) located in the pan-
creas head was assessed using T2-weighted MRI images (a), contrast-
enhanced CT (b) and Somatostatin receptor SPECT/CT performed 24 
hours after injection of 111In-pentetreotide (c). The lesion appeared 
with low signal on T2-weighted MRI images (a), homogeneously 

hyper-enhancing on post-contrast CECT (b), and high expression of 
somatostatin receptor which is typically observed in well-differen-
tiated pNETs (c). There was no distant metastasis and the primary 
tumor was considered resectable. After curative surgery, histopathol-
ogy confirmed the diagnosis of well-differentiated insulinoma
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of gastrin secretion, leading to peptic ulcers and diarrhea. 
Glucagonoma and VIPomas are usually large at diagnosis 
with distal topography within the pancreas and frequently 
malignant [24–26].

Non‑syndromic

Non-functioning NETs are typically detected later due to 
non-specific symptoms such as pain and mass effect [27]. 
They have an unpredictable behavior and risk to metastasize 
[28]. Although non-functioning pNETs tend to be larger and 
more heterogeneous at diagnosis than functioning pNETs 
[29], medical imaging is not used to predict functional sta-
tus. When compared to syndromic tumors, non-syndromic 
tumors are typically larger at presentation, more likely to be 
malignant (80–100%), to have a heterogeneous appearance 
(cystic, calcification, necrosis) and to be aggressive [24–26] 
(Figs. 4 and 5).

Hereditary

Although the majority of NETs occurs sporadically (up to 
85%) [30], an hereditary syndrome, such as Multiple Endo-
crine Neoplasia Syndrome (MEN)1, Von Hippel–Lindau 
(VHL), neurofibromatosis I (NF), and tuberous sclerosis 
complex (TSC) should always be ruled out [30, 31]. MEN 
type 1 is highly associated with gastrinoma (50%) but also 
VIPomas, Glucagonomas, somatostatinomas, GRHomas, 
ACTHomas, and PTHrp-omas. These rare functioning 
pNETs are usually malignant, metastatic at diagnosis [3, 

18, 32, 33], and can be functioning (carcinoids syndrome or 
hypercalcemia) (Fig. 5) [27, 34].

VHL pancreatic involvements include cysts (40%), serous 
cystadenoma (10%), and pNET (15%), which are frequently 
solitary, non-syndromic presentation and are malignant in 
8 to 50%. Other abdominal manifestations are renal cysts, 
clear cell renal cell carcinoma, and pheochromocytoma. On 
MRI, a background of multiple diffuse cystic replacement 
can be observed.

NF is responsible for skin, central, and peripheral nerv-
ous system tumors, as well as neurodegenerative and mus-
culoskeletal abnormalities. pNETs occur in up to 10% of 
patients with NF1. TSC can cause tumor of several organs 
such as the skin, brain, lung, heart, and gastrointestinal sys-
tem. pNETs are also relatively uncommon in TSC with a 
prevalence of 2 to 9% [35].

Diagnosis and detection: CT, MR, and EUS

First-line imaging techniques are CT, MRI (e.g., diffusion-
weighted imaging sequences), and endoscopic ultrasound 
for local assessment (Tables 2 and 3) [32]. Despite the small 
size of pNETs, sensitivity of CT (30 to 80%) and MRI (85%) 
are high [36]. Typical appearance of pNETs is a small, well-
defined solitary, and uniform mass of 1-5cm of diameter 
[35]. Contrast-enhanced CT and MRI are standard of care 
imaging for pNETs [37] as they appear typically hyper-
vascular during the late arterial enhancement phase [32, 
37–39]. Moreover, the DWI related Apparent Diffusion 
Coefficient (ADC) could be correlated to tumor grade as 

