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Molecular imaging phenotyping 
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Abstract 

Neuroendocrine neoplasia (NEN) is an umbrella term that includes a widely heterogeneous disease group including 
well-differentiated neuroendocrine tumours (NETs), and aggressive neuroendocrine carcinomas (NECs). The site of 
origin of the NENs is linked to the intrinsic tumour biology and is predictive of the disease course. It is understood that 
NENs demonstrate significant biologic heterogeneity which ultimately translates to widely varying clinical presen-
tations, disease course and prognosis. Thus, significant emphasis is laid on the pre-therapy evaluation of markers 
that can help predict tumour behavior and dynamically monitors the response during and after treatment. Most 
well-differentiated NENs express somatostatin receptors (SSTRs) which make them appropriate for peptide receptor 
radionuclide therapy (PRRT). However, the treatment outcomes of PRRT depend heavily on the adequacy of patient 
selection by molecular imaging phenotyping not only utilizing pre-treatment SSTR PET but 18F-Fluorodeoxyglucose 
(18F-FDG) PET to provide insights into the intra- or inter-tumoural heterogeneity of the metastatic disease. Molecular 
imaging phenotyping may go beyond patient selection and provide useful information during and post-treatment 
for monitoring of temporal heterogeneity of the disease and dynamically risk-stratify patients. In addition, advances 
in the understanding of genomic-phenotypic classifications of pheochromocytomas and paragangliomas led to an 
archetypical example in precision medicine by utilizing molecular imaging phenotyping to guide radioligand therapy. 
Novel non-SSTR based peptide receptors have also been explored diagnostically and therapeutically to overcome the 
tumour heterogeneity. In this paper, we review the current molecular imaging modalities that are being utilized for 
the characterization of the NENs with special emphasis on their role in patient selection for radioligand therapy.
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Introduction
Neuroendocrine neoplasms (NENs) represent a group of 
rare malignancies that originate from the secretory cells 
of the neuroendocrine system. NEN is an umbrella term 
that includes the well-differentiated neuroendocrine 
tumours (NETs), and the aggressive neuroendocrine 

carcinomas (NECs). The site of origin of the NENs is 
linked to the intrinsic tumour biology and is predictive 
of the disease course [1]. Based on their production of 
biogenic amines and vasoactive substances leading to 
distinct clinical symptoms, these tumours can be cat-
egorised as functioning or non-functioning. Further, for 
a given site, the NENs can be classified based on their 
histologic grade, and tumour differentiation. The vari-
ous combinations of these parameters produce a wide 
spectrum of tumour biology ranging from well-differen-
tiated, relatively indolent, localized tumours to poorly 
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differentiated, aggressive and commonly metastatic car-
cinomas. Importantly, metastatic disease is not neces-
sarily an indicator of high-grade tumour biology in this 
disease as many low-grade, well-differentiated NET also 
present with disseminated disease.

It is understood that NENs demonstrate significant 
biologic heterogeneity which ultimately translates to 
widely varying clinical presentations, disease course 
and prognosis. Thus, significant emphasis is laid on the 
pre-therapy evaluation of markers that can help predict 
tumour behavior and the appropriate selection of choice 
of therapy. These broadly include assessment of pathol-
ogy (including Ki67 immunohistochemistry (IHC) or 
mitotic count as markers of proliferation, cellular dif-
ferentiation, IHC for specific hormones or cell surface 
antigens), serum biomarkers, molecular genetics (in both 
sporadic and familial tumours), clinical presentation and 
imaging (conventional and molecular imaging).

Imaging plays a vital role in the diagnosis, staging and 
therapeutic monitoring of NEN [2]. While surgical plan-
ning is critically dependent on the detailed anatomi-
cal evaluation provided by diagnostic multiphase CT or 
MRI, selection and monitoring of systemic therapies are 
increasingly dependent on the use of molecular imag-
ing, particularly using somatostatin analogs. Most low-
grade and well-differentiated NENs express somatostatin 
receptors (SSTRs), which are G-protein coupled trans-
membrane receptors modulating cellular proliferative 
and secretory activity. SSTR sub-types 2, 3 and 5 are most 
commonly expressed on the NEN cells with the domi-
nant subtype 2 being primarily targeted for molecular 
imaging using positron emission tomography (PET) or 
single-photon emission computed tomography (SPECT) 
[3]. SSTR PET using 68Ga- or 64Cu- labeled somatostatin 
analogs (DOTANOC, DOTATATE, DOTATOC, SAR-
TATE) has superior diagnostic performance in compari-
son to SPECT with 111In-Pentetreotide (Octreoscan), 
with the former being the modality of choice for func-
tional imaging of the NETs [4, 5]. 18F-Fluorodeoxyglucose 
(18F-FDG), the ubiquitous radiotracer for oncologic PET 
imaging has a limited role in the detection of low-grade, 
well-differentiated NENs. However, it can provide useful 
insights into the intra- or inter-tumoural heterogeneity 
in a patient with metastatic disease. Nevertheless, there 
is evidence that there are subgroups of NEN that lack 
SSTRs [6]. These are primarily higher grade NENs, which 
have imaging features similar to other aggressive cancers 
in having augmented glycolytic metabolism. Accordingly, 
18F-FDG can provide complementary information, par-
ticularly by the detection of more aggressive and poorly-
differentiated tumour foci, that can co-exist in patients 
with the otherwise low-grade disease [4]. Alternative 

molecular targets are available for specific subcategories 
of NEN. For example, 123I/131I-meta-iodobenzylguanidine 
(123I/131I-MIBG) has been utilized for imaging tumours of 
neuroendocrine origin, especially pheochromocytoma, 
paragangliomas and pediatric neuroblastic tumours 
[7]. Additionally, other radiopharmaceuticals such as 
18F-Fluoro-L-Dihydroxyphenylalanine (18F-DOPA), 68Ga-
Exendin, and other experimental radiotracers are being 
utilized for capturing different metabolic pathways or dif-
ferential receptor expression in the NENs [8–10].

Selection of the most appropriate treatment for NEN 
depends on an accurate definition of disease extent 
and biological characteristics. Independent of grade, 
surgery is curative for localized NETs. Unfortunately, 
over 40% of patients present with either advanced loco-
regional or distant metastases and are already unsuit-
able for curative resection at diagnosis but may benefit 
from debulking surgery [11]. For such cases, disease 
characterization becomes increasingly important with 
options ranging from observation to aggressive chemo-
therapy regimens.

For low-grade but functioning tumours, somatostatin 
analogs (SSAs) are the usual first-line treatment. These 
agents have also been shown to delay the progression 
of unresectable NETs [12, 13]. Despite these agents 
requiring expression SSTRs for efficacy, confirmation 
of their presence on molecular imaging is not currently 
mandated, primarily because of the near-ubiquitous 
SSTR expression in the majority of low-grade NENs. 
Nevertheless, the high cost and inconvenience of long-
acting SSAs may warrant the characterization of SSTR 
expression, particularly in NETs of the lung, which can 
be functional but sometimes lack this target [14] or in 
patients in whom there is a failure to control hormonal 
symptoms or tumour growth.

The expression of SSTRs can also be leveraged thera-
peutically using SSAs labelled with particle-emitting 
radionuclides. Peptide receptor radionuclide therapy 
(PRRT), most widely available with 177Lu-DOTATATE, 
has emerged as a valuable treatment modality for 
metastatic NENs and showed superior outcomes over 
the standard-of-care in patients with inoperable or 
advanced and progressive midgut NETs in a phase-3 
randomized controlled trial (NETTER-1) [15]. How-
ever, the treatment outcomes of PRRT depend heavily 
on the adequacy of patient selection, performed using 
a combination of imaging and non-imaging techniques, 
as highlighted previously [4, 16, 17].

In this paper, we review the current molecular imag-
ing modalities that are being utilized for the characteri-
zation of the NENs with special emphasis on their role 
in patient selection for radioligand therapy and moni-
toring its efficacy.
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Pre‑treatment molecular imaging phenotyping
SSTR PET/CT
SSTR targeted imaging forms the principal basis 
for PRRT by documenting adequate tumoural SSTR 
expression, which is the therapeutic target. The Kren-
ning score was developed to grade the degree of radi-
otracer avidity on 111In-pentetreotide scintigraphy and 
was later modified for use with SSTR PET [18]. The 
modified Krenning score is a 5-point visual scale that 
compares the lesional radiotracer avidity with that of 
the blood pool, liver and spleen. The grading is done as 
0: no avidity (less than blood pool), 1: very low avidity 
(equivalent to blood pool), 2: avidity less than or equal 
to the liver but more than blood pool, 3: avidity higher 
than liver but less than the spleen, 4: avidity equal to 
or higher than the spleen. For lesions > 2 cm, the scores 
of 3–4 are deemed adequate for considering PRRT. 
However, for lesions smaller than 2 cm, the PET-based 
scoring might overestimate compared to the origi-
nal Krenning score [4]. In principle, PRRT should not 
be considered in patients with the majority of lesions 
demonstrating no or low avidity on SSTR PET. Nei-
ther should the mere presence of SSTR expression in 
a lesion or a single voxel, assessed visually or based on 
standardised uptake value (SUV), be an indication for 
PRRT, which must always consider the clinical scenario 
while leveraging the unique advantage of whole-body 
assessment on SSTR PET in treatment selection.

The intrinsic heterogeneity of NENs is evident on 
SSTR PET with inter-and intra-lesional heterogene-
ity in the expression of the SSTRs. This was formally 
assessed in the context of PRRT in a retrospective review 
of 65 patients with WHO Grade 1–2 progressive NENs 
[19]. Intra-lesional heterogeneity was assessed as visu-
ally interpreted changes in the modified Krenning score 
across a single target lesion. A patient was categorized as 
heterogeneous if ≥ 50% of their target lesions were heter-
ogeneous. If < 50% of target lesions were heterogeneous, 
the patient was categorized as homogeneous. Patients 
with heterogeneous SSTR expression had a significantly 
lower overall survival (OS) and time-to-progression. 
Additionally, heterogeneity was the only prognostic fac-
tor for OS in the multivariable analysis. Currently, there 
is no validated methodology to assess the intra-lesional 
heterogeneity while semiautomated approaches are in 
development with early promising results [20]. Ulti-
mately, imaging has a finite resolution and the micro-
scopic heterogeneity cannot adequately be captured at a 
cellular level within a tumour mass. It should be noted 
that microscopic heterogeneity is also recognised by 
pathologists and dealt with in histopathological speci-
mens by scoring “hot spots” for immunohistochemical 
parameters like Ki-67.

18F‑FDG PET/CT
18F-FDG is a radioactive analog of glucose, preferentially 
localizing in cells with high glycolytic rates. 18F-FDG 
avidity reflects the viable tumour cells with high glu-
cose metabolism, and commonly correlates with tumour 
aggressiveness, i.e. highly aggressive malignancies show a 
higher uptake of 18F-FDG in comparison to the relatively 
indolent tumours [21]. It is thus understandable that 
most low-grade, well-differentiated NETs do not show 
high 18F-FDG avidity and should be preferentially imaged 
using SSTR PET for staging [22]. 18F-FDG PET/CT is 
more useful in staging patients with high grade, and 
aggressive NENs which frequently lose SSTR expression.

In a prospective series of 98 patients with primary 
NENs of gastro-entero-pancreatic (GEP) or pulmonary 
origin, 57 (58%) had an 18F-FDG avid disease on PET/
CT. Disease positivity on 18F-FDG PET/CT was associ-
ated with a significantly higher risk of mortality (haz-
ard ratio 10.3; 95% CI: 1.3–78.9). The disease positivity 
on 18F-FDG PET was higher in patients with increas-
ing histologic grade (40% in patients with World Health 
Organization (WHO) Grade 1 and 93% in Grade 3). 
Additionally, in a multivariable analysis including SUV-
max, Ki67 and chromogranin-A levels, only SUVmax > 3 
on 18F-FDG PET/CT was a predictor of progression-free 
survival (PFS) [23]. Similar findings were reported in 
a prospective series of 38 patients with metastatic GEP 
NETs. The OS was significantly longer in patients with a 
negative 18F-FDG PET than in those with a positive 18F-
FDG PET [24].

In the context of PRRT, 18F-FDG PET/CT is shown to 
be an independent predictor of treatment outcomes. In 
a retrospective review of 495 patients with NENs who 
underwent PRRT (with single-agent or combination 
177Lu-DOTATATE/ 90Y-DOTATOC), the OS and PFS 
were significantly longer in patients with a negative 18F-
FDG PET, compared to those with a positive 18F-FDG 
PET at baseline [25].

