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Abstract: Neuroendocrine tumors (NETs) can affect several organ systems and present a variety of clinical symptoms, which are difficult 
to diagnose by conventional methods. Somatostatin receptor (SSTR) is a group of specific receptors expressed on the well-differentiated 
NET cell membrane. [68Ga]-labeled somatostatin analogues (SSAs) PET/CT, endogenous ligands targeting SSTR, is widely used in cur-
rently clinical NETs diagnosis. The dual-tracer strategy ([68Ga]Ga-SSAs + [18F]FDG) allows for a more detailed evaluation of tumor me-
tabolism and receptor expression. The NETPET score, integrating [68Ga]Ga-SSAs PET/CT and [18F]FDG PET/CT results, enhances the 
accuracy of predicting treatment response and prognosis. In addition, novel isotopes ([18F]/[64Cu]) labeled SSAs and SSTR antagonists 
outperformed [68Ga]-SSAs in lesion detection, tumor uptake, and tumor-to-background ratio. Due to undifferentiated or dedifferentiated 
NETs, SSTR may not be expressed. [68Ga]Ga-Pentixafor and [18F]-FDG PET/CT are applicable for SSTR-negative NET diagnosis. [18F]-MFBG 
and [18F]-DOPA have a higher sensitivity for identifying non-metastatic pheochromocytoma and paraganglioma (PPGL) than other radio-
tracers. This review addressed NET diagnosis with conventional imaging techniques, the clinical application of novel radiotracers, and 
the merits and limitations of the various radiotracers.
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Introduction

Neuroendocrine cells from the gastrointestinal or bron-
chopulmonary systems are the most common source of 
neuroendocrine tumors (NETs) [1]. As a result of better 
techniques for detecting tumors, the incidence and fre-
quency of NETs have increased globally [2]. NETs are rare, 
heterogeneous, and typically slow-growing, so early and 
precise diagnosis is pivotal for disease therapy. Physical 
examination and particular biochemical markers tests are 
typically the first steps in the diagnostic process, while 
these biochemical indicators are typically present in a 
part of patients with functional tumors. Unspecific symp-
toms like bloating and weight loss are frequent in NET 
presentations, which can be challenging to identify or 
diagnose. It is also challenging to use conventional imag-
ing techniques, such as computed tomography (CT), mag-
netic resonance imaging (MRI), and ultrasound (US), be- 
cause some of the tumor lesions and metastases are 
small and can exist in different sites [3].

PET/CT is a technique that detects the lesions histomor-
phologic changes, and it can provide information about 
biomarkers and organizing morphology. The high sensitiv-
ity of PET/CT relies on specific biomarkers, metabolic 
pathways, and corresponding tracers. Somatostatin re- 
ceptor (SSTR) is a specific biomarker in NETs for precise 
detection. High amounts of SSTR, especially subtypes 2 
and 5, are expressed by well-differentiated NETs, which 

play a significant role in the diagnosis and therapy of NETs 
[4]. It had been proven feasible to use somatostatin ana-
logues (SSAs), which detected the presence of SSTR, to 
image the distribution of NETs. Although [68Ga]-labeled 
SSAs PET/CT are widely used in clinical NETs diagnosis, 
they have a limited capacity for lesions detection [5]. 
According to recent clinical studies, SSTR antagonists 
have better effects than agonists in lesion detection, 
tumor uptake, and tumor-to-background ratio (TBR) [6, 7]. 
In addition, the replacement of isotopes [68Ga] with [64Cu]/
[18F] leads to reduced cost, easy transportation, and im- 
proved spatial resolution, which facilitates small lesion 
detection [8]. [18F]-FDG PET/CT is frequently used in undif-
ferentiated or dedifferentiated Grade 3 (G3) NETs, as they 
are more heterogeneous and may not express SSTR. 
Some studies have focused on the C-X-C motif chemokine 
receptor 4 (CXCR4), which is overexpressed in aggressive 
and dedifferentiated NETs. [18F]-MFBG and [18F]-DOPA 
have a higher sensitivity for identifying non-metastatic 
pheochromocytoma and paraganglioma (PPGL) than 
other tracers. Figures 1 and 2 exhibited the chemical 
structures of currently used and novel PET radiotracers 
for NET diagnosis.

Due to some novel radiotracers being investigated in 
recent years, this review aimed to provide an overview 
and comparison of NETs diagnostic ability with conven-
tional imaging methods and PET/CT with various radio-
tracers. Tables 1 and 2 showed the features of currently 
used and novel modalities for NETs.
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Figure 1. The structures of Somatostatin receptor agonists.