Fig. 3   Frequent locations of 
pNETs: anatomical imaging. a 
Gastrinoma are typically located 
in the “gastrinomas triangle” 
(yellow dotted triangle). Extra-
pancreatic nodule measuring 10 
mm located in the gastrinomas 
triangle with homogeneous arte-
rial (right), and portal contrast 
enhancement (middle). b Insu-
linoma are more often localized 
in the pancreas head. This case 
shows a 25-mm nodule with 
arterial (right), and portal con-
trast hyperenhancement (mid-
dle). The report should always 
include the absence of vascular 
and perineural involvements 
(as well as distal metastases) in 
order to confirm the resect-
ability
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tumor cellularity in higher tumor grade causes restriction of 
motion of water molecules, and ADC cutoff values of less 
than 0.95 × 10−3 to 1.19 mm2/s have been proposed for G3 
tumors [24–26]. 

Endoscopic ultrasound (EUS) has a high sensitivity (80 
to 90%) especially for patients with negative CT examina-
tions: up to 10% of insulinomas are not detected [3], and 
40% are smaller than 1 cm [12, 13, 32]. It allows excel-
lent locoregional characterization of biliopancreatic ductal 
involvement, and local biopsy procedures. EUS is however 
rather invasive, operator dependent, and has lower sensitiv-
ity for distal pancreatic area [24–26, 40].

Tumor appearance: hyperenhancement pattern

Most of functioning PNETs are well-defined small tumors 
with intense and homogeneous enhancement on arterial 
and portal phases (Fig. 2). This enhancement phenotype 
is the most specific one regarding NETs [36]. However, 
a more fibrous content may be observed and responsible 
for a more delayed enhancement on the delayed phase. 
On MRI, they appear with low signal on T1-weighted 

sequence, intermediate to high signal on T2-weighted 
sequence, hyper-enhancing on post-contrast, and diffu-
sion restricting (Fig. 6). The enhancement pattern is var-
ied and can be homogenous, heterogeneous, or ring-like, 
especially in gastrinomas [24–26] (Figs. 2, 4, 5, 6). Dif-
ferential diagnosis include pancreatic ductal adenocarci-
noma, intrapancreatic accessory spleen, and hypervascular 
metastases to the pancreas (most often related to renal cell 
carcinoma) [24–26].

Moreover, up to 50% of pNETs may not show arterial 
hyperenhancement and many still demonstrate iso- to hyper-
enhancement on venous phase. Hypoenhanced (on arterial 
and venous) pNETs are more likely to be higher grade and 
more difficult to differentiate from pancreatic adenocarci-
noma (Fig. 4) [24–26].

In insulinoma, the isoenhancement can make them dif-
ficult to identify on CT, whereas the soft tissue contrast 
properties of MRI (T1 hypointensity, mild T2 hyper inten-
sity, and diffusion restriction compared to the physiological 
pancreatic background) can help to detect the lesion on MRI.

In gastrinomas, MR images are T1 hypointense on pre-
contrast phase, and T2 hyperintense, and diffusion-restricting 

Fig. 4   Non-syndromic pancreatic NET. Incidental detection of a 
non-syndromic 15-mm pancreatic lesion with low arterial contrast 
enhancement (a), low heterogeneous portal enhancement (2), low 

18F-FDG uptake (2), and intermediate SSTR expression (d). Imaging 
phenotype suggested a well-differentiated resectable pNET, later con-
firmed by curative surgery
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DWI and T2FS. After contrast injection, gastrinomas have 
often a persistently delayed enhancement due to the presence 

of fibrosis [40]. Additionally, a marked gastric wall thicken-
ing can be observed.

Fig. 5   Multiple endocrine neoplasia syndrome. Pancreatic NET (a, b, 
c) associated with pheochromocytoma (d, e). Pancreatic NET appears 
as a heterogeneous hypervascular mass (yellow box, a and b), with 
a dot-shaped microcalcification (white dotted circle). Curved coro-
nal reconstruction of the portal CT examination reveals the absence 
of ductal dilation (f, yellow-dotted arrow). In type 1 MEN syndrome, 

pNETs can be associated with pituitary adenoma and/or pheochro-
mocytomas. In this case, abdominal CT reveals a heterogeneous right 
adrenal mass (d and e). Before the surgery, the patient was appropri-
ately prepared with medications such as alpha-blockers that blocked 
the effects of adrenaline