The mechanism of high 18F-FDG avidity in patients 
with WHO Grade 1 NET requires consideration as 
this is out of keeping with the expected biology of such 
tumours. In some cases, this is likely to reflect a patho-
logical sampling error related to heterogeneous grades of 
the disease being simultaneously present. In other cases, 
it might reflect the loss of differentiation between the 
initial biopsy and subsequent imaging. Given the gen-
erally indolent nature of NEN, several years may elapse 
between biopsy confirmation of a primary NEN and the 
development or progression of metastatic disease requir-
ing consideration of active treatment. Accordingly, the 
initial biopsy may no longer be representative of the cur-
rent grade of disease. Demonstration of unexpected 18F-
FDG avidity in a previously low-grade NEN may warrant 
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targeted histologic re-evaluation. Other reasons for high 
18F-FDG avidity may include biological processes that 
increase tissue glycolysis, including hypoxia and inflam-
mation. The possibility of a synchronous or metachro-
nous malignancy should also be considered (Fig. 1).

Dual tracer (SSTR and.18F‑FDG PET) imaging
While SSTR PET is the primary molecular imaging tech-
nique for WHO Grade 1 and 2 NET and 18F-FDG PET 
is reserved for patients with WHO Grade 3 NENs and 
NECs, in which SSTR expression is either low or absent, 
18F-FDG PET can provide complementary information 
by detecting the aggressive, poorly differentiated, and 
high-grade disease that may co-exist with the low-grade 
disease in a patient. The combination of high SSTR and 
low 18F-FDG avidity on PET increases the likelihood of 
an indolent natural history and the decision to perform 
PRRT should be based on either uncontrolled symp-
toms or demonstrable disease progression on long-act-
ing SSAs. When both scans are positive but no lesions 
are lacking SSTR expression, PRRT remains a thera-
peutic option but the need for the institution of therapy 
becomes more acute due to the prognostic implications 

of 18F-FDG avidity detailed above. As indicated, the com-
bined results from SSTR and 18F-FDG PET can help in 
the biopsy planning, as the lesion with the highest ratio 
of 18F-FDG to SSTR avidity is likely to represent the 
most aggressive disease that will eventually determine 
survival outcomes. Although 18F-FDG PET has demon-
strated the most significant impact on clinical manage-
ment in patients with WHO Grade 2 and 3 NETs [26], 
a positive 18F-FDG PET has been shown to significantly 
lower the survival outcomes even in patients with meta-
static WHO Grade 1 NET and a positive SSTR PET [24]. 
Despite the tendency to lose SSTR with increasing grade, 
18F-FDG avid WHO Grade 3 NET and NEC that con-
tinue to express sufficient SSTRs to warrant PRRT can 
have a high objective response rate to this treatment, pre-
sumably related to increased radiosensitivity of actively 
proliferating cells [27]. Interestingly, the 18F-FDG avid 
elements of the disease may be more responsive to PRRT 
as reflected by a more marked response on 18F-FDG 
than on SSTR PET monitoring (Fig. 2). Despite a higher 
response rate, the durability of response to PRRT tends 
to be shorter in G3 NEN. This is akin the higher ORRs 
but shorter median OS of G3 NEN with a Ki-67 > 55% 

Fig. 1  Discordant 68Ga-DOTATATE and 18F-FDG PET due to a second malignancy. A patient with a small intestinal NET, initially of G1 with Ki-67 2% 
but subsequently converted to G3 with Ki-67 30% based on later liver biopsy, with contemporaneous 68Ga-DOTATATE PET (A) and 18F-FDG PET (C) 
demonstrating concordant tracer avid known liver disease but extensive and heterogeneous 18F-FDG-avid/non-68Ga-DOTATATE avid in the axial and 
proximal appendicular skeleton, also demonstrated on sagittal fused PET/CT (B and D). Given the absence of skeletal uptake on the 68Ga-DOTATATE 
PET and high 18F-FDG uptake, bone marrow biopsy was performed demonstrating excess myeloid blasts consistent with early acute myeloid 
leukemia. Interestingly, blood counts were not significantly deranged at that time. No evidence of NET metastasis was identified on the bone 
marrow trephine



Page 5 of 20Iravani et al. Cancer Imaging           (2022) 22:25 	

than < 55% with carboplatin/etoposide chemotherapy 
[28]. It appears that the disease positivity on SSTR PET 
does not obviate the need for performing an 18F-FDG 
PET/CT, as the latter bears greater prognostic and pre-
dictive utility, especially in the setting of PRRT.

Several grading systems have been devised to classify 
the patients into multiple distinct groups by incorpo-
rating both SSTR PET and 18F-FDG PET imaging with 
therapeutic or prognostic implications [14, 29, 30]. The 
NETPET categorical six-point scale (P0-P5) is applied to 
the single representative NEN lesion that has the maxi-
mum avidity on 18F-FDG PET relative to that on SSTR 
PET [29]. This single-lesion assessment aims to capture 
the most aggressive tumour phenotype within the overall 
disease burden of a patient. P1 (SSTR PET positive, 18F-
FDG negative) represents the most favorable outcome 
whereas P5 (SSTR PET negative, 18F-FDG positive) sug-
gests the worst outcomes and unlikely benefit from PRRT 
(Table 1). P2 to P4 categories have an additional descrip-
tor ‘a’ (one or two lesions) or ‘b’ (three or more lesions). 
In a retrospective review of 62 patients with NENs, the 
NETPET grouping was significantly correlated with the 
WHO grade and OS [29]. Others have used more simpli-
fied approaches. Karfis et  al., classified the patients into 
three groups, C1: all lesions 18F-FDG negative/68Ga-
DOTATATE positive, C2: patients with one or more 18F-
FDG positive lesions, all of them  68Ga-DOTATATE 
positive, C3: patients with one or more 18F-FDG positive 

lesions, at least one of them  68Ga-DOTATATE negative 
(Table 1) [30]. This three-scale molecular imaging pheno-
typing was correlated with the PFS of patients with GEP 
NENs. Zidan et al. classified the patients with pulmonary 
NENs into 4 molecular imaging groups and utilized this 
system to assess their suitability for PRRT [14]. While in 
the abovementioned two systems the background was 
used as the reference for positivity of the scan, in this sys-
tem the liver, which is a common reference for the patient 
selection for PRRT, was used as the threshold for posi-
tivity on either 18F-FDG or 68Ga-DOTATATE PET. The 
patients were grouped to molecular imaging phenotype 
1: all lesions negative on both scans; 2: all lesions 68Ga-
DOTATATE positive/18F-FDG negative; 3: all lesions 
68Ga-DOTATATE positive but some or all also 18F-FDG 
positive and 4: any 68Ga-DOTATATE negative/18F-
FDG positive lesions (Table  1). Using this grading sys-
tem almost half of the patients were deemed unsuitable 
(groups 1 and 4) for PRRT.

Beyond the prognostic value of dual tracer imag-
ing, the predictive value and guidance on the selection, 
rational sequencing or combination of treatment strate-
gies and intensity of surveillance are of the additional 
value to these classifications (Figs. 3 and 4). For instance, 
the patients classified as having both SSTR and 18F-
FDG positive disease may benefit from more intensified 
treatment with combination therapy using PRRT with 
chemotherapy either sequentially or concurrently to 

Fig. 2  Monitoring of PRRT using dual tracer approach. A patient with pancreatic NET (G3, Ki-67 30%) with 68Ga-DOTATATE PET (A) showed a large 
volume of intensely tracer-avid hepatic metastases (bracket) and a pancreatic mass (arrow). Contemporaneous 18F-FDG PET (B) showed some of the 
hepatic lesions are moderate to intensely avid (bracket) but with no 18F-FDG-avid/non-68Ga-DOTATATE-avid disease; hence the patient was deemed 
suitable for PRRT. After 4 cycles of 177Lu-DOTATATE, There was a significant reduction in the tumour burden on 68Ga-DOTATATE PET (C, bracket and 
arrow) and a complete metabolic response on 18F-FDG PET (D, bracket). Despite persisting SSTR-expressing disease, the loss of 18F-FDG avidity 
suggested an improved prognosis. The patient remained well more than 10-years after initial PRRT despite requiring additional PRRT for relapsing 
SSTR-expressing disease
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Table 1  Dual tracer molecular imaging grading scales of neuroendocrine tumours

a a – 1–2 lesions; b – 3 or more lesions showing the grade-specific pattern of avidity
b  At least one of the.18F-FDG avid lesions is SSTR PET negative

Study Reference for positive 
lesion

Group SSTR PET 18F-FDG PET Suitability for PRRT​

Chan et al. [29] (NETPET)  > Background
(Modified Krenning score 
2–4)

P0 Negative Negative Not suitable

P1 Positive Negative Probably suitable

P2 Positive Positive (avidity on 18F-
FDG < SSTR)

Probably suitable

P3 Positive Positive (avidity on 18F-
FDG = SSTR)

Probably suitable

P4 Positive Positive (avidity on 18F-
FDG > SSTR)

Probably suitable if P4aa; 
Maybe suitable with addi-
tional therapy required if P4b

P5 Negative Positive No

Karfis et al. [30]  > Background
(Modified Krenning score 
2–4)

C1 Positive (all lesions) Negative (all lesions) Probably suitable

C2 Positive (all lesions) Positive (≥ 1 lesion) Probably suitable

C3 Negative (≥ 1 lesion) b Positive (≥ 1 lesion) Not suitable

Zidan et al. [14]  > Liver
(Modified Krenning score 
3–4)

1 Negative (all lesions) Negative (all lesions Not suitable

2 Positive (all lesions) Negative (all lesions) Suitable

3 Positive (all lesions) Positive (≥ 1 lesion) Suitable

4 Negative (≥ 1 lesion)b Positive (≥ 1 lesion) Not suitable

Fig. 3  A patient with well-differentiated pancreatic NET (G3, Ki67 40%). 68Ga-DOTATATE PET (A) and 18F-FDG PET (B) showed heterogeneously 
tracer avid pancreatic mass with some areas (the medial component of the mass) demonstrating relatively higher 18F-FDG-avidity compared to 
68Ga-DOTATATE avidity (circles). Large volume hepatic metastases were also noted with several areas demonstrating higher avidity on 18F-FDG PET 
(brackets). Due to high-grade pathology and a large-volume disease with some areas of heterogeneity on baseline scans, the patient was deemed 
not suitable for treatment with 177Lu-DOTATATE and therefore treated with chemotherapy. Restaging studies following 4 cycles of chemotherapy 
showed marked partial response on 68Ga-DOTATATE PET (C) with disease demonstrating more homogenous and higher tracer avidity (bracket). 
Contemporaneous 18F-FDG PET (D) showed marked partial response in the pancreas (circle) and resolution of metabolic activity in the liver except 
for one lesion which also demonstrated 68Ga-DOTATATE avidity (arrows). At this time point, the patient was deemed suitable for treatment with 
177Lu-DOTATATE to consolidate the response to the prior treatment
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leverage the radiosensitizing capacity of many agents that 
are also active in NEN [31, 32]. There are several ongo-
ing randomised phase II and III clinical trials compar-
ing the efficacy and safety of chemotherapy or targeted 
therapies compared to PRRT in NENs (NCT03049189, 
NCT05247905, NCT04919226 and NCT04665739) but 
only some of those incorporated the dual tracer imag-
ing in the inclusion criteria. While there would be a few 
years until the results of these studies become available, it 
remains important to go beyond the concept of compara-
tive studies and refocus on individualizing the treatments 
to specific patient factors and biomarkers including dual 
tracer imaging.

Special consideration in certain diseases
Pulmonary NENs
Pulmonary NENs are a very heterogeneous group of 
malignancies and are classified based on the degree of 
differentiation to either low-grade/well-differentiated 
tumours (typical and atypical pulmonary NETs) or high-
grade/poorly differentiated carcinomas (large and small 
cell NECs). Wide variation in clinical behavior ranging 
from indolent tumours to highly aggressive tumours has 
posed challenges for standardization of care and made a 
case for personalized treatment strategies based on vari-
ous factors [33]. Molecular imaging may provide some 
insight into the heterogeneity of the disease and the 
selection of patients for PRRT. A retrospective series of 
18 patients with pulmonary NENs showed that all typi-
cal pulmonary NETs were positive on SSTR PET (11/11) 
while seven had a positive 18F-FDG PET. The ratio of 

SUVmax on FDG PET to SSTR PET was significantly 
greater in higher grade NENs in comparison to typi-
cal pulmonary NETs, consistent with the differences in 
tumour biology [34]. A prospective study of 31 patients 
with metastatic pulmonary NETs who underwent PRRT 
with 177Lu-DOTATATE showed a significantly higher 
incidence of 18F-FDG positive disease in patients with 
atypical (80%) in comparison to those with typical pul-
monary NETs (28%). However, 18F-FDG PET positiv-
ity was not correlated with median PFS following PRRT 
[35]. In a study of 56 patients with bronchial NET who 
underwent contemporaneous SSTR and 18F-FDG PET, 
wide inter-and intra-patient heterogeneity was noted. 
Almost half of the patients were not potentially suitable 
for PRRT, emphasizing the important role of dual tracer 
imaging in selecting patients with pulmonary NET [14]. 
Other targets, such as the cholecystokinin-2 receptor 
may be an alternative option for diagnosis or therapy in 
some patients (Fig. 5).