Figure 2. The structures of Somatostatin receptor antagonists and other novel radiotracers.
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Table 1. Current used modalities for neuroendocrine tumors
Class Radiotracer Sensitive Reference Features Limitation
Conventional imaging CT 73%* [11] 1. Initial imaging modality

2. Short acquisition time
3. Distinguish G1/G2 and G3 tumors

1. Low sensitivity to detect < 1 cm tumors and bone metastases
2. Variable specificity

MRI 79%* [20] 1. Complementary to CT
2. No radiation exposure
3. Detect PanNETs, hepatic metastases, and bone metastases

1. Relative contraindications
2. Less available than CT

SSTR agonist [68Ga]Ga-DOTA-TATE
[68Ga]Ga-DOTA-TOC
[68Ga]Ga-DOTA-NOC

92.3%* (G1)
90.2%* (G2)
57.8%* (G3)

[56]
[56]
[56]

1. Most widely used radiotracer for well-dfferentiated NETs
2. High sensitivity and specificity
3. Favorable biodistribution

1. High cost
2. High liver and spleen background
3. Short half-life 

Glucose uptake [18F]FDG 37.8%* (G1)
55.4%* (G2)
71.2%* (G3)

[56]
[56]
[56]

1. Undifferentiated and dedifferentiated NETs
2. Heterogeneous disease
3. Prediction of prognosis

1. Not routinely used for NETs
2. Limited in well-differentiated NETs

Legends: NETs, neuroendocrine tumors; CT, Computed Tomography; NA, not applicable; MRI, Magnetic Resonance Imaging; G, grade; PanNETs, pancreatic neuroendocrine tumors; SSTR, somatostatin receptor; TBR, tumor-to-back-
ground ratio; *, depended on patient level.

Table 2. Emerging PET radiotracers for neuroendocrine tumors
Class Radiotracer Sensitive Reference Features
SSTR agonist [64Cu]Cu-DOTA-TATE

[64Cu]Cu-SAR-TATE
97%#

NA
[52]
NA

1. Long half-life, high TBR and low photon energy
2. Delayed imaging

[18F]AlF-NOTA-Octreotide 90.8%# [73] 1. High TBR
2. Long half-life and increased spatial resolution

[18F]FET-βAG-TOCA 97.7%# [65] 1. High TBR
2. Less synthesis time

[18F]SiTATE NA NA 1. Higher tumor-to-hepatic ratio and splenic ratio
SSTR antagonist [68Ga]Ga-DOTA-LM3

[68Ga]Ga-DOTA-JR11
[68Ga]Ga-NODAGA-LM3
[68Ga]Ga-NODAGA-JR11
[18F]AlF-NOTA-LM3

85.1%*
83.3%*
92.5%*
96.5%*
90%*

[39]
[39]
[39]
[39]
[7]

1. High TBR
2. More receptor binding sites
3. Lower dissociation rate

Chemokine receptor [68Ga]Ga-Pentixafor 80%* (G3) [45] 1. Dedifferentiated and aggressive NET
2. Index of aggressiveness

Norepinephrine [18F]MFBG 98.5%# [80] 1. Better than [123I]MIBG
2. Neuroblastoma and PPGL

Amino acid analogue [18F]DOPA 95.7%* [83] 1. Non-SDHx-associated PCC
Legends: TBR, tumor-to-background ratio; SSTR, somatostatin receptor; G, grade; PPGL, pheochromocytoma and paraganglioma; PCC, pheochromocytoma; NA, not applicable; *, depended on patient 
level; #, depended on lesion level.



PET tracers for neuroendocrine tumors

4	 Am J Nucl Med Mol Imaging 2025;15(1):1-14

phase absence of enhancement following intravenous 
contrast injection were not unique to NETs [23]. Due to 
poor diagnostic performance, CT and MRI are not the opti-
mal methods for diagnosing NETs.

[68Ga]-labeled tracers

[68Ga]Ga-labeled SSTR agonists

[68Ga]Ga-DOTA-NOC is the pioneering compound for PET 
imaging, distinguished by its high affinity for the SSTR 2 
and SSTR5 [24]. Since the first report of [68Ga]Ga-DOTA-
somatostatin analogs (SSAs) [25], SSTR agonists have 
been the most frequently used PET radiotracers for NETs 
detection at present. SSTR agonists PET/CT imagings 
have superiority over traditional SPECT imaging, especial-
ly for detecting small lesions, nodal, and bone metasta-
ses [26]. According to the current guideline for PET/CT 
imaging of NETs [27], [68Ga]Ga-DOTA-SSAs PET/CT played 
a significant role in staging, re-staging following therapy, 
and prognostic evaluation. When it comes to the most 
type 2 SSTR expressed on NET cell surfaces, [68Ga]
Ga-DOTA-TATE has the highest affinity, which is a 10-fold 
binding tendency to [68Ga]Ga-DOTA-NOC and [68Ga]Ga- 
DOTA-TOC [28]. Despite having different SSTR-binding 
affinities, [68Ga]Ga-DOTA-TOC, [68Ga]Ga-DOTA-TATE, and 
[68Ga]Ga-DOTA-NOC are regarded as clinically comparable 
with diagnostic accuracy [29, 30]. 