Table 2   Indications of medical 
imaging in PNETS

IACIG selective intra-arterial injection of calcium with hepatic venous insulin gradients, DOPA  dihy-
droxyphenylalanine, DOTATOC DOTA0-Phe1-Tyr3 octreotide, SSTR scintigraphy: somatostatin receptor 
scintigraphy
a Reconstruction < 3 mm. Contrast-enhancement (acquisition: 15-25s after injection for angiography phase, 
25-30s for portal-venous inflow phase, 70-90s for venous phase)
b Fat-saturated transaxial T1- weighted and fat-saturated T2-weighted sequences and optionally fat-sat-
urated transaxial in and out of phase T1-weighted sequences. Transaxial dynamic gadolinium contrast-
enhanced sequences with acquisition at 30, 70, and 120 s and at 3–5 min after the injection. Diffusion-
weighted imaging

Anatomic imaging Molecular imaging

Pancreatic NET (all)
 CTa and/or MRIb 68Ga-DOTATOC-PET or SSTR scintigraphy

18F-DOPA-PET
Insulinoma
 IACIG (if difficult to localize) 18F-DOPA-PET

GLP-1 receptor scintigraphy (if difficult to localize)
Gastrinoma
 IACIG (if difficult to localize) 68Ga-DOTATOC-PET

GLP-1 receptor scintigraphy (if difficult to localize)
Poorly differentiated
 CTa and/or MRIb 18F-FDG PET
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Duct dilation

Duct dilation is associated with higher grade of pNETS, 
although such appearance may be easily confused with a 
pancreatic ductal adenocarcinoma (PDAC). The degree of 
dilation and related atrophy is typically less than that of 
PDAC. Vascular invasion is also uncommon (Figs. 5 and 6).

Cystic pNET

Cystic is an uncommon appearance that occurs in 10 to 20% 
of pNETs and cystic lesions may have better prognosis than 
solid lesions [1, 41–43]. Most cystic PNETs present larger 
in size than solid PNETs and are commonly non-functioning 
[24–26, 40]. Pancreatic NETs may be partially or entirely 
cystic. Hyper-enhancing thickened wall, especially during 
arterial phase is characteristic. This appearance may overlap 
with some other cystic neoplasms of pancreas. On MRI, a 
centrally T2 bright cystic lesion can be identified with typi-
cally a thick rim of enhancement. The differential diagnosis 
is a necrotic adenocarcinoma with heterogeneous (vs. homo-
geneous) T2 signal and irregular (vs. smooth) peripheral 
and central (vs. peripheral) enhancement. Another differen-
tial diagnosis is mucinous cystic neoplasm which typically 
occurs in female in the sixth decade, appearing as large uni-
locular cyst with thickened enhanced wall (Fig. 7).

Calcifications

Calcifications are uncommon and occurs in 10–20% of 
pNETs. They are associated with larger, higher-grade 
tumor and are more likely to be metastatic. The calcifi-
cations are typically coarse, focal, and irregular but can 
also be dot-shaped (Fig. 5). These calcifications may be 
observed in the primary tumor as well as the metastases. 
Calcifications in NET are predominantly observed in a 
solid and hyperenhancing lesion with focal, coarse, irregu-
lar central calcifications. Several studies described the dif-
ferential diagnoses of a calcified pancreas mass.[44–47] 
In predominantly cystic lesions, calcification can occur 
in a pseudocyst (outer rim calcification), mucinous cystic 
neoplasm (curvilinear or punctate calcification), serous 
cystic neoplasm (central calcified scar), and intraductal 
papillary mucinous neoplasm (intraductal calcification). In 
predominantly solid and hyperenhancing lesions, calcifica-
tions can occur in adenocarcinoma (calcification adjacent 
to the mass) and focal pancreatitis (focal calcifications). 
In solid tumors with variable enhancement and variable 
calcifications patterns, the diagnoses are acinar cell carci-
noma, calcified metastasis, and pancreatoblastoma. There 
are several differential diagnoses of calcifications in the 
pancreatic parenchyma such as chronic pancreatitis, calcu-
lus (intraductal), vascular lesions (involving arterial wall U
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or aneurysm), infectious cysts due to tuberculosis, sar-
coidosis, parasitic infestations (isolated pancreatic hydatid 
and pancreatic cysticercus) as well as rare diagnosis such 
as pancreatic schwannoma (von Recklinghausen disease), 