Small-cell NECs represent the most aggressive spec-
trum of tumours with neuroendocrine features with a 
very high proliferation rate and dismal prognosis. Except 
for a small fraction of patients with durable responses to 
combination immune checkpoint monoclonal antibodies 
and platinum-based chemotherapy, response to currently 
available treatments is short-lived [36]. Although there is 
a trend toward decreased SSTR expression on IHC  from 
well-differentiated NETs (typical and atypical bronchial 
carcinoids) to poorly differentiated NECs (large cell and 
small cell carcinomas), there remains a relevant SSTR 
expression in a subset of patients with NECs (Fig. 6) [37]. 

Fig. 4  A patient with progressive metastatic pancreatic NET (G2, Ki67 10%) with glucagon hypersecretion with no prior treatments. 18F-FDG PET 
(A) and 68Ga-DOTATATE PET (B) showed a tracer avid lesion in the tail of the pancreas (arrowheads) and multiple hepatic metastases (brackets). 
As all lesions demonstrated intense 68Ga-DOTATATE uptake with no 18F-FDG-avid/non-68Ga-DOTATATE-avid disease, the disease was considered 
suitable for 177Lu-DOTATATE treatment. Restaging imaging 3 months after 4 cycles of 177Lu-DOTATATE showed complete metabolic response on 
18F-FDG PET (C) and partial response on 68Ga-DOTATATE PET (D). Restaging 18F-FDG PET (E) and 68Ga-DOTATATE PET (F) 18 months later showed the 
development of an intensely 18F-FDG-avid/non-68Ga-DOTATATE-avid lesion in the dome of the liver (arrows), therefore the patient was deemed to 
be not suitable for retreatment with 177Lu-DOTATATE but considered for liver-directed therapy
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Preclinical evaluation has indicated that SSTR-expressing 
cell lines derived from small cell lung cancer can have a 
similar response to that achieved with carboplatin and 
etoposide chemotherapy and that the combination of 
both appeared synergistic, leading to clinical transla-
tion [38]. In a small study, 4/21 (19%) patients had 68Ga-
DOTATATE positivity at all sites of disease, potentially 
suitable for treatment with 177Lu-DOTATATE [39]. In a 
phase I study of 9 patients with lung NENs (6 with small 
cell NECs) all patients underwent baseline 68Ga-DOTA-
TATE and 18F-FDG PET and were treated with combi-
nation nivolumab and 177Lu-DOTATATE [40]. Although 
positivity on 68Ga-DOTATATE was considered as an 
inclusion criterion, patients without uptake were also 
included. Significant inter and intra-patient heterogeneity 
was noted between 68Ga-DOTATATE and 18F-FDG PET. 
The discrepancy is also noted between SSTR-2 IHC  and 
68Ga-DOTATATE, likely indicating inter or intralesional 

heterogeneity within the same individual or temporal 
heterogeneity as the archival tissue was used. Although 
the feasibility of the combination therapy was demon-
strated, the only patient who achieved partial response 
had strong uptake on 68Ga-DOTATATE. Furthermore, 
on lesion-based analysis, none of the tumours without 
68Ga-DOTATATE uptake exhibited size reduction. While 
177Lu-DOTATATE appears to be an active therapy in a 
small subset of patients with this aggressive malignancy, 
the patient selection based on pre-treatment imaging 
remains of critical importance.

Pheochromocytoma and paragangliomas
Pheochromocytoma and paraganglioma (PPGLs) are 
NENs arising from the chromaffin cells of the adre-
nal medulla or extra-adrenal paraganglia, respectively. 
PPGLs are becoming an archetypical example of preci-
sion medicine, where the germline or somatic mutation 

Fig. 5  A patient with a progressive bronchial carcinoid tumour was referred for suitability for 177Lu-DOTATATE therapy. 18F-FDG PET, PET/CT and CT 
(A) showed non-avid hepatic metastases (brackets). 68Ga-DOTATATE PET, PET/CT and CT (B) demonstrated minimal tracer uptake in the periphery 
of hepatic metastases (brackets), indicating a lack of suitability for 177Lu-DOTATATE therapy. 68G-DOTA-CP04 (CCK-2 peptide receptor analog) PET, 
PET/CT and CT (C) showed intense uptake in all hepatic metastases (brackets) as well as a mediastinal nodal (arrow) and small bone metastases 
(arrowheads)
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determines the choice of diagnostic and treatment [41, 
42]. About 70% of the PPGLs can be classified into 3 
genomic clusters, each with distinct clinical behavior, 
prognosis, biochemical presentation, and molecular 
imaging diagnostic [42]. These include pseudohypoxia-
related clusters 1A and 1B; kinase signaling–related 
cluster 2; and Wnt signaling–related cluster 3 [42]. The 
advances in the molecular imaging of PPGLs have led to 
a diverse range of potential imaging radiopharmaceu-
ticals, each targeting a distinct cellular uptake mecha-
nism, including SSTR (111In octreotide scintigraphy or 
SSTR PET), noradrenaline transporters (123I-MIBG, 
124I-MIBG and 18F-MFBG), L-type amino acid transport-
ers (18F-DOPA) and GLUT transporters (18F-FDG) [43, 
44]. The choice of diagnostic molecular imaging can be 
guided by the cluster. For instance, the most sensitive 
molecular imaging modality for cluster 1A with SDHx 
mutation is SSTR PET [45, 46]. In a prospective series 
of 17 patients with SDH-B mutated metastatic PPGLs, 

SSTR PET imaging with 68Ga-DOTATATE had a lesion-
based detection rate of 98.6%, higher than that of 18F-
FDG PET/CT (85.8%), and 18F-DOPA PET/CT (61.4%) 
[46]. The patients with germline SDH-B mutation (~ 40% 
of all patients with metastatic PPGLs) frequently have 
a negative 123I-MIBG scan and thus are not amenable 
to 131I-MIBG therapy (Fig.  7) [47, 48]. MIBG, however, 
remains a relevant target in the detection and treatment 
of metastatic pheochromocytomas [49, 50].

While surgical resection remains the backbone of the 
majority of cases, for non-surgical or metastatic disease, 
genetically driven cluster-specific therapy appears to be 
appealing but not widely established in routine clinical 
practice [42]. A unique opportunity has been provided to 
nuclear medicine for personalized treatment by the avail-
ability of two radionuclide therapy agents, 131I-MIBG 
and 177Lu-DOTATATE. Molecular imaging with 
123I/124I-MIBG and SSTR PET can serve as the primary 
gatekeeper for the assessment of the most suitable radi-
opharmaceutical therapy for the patients [51]. Despite 
the lack of comparative studies, the expert consensus 
opinion recommends prioritizing the choice of radiop-
harmaceutical therapy based on the agent with the high-
est tracer uptake on pre-treatment imaging (Figs. 7 and 
8) [51, 52]. Some additional considerations include the 
distinct toxicity profiles of these agents, relevant risk fac-
tors for developing toxicity and variable availabilities of 
the diagnostic and therapeutic pair across the world. It is 
also noteworthy that at more advanced stages of the dis-
ease, there may be a role for 18F-FDG PET to detect sites 
of dedifferentiated disease which may be non-targetable 
by one or either of these radionuclide therapy agents, 
however, this needs to be further verified in future trials 
[53].

Other cancers with neuroendocrine features
Thyroid carcinoma
Radioiodine therapy with 131I-sodium iodide forms the 
mainstay in the treatment of advanced differentiated thy-
roid carcinoma (DTC) after surgery and is the first-line 
therapy for metastatic DTC. However, approximately 
20–30% of patients with DTC are refractory to radioio-
dine or lack sufficient uptake to warrant treatment and, 
therefore, require alternative therapies. Variable levels 
of SSTR expression have been reported in DTC. How-
ever, the relatively uncommon and aggressive Hürthle 
cell carcinoma  has a relatively higher SSTR expression 
compared to the more common papillary  and follicular 
carcinomas  [54]. 177Lu-DOTATATE therapy performed 
in a small series of five patients with DTC showed slightly 
better outcomes in patients with Hürthle cell carci-
noma   compared to papillary  and follicular thyroid car-
cinoma  [55]. The sub-optimal results of SSTR targeted 

Fig. 6  A patient with small cell lung cancer with progression after 
platinum-based chemotherapy and immune checkpoint monoclonal 
antibodies. 68Ga-DOTATATE PET and PET/CT (A) showed extensive 
moderately avid (Krenning score 3) osteolytic bone metastases 
(arrows). In the absence of other treatment options, the patient 
underwent 177Lu-DOTATATE, and post-treatment SPECT and SPECT/
CT at 24 h (B) showed very high tracer retention (Krenning score 4), 
much higher than expected from baseline 68Ga-DOTATATE PET, in all 
sites of disease
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imaging and therapy in DTC likely stem from the vari-
able and relatively low-grade SSTR expression on the 
tumour cells. Patient selection using the modified Kren-
ning score renders only a small fraction of patients with 
radioiodine-refractory DTC that would be eligible for 
177Lu-DOTATATE therapy. Other radiotracers, including 
the neo-angiogenesis targeting 68Ga-RGD might be bet-
ter suited for imaging and evolving theranostics [56, 57].

Medullary thyroid carcinoma (MTC) is a neuroen-
docrine malignancy originating from the parafollicular 
C-cells. It poses a challenge, both in terms of detection 
and treatment, as about 50% of patients experience dis-
ease recurrence/ relapse despite aggressive primary 
surgical treatment [58]. SSTR targeting has been of util-
ity in both the diagnosis and treatment of patients with 
MTC [44, 45, 59]. A prospective study of 31 patients with 
metastatic MTC treated with 90Y-DOTATOC showed 
no correlation between the grade of radiotracer avidity 
on SSTR imaging (planar 111In-pentetreotide scintigra-
phy) and response to treatment [60]. However, it must be 
noted that over 50% of patients in this cohort had a radi-
otracer uptake lower than that of the liver (correspond-
ing to Krenning score 1 or 2), with diffusely metastatic 
disease and no avidity on 18F-FDG PET. It is quite plau-
sible that the majority of these participants might have 
harbored aggressive disease at baseline, not amenable to 
PRRT. A retrospective review of 43 patients with meta-
static MTC who underwent 177Lu-DOTATATE therapy 

showed lesion size (< 2 cm) and low avidity on 18F-FDG 
PET (SUVmax < 5) to be significant predictors for treat-
ment response [61]. 18F-DOPA and 18F-FDG have been 
shown to provide complementary information in the 
re-staging of patients with MTC. Similar to GEP NENs, 
18F-FDG positivity is associated with aggressive tumour 
biology, reflected by rapidly doubling times for serum 
calcitonin. On the other hand, 18F-DOPA PET detects 
the less-aggressive tumours, often with lower calci-
tonin levels and longer calcitonin doubling times [62]. 
Molecular imaging of MTC remains challenging and the 
role of other novel peptide receptors that might be suit-
able for the treatment of MTC is discussed later in this 
manuscript.

