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Considering the distribution of neuroendocrine cells throughout the body, it is important that the
imaging covers the several sites where it is possible to observe them — central nervous system,
respiratory tract, throat, gastrointestinal tract, thyroid, skin, breast and genitourinary system (Pan
et al., 2022).
Imaging plays a vital role in the diagnosis, staging and therapeutic monitoring of NEN. The
surgical planning is critically dependent on the detailed anatomical evaluation in order to have
accurate information about the location of the primary tumour and local and distant metastases,
provided by multiphase CT and MRI; but the selection and monitoring of systemic therapies are
increasingly dependent on the use of molecular imaging (Iravani et al., 2022; Ma et al., 2022).
Most NENs correspond to well-differentiated NETs and express somatostatin receptors (SSTRs)
that represents the cellular target for currently approved radiopharmaceuticals used for both
diagnosis and therapy (Fortunati et al., 2022).
The diagnosis of bone metastases from neuroendocrine tumours is relatively complicated and
requires a combination of multiple methods, such as (Pan et al., 2022):

- X-ray,;

- Magnetic Resonance Imaging (MRI);

- Computed Tomography (CT);

- Bone scan;

- Somatostatin Receptor Imaging (Octreoscan®);

- PET-CT with ®8Ga-somatostatin analogues;

- PET-CT with 18F-FDG.
It is also important to establish a correlation between the imaging and the histopathology analysis
(Pan et al., 2022).
Nuclear Medicine plays an important role in the diagnostic and therapy (Fortunati et al., 2022).
The use of somatostatin receptor analogues in PET has superior diagnostic performance in
comparison to SPECT with 111In-Pentatreotide (Octreoscan®), with the former being the modality
of choice for functional imaging of NETs (Iravani et al., 2022).
Most NETs are accurately studied with $8Ga-DOTA-peptides while the forms with variable-to-low
SSTR expression can be detected by using 8F-FDOPA (such as neuroblastoma, medullary
thyroid carcinoma, pheochromocytoma, abdominal paraganglioma) (Fortunati et al., 2022).
On the therapeutic side, °°Y-DOTATOC and Y’Lu-DOTATATE have been extensively used for
target treatment of SSTR-positive NET (Fortunati et al., 2022).
PRRT efficacy has been demonstrated in many different studies with limited toxicity and

tremendous impact on the patient’s quality of life (Fortunati et al., 2022).

Radiopharmaceutical *®F-FDOPA
The radiopharmaceutical 8F-FDOPA is a structural analogue to dopamine and can reflect the

metabolism of dopamine in NENs. However, considering the difficult synthesis and purification



procedure and early poor yield, it was not promoted in the clinical practice; but, in the recent
years, progress has been made in these areas (Ma et al., 2022).

8F-FDOPA has been widely explored in NENs, where the primary indication is tumours with low
or ambiguous SSTR expression, and medullary thyroid cancer (Ma et al., 2022).

The 18F-FDOPA could be considered a first-line imaging modality for well-differentiated midgut
tumours with low proliferation rate, but it seems of limited utility in adult with hyperinsulinism and
pancreatic NETs due to physiological pancreatic uptake, but this might be drawback by the use

of carbidopa premedication (Lussey-Lepoutre et al., 2016).

Radiopharmaceutical ®F-AIF-NOTA-octreotide

When the comparison is performed between 8F-AlIF-NOTA-octreotide and 8F-FDG, it is noted
that 8F-AIF-NOTA-octreotide at 90 minutes post-administration, the radiotracer’s localisation
augmented in kidneys and bladder, while the spleen demonstrated the highest uptake.
Physiological uptake is also found in the pituitary, thyroid, adrenal glands, uncinate process of the
pancreas, stomach and intestine level. A low background activity was noted in the brain, lung,
muscle and bone (Fortunati et al., 2022).

The brain uptake of 18F-AIF-NOTA-octreotide is low due to the intact blood-brain barrier, which is
an important aspect for the detection of brain metastases.

The 8F-AIF-NOTA-octreotide uptake was higher than in ®F-FDG scans according to the
differentiation grade - 18F-AIF-NOTA-octreotide SUVmax was higher in well-differentiated than in
poorly differentiated NETs (Fortunati et al., 2022).

Radiopharmaceutical 8F-SiFAIlin-TATE

The radiopharmaceutical 18F-SiFAlin-TATE is a promising somatostatin analogue, which has the
first-in-human scan in 2019 in a patients with metastatic NET with unknown primary, presenting
liver metastases (Fortunati et al., 2022; Ilhan et al., 2019).

In the study performed by Ilhan et al., the patient had a scan with 68Ga-DOTATATE showing
cardiac and bone metastases; the 8F-SiFAlin-TATE was also performed and was comparable to
68Ga-DOTATATE. In the study performed by llhan et al., a retrospective study with 13 patients;
the 18F-SiFAlin-TATE the tumour uptake was higher- which led to a favourable tumour-to-liver and
tumour-to-spleen ration. The studies realised support the potential utility of 18F-SiFAlin-TATE
(Fortunati et al., 2022; Ilhan et al., 2019, 2020).