epidermoid cyst in an intrapancreatic accessory spleen 
(Stippled calcification), a mature cystic teratoma (calcifi-
cation and fat), and gene-associated pancreatitis [44–47].

Fig. 6   Atypical phenotype: Hypovascular non-syndromic pNET. 
International consensus guidelines recommend routine surgical resec-
tion, ranging from tumor enucleation to pancreatectomy (+/− duo-
denectomy) with lymphadenectomy in all non-metastatic non-syn-
dromic pNETS larger than 2 cm. This 17-mm non-syndromic pNET 
(yellow-dotted circles) appears hypodense on arterial CT (a), heter-
ogeneous and still hypodense on portal phase (b), with no Wirsung 
duct dilation (c, yellow arrow). Somatostatin Receptor Scintigraphy 

suggests a well-differentiated pNET due to the high somatostatin 
receptor expression (d). An active follow-up has been performed in 
this patient for 6 years using MRI to decrease radiation exposure. Six 
years later, the lesion remains stable and measures 17 mm (e, f and 
g). On MRI, the lesion is hypovascular on arterial contrast-enhanced 
images (e), showing hypersignal on B=800 diffusion images (f), and 
no ADC restriction (g)

Fig. 7   Non-syndromic cystic pNET. Incidental detection of a cystic 
pancreatic NET. Assessment using T2-weighted sequence (a), T1 
FATSAT-weighted sequence (b), and T1 FATSAT after gadolinium 
injection (c). There is a 3-cm thin-walled cystic lesion in the pancreas 
tail (a, b, c) without mural hyperenhancement (c). The unique pos-
terior septation (yellow arrows) appears as a linear iso-intensity on 

T2-weighted sequence (a), hypointensity on T1 FATSAT-weighted 
sequence (b), and enhanced after gadolinium injection (c). Interna-
tional consensus guidelines recommend routine surgical resection 
in all non-metastatic non-syndromic pNETS larger than 2 cm. After 
curative surgery, pathology showed a cystic pNET
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Diffuse growth pattern

Rare cases showing a diffuse growth pattern with replace-
ment/enlargement of a large segment or the entire pancreas 
are described in literature. This pattern is associated with 
higher-grade tumors and poorer prognosis [48].

Diagnosis and detection: molecular imaging

Somatostatin receptor imaging

Up to 80% of NETs overexpress SSTR. Therefore, SSTR 
imaging is indicated for the diagnosis, staging, and follow-
up of G1 and G2 pNETs. Six different SSTRs have been 
identified: SSTR1, 2A, 2B, 3, 4, and 5 [49] but NETs mainly 
overexpress SSTR2 and SSTR5 [50].