Merkel cell carcinoma
Merkel cell carcinoma is a rare and highly aggressive 
cutaneous neuroendocrine tumour. Immune checkpoint 
monoclonal antibodies have replaced chemotherapy as 
the frontline treatment with durable response in half of 
the patients [63]. SSTR-2 immunohistochemical assess-
ment of 98 patients demonstrated heterogeneity of 
expression with low and moderate staining scores equally 
in approximately 30% of patients but none with strong 
staining scores [64]. Imaging with SSTR PET has shown 
generally high sensitivity in detecting disease which 
has been comparable to 18F-FDG PET in a small study 
[65]. The clinical experience with SSTR-2 based PRRT 

Fig. 7  A patient with the organ of Zuckerkandl metastatic paraganglioma with progression on three lines of chemotherapy, three lines of 
targeted therapies and immunotherapy was referred for radionuclide therapy. 123I-MIBG planar imaging (A) showed intense uptake in the organ of 
Zuckerkandl (arrows) and a limited number of bone metastases compared to far more extensive bone metastases and lymphadenopathy in the 
bilateral posterior neck (brackets) on a contemporaneous 18F-FDG PET (B). Therefore, the patient was not considered suitable for treatment with 
131I-MIBG. 68Ga-DOTATATE PET (C) showed high tracer avidity (Krenning score 4) in most sites of disease similar in distribution to 18F-FDG PET, hence 
the patient was deemed suitable for 177Lu-DOTATATE. The post-treatment 177Lu-DOTATATE SPECT (D) showed moderate to intense uptake in the 
primary site and lymphadenopathy while the vast majority of bone metastases retain only mild to moderate tracer uptake (Krenning score 2–3). The 
patient developed progressive pancytopenia, which combined with the low post-treatment radiotracer uptake, did not advance with further cycles 
of 177Lu-DOTATATE. 18F-FDG PET (E) 2 months post-177Lu-DOTATATE showed further progression of the disease
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remains limited to several case reports [66, 67]. However, 
it remains to be defined what proportion of patients will 
have sufficient uptake on pre-treatment SSTR PET to 
warrant consideration of 177Lu-DOTATATE alone or in 
combination with immune checkpoint monoclonal anti-
bodies. A phase Ib/II study (NCT04261855) is underway 
that will evaluate the efficacy of the combination of ave-
lumab with 177Lu-DOTATATE (Fig. 9).

Neuroendocrine prostate carcinoma
Histological classification of neuroendocrine prostate 
cancer (NEPC) has undergone multiple refinements. 
These include a spectrum of presentations extending 
from neuroendocrine differentiation in prostate adeno-
carcinoma, mixed with acinar adenocarcinoma, car-
cinoid tumour to small cell carcinoma [68]. In its most 
aggressive form, it is characterized by treatment-induced 
androgen receptor-independent prostate cancer, which 

appears to be a significant part of the broader category 
of castration-resistant tumours. The NE differentiation 
markers including synaptophysin, chromogranin, and 
CD56 need to be present for diagnostic confirmation 
[69]. Platinum-based chemotherapy typically results in 
short-lived responses with the generally dismal outcome; 
hence, novel diagnostic and therapeutic strategies are 
critically needed to improve patient outcomes. Similar to 
other high-grade neuroendocrine tumours/carcinoma, 
18F-FDG has demonstrated clinical utility in detecting 
NEPC [70]. While targeting the prostate-specific mem-
brane antigen (PSMA) has been increasingly established 
in the diagnosis and treatment of prostate adenocarci-
noma, preclinical and early clinical studies are suggesting 
its limited utility in NEPC. The patient-derived xenograft 
models are indicative of suppression of FOLH1 gene 
(which encodes PSMA expression) with amplifica-
tion of SSTR-2 expression in NEPC, making the latter a 

Fig. 8  A patient with metastatic pheochromocytoma, previously treated with left adrenalectomy, presented with rapidly rising metanephrines. 
68Ga-DOTATATE PET and PET/CT(A) showed intense uptake (Krenning score 4) in a thoracic vertebra, two dominant moderately avid (Krenning 
score 3) hepatic dome lesions (arrows and arrowheads), and mild to moderately avid soft tissue recurrence in the  left upper quadrant surgical bed 
(brackets). 124I-MIBG PET and PET/CT (B) showed intense uptake in the bone metastases, variable uptake in hepatic dome lesions [a lesion with 
mild uptake (arrowheads) and other with intense uptake (arrows)], and intense uptake in the left upper quadrant soft tissue lesions (brackets). 
Corresponding CT images showed hypodense lesions in the liver (arrow and arrowhead) and soft tissue nodules in the left upper quadrant 
(bracket) (C). Due to heterogeneity of tracer uptake on both pre-treatment PET scans and the inability to target all sites of disease using a single 
therapeutic radiopharmaceutical, the patient underwent tandem treatment with 8 GBq of 177Lu-DOTATATE and 2.7 GBq of 131I-MIBG. Post-treatment 
177Lu-DOTATATE SPECT and SPECT/CT (D) showed intense uptake in the bone and both hepatic dome metastases (Krenning score 4) (arrows and 
arrowheads) but only mild uptake in left upper abdomen soft tissue lesions (brackets). Similar to pre-treatment 124I-MIBG PET, post-treatment 
131I-MIBG SPECT and SPEC/CT (E) demonstrated intense uptake in the bone, intense uptake in abdominal left upper quadrant soft tissue lesions 
(brackets) but in only one of the hepatic lesions (arrows) with no significant uptake in the other (arrowheads), emphasizing the ability to cover 
disparate molecular imaging phenotypes by using a combination of therapeutic radiopharmaceuticals 
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potential target for imaging and treatment [71]. Studies 
with a limited number of patients have suggested SSTR 
PET avidity of metastatic sites in half of the patients [72]. 
However, given inter and intra-lesional heterogeneity of 
tracer avidity on SSTR PET, it remains to be determined 
whether SSTR-2 based PRRT alone or in combination 
with other therapeutic strategies is a viable treatment 
option (Fig. 9) [73–75].

Novel agents and alternative peptide receptors 
for molecular imaging and therapy
Somatostatin antagonists
Radiolabeled SSTR antagonists are one of the different 
strategies aimed at improving the targeting of this pep-
tide receptor. Despite a low internalization rate, SSTR 
antagonists have greater receptor binding sites due to 
the recruitment of inactive SSTRs on the cell surface of 
NENs. The three SSTR antagonists of clinical interest 
include LM3, JR10 and JR11 and have been conjugated 
to the chelators DOTA and NODAGA and complexed 
with various diagnostic radiometals such as 111In, 64Cu 
and 68Ga and therapeutically to 177Lu [76]. NODAGA 
appears to be the chelator of choice due to the signifi-
cantly higher affinity of 68Ga-NODAGA-JR11 compared 
to 68Ga-DOTA-JR11 [76]. Interestingly, in this study, 
while 68Ga-DOTA-JR11 detected significantly more 
liver lesions, due to lower liver uptake, it showed fewer 
bone lesions compared to 68Ga-DOTATATE [77]. It 
appears 68Ga-NODAGA-JR11 is the preferred diagnostic 
SSTR antagonist and can be used as theranostic pair of 

177Lu-DOTA-JR11. A first-in-human study of the thera-
nostic pair of 68Ga-NODAGA-LM3 and 177Lu-DOTA-
LM3 has shown a favorable biodistribution, efficacy and 
toxicity profile with a longer effective half-life in tumours 
and normal organs leading to higher radiation doses than 
SSTR agonists [78].

Novel peptide receptors
In addition to SSTR-2 and SSTR subtypes (SSTR-3 and 
SSTR-5), other regulatory peptide receptors such as 
incretin receptor glucagon-like peptide 1 (GLP-1) and 
cholecystokinin receptor family (CCK-1 and CCK-2 sub-
types), glucose-dependent insulinotropic polypeptide 
receptor (GIP) and gastrin-releasing peptide receptors 
are overexpressed in several human cancers [76]. GLP-
1, CCK-2 and GIP receptors are of interest in NENs with 
concomitant overexpression having been identified even 
in a single sample [6]. The endogenous peptides for these 
regulatory receptors are potent and of low molecular 
weight, which allows rapid penetration into the tissues 
with specific binding. These properties can be leveraged 
by radiolabeling peptides for diagnosis and potential 
therapeutic purposes.

GLP-1 receptors are widespread within the gastro-
intestinal tract and pancreas, and overexpressed in 
various NETs (Fig.  10), particularly in high density in 
almost all benign insulinomas [79]. Exendin-4 is a long-
acting GLP-1 analog used for the treatment of type 2 
diabetes and as the precursor to be radiolabeled with 
a variety of gamma-emitting radionuclides including 

Fig. 9  A patient with prior history of adenocarcinoma of the prostate with rapidly progressive obstructive uropathy with multiple progressive 
liver lesions. The biopsy of the prostate and a liver lesion was consistent with neuroendocrine differentiation of prostate cancer. 68Ga-DOTATATE 
PET (A), CT and PET/CT (B) showed multiple intensely tracer avid hepatic lesions (brackets) with lower activity in the prostate and scattered 
bone metastases (arrowheads). A patient with Merkel cell carcinoma with progression on multiple lines of therapy including immunotherapy, 
chemotherapy, targeted therapy with 68Ga-DOTATATE PET (C), CT and PET/CT (D) showing intensely tracer avid lymphadenopathy in the right 
external iliac and inguinal regions (arrows)
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111In and 99mTc, as well as PET radionuclides such 
as 68Ga, 64Cu, 18F and 89Zr. PET tracers have a higher 
special resolution compared to gamma-emitting trac-
ers, which is a major advantage in the detection of 
small-sized insulinomas. The two most used tracers 
in clinical studies include 68Ga-DOTA-exendin-4 and 
68Ga-NODAGA-exendin-4 [80, 81]. Insulinoma is a 
usually benign, insulin-producing NEN involving the 
beta-islet cells of the pancreas with the clinical symp-
toms typically resulting from the endogenous hyper-
insulinemic hypoglycemic state. Their small size and 
variable location in the pancreas limit detection on 
conventional imaging such as contrast-enhanced CT 
[82]. In contrast with the NENs of other sites, benign 
insulinomas have a relatively lower expression of SSTRs 
[6]. 68Ga-NODAGA-Exendin-4 PET has shown a signif-
icantly higher sensitivity compared to SSTR PET (93.5% 
vs 61.3%, respectively) and appears to be superior to 

conventional imaging for the detection and localiza-
tion of benign insulinoma [83]. This strategy may also 
help improve the detection of small lesions in the tail of 
the pancreas that can be obscured by high uptake in the 
adjacent left kidney [84]. A prospective trial is assess-
ing the accuracy of 68Ga-NODAGA-exendin-4 PET in 
the detection of insulinoma compared to conventional 
imaging (NCT03189953). The proposed clinical util-
ity of this agent includes localization of potentially 
resectable insulinoma for the work-up of endogenous 
hyperinsulinemic hypoglycemia following inconclusive 
conventional imaging [85]. However, the efficacy of this 
agent for the exclusion of cases of suspected nesidio-
blastosis and post-gastric bypass hypoglycemia is ques-
tionable [86]. Although 18F-DOPA has demonstrated 
high localization rates for insulin-producing tumours, 
especially in the pediatric population [8], in a small 
study, using a post-resection sample as the standard 
of truth, 68Ga-NODAGA-exendin-4 showed a higher 
target-to-background, interobserver agreement and 
higher sensitivity (100% versus 71%) in the detection 
of focal abnormality in congenital hyperinsulinemia 
compared to 18F-DOPA PET [81]. Although exendin-4 
has been successfully radiolabeled with 111In and 177Lu, 
preclinical studies indicate a prohibitive absorbed dose 
to kidneys, limiting the therapeutic index of exendin-
based PRRT [87]. Further research is required in the 
use of strategies to reduce renal absorbed dose such 
as renal protective agents. Around 10% of insulinomas 
are malignant and have a different spectrum of recep-
tor expression [88]. In contrast to benign insulinoma, 
malignant or metastatic insulinoma often lack GLP-1 
receptor while overexpressing SSTR-2, making them 
potentially suitable for SSTR-2 based PRRT [85, 89].

The CCK-2/gastrin receptor is overexpressed in several 
tumour types, including NENs, such as MTC  (> 90%), 
GEP NETs (> 20%, except insulinoma which is higher), 
and approximately two-thirds of bronchial NET  but also 
other tumours such as small cell lung cancer [6, 90]. The 
expression of SSTR is significantly lower than the CCK-2 
receptor in MTC, making it a suitable target for imaging 
and therapy [91]. Among several peptides, DOTA-CP04 
showed the most promising characteristics with high 
in-vivo stability, receptor affinity, high and prolonged 
tumour uptake against low renal retention. This agent 
can be labeled with 111In which is currently in a clinical 
trial [92] and also PET radioisotope 68Ga [93]. Given the 
more heterogenous expression of SSTR-2 in bronchial 
carcinoids than GEP NETs, DOTA-CP04 may have a role 
in a subset of these patients (Fig.  5) [14]. Radiolabeling 
of CCK-2/gastrin analogs with 177Lu has been successful 
in preclinical studies [94]. However, the field of CCK-2 

Fig. 10  A patient with well-differentiated duodenal NET (G1, 
Ki67 < 2%) underwent 68Ga-DOTATATE for the assessment of suitability 
for 177Lu-DOTATATE. 68Ga-DOTATATE PET CT and PET/CT (A) showed 
no uptake in the hepatic metastases (brackets). 68Ga-DOTA-Exendin-4 
PET, CT and PET/CT (B) showed intense uptake in the hepatic 
metastases (brackets)
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receptors diagnostic and therapeutic is evolving and clin-
ical success is still awaiting [95].