A recent meta-analysis [31] evaluated the impact of sev-
eral radiotracers on diagnostic performance and clinical 
management in NETs or suspected NETs. SSTR PET/CT 
had over 90% sensitivity and specificity in well-differenti-
ated NETs, and it can impact clinical management in over 
40% of patients. Based on the degree of differentiation, 
the sensitivity of [68Ga]Ga-DOTA-SSAs ranges from 92 to 
100% for NET G1/G2, 67 to 92% for NET G3, and just 40 
to 50% for NEC [32]. However, [68Ga]Ga-DOTA-SSAs PET is 
not superb for its relatively short half-life (67.8 min) and 
high liver and spleen background. And the average posi-
tron energy of 68Ga is relatively high (0.829 MeV), leading 
to a long average positron range (3.5 mm), which may 
compromise spatial resolution [33]. The above shortcom-
ings limit the application of [68Ga]Ga-DOTA-SSAs in diag-
nostic NETs, and new tracers need to be developed.

[68Ga]Ga-labeled SSTR antagonists

In 2006, a study on cell uptake by Ginj et al. revealed that 
the quantity of binding sites on SSTR was many times 
higher for antagonists than for agonists [34]. Moreover, 
Ginj et al. reported that antagonists showed lower back-
grounds and higher detection rates in mouse models 
[34]. Although [68Ga]Ga-DOTA-TATE showed significantly 
higher type 2 SSTR affinity than antagonists [35], it did 
not lead to higher tumor uptake. SSTR antagonists, such 
as JR10, JR11, LM3, and LM4 series, were discovered 
and tested with various chelators and radionuclides. In  
a prospective phase I imaging study with 12 GEP NETs, 

Conventional imaging

As CT can be used for confirming the origin, staging, and 
monitoring treatment effects, it is the initial method to 
detect the lesions and determine the grade of NETs. 
Primary tumors and metastases typically showed hyper-
vascularity and were detected in the early arterial phase 
[9]. The size, position, contrast with surrounding tissue, 
and image capture procedures all had an impact on sen-
sitivity [9]. The diagnostic guideline for GEP NETs reported 
that the sensitivity of CT in the diagnosis of primary GEP 
NETs was about 73%, while rates varied greatly (63%-
82%) [10]. A retrospective study on 69 pancreatic NETs 
(PanNETs) patients showed the ability of contrast-
enhanced CT to precisely distinguish G1/G2 and G3 
tumors [11]. PanNETs detection rates had been reported 
to be as high as 70%, especially the rates may be 80% to 
100% when the primary tumors were larger than 2 cm 
[12]. Furthermore, Takumi et al. reported that there was a 
correlation between the CT features (M grade, tumor size, 
and tumor conspicuity) and the tumor grades of PanNETs 
[13]. CT also had high sensitivity and specificity in detect-
ing hepatic metastases (sensitivity 82%, specificity 92%) 
and lymph node metastases (sensitivity 60%-70%, speci-
ficity 87%-100%) [10, 11]. In general, the sensitivity and 
specificity of CT to NET are lower than those of molecular 
imaging. The diagnostic effect is significantly impacted by 
the size of tumors, particularly when the diameter is 
smaller than 1 cm [14]. In addition, the average sensitivity 
to detect bone and soft tissue metastases outside of the 
liver ranges between 61% and 70% [15, 16]. Poorly dis-
tended intestine and the description of intestinal spasm 
as a pathology are the common errors leading to false 
positive diagnoses [17].