SSTR2 scintigraphy using 111Indium-pentetreotide 
(Octreoscan) was standard-of-care in this setting during 
many years [11, 51]. However, SSTR PET using gallium-68 
(68Ga)-radiolabeled SSTR is now the preferred imaging 
method [11], due to several technical advantages: shorter 
study length, higher spatial resolution and sensitivity detec-
tion (68Ga-DOTATOC PET: 90–95%, SSTR scintigraphy: 
60–80%) [19, 20]), tracer uptake quantification, and signifi-
cant radiation reduction [52, 53]. Also radiochemistry of 
68Ga is advantageous as (i) the 68Ga radio-isotope is pro-
duced by generator; (ii) this trivalent metal can be easily 
linked to somatostatin analogs using chelators (DOTATATE, 
DOTATOC, and DOTANOC, for example); (iii) It can then 
be easily replaced by therapeutic radio-isotope linked to 
the same vector (90Yttrium or 177Lutetium, for example) to 
perform theranostics [47, 54]. DOTATATE shows 10-fold 
higher and selected affinity for SST-2 receptor, DOTATOC 
high affinity for SST-2 even if less than DOTATATE, and 
also for SST5 receptor and DOTANOC high affinity for 
SST-2 SST-3 and SST5 subtype receptors [40]. Studies have 
demonstrated no clinical impact of those different chelators, 
and no preferential use of one compound over the others can 
be advised [55]. False positives include physiological uptake 
in the pancreatic uncinate process, accessory spleen, or 
intra-pancreatic spleen. The differential diagnosis includes 
other primary tumor types overexpressing SSTR, such as 
neural crest tumors or clear cell renal carcinomas [30]. False 
negatives are observed in small lesions and organs with high 
physiological background activity such as the liver, kidney, 
and spleen [31, 32] (Tables 2 and 3).

SSTR antagonists PET were recently explored by several 
studies. Antagonists targeted essentially SSTR2 and used 
3 chelators: DOTA, NODAGA (1,4,7-triazacyclononane, 
1-glutaric acid-4,7-acetic acid, and CB-TE2A (4,11-bis 
(carboxymethyl)-1,4,8,11-tetraazabicyclo [6.6.2] hexade-
cane). On preclinical studies, they were labeled either with 

64Cu or 68Ga. Preliminary results have shown favorable phar-
macokinetics, high tumor-to-background contrast, and better 
sites labeling than agonists [56].

Amino‑acid imaging: 18F‑DOPA‑PET

18F-DOPA is a cost-effective and increasingly available tech-
nique. 18F-DOPA PET reflects the amino acids metabolism 
by exploiting the amine precursor uptake and decarboxyla-
tion property of neuroendocrine cells. In pNETs, 18F-DOPA-
PET is currently the gold standard for the diagnosis and 
localization of insulinomas (i.e., hyperinsulinemia of infants 
and children) [11], which remains challenging for CT, MRI, 
and EUS. Nakuz et al. have demonstrated a sensitivity of 
70% of combined 18F-DOPA PET with contrast-enhanced 
CT. Usefulness of carbidopa premedication, an inhibitor of 
the peripheral aromatic amino acid decarboxylase is still 
debated as it can cause a masking effect on tumor uptake 
[57]. In the case of physiological high background activity 
(pancreas), early PET acquisition may be of interest [11].

Glucose imaging: 18F‑FDG‑PET

In poorly differentiated NETs, PET imaging takes high 
advantage of the increased glycolytic rates related to the 
Warburg effect [58, 59] of proliferative cells such as cancer 
cells. Cancer cells use aerobic glycolysis for their metabo-
lism instead of the oxidative phosphorylation pathway used 
by most other cells. As a glucose analogue, 18F-FDG is 
transported into cells via glucose transporters, phosphoryl-
ated by hexokinase, but does not undergo the rest of glyco-
lysis, allowing accumulation within cells. 18F-FDG PET is 
recommended for G3 NETs and NECs with Ki-67 > 20% 
[11]. 18F-FDG detects 92% of NETs with Ki-67 > 15% [60] 
(Fig. 2). Prospective studies demonstrated that 18F-FDG 
positivity in G1/G2 NET is not rare (13% of patients) and 
is a strong predictor of poorer prognosis and higher risk 
of progression [61]. Recently, Bucau et al have shown that 
some well-differentiated tumors with a proliferation index 
of less than 2% might show 18F-FDG uptake (SUVmax of 
> 2), potentially due to sporadic VHL gene inactivation.
[62] However, glucose intolerance is a frequent complica-
tion of pancreatic tumors. Elevated serum glucose levels can 
decrease the 18F-FDG uptake in the pancreatic tumor and is 
responsible for most false-negative results on 18F-FDG-PET 
[63].