The gastric inhibitory polypeptide (GIP) receptor is a 
promising target with high incidence and receptor den-
sity expression in a variety of GEP and bronchial NENs 
and low expression in normal tissues [76]. GIP receptor 
targeting radiotracers can have a complementary role 
in molecular imaging of NENs as high overexpression 
of GIP receptor has been found in the majority of SSTR 
negative and GLP-1 negative NENs [96]. Several analogs 
have been developed and the preclinical studies have 
shown the specific tumour visualization by 111In-DTPA 
-GIP or 68Ga–DOTA-GIP [97, 98]. Theranostic clinical 
data on targeting GIP receptors are awaited.

In-vitro studies have demonstrated NENs often coex-
press more than one and often up to 3 peptide receptors 
[99]. The ability to image multiple targets simultaneously 
through heterobivalent or heteromultivalent ligands 
appears a promising approach to overcome the target 
expression heterogeneity [100]. While sequential admin-
istration of radiopeptides is currently the most practical 
approach, the co-administration of a cocktail of radio-
peptides is an alternative approach that may permit 
more efficient targeting of the tumours without the risk 
of stunning, which may limit the efficacy of subsequent 
administrations when more than one receptor is present. 
These approaches allow optimizing the in-vivo targeting 
of disease by selecting the most suitable radiopeptide(s) 
for the diagnosis and treatment.

On‑treatment molecular imaging phenotyping: 
qualitative assessment and dynamic risk 
stratification
Monitoring of biological target expression during the 
targeted treatment is desirable. Gamma decay of 177Lu 
allows for post-treatment whole body mapping of the 
radiopharmaceutical distribution and the relative inten-
sity uptake ratio of tumour lesions to normal organs pro-
vides important information on the therapeutic index 
of 177Lu-DOTATATE. The quantitative analysis of post-
treatment images in its most sophisticated method by 
SPECT at multiple time points from 1 h to 7 days yields 
a radiation dose map to the tumour and normal organs. 
However, the lack of consistent and uniform dosimetry 
methodology, limited accessibility due to its resource-
intensive nature, patient burden requiring additional 
clinic visits and lack of reimbursement in some jurisdic-
tions have posed significant challenges in its wide adop-
tion by the institutions across the world. Meanwhile 
more simplified dosimetry methods are actively pursued. 
In addition to quantitative assessment, the relevant infor-
mation obtained from a qualitative assessment of post-
treatment SPECT/CT imaging may impact the patient 

management and dynamic risk stratification in a subset 
of patients.

Pre-treatment SSTR PET is generally used to assess the 
eligibility for 177Lu-DOTATATE. The semiquantitative 
parameters and heterogeneity of the SSTR expression at 
baseline SSTR PET appear to predict the response and 
the outcome of 177Lu-DOTATATE [19, 101]. However, 
a wide overlap of these parameters between responders 
and non-responders limits their clinical utility in isola-
tion to guide patient management [101]. Although it is 
generally accepted that the pre-treatment SSTR PET cor-
relates closely with post-treatment 177Lu-DOTATATE 
scintigraphy imaging, variation between the lesional cor-
relation of the theranostic pair can be encountered. These 
could be due to lesion heterogeneity and differences in 
target densities, as well as disrupted or increased regional 
blood supply by pathologic tumour vessels that may 
affect the rate of uptake and retention of the radiotracer 
in the tumours. In addition, differing SSTR-2 affinity of 
68Ga-DOTATATE (IC50 = 0.2  nM) compared to 177Lu-
DOTATATE (IC50 = 2.0 nM) may need to be considered 
[102]. Specific clinical scenarios when post-treatment 
imaging can guide the management may include cases 
when the therapeutic index of treatment is in doubt, for 
instance, borderline tracer uptake in all lesions or signifi-
cant inter- or intra-lesion heterogeneity of SSTR expres-
sion on pre-treatment SSTR PET (Figs.  6, 7, 8 and 11). 
Post-177Lu-DOTATATE scintigraphy can guide the deci-
sion of either completing the standard course of treat-
ment (4 cycles) for instance in the context of emerging 
toxicities, or early abortion due to futility (Fig. 7). Other 
examples include patients with a highly responsive dis-
ease, usually of higher grade/ radiosensitive disease, 
when the number of cycles of treatment can be abbrevi-
ated upon marked response with loss of target on post-
treatment scintigraphy images and the remainder of 
cycles potentially be deferred to future progression.

Post‑treatment molecular imaging phenotyping: 
ongoing dynamic risk stratification
Although response monitoring by contrast-enhanced 
CT or MRI is the mainstay of the treatment response, 
the known limitations include assessment of the small 
volume lymph nodes, reproducibly measuring large vol-
ume coalescing hepatic lesions, variable conspicuity of 
the lesions due to differences in the timing of contrast 
administration and difficulty in response assessment of 
cystic/necrotic/hemorrhagic lesions [103]. Furthermore, 
given the indolent nature of well-differentiated NENs, 
RECIST criteria are not well suited for early detection of 
response or progression, especially after biologic or tar-
geted therapies with expected minimal effect on tumour 
volume (Fig. 12).
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Fig. 11  A patient with rectal NET (G2, Ki 67 12%) with progressive disease despite long-acting somatostatin analogues underwent 68Ga-DOTATATE 
PET (A), which showed intense uptake in the mesorectal lymph nodes and bone lesions but sufficient uptake only in one of the hepatic metastases 
(Krenning score 3–4) on PET/CT (B), while other contrast-enhancing lesions on MRI (arterial phase, C) had uptake similar to background liver 
(Krenning score 2). Contemporaneous 18F-FDG PET did not show any avid disease (not shown). Following discussion at the NET multidisciplinary 
team meeting, the decision was made to proceed with 177Lu-DOTATATE but only proceed with further cycles if high tracer retention is noted on 
post-treatment SPECT imaging. Post-treatment 177Lu-DOTATATE SPECT/CT (D) and SPECT (E) imaging showed high tracer retention (Krenning score 
4) in all hepatic lesions, including lesions that showed low 68Ga-DOTATATE. The patient proceeded with 4 cycles of 177Lu-DOTATATE

Fig. 12  A patient with small intestinal NET (G1, Ki67 2%) with serial 68Ga-DOTATATE PET images performed at 6-monthly intervals for disease 
surveillance was commenced on long-acting somatostatin analog therapy between the base-line scan (A) and 6-month scan, as indicated by the 
loss of thyroidal uptake (arrowhead) between these scans. Despite the possibility of “pseudoprogression” related to altered biodistribution following 
the introduction of SSAs, asymptomatic status and relatively stable measurable lesions on CT, rising chromogranin-A levels suggested progressive 
disease, which was confirmed by increasing intensity of metastasis in the thoracic region between the baseline (A, arrow) and 6-month (B, arrow) 
scans, and progression of peritoneal metastases in the pelvis between the 6- and 12-month (C, arrowheads) scans and an increasing number of liver 
lesions, most apparent on the 24-month scan (D, bracket)
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A small number of studies including a limited number 
of patients have investigated the potential role of SSTR 
PET in the monitoring of the response after PRRT [104–
108]. These studies have used various methods, includ-
ing using the temporal change in the functional size or 
volume of the lesion based on SSTR PET or change in 
the intensity of uptake either qualitatively by Krennig 
score or semiquantitatively by absolute SUV values or 
its ratios to normal organs (liver or spleen). The studies 
have shown conflicting results in the ability of SSTR in 
predicting the outcome and none have been externally 
validated. However, important lessons have been learned 
from these studies.

Firstly, there is no consistent correlation between 
SUV changes and outcomes [104, 105]. Spatial (inter-
and intra-lesional) and temporal heterogeneity of SSTR 
expression, as well as differing responsiveness of variably 
SSTR-expressing disease to treatment, may lead to dis-
sociated responses between morphologic imaging and 
SSTR PET in some cases (Fig.  3). Therefore, temporal 
changes in the intensity of SSTR PET tracer uptake need 
to be interpreted in conjunction with the corroborative 
anatomical changes on CT or MRI [109].

Secondly, in a subset of patients, new lesions could 
be detected earlier by SSTR PET than morphological 
imaging up to several months [107]. These include small 
lymph nodes and a limited volume of peritoneal disease. 
Furthermore, SSTR PET is the preferred option in spe-
cific scenarios such as monitoring of response in bone 
dominant disease where morphological imaging lacks 
sensitivity and specificity [110].

Finally, combining SSTR PET and 18F-FDG PET 
appears to be a promising approach and may provide a 
more holistic assessment of varied components of the 
disease. For example, resolution of prior FDG-avid dis-
ease can be reassuring in the context of stable or increas-
ing intensity in SSTR-expressing disease sites (Fig. 3). In a 
study of 66 patients with NENs, SSTR PET and 18F-FDG 
PET at baseline, 3  months and 6–9  months were used 
for response monitoring after PRRT [111]. 18F-FDG PET 
was complementary to SSTR PET and strongly corre-
lated with a higher risk of progressive disease. Earlier and 
deeper metabolic response of the 18F-FDG avid compo-
nent of disease (presumably less differentiated and more 
responsive disease) may provide an early risk stratifica-
tion (Figs.  2, 3, 4). Conversely, the impact of the pres-
ence of 18F-FDG-avid disease at completion of treatment 
on management may include more intense follow-up 
and treatment strategy. Spatially discordant 18F-FDG-
avid/non-SSTR-avid disease, at any stage of treatment 
should raise the possibility of less differentiated disease, 
be considered for biopsy if feasible and guide the choice 
of systemic treatments in widespread metastases or local 

treatment in limited disease (Fig.  4). There is an unmet 
need in incorporating 18F-FDG PET in clinical trial 
design throughout the course of disease, from the patient 
selection for PRRT to the post-treatment risk stratifica-
tion, response monitoring and sequencing of the treat-
ment modalities.

Given the complexity and heterogeneity of NENs, the 
response to treatment by morphologic and molecular 
imaging should be considered complementary and inte-
grated with individual clinical, quality-of-life, and bio-
chemical assessments. An individualized approach needs 
to be taken, for instance, while the patients with the liver 
dominant disease may need to be better assessed by mor-
phologic imaging (CT or MRI), bone disease can be more 
efficiently followed up by molecular imaging. Beyond 
response assessment, the unique advantages of molecu-
lar imaging may need to be leveraged by its incorporation 
into the clinical trials to guide the choice of treatment 
modality, to risk stratify patients following the treatment 
and for the intensity and duration of follow-up. Devel-
opment of segmentation tools that allow assessment of 
the serial evolution of molecular imaging phenotypic 
subclones will improve global response assessment and 
help to establish patterns of response that warrant differ-
ent management paradigms. For example, an increasing 
volume of FDG-avid, low  SSTR-expressing disease may 
warrant a change to chemotherapy even in the context of 
a partial response on SSTR-expressing disease based on 
volumetric regression. Such tools will need to be cross-
validated with other measures of response and with clini-
cal outcomes. Artificial intelligence algorithms may help 
integrating an increasingly complex and deep combina-
tion of data relevant to patient outcomes in this diverse 
and heterogeneous malignancy.

Conclusion
Molecular imaging has become the mainstay of 
the management of patients with NENs. While the 
patient selection based on molecular imaging pheno-
type remains integral to the success of the radioligand 
therapy, temporal variation in the expression of the 
biological target and the responsiveness of the differ-
ent components of disease during and after treatment 
are among increasingly understood roles of various 
molecular imaging agents in the post-treatment setting. 
In certain diseases such as PPGLs, genotyping is now 
entered the clinical practice and may dictate the choice 
of the molecular imaging agent, however, whole-body 
molecular imaging phenotyping remains the key to the 
success of the targeted radioligand therapy. Promising 
advances have been made in leveraging the novel pep-
tide receptors to overcome the heterogeneity of the 
established targets for diagnosis and targeted therapy of 
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certain neuroendocrine tumours. Future advances may 
include novel approaches to enhance target engage-
ment such as using SSTR antagonists or multitargeted 
radiopharmaceuticals.