The signal intensity of typical NEN lesions is low in 
T1-weighted images and intermediate-to-high in T2- 
weighted images. Because of higher tissue resolution 
than CT and the use of several sequences, MRI is more 
beneficial to examine PanNETs, hepatic metastases, and 
bone metastases [18, 19]. Normal hepatocytes accumu-
late hepatocyte-specific MRI contrast media, including 
Gd-DTPA, to detect more metastases [14, 20]. Contrast 
administration improved the conventional T1- and T2- 
weighted images to obtain 79% sensitivity and almost 
100% specificity in identifying PanNETs [20]. 75% of 
metastases were shown by a hypointense signal on 
T1-weighted images, and the majority of them were mark-
edly enhanced in improved lesion detection and accuracy 
of lesion measurements after the administration of a con-
trast agent [10]. In research comparing hepatic metasta-
ses detecting methods, MRI had the highest sensitivity of 
95.2%, while the sensitivity of CT was 78.5% [21]. MRI 
can also be helpful for patients who had iodinated con-
trast agent allergy [22]. When it comes to diagnosing 
extrapancreatic and extrahepatic lesions, MRI has a 
much lower sensitivity (68%-89%) [10]. However, the 
usual arterial phase enhancement and the hepatobiliary 
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en GEP-NETs, Werner et al. showed that [68Ga]Ga- 
Pentixafor (radiotracer targeting CXCR4) PET exhibited 
positive tumor lesions in 80% of G3 patients, but it was 
negative in all G1 NETs [46]. Figure 4D demonstrated 
hepatic metastatics with loss of SSTR and up-regulation 
of CXCR4 expression. Weich et al. [47] evaluated the  
comparison of [68Ga]Ga-Pentixafor and [18F]-FDG PET/CT 
in 11 patients with poorly differentiated NECs. [18F]-FDG 
showed significantly higher superiority in detecting tumor 
lesions (102 vs. 42, P < 0.001) and tumor uptake (SUVmax: 
12.8 ± 9.8 vs. 5.2 ± 3.7, P < 0.001). Weich et al. recently 
found that [68Ga]Ga-Pentixafor missed 13 patients with 
digestive system tumors, resulting in 10 patients receiv-
ing improper downstaging and treatment [48]. Michalski 
et al. discovered a significant correlation between tumor 
volume (TV) and total-lesion uptake (TLU) for overall sur-
vival (OS) (TV: hazard ratio (HR) 1.007, P = 0.0309; TLU: 
HR = 1.002, P = 0.0350) and rPFS (TV: HR = 1.010; P = 
0.0275; TLU: HR = 1.002, P = 0.0329), respectively [49]. 
Pang et al. reported that there were notable differences 
between NET G3 and NEC in tumor site, CXCR4 expres-
sion, and Ki-67 index [50]. However, according to the 
Kaplan-Meier curves, patients with high and low CXCR4 
expression had no significant differences in OS in either 
GEP-NEN G3 or NEC (P = 0.920 and P = 0.842, respec-
tively) [50]. Therefore, CXCR4 is a potential target for 
NETs, but [68Ga]Ga-Pentixafor has not shown better clini-
cal application.

[64Cu]-labeled tracers

[64Cu]Cu-DOTA-TATE

[64Cu] had a longer half-life (12.7 h) than [68Ga], which can 
lead to higher TBR on delayed imaging [51]. It also had a 
lower positron energy (0.278 MeV) and shorter positron 
range (0.8 mm) than [68Ga]. In the first-in-humans study of 
[64Cu]Cu-DOTA-TATE compared with conventional scintig-
raphy, Pfeifer et al. discovered that [64Cu]Cu-DOTA-TATE 
detected additional lesions in 6 of 14 patients (43%) and 
had excellent imaging quality [52]. The advantages of 
[64Cu] contributed to better imaging characteristics, par-
ticularly on 3-24 hours post injection delayed imaging of 
112 patients with proven NETs [53]. In a prospective 
study on 59 NET patients, [64Cu]Cu-DOTA-TATE detected 
more lesions (675 vs. 659) than [68Ga]Ga-DOTA-TOC with 
no significant difference [54]. All organs except the spleen 
had lower physiologic background uptake of the tra- 
cers for [68Ga]Ga-DOTA-TOC than for [64Cu]Cu-DOTA-TATE 
(Figure 3C). In intestinal, pancreatic, liver, lymph nodes, 
and carcinomatosis lesions, SUVmax was significantly high-
er for [64Cu]Cu-DOTA-TATE than for [68Ga]Ga-DOTA-TOC. 
Moreover, equivalent detection of lesions for 1 h (821 
lesions) and 3 h (818 lesions) imaging was shown by Loft 
et al. in 35 NET patients, indicating that the imaging win-
dow of 200 MBq [64Cu]Cu-DOTA-TATE PET/CT can be 
expanded from 1 h to 1-3 h [55]. Subsequently, Loft et al. 
showed that the [64Cu]Cu-DOTA-TATE activity dose can be 

Nicolas et al. [36] reported the favorable safety, biodistri-
bution, and imaging properties of [68Ga]Ga-NODAGA-
JR11. Subsequently, the phase II study [37] showed that 
[68Ga]Ga-NODAGA-JR11 had much higher sensitivity (94% 
vs. 59%), reproducibility, and TBR (interquartile range 2.9-
5.7 vs. 1.4-2.9, P = 0.004) than [68Ga]Ga-DOTA-TOC. LM4 
was a new SSTR2 antagonist derived from LM3. It was 
labeled with [68Ga] utilizing DATA5m and showed higher 
SSTR2 affinity than LM3 [38]. In a recently published  
prospective study, [68Ga]Ga-DATA5m-LM4 showed higher 
lesion-based sensitivity (94.28% vs. 83.46%, P < 0.001) 
and TBR than [68Ga]Ga-DOTA-TOC [39]. The superiority of 
sensitivity was reflected in accurately identifying liver 
(292 vs. 253) and bone (45 vs. 34) metastases.