Management of biochemically positive and imaging 
negative patients

First-line imaging procedures may be negative and fail to 
visualize small tumor foci of functioning NETs detected 
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biochemically [32]. In these cases, second-line imaging 
procedures should be used.

Glp‑1 receptor scintigraphy

Insulinomas overexpress GLP-1 receptors on their surface 
[64, 65]. Scintigraphy with a radiolabeled Glucagon-like 
peptide 1 (GLP-1) receptor analog may be useful in function-
ing insulinomas with negative anatomical imaging. Several 
radiotracers were tested in this indication. However, 99mTc 
radiotracer seems to outperform others in detecting GLP-1 
receptors due to its high sensitivity, low price, its acces-
sibility, and its low radiation rates [65, 66]. While sensitiv-
ity of this technique is ranging from 95 to 100%, its lacks 
of specificity is up to 25% [67]. Therefore, use of GLP-1 
imaging is limited to insulinomas that are not detected using 
other imaging techniques. This technique is not standard of 
care and limited to few expert centers. Additionally, it still 
requires validation in large series [3, 65].

Intra‑arterial injection of calcium with hepatic venous 
insulin gradients (IACIG)

IACIG and GLP-1 receptor scintigraphy are the two major 
highly sensitive methods used to localize occult insulino-
mas. IACIG is a highly sensitive technique which detects the 
expression of calcium-sensing receptors (expressed in insu-
linomas and gastrinomas) [3, 68–71]. This interventional 
diagnostic approach uses the vascular pancreatic segmenta-
tion to selectively determine insulin secretion source. After 
selective arterial injection of calcium gluconate, insulin 
secretion is measured by hepatic venous catheterization at 
different time points, and thus determine insulinomas loca-
tion. For instance, high insulinemia after selective injection 
of the gastroduodenal artery suggests an insulinoma in the 
head of the pancreas. IACIG shows a sensitivity up to 93% 
in segmental localization of insulinomas [72].

Rationale for PET/MRI

A PET/MRI protocol offers the possibility of a one-stop-
shop examination, which can streamline workflow and 
patient quality of care (Fig. 8) [73]. Integrated PET/MRI 
has a potential edge over PET/CT since the attenuation 

Fig. 8   Active follow-up after curative surgery using PET/MRI. A 
well-differentiated grade 2 pNET was surgically removed. A 68Ga-
DOTATATE PET/MR was performed because of an increasing of 
neuroendocrine tumor transcripts. On DOTATATE PET no abnormal 
uptake was detected, (a MIP), especially on the liver (b, d). There 
was no enhancing lesion on post-contrast sequence (c post-con-

trast MR and d PET fusion with post-contrast MR. Only  diffusion-
weighted images (b 500) sequence revealed a small focus of restricted 
diffusion in segment IVA/VIII, suspicious of liver metastasis (e, 
white arrow). This case demonstrates the superiority of MR over 
other imaging modalities for liver assessment
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correction CT component of standard PET/CT is usually a 
free-breathing dataset that is acquired at a very low radiation 
dose and without intravenous contrast [73]. Additionally, 
simultaneous acquisition of PET and MRI data and advanced 
motion correction algorithms [74] result in better temporal 
and spatial co-registration although they require a significant 
expertise and are used systematically in all PET/MR devices. 
This is a significant advantage allowing for decreasing mis-
registration artifacts and motion artifacts between PET and 
CT due to their sequential acquisition [73]. This advantage 
might be leveraged to increase the performance of PET for 
the detection of lesions in the primary tumor site, as well as 
the locoregional extent in the retroperitoneal compartment 
[75–78].

Combining relevant MRI sequences to PET acquisitions 
may potentialize the strengths of the two modalities, espe-
cially for abdominal imaging [79–81]. The high soft-tissue 
contrast of MRI combined to the high sensitivity of PET 
detection makes this procedure a challenging candidate 
for pNETs imaging. Moreover, PET/MRI multiparametric 
combinations may improve the tumor characterization, by 
increasing the level of imaging features deciphering the 
tumor-imaging phenotype [82]. Minimizing radiation expo-
sure of patients by substituting CT-scan by MRI must be put 
into perspective in patients with potentially curable resect-
able pNET, with long overall survival rates.