Abbreviations
CCK: Cholecystokinin; DOPA: Dihydroxyphenylalanine; DTC: Differentiated 
thyroid carcinoma; FDG: Fluorodeoxyglucose; GEP: Gastroenteropancreatic; 
GIP: Glucose-dependent insulinotropic polypeptide; GLP: Glucagon-like 
peptide; GLUT: Glucose transporter; IHC: Immunohistochemistry; MFBG: 
Meta-Fluorobenzylguanidine; MIBG: Meta-iodobenzylguanidine; MTC: Medul-
lary thyroid cancer; NEC: Neuroendocrine carcinoma; NEN : Neuroendocrine 
neoplasm; NEPC: Neuroendocrine prostate cancer; NET: Neuroendocrine 
tumour; OS: Overall survival; PFS: Progression-free survival; PPGL: Pheochro-
mocytoma and paraganglioma; PRRT​: Peptide receptor radionuclide therapy; 
PSMA: Prostate-specific membrane antigen; SDH: Succinate dehydrogenase; 
SSA: Somatostatin analog; SSTR: Somatostatin receptor; SUVmax: Maximum 
standardised uptake value; WHO: World health organization.

Acknowledgements
The authors would like to acknowledge our clinical, nuclear medicine tech-
nologists and radiopharmacy colleagues who provide excellent care to our 
neuroendocrine tumour patients and support our clinical service and research 
efforts to improve outcomes in this increasingly prevalent and complex 
disease. Professor Hicks is grateful for the support of the NET Research Foun-
dation for his laboratory research in NET.

Authors’ contributions
AI, ASP, TA, RJH contributed to concept and development. AI, TA and RJH 
contributed to the individual cases. The first draft of the manuscript was writ-
ten by AI and ASP. Subsequent versions were edited, revised and approved by 
all authors.

Funding
No funding was received for this manuscript.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
The publication of the individual cases from Washington University was under 
institutional review board approval from Washington University (reference 
number, 202111177).
The publication of the individual cases from Peter MacCallum Cancer Centre 
was under approval from Peter MacCallum Cancer Center Ethics Committee 
(reference numbers, 19/214R and 10/116).

Consent for publication
The consent for analysis of images or publication was waived by the Washing-
ton University institutional review board. The consent for analysis of images or 
publication was either waived or given as part of various clinical trials.

Competing interests
Professor Hicks is the Co-Editor-in-Chief of Cancer Imaging but had no role in 
assigning reviewers or any other aspect of the review process. Other authors 
have nothing to disclose.

Author details
1 Mallinckrodt Institute of Radiology, Washington University School of Medi-
cine, 510 S Kingshighway Blvd, St. Louis, USA. 2 Department of Cancer Imaging, 
Peter MacCallum Cancer Centre, 305 Grattan Street, Melbourne, Australia. 
3 The Sir Peter MacCallum Department of Oncology, University of Melbourne, 
305 Grattan Street, Melbourne, Australia. 4 The Department of Medicine, St 
Vincent’s Hospital, University of Melbourne, Melbourne, Australia. 5 The Central 
Clinical School, Alfred Hospital, Monash University, Melbourne, Australia. 

Received: 22 December 2021   Accepted: 26 May 2022

References
	 1.	 Cives M, Strosberg JR. Gastroenteropancreatic neuroendocrine tumors. 

CA Cancer J Clin. 2018;68(6):471–87.
	 2.	 Sundin A, Arnold R, Baudin E, Cwikla JB, Eriksson B, Fanti S, et al. ENETS 

consensus guidelines for the standards of care in neuroendocrine 
tumors: radiological nuclear medicine & hybrid imaging. Neuroendocri-
nology. 2017;105(3):212–44.

	 3.	 Krenning EP, Kwekkeboom DJ, Bakker WH, Breeman WA, Kooij PP, Oei 
HY, et al. Somatostatin receptor scintigraphy with [111In-DTPA-D-Phe1]- 
and [123I-Tyr3]-octreotide: the rotterdam experience with more than 
1000 patients. Eur J Nucl Med. 1993;20(8):716–31.

	 4.	 Park S, Parihar AS, Bodei L, Hope TA, Mallak N, Millo C, et al. Somato-
statin receptor imaging and theranostics: current practice and future 
prospects. J Nucl Med. 2021;62(10):1323–9.

	 5.	 Buchmann I, Henze M, Engelbrecht S, Eisenhut M, Runz A, Schafer M, 
et al. Comparison of 68Ga-DOTATOC PET and 111In-DTPAOC (Octre-
oscan) SPECT in patients with neuroendocrine tumours. Eur J Nucl Med 
Mol Imaging. 2007;34(10):1617–26.

	 6.	 Reubi JC, Waser B. Concomitant expression of several peptide receptors 
in neuroendocrine tumours: molecular basis for in vivo multireceptor 
tumour targeting. Eur J Nucl Med Mol Imaging. 2003;30(5):781–93.

	 7.	 Bombardieri E, Giammarile F, Aktolun C, Baum RP, Bischof Delaloye A, 
Maffioli L, et al. 131I/123I-metaiodobenzylguanidine (mIBG) scintig-
raphy: procedure guidelines for tumour imaging. Eur J Nucl Med Mol 
Imaging. 2010;37(12):2436–46.

	 8.	 States LJ, Davis JC, Hamel SM, Becker SA, Zhuang H. (18)F-6-Fluoro-
l-Dopa PET/CT imaging of congenital hyperinsulinism. J Nucl Med. 
2021;62(Suppl 2):51S-S56.

	 9.	 Parihar AS, Vadi SK, Kumar R, Mittal BR, Singh H, Bal A, et al. 68Ga DOTA-
Exendin PET/CT for detection of insulinoma in a patient with persistent 
hyperinsulinemic hypoglycemia. Clin Nucl Med. 2018;43(8):e285–6.

	 10.	 Koopmans KP, Neels ON, Kema IP, Elsinga PH, Links TP, de Vries EG, et al. 
Molecular imaging in neuroendocrine tumors: molecular uptake mech-
anisms and clinical results. Crit Rev Oncol Hematol. 2009;71(3):199–213.

	 11.	 Saxena A, Chua TC, Perera M, Chu F, Morris DL. Surgical resection of 
hepatic metastases from neuroendocrine neoplasms: a systematic 
review. Surg Oncol. 2012;21(3):e131–41.

	 12.	 Caplin ME, Pavel M, Cwikla JB, Phan AT, Raderer M, Sedlackova E, et al. 
Lanreotide in metastatic enteropancreatic neuroendocrine tumors. N 
Engl J Med. 2014;371(3):224–33.

	 13.	 Rinke A, Muller HH, Schade-Brittinger C, Klose KJ, Barth P, Wied M, et al. 
Placebo-controlled, double-blind, prospective, randomized study on 
the effect of octreotide LAR in the control of tumor growth in patients 
with metastatic neuroendocrine midgut tumors: a report from the 
PROMID Study Group. J Clin Oncol. 2009;27(28):4656–63.

	 14.	 Zidan L, Iravani A, Kong G, Akhurst T, Michael M, Hicks RJ. Theranostic 
implications of molecular imaging phenotype of well-differentiated 
pulmonary carcinoid based on (68)Ga-DOTATATE PET/CT and (18)F-FDG 
PET/CT. Eur J Nucl Med Mol Imaging. 2021;48(1):204–16.

	 15.	 Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B, et al. 
Phase 3 trial of (177)Lu-dotatate for midgut neuroendocrine tumors. N 
Engl J Med. 2017;376(2):125–35.

	 16.	 Baum RP, Kulkarni HR, Carreras C. Peptides and receptors in image-
guided therapy: theranostics for neuroendocrine neoplasms. Semin 
Nucl Med. 2012;42(3):190–207.

	 17.	 Cives M, Strosberg J. Radionuclide therapy for neuroendocrine tumors. 
Curr Oncol Rep. 2017;19(2):9.

	 18.	 Krenning EP, Valkema R, Kooij PP, Breeman WA, Bakker WH, deHerder 
WW, et al. Scintigraphy and radionuclide therapy with [indium-111-la-
belled-diethyl triamine penta-acetic acid-D-Phe1]-octreotide. Ital J 
Gastroenterol Hepatol. 1999;31(Suppl 2):S219–23.

	 19.	 Graf J, Pape UF, Jann H, Denecke T, Arsenic R, Brenner W, et al. Prognos-
tic significance of somatostatin receptor heterogeneity in progres-
sive neuroendocrine tumor treated with Lu-177 DOTATOC or Lu-177 
DOTATATE. Eur J Nucl Med Mol Imaging. 2020;47(4):881–94.



Page 18 of 20Iravani et al. Cancer Imaging           (2022) 22:25 

	 20.	 Werner RA, Lapa C, Ilhan H, Higuchi T, Buck AK, Lehner S, et al. Survival 
prediction in patients undergoing radionuclide therapy based on 
intratumoral somatostatin-receptor heterogeneity. Oncotarget. 
2017;8(4):7039–49.

	 21.	 Jadvar H, Alavi A, Gambhir SS. 18F-FDG uptake in lung, breast, and 
colon cancers: molecular biology correlates and disease characteriza-
tion. J Nucl Med. 2009;50(11):1820–7.

	 22.	 Kayani I, Bomanji JB, Groves A, Conway G, Gacinovic S, Win T, et al. Func-
tional imaging of neuroendocrine tumors with combined PET/CT using 
68Ga-DOTATATE (DOTA-DPhe1, Tyr3-octreotate) and 18F-FDG. Cancer. 
2008;112(11):2447–55.

	 23.	 Binderup T, Knigge U, Loft A, Federspiel B, Kjaer A. 18F-fluorodeoxyglu-
cose positron emission tomography predicts survival of patients with 
neuroendocrine tumors. Clin Cancer Res. 2010;16(3):978–85.

	 24.	 Bahri H, Laurence L, Edeline J, Leghzali H, Devillers A, Raoul JL, et al. 
High prognostic value of 18F-FDG PET for metastatic gastroenteropan-
creatic neuroendocrine tumors: a long-term evaluation. J Nucl Med. 
2014;55(11):1786–90.

	 25.	 Zhang J, Liu Q, Singh A, Schuchardt C, Kulkarni HR, Baum RP. Prognostic 
Value of (18)F-FDG PET/CT in a large cohort of patients with advanced 
metastatic neuroendocrine neoplasms treated with peptide receptor 
radionuclide therapy. J Nucl Med. 2020;61(11):1560–9.

	 26.	 Panagiotidis E, Alshammari A, Michopoulou S, Skoura E, Naik K, Marag-
koudakis E, et al. Comparison of the Impact of 68Ga-DOTATATE and 18F-
FDG PET/CT on clinical management in patients with neuroendocrine 
tumors. J Nucl Med. 2017;58(1):91–6.

	 27.	 Sorbye H, Kong G, Grozinsky-Glasberg S. PRRT in high-grade gastro-
enteropancreatic neuroendocrine neoplasms (WHO G3). Endocr Relat 
Cancer. 2020;27(3):R67–77.

	 28.	 Sorbye H, Welin S, Langer SW, Vestermark LW, Holt N, Osterlund P, et al. 
Predictive and prognostic factors for treatment and survival in 305 
patients with advanced gastrointestinal neuroendocrine carcinoma 
(WHO G3): the NORDIC NEC study. Ann Oncol. 2013;24(1):152–60.

	 29.	 Chan DL, Pavlakis N, Schembri GP, Bernard EJ, Hsiao E, Hayes A, et al. 
Dual somatostatin Receptor/FDG PET/CT imaging in metastatic 
neuroendocrine tumours: proposal for a novel grading scheme with 
prognostic significance. Theranostics. 2017;7(5):1149–58.

	 30.	 Karfis I, Marin G, Levillain H, Drisis S, Muteganya R, Critchi G, et al. 
Prognostic value of a three-scale grading system based on combin-
ing molecular imaging with (68)Ga-DOTATATE and (18)F-FDG PET/CT 
in patients with metastatic gastroenteropancreatic neuroendocrine 
neoplasias. Oncotarget. 2020;11(6):589–99.

	 31.	 Kashyap R, Hofman MS, Michael M, Kong G, Akhurst T, Eu P, et al. Favour-
able outcomes of (177)Lu-octreotate peptide receptor chemoradionu-
clide therapy in patients with FDG-avid neuroendocrine tumours. Eur J 
Nucl Med Mol Imaging. 2015;42(2):176–85.