In a recently published large retrospective study evaluat-
ed by Liu et al., a comparative [68Ga]Ga-DOTA-TATE PET/
CT was performed on 181 of the 549 NETs who re- 
ceived a diagnosis based on the four antagonists  
([68Ga]Ga-NODAGA-LM3, [68Ga]Ga-NODAGA-JR11, [68Ga]
Ga-DOTA-LM3, [68Ga]Ga-DOTA-JR11) [40]. Compared  
to [68Ga]Ga-DOTA-TATE (86.7%), [68Ga]Ga-NODAGA-LM3 
(92.5%) and [68Ga]Ga-NODAGA-JR11 (96.5%) showed sig-
nificantly superior accuracy, while [68Ga]Ga-DOTA-LM3 
(85.1%) and [68Ga]Ga-DOTA-JR11 (83.3%) showed lower 
diagnostic efficacy. In the hottest lesions (maximum stan-
dardized uptake lesions), [68Ga]Ga-NODAGA-LM3 showed 
higher tumor uptake than [68Ga]Ga-DOTA-TATE (SUVmax, 
40.0 ± 22.8 vs. 57.4 ± 38.5, P < 0.001), whereas the 
other antagonists were no better than [68Ga]Ga-DOTA-
TATE. Liver lesions TBR of SSTR antagonists was signifi-
cantly higher than [68Ga]Ga-DOTA-TATE (12.1 ± 10.8 vs. 
5.2 ± 4.5, P < 0.001) [40]. [68Ga]Ga-NODAGA-LM3 had 
superiority for detecting more liver metastases than 
[68Ga]Ga-DOTA-TATE (Figure 4E) [41]. In a head-to-head 
comparison of [68Ga]Ga-DOTA-TATE and [68Ga]Ga-DOTA-
JR11, Zhu et al. reported that the reduced osseous le- 
sion detection rate of [68Ga]Ga-DOTA-JR11 indicated lower 
bone marrow radioactivity uptake (no statistically signifi-
cant) [42]. In conclusion, [68Ga]Ga-NODAGA-LM3 showed 
the best imaging performance among the [68Ga]-labeled 
SSTR antagonists. As the antagonist shows excellent 
diagnostic efficacy, it is necessary to combine the antago-
nist PET/CT with [18F]-FDG PET/CT to detect lesions.

[68Ga]Ga-Pentixafor

G3 NETs typically failed to respond well to treatments  
with SSTR analogs because these receptors were not 
expressed in enough quantity [43]. When it comes to 
tumors that did not express SSTR well, [18F]-FDG was  
typically the preferred PET tracer. According to previous 
studies, CXCR4 was linked to the occurrence, progres-
sion, invasion, and metastasis of several kinds of malig-
nant tumors [44, 45]. Kaemmerer et al. reported that the 
aggressive and dedifferentiated NETs also exhibited over-
expression of CXCR4 [43]. In a triple tracers ([68Ga]
Ga-Pentixafor, [18F]-FDG, and [68Ga]Ga-DOTA-TOC) com-
parative research on 12 patients with histologically prov-
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er risk of disease progression and recurrence, as well as 
a 3.5-fold increased risk of death [61]. 

Due to the coexistence of various grade lesions and the 
intra-tumor and inter-tumor heterogeneity in a patient, 
combining [68Ga]Ga-DOTA-SSAs and [18F]-FDG PET/CT  
can show more predictive information for treatment out-
come and monitoring [62]. The NET-PET score developed 
by Chan et al. [62] indicated the connection between glu-
cose metabolism and SSTR expression to standardize 
reporting of concordance between the two scans. Ac- 
cording to a multicenter validation of the NETPET score, 
Chan et al. assessed the total discordant volume (TDV) in 
44 patients with proven GEP-NETs [63]. TDV was calcu-
lated by adding the volumes of mismatched lesions 
between 18F-FDG and [68Ga]Ga-DOTA-TATE PET/CT. Com- 
pared to the high TDV group, the overall survival of the  
low TDV group was longer (median volume, 43.7 cm3; sur-
vival time, 23.8 mo vs. 9.4 mo; P = 0.022), which may be 
relative to that function failure due to more lesions [63]. 
[18F]FDG PET/CT is highly effective in detecting high-
grade tumors and offers valuable insights into tumor 
classification and prognosis.