There is, however, one downside for the use of PET/
MRI [83]. CT-scan clearly outperforms MRI for attenu-
ation correction, which is the key role of morphological 
imaging although several new MR-based approaches have 
been shown to substantially improve the PET-MRI images 
quality [84–86]. The attenuation correction based on MRI 
data is indeed satisfactory for basic diagnostic purpose, but 
does not reach the performance of the CT-based attenuation 
correction, because of the non-continuous properties of the 
MRI-based generated mu-maps [87–90]. An option is to use 
T1-Water 3D Dixon and T1-Fat 3D Dixon sequences prior to 
contrast administration which allows a segmentation of the 
attenuation map into 4 automatically generated classes (i.e., 
background, lungs, fat, and soft tissue) which can alter the 
measurement of SUV [91, 92] since attenuation correction 
is continuous on CT-scan while it is discrete on MRI. Such 
consideration may be of relevance especially for quantita-
tive purpose. This should be taken into account for radiom-
ics approaches deciphering intratumor heterogeneity which 
require to carefully monitor acquisition protocols [93–98]. 
This needs also to be considered when PET is performed 
to optimize dosimetry planning but should theoretically 
not significantly alter the evaluation of the resectability of 
pNET when a qualitative or semi-quantitative approach is 
sufficient.

The co-registration of MRI and PET/CT (lower time of 
acquisition, better cost-effectiveness, and more accurate 

attenuation correction) might be more convenient for sev-
eral centers than PET/MRI. The benefits of those procedures 
for patients’ outcome, clinicians, and the healthcare system 
remain to be determined. The main advantage is that it will 
minimize the bias in term of co-registration and allows for 
a multiparametric approach and to integrate functional MR 
and molecular imaging at a voxel-wise level of analysis.

Patient management

Accurate staging of pNETs is essential to determine proper 
patient management, particularly in identifying patients who 
will benefit from surgical resection [3]. Preoperative staging 
has a dual objective: on one hand to determine the resecta-
bility of the primary tumor and on the other hand to evaluate 
for distant metastasis that would preclude curative resection. 
Resectable pNETs patients have an excellent prognosis with 
75% disease-specific survival at 20 years [99].

Locoregional staging

Vascular invasion may be present in up to one-third of large 
non-syndromic tumors and is important to search for in all 
patients since it alters the resectability of the tumor. The 
splenic vein is more commonly involved than the superior 
mesenteric vein or artery, and smaller branch veins. Local 
perivascular and perineural evaluation is critical for stag-
ing and guiding surgery [100, 101]. For instance, in pNET, 
report should include the location of vascular and perineu-
ral involvements and its extent since it typically precludes 
resectability [100, 102] (Fig. 9).

General staging

Surgical resection is considered as the definitive curative 
treatment by all international guidelines [103]. However, 
locoregional and distant involvement must be excluded 
before surgery, because of high rates of post-operative com-
plications. Both pNETS TNM staging system and AJCC 
cancer staging agree that presence of lymph node metasta-
ses is a poor prognostic factor regarding tumor recurrence 
after surgery [3]. MRI detection of lymph node metastasis 
has shown acceptable results but is outperformed by 68Ga-
DOTATOC-PET/CT [39, 104].