	 32.	 Nicolini S, Bodei L, Bongiovanni A, Sansovini M, Grassi I, Ibrahim T, et al. 
Combined use of 177Lu-DOTATATE and metronomic capecitabine (Lu-
X) in FDG-positive gastro-entero-pancreatic neuroendocrine tumors. 
Eur J Nucl Med Mol Imaging. 2021;48(10):3260–7.

	 33.	 Singh S, Bergsland EK, Card CM, Hope TA, Kunz PL, Laidley DT, et al. 
Commonwealth neuroendocrine tumour research collaboration and 
the North American neuroendocrine tumor society guidelines for the 
diagnosis and management of patients with lung neuroendocrine 
tumors: an international collaborative endorsement and update of 
the 2015 European neuroendocrine tumor society expert consensus 
guidelines. J Thorac Oncol. 2020;15(10):1577–98.

	 34.	 Kayani I, Conry BG, Groves AM, Win T, Dickson J, Caplin M, et al. A 
comparison of 68Ga-DOTATATE and 18F-FDG PET/CT in pulmonary 
neuroendocrine tumors. J Nucl Med. 2009;50(12):1927–32.

	 35.	 Ianniello A, Sansovini M, Severi S, Nicolini S, Grana CM, Massri K, 
et al. Peptide receptor radionuclide therapy with (177)Lu-DOTATATE 
in advanced bronchial carcinoids: prognostic role of thyroid tran-
scription factor 1 and (18)F-FDG PET. Eur J Nucl Med Mol Imaging. 
2016;43(6):1040–6.

	 36.	 Horn L, Mansfield AS, Szczesna A, Havel L, Krzakowski M, Hochmair MJ, 
et al. First-line atezolizumab plus chemotherapy in extensive-stage 
small-cell lung cancer. N Engl J Med. 2018;379(23):2220–9.

	 37.	 Tsuta K, Wistuba II, Moran CA. Differential expression of somatostatin 
receptors 1–5 in neuroendocrine carcinoma of the lung. Pathol Res 
Pract. 2012;208(8):470–4.

	 38.	 Lewin J, Cullinane C, Akhurst T, Waldeck K, Watkins DN, Rao A, et al. 
Peptide receptor chemoradionuclide therapy in small cell carcinoma: 
from bench to bedside. Eur J Nucl Med Mol Imaging. 2015;42(1):25–32.

	 39.	 Lapa C, Hänscheid H, Wild V, Pelzer T, Schirbel A, Werner RA, et al. 
Somatostatin receptor expression in small cell lung cancer as a prog-
nostic marker and a target for peptide receptor radionuclide therapy. 
Oncotarget. 2016;7(15):20033.

	 40	 Kim C, Liu SV, Subramaniam DS, Torres T, Loda M, Esposito G, et al. Phase 
I study of the (177)Lu-DOTA(0)-Tyr(3)-Octreotate (lutathera) in combina-
tion with nivolumab in patients with neuroendocrine tumors of the 
lung. J Immunother Cancer. 2020;8(2):e000980.

	 41.	 Neumann HPH, Young WF Jr, Eng C. Pheochromocytoma and paragan-
glioma. N Engl J Med. 2019;381(6):552–65.

	 42.	 Nolting S, Bechmann N, Taieb D, Beuschlein F, Fassnacht M, Kroiss M, 
et al. Personalized management of pheochromocytoma and paragan-
glioma. Endocr Rev. 2022;43(2):199–239.

	 43.	 Taieb D, Hicks RJ, Hindie E, Guillet BA, Avram A, Ghedini P, et al. Euro-
pean association of nuclear medicine practice guideline/society of 
nuclear medicine and molecular imaging procedure standard 2019 for 
radionuclide imaging of phaeochromocytoma and paraganglioma. Eur 
J Nucl Med Mol Imaging. 2019;46(10):2112–37.

	 44.	 Pandit-Taskar N, Zanzonico P, Staton KD, Carrasquillo JA, Reidy-
Lagunes D, Lyashchenko S, et al. Biodistribution and dosimetry of 
(18)F-meta-fluorobenzylguanidine: a first-in-human PET/CT imaging 
study of patients with neuroendocrine malignancies. J Nucl Med. 
2018;59(1):147–53.

	 45.	 Carrasquillo JA, Chen CC, Jha A, Ling A, Lin FI, Pryma DA, et al. 
Imaging of pheochromocytoma and paraganglioma. J Nucl Med. 
2021;62(8):1033–42.

	 46.	 Janssen I, Blanchet EM, Adams K, Chen CC, Millo CM, Herscovitch P, et al. 
Superiority of [68Ga]-DOTATATE PET/CT to other functional imaging 
modalities in the localization of SDHB-associated metastatic pheochro-
mocytoma and paraganglioma. Clin Cancer Res. 2015;21(17):3888–95.

	 47.	 Amar L, Baudin E, Burnichon N, Peyrard S, Silvera S, Bertherat J, et al. 
Succinate dehydrogenase B gene mutations predict survival in patients 
with malignant pheochromocytomas or paragangliomas. J Clin Endo-
crinol Metab. 2007;92(10):3822–8.

	 48.	 Fonte JS, Robles JF, Chen CC, Reynolds J, Whatley M, Ling A, et al. 
False-negative (1)(2)(3)I-MIBG SPECT is most commonly found in SDHB-
related pheochromocytoma or paraganglioma with high frequency to 
develop metastatic disease. Endocr Relat Cancer. 2012;19(1):83–93.

	 49.	 Pryma DA, Chin BB, Noto RB, Dillon JS, Perkins S, Solnes L, et al. Efficacy 
and safety of high-specific-activity (131)I-MIBG therapy in patients 
with advanced pheochromocytoma or paraganglioma. J Nucl Med. 
2019;60(5):623–30.

	 50.	 Gonias S, Goldsby R, Matthay KK, Hawkins R, Price D, Huberty J, et al. 
Phase II study of high-dose [131I]metaiodobenzylguanidine therapy 
for patients with metastatic pheochromocytoma and paraganglioma. J 
Clin Oncol. 2009;27(25):4162–8.

	 51.	 Jha A, Taieb D, Carrasquillo JA, Pryma DA, Patel M, Millo C, et al. 
High-specific-activity-(131)I-MIBG versus (177)Lu-DOTATATE targeted 
radionuclide therapy for metastatic pheochromocytoma and paragan-
glioma. Clin Cancer Res. 2021;27(11):2989–95.

	 52.	 Taieb D, Jha A, Treglia G, Pacak K. Molecular imaging and radionuclide 
therapy of pheochromocytoma and paraganglioma in the era of 
genomic characterization of disease subgroups. Endocr Relat Cancer. 
2019;26(11):R627–52.

	 53.	 Chang CA, Pattison DA, Tothill RW, Kong G, Akhurst TJ, Hicks RJ, et al. 
(68)Ga-DOTATATE and (18)F-FDG PET/CT in paraganglioma and pheo-
chromocytoma: utility, patterns and heterogeneity. Cancer Imaging. 
2016;16(1):22.

	 54.	 Forssell-Aronsson EB, Nilsson O, Bejegard SA, Kolby L, Bernhardt P, 
Molne J, et al. 111In-DTPA-D-Phe1-octreotide binding and somatostatin 
receptor subtypes in thyroid tumors. J Nucl Med. 2000;41(4):636–42.

	 55.	 Teunissen JJ, Kwekkeboom DJ, Kooij PP, Bakker WH, Krenning EP. 
Peptide receptor radionuclide therapy for non-radioiodine-avid 
differentiated thyroid carcinoma. J Nucl Med. 2005;46 Suppl 1(1 
SUPPL.):107S-14S.

	 56.	 Parihar AS, Mittal BR, Kumar R, Shukla J, Bhattacharya A. (68)Ga-DOTA-
RGD2 positron emission tomography/computed tomography in 
radioiodine refractory thyroid cancer: prospective comparison of 



Page 19 of 20Iravani et al. Cancer Imaging           (2022) 22:25 	

diagnostic accuracy with (18)F-FDG positron emission tomography/
computed tomography and evaluation toward potential theranostics. 
Thyroid. 2020;30(4):557–67.

	 57.	 Parihar AS, Sood A, Kumar R, Bhusari P, Shukla J, Mittal BR. Novel use of 
(177)Lu-DOTA-RGD2 in treatment of (68)Ga-DOTA-RGD2-avid lesions 
in papillary thyroid cancer with TENIS. Eur J Nucl Med Mol Imaging. 
2018;45(10):1836–7.

	 58.	 Kebebew E, Clark OH. Medullary thyroid cancer. Curr Treat Options 
Oncol. 2000;1(4):359–67.

	 59.	 Budiawan H, Salavati A, Kulkarni HR, Baum RP. Peptide receptor 
radionuclide therapy of treatment-refractory metastatic thyroid cancer 
using 90Yttrium and 177Lutetium labeled somatostatin analogs: 
toxicity, response and survival analysis. Am J Nucl Med Mol Imaging. 
2014;4(1):39.

	 60.	 Iten F, Muller B, Schindler C, Rochlitz C, Oertli D, Macke HR, et al. 
Response to [90Yttrium-DOTA]-TOC treatment is associated with long-
term survival benefit in metastasized medullary thyroid cancer: a phase 
II clinical trial. Clin Cancer Res. 2007;13(22 Pt 1):6696–702.

	 61.	 Parghane RV, Naik C, Talole S, Desmukh A, Chaukar D, Banerjee S, et al. 
Clinical utility of (177) Lu-DOTATATE PRRT in somatostatin receptor-
positive metastatic medullary carcinoma of thyroid patients with 
assessment of efficacy, survival analysis, prognostic variables, and toxic-
ity. Head Neck. 2020;42(3):401–16.

	 62.	 Kauhanen S, Schalin-Jantti C, Seppanen M, Kajander S, Virtanen S, 
Schildt J, et al. Complementary roles of 18F-DOPA PET/CT and 18F-FDG 
PET/CT in medullary thyroid cancer. J Nucl Med. 2011;52(12):1855–63.

	 63.	 Paulson KG, Bhatia S. Advances in immunotherapy for metastatic 
merkel cell carcinoma: a clinician’s guide. J Natl Compr Canc Netw. 
2018;16(6):782–90.

	 64.	 Gardair C, Samimi M, Touze A, Coursaget P, Lorette G, Caille A, et al. 
Somatostatin receptors 2A and 5 are expressed in merkel cell carci-
noma with no association with disease severity. Neuroendocrinology. 
2015;101(3):223–35.

	 65.	 Taralli S, Sollini M, Milella M, Perotti G, Filice A, Menga M, et al. (18)F-FDG 
and (68)Ga-somatostatin analogs PET/CT in patients with Merkel cell 
carcinoma: a comparison study. EJNMMI Res. 2018;8(1):64.

	 66.	 Salavati A, Prasad V, Schneider CP, Herbst R, Baum RP. Peptide receptor 
radionuclide therapy of Merkel cell carcinoma using (177)lutetium-
labeled somatostatin analogs in combination with radiosensitizing 
chemotherapy: a potential novel treatment based on molecular pathol-
ogy. Ann Nucl Med. 2012;26(4):365–9.

	 67.	 Ferdinandus J, Fendler WP, Lueckerath K, Berliner C, Kurzidem S, Hadas-
chik E, et al. Response to combined peptide receptor radionuclide ther-
apy and checkpoint immunotherapy with ipilimumab plus nivolumab 
in metastatic merkel cell carcinoma. J Nucl Med. 2022;63(3):396–8.

	 68.	 Epstein JI, Amin MB, Beltran H, Lotan TL, Mosquera JM, Reuter VE, et al. 
Proposed morphologic classification of prostate cancer with neuroen-
docrine differentiation. Am J Surg Pathol. 2014;38(6):756–67.

	 69.	 Parimi V, Goyal R, Poropatich K, Yang XJ. Neuroendocrine differentiation 
of prostate cancer: a review. Am J Clin Exp Urol. 2014;2(4):273–85.

	 70.	 Spratt DE, Gavane S, Tarlinton L, Fareedy SB, Doran MG, Zelefsky MJ, 
et al. Utility of FDG-PET in clinical neuroendocrine prostate cancer. 
Prostate. 2014;74(11):1153–9.

	 71.	 Bakht MK, Derecichei I, Li Y, Ferraiuolo RM, Dunning M, Oh SW, et al. 
Neuroendocrine differentiation of prostate cancer leads to PSMA sup-
pression. Endocr Relat Cancer. 2018;26(2):131–46.

	 72.	 Gofrit ON, Frank S, Meirovitz A, Nechushtan H, Orevi M. PET/CT with 
68Ga-DOTA-TATE for diagnosis of neuroendocrine: differentiation 
in patients with castrate-resistant prostate cancer. Clin Nucl Med. 
2017;42(1):1–6.