[18F]FET-βAG-TOCA

Dubash et al. firstly reported that the favorable safety pro-
file, coupled with its robust imaging and dosimetric char-
acteristics, positions [18F]FET-βAG-TOCA as a promising 
tracer for the staging and management of NETs [64]. [18F]
FET-βAG-TOCA was an SSTR-2 targeting tracer and had a 
quicker synthesis time than other [18F]-octreotate analogs 
[65]. In a first-in-human study on 9 NET patients, Dubash 
et al. demonstrated the safety and well-tolerance of [18F]
FET-βAG-TOCA [64]. The gallbladder had the maximum 
absorbed dosage, followed by the spleen, stomach wall, 
liver, kidneys, and bladder. [18F]FET-βAG-TOCA had a high 
TBR and tumor uptake in every organ, which were similar 
to [68Ga]Ga-DOTA-SSAs [64]. In a larger study on 45 
patients, Dubash et al. confirmed the non-inferiority of 
[18F]FET-βAG-TOCA to [68Ga]Ga-DOTA-TATE for NETs in 
tumor SUVmax (no significant difference) [66]. In a NET 
patient with liver metastases, [18F]FET-βAG-TOCA imaging 
was more visible and detected an additional lesion (Figure 
3A). In 285 lesions found by two tracers, [18F]FET-βAG-
TOCA detected more tumor lesions (278 vs. 272) than 
[68Ga]Ga-DOTA-TATE PET/CT. Because the liver back-
ground uptake of [18F]FET-βAG-TOCA was much lower, it 
had significantly higher hepatic TBR than [68Ga]Ga-DOTA-
TATE (2.52 ± 1.88 vs. 3.50 ± 2.35; P < 0.001). Given the 
encouraging outcomes of [18F]FET-βAG-TOCA for lesion 

reduced from 191 MBq to 142 MBq without decreasing 
image quality or lesion detection ability [56]. 

[64Cu]Cu-SAR-TATE

Compared to DOTA complexes, SAR may offer more stable 
binding with copper and may offer prolonged radiotracer 
retention in lesions [57]. [64Cu]Cu-SAR-TATE is a novel 
SSTR agonist PET agent that has been developed and 
evaluated in preclinical settings. In a first-in-humans trial 
by Hicks et al. on 10 NET patients with [68Ga]Ga-DOTA-
TATE PET/CT positive imaging, [64Cu]Cu-SAR-TATE was well 
tolerated throughout the study [58]. Serial [64Cu]Cu-SAR-
TATE PET/CT images timed at 30 min, 1 h, 4 h, and 24 h 
were taken after the radiotracer injection to evaluate the 
high late retention and clearance from the liver [58]. For 
the majority of patients, the imaging quality obtained 1 h 
after [64Cu]Cu-SAR-TATE injection was equivalent to [68Ga]
Ga-DOTA-TATE [58]. Regional nodal disease was better 
defined by high lesion contrast on [64Cu]Cu-SAR-TATE 
images taken at 4 hours than by [68Ga]Ga-DOTATATE imag-
es taken at 1 hour (Figure 3E). It was interesting to see 
the progressive increase of TBR in [64Cu]Cu-SAR-TATE 
scans from 4 to 24 hours. Therefore, delayed imaging can 
enable more accurate lesion diagnosis and enhanced 
sensitivity at the liver level. It had also been demonstrat-
ed by Laffon et al. that [64Cu]Cu-SAR-TATE PET/CT per-
formed well in the diagnosis of patients with neuroblas-
toma, but it needs further clinical investigation [59]. [64Cu] 
has advantages in half-life and spatial resolution, but 
there is no significant difference between [64Cu]Cu-SSAs 
and [68Ga]Ga-DOTA-SSAs in the detection of lesions.

[18F]-labeled tracers

[18F]-FDG

Because G3 NETs typically have low SSTR expression, 
[18F]-FDG PET/CT can show better sensitivity and prognos-
tic performance [60]. In a recently published meta-analy-
sis comparing [68Ga]Ga-DOTA-SSAs and [18F]-FDG PET/CT 
on 3401 NET patients, Liu et al. showed that [68Ga]
Ga-DOTA-SSAs PET/CT had considerably higher sensitivity 
and diagnostic utility in G1 (92.3% vs. 37.8%) and G2 
(90.2% vs. 55.4%) NETs; [18F]-FDG PET/CT had better sen-
sitivity and utility in G3 NETs (71.2% vs. 57.8%) [57]. 
According to a comprehensive meta-analysis of 23 origi-
nal articles, [18F]-FDG PET/CT offered a greater role in risk 
stratification for G3 NETs than G1 and G2 NETs [61]. High 
FDG uptake in NETs was associated with a 2.84-fold high-

Figure 3. The imaging comparison of novel SSTR agonists with [68Ga]Ga-DOTA SSAs in patients. A: [18F]FET-βAG-TOCA imaging performed 
more visibly than [68Ga]Ga-DOTA-TATE in metastatic ileal NEN with liver metastases (green arrows) and detected an additional lesion 
(blue arrow). B: [18F]AlF-NOTA-Octreotide imaging detected an additional liver lesion that was missed by the [68Ga]Ga-DOTA-TATE scan 
(blue arrow). C: Foci were more distinct with [64Cu]Cu-DOTA-TATE than with [68Ga]Ga-DOTA-TOC. D: The preferable image quality of [18F]Si-
TATE was apparent in smaller tumor lesions with more uptake than [68Ga]Ga-DOTA-TOC (green arrows). Most lesions showed high uptake 
in both scans (red arrow). E: [64Cu]Cu-SAR-TATE imaging at 4 h better defined regional nodal disease than [68Ga]Ga-DOTA-TATE at 1 h in 
patient with large pancreatic primary tumor but slightly greater small-bowel activity.