The risk of distant metastatic spread is proportional to the 
size of the primary tumor (< 1 cm: 20% compared to > 2 
cm: 70%) [18]. Common sites of distant metastases include 
the liver, which are associated with a poorer prognosis, and 
present with intense arterial enhancement similar to the 
primary pancreatic tumor [30, 105–107]. The detection of 
metastases is crucial prior to surgery with curative intent. 
However, the presence of metastases does not preclude 
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Fig. 9   Tumor thrombus preclud-
ing surgical resectability. Well-
differentiated pNET (grade 2) 
with vascular extension to the 
portal vein, superior mesenteric 
vein, and the splenomesenteric 
trunk. The tumor (a, white 
stars) as well as the thrombus 
inside the portal vein and its 
branches (white plain arrows) 
show contrast enhancement at 
the portal venous phase. SRS 
(b) show high SSTR expression 
in both tumor (white star) and 
thrombus (white dotted star). 
The differential diagnoses were 
a bland thrombus and a tumor 
thrombus. The presence of con-
trast enhancement and of soma-
tostatin receptor expression 
within the thrombus confirmed 
a tumor thrombus precluding 
tumor resectability

Fig. 10   Detection and treatment of liver metastases: concept of 
cytoreduction. Initial staging (a, b and c) of a locally resectable 
pNET showed a unique small liver metastasis (yellow circles), identi-
fied using out of phase (a), barely identified on T1-weighted images 
(b) but presenting arterial contrast enhancement (c). A cytoreduc-

tion approach was decided and the metastasis was treated using US-
guided radiofrequency ablation. MR imaging after cytoreduction (d, 
e and f) confirmed that ablation margins were acceptable (yellow-dot-
ted circles) and the treatment was successful
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cytoreduction to decrease hormonal symptoms, improve 
quality of life, and increase survival. The detection rate of 
metastases varies among techniques. For instance, 68Ga-
DOTATOC-PET/CT outperforms MRI for the detection of 
pulmonary lesions, whereas MRI is superior for liver and 
bone lesions [104, 108].

Surgery

International consensus guidelines recommend routine sur-
gical resection, ranging from tumor enucleation to pancrea-
tectomy (+/− duodenectomy) with lymphadenectomy; in 
all non-metastatic non-functioning, GEP-NETS larger than 
2 cm, as this strategy results in a significant survival ben-
efit [3]. The optimal management of non-functioning GEP-
NETS smaller than 2 cm is still debated, although a non-
operative approach with active follow-up is recommended 
[3, 18, 28]. Surgical resection, is also proposed in curative 
intent to all patients with operable well-differentiated metas-
tases from NET regardless of the site of origin (foregut, mid-
gut, hindgut) [109].

Cytoreduction

Palliative debulking is beneficial only for patients with 
liver metastases or abdominal lymph nodes [110] and usu-
ally only performed when more than 90% of tumor burden 
can be removed [111]. The exact assessment of number and 
location of liver metastases is crucial for treatment plan-
ning, and will be mainly based on MRI imaging [112, 113]. 
Local liver treatment with thermal ablation is indicated in 
patients with small oligometastatic disease and is as effec-
tive as surgery with fewer complications [113–115]. Intra-
arterial interventional radiology procedures techniques are 
reserved for symptomatic patients with hepatic-predominant, 
non-resectable NETs [18, 116]. Pretreatment imaging will 
help patients’ assessment and reduce rates of incomplete 
treatments (or inadequate therapy).

Thermal ablation procedures are frequently used in liver 
metastases and can be combined with surgery, for palliative 
debulking or curative intent. Radiofrequency ablation is the 
only proven procedure according to international guidelines, 
yet, alternative methods (cryotherapy, microwave coagula-
tion) might also be as effective, but need evaluation with 
randomized control trials (Fig. 10) [111, 117].

Conclusion

Multimodality imaging is critical in the proper manage-
ment of patients with pNETs. The role of hybrid functional 
imaging with PET/CT and PET/MRI in pNETs continues 
to evolve as our understanding of these modalities expands. 

Imaging-guided approaches help to personalize patient man-
agement and will continue to improve quality of life and 
survival for pNETs patients. Imaging can provide a compre-
hensive non-invasive evaluation of the spatial and temporal 
heterogeneity of the tumor, as well as a broad spectrum of 
information such as stage, grade, resectability, behavior, 
growth potential, sensitivity to treatment of the primary, and 
metastatic disease (Fig. 6). This review provides a standard-
ized case report form on Tables 1 and 2.
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