	 73.	 Iravani A, Mitchell C, Akhurst T, Sandhu S, Hofman MS, Hicks RJ. Molecu-
lar imaging of neuroendocrine differentiation of prostate cancer: a case 
series. Clin Genitourin Cancer. 2021;19(4):e200–5.

	 74.	 Assadi M, Pirayesh E, Rekabpour SJ, Zohrabi F, Jafari E, Nabipour I, et al. 
177Lu-PSMA and 177Lu-DOTATATE Therapy in a patient with metastatic 
castration-resistant prostate cancer and neuroendocrine differentiation. 
Clin Nucl Med. 2019;44(12):978–80.

	 75.	 Liu C, Liu T, Zhang J, Baum RP, Yang Z. Excellent response to 177Lu-
DOTATATE peptide receptor radionuclide therapy in a patient with 
progressive metastatic castration-resistant prostate cancer with 

neuroendocrine differentiation after 177Lu-PSMA therapy. Clin Nucl 
Med. 2019;44(11):876–8.

	 76	 Fani M, Peitl PK, Velikyan I. Current status of radiopharmaceuticals 
for the theranostics of neuroendocrine neoplasms. Pharmaceuticals 
(Basel). 2017;10(1):30.

	 77.	 Zhu W, Cheng Y, Wang X, Yao S, Bai C, Zhao H, et al. Head-to-head 
comparison of (68)Ga-DOTA-JR11 and (68)Ga-DOTATATE PET/CT in 
patients with metastatic, well-differentiated neuroendocrine tumors: a 
prospective study. J Nucl Med. 2020;61(6):897–903.

	 78.	 Baum RP, Zhang J, Schuchardt C, Muller D, Macke H. First-in-humans 
study of the SSTR antagonist (177)Lu-DOTA-LM3 for peptide 
receptor radionuclide therapy in patients with metastatic neuroen-
docrine neoplasms: dosimetry, safety, and efficacy. J Nucl Med. 
2021;62(11):1571–81.

	 79.	 Korner M, Stockli M, Waser B, Reubi JC. GLP-1 receptor expression in 
human tumors and human normal tissues: potential for in vivo target-
ing. J Nucl Med. 2007;48(5):736–43.

	 80.	 Wild D, Wicki A, Mansi R, Behe M, Keil B, Bernhardt P, et al. Exendin-4-
based radiopharmaceuticals for glucagonlike peptide-1 receptor PET/
CT and SPECT/CT. J Nucl Med. 2010;51(7):1059–67.

	 81.	 Boss M, Rottenburger C, Brenner W, Blankenstein O, Prasad V, Prasad 
S, et al. (68)Ga-NODAGA-Exendin-4 PET/CT improves the detection of 
focal congenital hyperinsulinism. J Nucl Med. 2022;63(2):310–5.

	 82.	 Mehrabi A, Fischer L, Hafezi M, Dirlewanger A, Grenacher L, Diener MK, 
et al. A systematic review of localization, surgical treatment options, 
and outcome of insulinoma. Pancreas. 2014;43(5):675–86.

	 83.	 Christ E, Antwi K, Fani M, Wild D. Innovative imaging of insulinoma: the 
end of sampling? A review. Endocr Relat Cancer. 2020;27(4):R79–92.

	 84.	 Bongetti E, Lee MH, Pattison DA, Hicks RJ, Norris R, Sachithanandan N, 
et al. Diagnostic challenges in a patient with an occult insulinoma:(68)
Ga-DOTA-exendin-4 PET/CT and (68)Ga-DOTATATE PET/CT. Clin Case 
Rep. 2018;6(4):719–22.

	 85.	 Pattison DA, Hicks RJ. Molecular imaging in the investigation of hypo-
glycaemic syndromes and their management. Endocr Relat Cancer. 
2017;24(6):R203–21.

	 86.	 Kalff V, Iravani A, Akhurst T, Pattison DA, Eu P, Hofman MS, et al. Utility 
of (68) Ga-DOTA-Exendin-4 positron emission tomography-computed 
tomography imaging in distinguishing between insulinoma and nesidi-
oblastosis in patients with confirmed endogenous hyperinsulinaemic 
hypoglycaemia. Intern Med J. 2021;51(10):1657–64.

	 87.	 Velikyan I, Eriksson O. Advances in GLP-1 receptor targeting radiola-
beled agent development and prospective of theranostics. Theranos-
tics. 2020;10(1):437–61.

	 88.	 Grant CS. Insulinoma. Best Pract Res Clin Gastroenterol. 
2005;19(5):783–98.

	 89.	 Wild D, Christ E, Caplin ME, Kurzawinski TR, Forrer F, Brandle M, 
et al. Glucagon-like peptide-1 versus somatostatin receptor target-
ing reveals 2 distinct forms of malignant insulinomas. J Nucl Med. 
2011;52(7):1073–8.

	 90.	 Sanchez C, Escrieut C, Clerc P, Gigoux V, Waser B, Reubi JC, et al. Char-
acterization of a novel five-transmembrane domain cholecystokinin-2 
receptor splice variant identified in human tumors. Mol Cell Endocrinol. 
2012;349(2):170–9.

	 91.	 Gotthardt M, Behe MP, Beuter D, Battmann A, Bauhofer A, Schurrat T, 
et al. Improved tumour detection by gastrin receptor scintigraphy in 
patients with metastasised medullary thyroid carcinoma. Eur J Nucl 
Med Mol Imaging. 2006;33(11):1273–9.

	 92.	 Erba PA, Maecke H, Mikolajczak R, Decristoforo C, Zaletel K, Maina-Nock 
T, et al. A novel CCK2/gastrin receptor-localizing radiolabeled peptide 
probe for personalized diagnosis and therapy of patients with progres-
sive or metastatic medullary thyroid carcinoma: a multicenter phase I 
GRAN-T-MTC study. Pol Arch Intern Med. 2018;128(12):791–5.

	 93.	 Kunikowska J, Ziemnicka K, Pawlak D, Ruchala M, Kolasa A, Janicka-
Jedynska M, et al. Medullary thyroid carcinoma - PET/CT imaging with 
68Ga-labelled gastrin and somatostatin analogues. Endokrynol Pol. 
2016;67(1):68–71.

	 94.	 Klingler M, Summer D, Rangger C, Haubner R, Foster J, Sosabowski J, 
et al. DOTA-MGS5, a new cholecystokinin-2 receptor-targeting peptide 
analog with an optimized targeting profile for theranostic use. J Nucl 
Med. 2019;60(7):1010–6.



Page 20 of 20Iravani et al. Cancer Imaging           (2022) 22:25 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	 95.	 Wild D, Antwi K, Fani M, Christ ER. Glucagon-like peptide-1 receptor as 
emerging target: will it make it to the clinic? J Nucl Med. 2021;62(Suppl 
2):44S-50S.

	 96.	 Waser B, Rehmann R, Sanchez C, Fourmy D, Reubi JC. Glucose-depend-
ent insulinotropic polypeptide receptors in most gastroenteropancre-
atic and bronchial neuroendocrine tumors. J Clin Endocrinol Metab. 
2012;97(2):482–8.

	 97.	 Gourni E, Waser B, Clerc P, Fourmy D, Reubi JC, Maecke HR. The glucose-
dependent insulinotropic polypeptide receptor: a novel target for 
neuroendocrine tumor imaging-first preclinical studies. J Nucl Med. 
2014;55(6):976–82.

	 98.	 Willekens SMA, Joosten L, Boerman OC, Brom M, Gotthardt M. 
Characterization of (111)In-labeled glucose-dependent insulinotropic 
polypeptide as a radiotracer for neuroendocrine tumors. Sci Rep. 
2018;8(1):2948.

	 99.	 Reubi JC, Waser B. Triple-peptide receptor targeting in vitro 
allows detection of all tested gut and bronchial NETs. J Nucl Med. 
2015;56(4):613–5.

	100.	 Reubi JC, Maecke HR. Approaches to multireceptor targeting: hybrid 
radioligands, radioligand cocktails, and sequential radioligand applica-
tions. J Nucl Med. 2017;58(Suppl 2):10S-S16.

	101.	 Ortega C, Wong RKS, Schaefferkoetter J, Veit-Haibach P, Myrehaug S, 
Juergens R, et al. Quantitative (68)Ga-DOTATATE PET/CT parameters 
for the prediction of therapy response in patients with progressive 
metastatic neuroendocrine tumors treated with (177)Lu-DOTATATE. J 
Nucl Med. 2021;62(10):1406–14.

	102.	 Reubi JC, Schar JC, Waser B, Wenger S, Heppeler A, Schmitt JS, et al. 
Affinity profiles for human somatostatin receptor subtypes SST1-SST5 
of somatostatin radiotracers selected for scintigraphic and radiothera-
peutic use. Eur J Nucl Med. 2000;27(3):273–82.

	103.	 Sundin A, Rockall A. Therapeutic monitoring of gastroenteropancreatic 
neuroendocrine tumors: the challenges ahead. Neuroendocrinology. 
2012;96(4):261–71.

	104.	 Gabriel M, Oberauer A, Dobrozemsky G, Decristoforo C, Putzer D, 
Kendler D, et al. 68Ga-DOTA-Tyr3-octreotide PET for assessing response 
to somatostatin-receptor-mediated radionuclide therapy. J Nucl Med. 
2009;50(9):1427–34.

	105.	 Haug AR, Auernhammer CJ, Wangler B, Schmidt GP, Uebleis C, Goke 
B, et al. 68Ga-DOTATATE PET/CT for the early prediction of response 
to somatostatin receptor-mediated radionuclide therapy in patients 
with well-differentiated neuroendocrine tumors. J Nucl Med. 
2010;51(9):1349–56.

	106.	 Kong G, Thompson M, Collins M, Herschtal A, Hofman MS, Johnston V, 
et al. Assessment of predictors of response and long-term survival of 
patients with neuroendocrine tumour treated with peptide receptor 
chemoradionuclide therapy (PRCRT). Eur J Nucl Med Mol Imaging. 
2014;41(10):1831–44.

	107.	 Huizing DMV, Aalbersberg EA, Versleijen MWJ, Tesselaar MET, Walraven 
I, Lahaye MJ, et al. Early response assessment and prediction of overall 
survival after peptide receptor radionuclide therapy. Cancer Imaging. 
2020;20(1):57.

	108.	 Zidan L, Iravani A, Oleinikov K, Ben-Haim S, Gross DJ, Meirovitz A, et al. 
Efficacy and safety of (177)Lu-DOTATATE in lung neuroendocrine 
tumors: a bicenter study. J Nucl Med. 2022;63(2):218–25.

	109.	 Galgano SJ, Iravani A, Bodei L, El-Haddad G, Hofman MS, Kong G. Imag-
ing of neuroendocrine neoplasms: monitoring treatment response-AJR 
expert panel narrative review. AJR American J Roentgenol. 2022:1–14.

	110.	 Hope TA, Bergsland EK, Bozkurt MF, Graham M, Heaney AP, Herrmann K, 
et al. Appropriate use criteria for somatostatin receptor PET imaging in 
neuroendocrine tumors. J Nucl Med. 2018;59(1):66–74.

	111.	 Nilica B, Waitz D, Stevanovic V, Uprimny C, Kendler D, Buxbaum S, et al. 
Direct comparison of (68)Ga-DOTA-TOC and (18)F-FDG PET/CT in the 
follow-up of patients with neuroendocrine tumour treated with the 
first full peptide receptor radionuclide therapy cycle. Eur J Nucl Med 
Mol Imaging. 2016;43(9):1585–92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Molecular imaging phenotyping for selecting and monitoring radioligand therapy of neuroendocrine neoplasms
	Abstract 
	Introduction
	Pre-treatment molecular imaging phenotyping
	SSTR PETCT
	18F-FDG PETCT
	Dual tracer (SSTR and.18F-FDG PET) imaging

	Special consideration in certain diseases
	Pulmonary NENs
	Pheochromocytoma and paragangliomas

	Other cancers with neuroendocrine features
	Thyroid carcinoma
	Merkel cell carcinoma
	Neuroendocrine prostate carcinoma

	Novel agents and alternative peptide receptors for molecular imaging and therapy
	Somatostatin antagonists
	Novel peptide receptors

	On-treatment molecular imaging phenotyping: qualitative assessment and dynamic risk stratification
	Post-treatment molecular imaging phenotyping: ongoing dynamic risk stratification
	Conclusion
	Acknowledgements
	References