PET tracers for neuroendocrine tumors

8	 Am J Nucl Med Mol Imaging 2025;15(1):1-14



PET tracers for neuroendocrine tumors

9	 Am J Nucl Med Mol Imaging 2025;15(1):1-14

0.015) than [18F]-FDG, while higher [18F]-FDG uptake was 
shown in poorly differentiated NETs (median SUVmax, 7.6 
vs. 12.6; P = 0.594) [73]. Pauwels et al. reported that out 
of 4709 tumor lesions total, [68Ga]Ga-DOTA-TATE/NOC 
found 3454 lesions, and [18F]AlF-NOTA-Octreotide detect-
ed 4278 lesions in a prospective multicenter trial on 75 
patients with histologically confirmed NET [74]. [18F]AlF-
NOTA-Octreotide showed higher detection ratios (DR) for 
most organs than [68Ga]Ga-DOTA-SSAs, excepting bone 
lesions (mean different DR, -2.8%; 95% CI, -17.8 to 12.2). 
The favorable diagnostic accuracy of [18F]AlF-NOTA-
Octreotide was confirmed in another trial including 162 
NET patients by Hou et al. [75]. It was interesting to note 
that benign lesions had different conditions of [18F]AlF-
NOTA-Octreotide uptake, which was consistent with the 
uptake patterns of [68Ga]Ga-DOTA-SSAs [75, 76]. Although 
[18F]AlF-NOTA-Octreotide will have deficiencies in cases 
with metastases of multiple bone lesions, it is a promising 
tracer for detecting NETs.

[18F]-labeled SSTR antagonists

Xie et al. synthesized the first [18F]-labeled SSTR antago-
nist and used tumor-bearing mice for preclinical research 
[77]. Due to the low background tracer uptake of [18F]AlF-
NOTA-JR11, it detected more lesions than [68Ga]Ga-DOTA-
TATE in the stomach, liver, and pancreas. Ahenkorah 
developed an automated method to radiosynthesize [18F]
AlF-NOTA-JR11 and showed similar images to [18F]AlF-
NOTA-Octreotide [78]. In a prospective head-to-head 
study comparing [18F]AlF-NOTA-LM3 with [68Ga]Ga-DOTA-
TATE, Liu et al. reported favorable safety, dosimetry fea-
tures, and biodistribution of [18F]AlF-NOTA-LM3 [7]. When 
compared to [68Ga]Ga-DOTA-TATE, [18F]AlF-NOTA-LM3 can 
detect more lymph node lesions (22 vs. 30, P = 0.011) 
and liver lesions (291 vs. 457, P = 0.006). [18F]AlF-NOTA-
LM3 proved especially useful in detecting tiny lesions  
that [68Ga]Ga-DOTA-TATE would overlook (Figure 4A). 
Moreover, [18F]AlF-NOTA-LM3 was the first SSA that 
showed favorable performance in detecting lymph node 
lesions. [18F]-labeled SSTR antagonists hold significant 
potential for the diagnosis of NETs, but the current 
research remains limited.

[18F]MFBG

Pheochromocytoma (PCC) and paraganglioma (PGL),  
collectively known as PPGL, are uncommon NETs. [18F]
MFBG was a fluorinated analogue of [123I]MIBG and was 

detection, it may be a possible substitute for [68Ga]
Ga-DOTA-SSAs.

[18F]SiTATE

[18F]SiTATE can be produced with good manufacturing 
techniques and has shown strong selectivity for SSTR2 
[67]. A patient with metastatic NETs underwent the first-
in-human [18F]SiTATE PET/CT [68]. [18F]SiTATE revealed 
bone and cardiac metastases uptake similar to [68Ga]
Ga-DOTA-TATE [68]. In a retrospective study on 13 NET 
patients, Ilhan et al. compared the tumor uptake, biodis-
tribution, and image quality of [18F]SiTATE and [68Ga]
Ga-DOTA-TOC [69]. The kidney physiologic uptake (20.7 ± 
6.7 vs. 14.4 ± 4.1; P < 0.02) of 18F-SiTATE was substan-
tially higher than that of [68Ga]Ga-DOTA-TOC [69]. The bio-
distribution was similar to [68Ga]Ga-DOTA-TATE, with the 
largest radiotracer uptake in the bladder and spleen, fol-
lowed by the kidneys and adrenal glands [69]. With fo- 
cally increased uptake, the superior image quality of [18F]
SiTATE was particularly obvious in smaller tumor lesions 
(Figure 3D). Additionally, tumor lesions in common meta-
static sites showed a much increased tumor uptake, 
except lung lesions. Beyer et al. reported that 120 min 
after injection was the ideal imaging time for balancing 
TBR and image quality [70]. Eschbach et al. examined the 
impact of previous treatment with long-acting SSAs be- 
fore [18F]SiTATE on tumor uptake and physiologic uptake 
[71]. This condition was associated with a considerably 
decreased [18F]SiTATE physiologic uptake in the liver and 
spleen [71]. Because there was no significant decrease in 
TBR, it was recommended not to stop using SSA treat-
ment before [18F]SiTATE PET/CT. [18F]SiTATE has impor-
tant value in the diagnosis, staging, treatment guidance 
and prognosis assessment of NETs.

[18F]AlF-NOTA-Octreotide

[18F]AlF-NOTA-Octreotide, a new SSTR agonist tagged with 
fluorine, had been developed [72]. In a first-in-humans 
study on 22 proven NET patients, Long et al. compared 
[18F]AlF-NOTA-Octreotide PET/CT and [18F]-FDG PET/CT 
[73]. The spleen, kidneys, and bladder exhibited high 
physiologic [18F]AlF-NOTA-Octreotide uptake [73]. Figure 
3B showed that [18F]AlF-NOTA-Octreotide detected an 
additional liver lesion. [18F]AlF-NOTA-Octreotide was more 
sensitive than [18F]-FDG in lesion detection (624 vs. 390). 
They reported that G2 NETs had higher [18F]AlF-NOTA-
Octreotide uptake (median SUVmax, 4.3 vs. 45.6; P < 

Figure 4. The imaging comparison of other radiotracers with conventional imaging in patients. A: [18F]AlF-NOTA-LM3 (red arrows) revealed 
a positive para-aortic lymph node lesion that was missed by [68Ga]Ga-DOTATATE. B: [18F]MFBG PET/CT showed metastases in the fourth 
thoracic vertebra (small arrow) and the left 10th rib (larger arrow), which were all negative on [68Ga]Ga-DOTATATE image. C: Tumors 
(arrows) exhibited intense [18F]DOPA avidity but were negative on [68Ga]Ga-DOTA-NOC PET/CT. D: Hypermetabolic hepatic metastases 
demonstrated loss of SSTR and up-regulation of CXCR4 expression in G3 NETs (solid arrows, corresponding SUVmax: 10.3 for [68Ga]
Ga-Pentixafor, and 3.8 for [68Ga]Ga-DOTA-TOC). [68Ga]Ga-Pentixafor provided additional information on disease extent by detecting a co-
eliacal lymph node suspicious for metastatic disease (dotted arrows). E: [68Ga]Ga-NODAGA-LM3 scan demonstrated two sub-centimeter 
lesions (white arrows) at the level of blue dash line and were further confirmed on contrast-enhanced CT (black arrows) performed within 
a month. [68Ga]Ga-DOTA-TATE failed to detect these two lesions.
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molecular features of tumors, offering understanding  
of both intra-tumor and inter-tumor heterogeneity. 
[18F]-labeled SSTR agonists ([18F]AlF-NOTA-Octreotide, 
[18F]FET-βAG-TOCA, and [18F]SiTATE) and antagonists ([18F]
AlF-NOTA-LM3 and [68Ga]Ga-NODAGA-LM3) are promising 
tracers to substitute [68Ga]Ga-DOTA-SSAs in diagnosing 
G1 and G2 NETs. Clinical studies on a range of tracers 
typically showed that they performed better than [68Ga]
Ga-DOTA-SSAs in terms of biodistribution, TBR, and lesion 
detection. The dual-tracer strategy ([68Ga]Ga-SSAs + [18F]
FDG) has demonstrated remarkable performance in 
detecting high-grade (G3) NETs and SSTR-negative NETs. 
The validation and generalization of NETPET scores in 
multicenter studies is crucial for providing clinicians with 
a standardized assessment tool to optimize treatment 
and enhance patient survival. Although many novel trac-
ers have excellent diagnostic performance, the use of 
novel tracers should take clinical translation challenges 
(e.g., cost, accessibility) into account. More multicenter 
clinical studies and head-to-head comparisons with larger 
patient populations and longer follow-ups to demonstrate 
the safety, diagnostic accuracy, sensitivity, and specificity 
profiles of new tracers are warranted.
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