Radiopharmaceutical % Cu-DOTATATE/DOTATOC

The radiopharmaceutical 8Ga-DOTATATE is the latest SSTR agonist approved by the FDA for
localisation of SSTR-positive NENSs; it was designed to overcomes the challenges from %Ga-
labeled somatostatin analogues. This radiopharmaceutical presents a longer half-life, better
image resolution and more sensitive in diagnosing SSTR-positive GEP-NENs (Ma et al., 2022).
The authors Loft et al. compared different 64Cu-DOTATATE PET-CT scans for tumour lesion

detection in patients with NENs scanned at 1- and 3-hours post-administration — concluding that



the radiopharmaceutical has an excellent performance from 1- to 3-hours post-administration,
with no significant differences in the number of lesions detected, which is also associated to a

high-contrast image between those two time points (Pfeifer et al., 2015).

(b)

ya

Figure 1 — (a) "’Lu-somatostatin analogue — maximum intensity projection (MIP) image of a 61-year-old male patient and
(b) 3 months later follow-up with #*Cu-DOTATOC PET-CT MIP images showing metastasized NET (grade 1) Transaxial
images with ’Lu-somatostatin analogue (c) and 3 months later follow-up with 5“Cu-DOTATOC PET.CT (d) (Mirzaei et
al., 2020).

The high detection rate of possible lesions with high target-to-background contrast means the
possibility of the safe application of 64Cu-DOTATOC in patients with NETs; there is also a good
correlation of multiple metastases with lesions detected in a post-therapeutic scan with 177Lu-
somatostatin analogue. This means that the radiopharmaceutical 64Cu-DOTATOC could be used

in treatment planning and follow-up in metastatic NETs (Mirzaei et al., 2020).



Radiopharmaceutical %*Cu-SARTATE

The radiopharmaceutical 4Cu-MeCOSar-Tyr3-octreotate ((*Cu-SARTATE) was studied by Hicks
et al. and provides an opportunity to assess the clearance kinetics out to, and potentially beyond,
24-hour after administration - Figure 2 (Hicks et al., 2019).

Figure 2 — Superior lesion detection at 4-hour. High lesion contrast on ®*Cu-SARTATE at 4-hours (right) better defines

regional nodal disease than ®Ga-DOTATATE images at 1-hour (left) in patients with large pancreatic primary tumour but

slightly greater small-bowel activity, indicating some hepatobiliary excretion (Hicks et al., 2019).

The high uptake and retention of 64Cu-SARTATE in tumour and accompanying clearance of
activity from the liver provides high-contrast diagnostic images until at least 24-hours after
administration, which increased the flexibility of time for the Nuclear Medicine department and the
potential use of multiple time-point dosimetry before the ¢’Ga-SARTATE PRRT. It is also
important to mention that the radionuclide 64Cu makes commercial good-manufacturing-practice
production and distribution to remote sites (Hicks et al., 2019).

The 84Cu-SARTATE/67Cu-SARTATE could be a good theranostic pair (Hicks et al., 2019).

Radiopharmaceutical SSTR antagonists

SSTR antagonists have the chance to improve SSTR-PET-CT imaging because it recognises a
higher number of SSTR-binding sites, are not internalised and have lower dissociation rate
(Fortunati et al., 2022).

The research group Nicolas et al. chose to explore the radiopharmaceutical 8Ga-OPS202

biodistribution — the tumour and renal uptake persist over time, whereas organs such as spleen,



lungs and liver, along with urinary excretion, are progressively washed out. Tumour contrast was
highest at 1-hour post-administration whereas 4-hour images suffer poor count statistics.
Remarkably low accumulation of 88Ga-OPS202 is seen in sst2 receptor-positive organs, such as
pituitary, spleen, adrenals and uncinate process of the pancreas. It was demonstrated a rapid
clearance from the blood, resulting in low background activity, especially in the liver and
gastrointestinal tract (Nicolas et al., 2018).

The team Hou et al. compared the sensitivity of $8Ga-DOTA-JR11 and 58Ga-DOTA-TATE PET/CT

for detecting the responsible of tumour-induced osteomalacia - Figure 3 (Hou et al., 2022).
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Figure 3 — %Ga-DOTA-TATE PET/CT compared with ¥Ga-DOTA-JR11 PET/CT in patient with multiple lesions. Two
intensive uptake lesions in the left femoral head and left public bone revealed a ®Ga-DOTA-TATE PET/CT (A), which
suggested that they might be culprit tumours. The lesion of the left femoral head showed osteogenic change. However,
the lesion in the left public bone only showed slightly increased uptake and the focus in the left femoral head still showed
high uptake on ®Ga-DOTA-JR11 PET/CT (B). The lesion of the left femoral head was confirmed as the responsible tumour

of tumour-induced osteomalacia by postsurgical pathological results (Hou et al., 2022).

The data available in the literature suggest higher tumour uptake of JR11 than of DOTATOC —
higher tumour radiation doses may be delivered by antagonists (Bodei & Weber, 2018).

Radiopharmaceutical Exendin

Insulinomas is one of the most common types of functional pancreatic NETs, which arises from
B-cells (Fortunati et al., 2022).

Surgery is the gold standard of the treatment of insulinoma, but, for this, the location of the
neoplastic mass is of primary importance. However, this detection can be challenging because
insulinomas are often small sized and multifocal; and conventional imaging (such as, CT and
MRI) often show low sensitivity. Also, only a minority of insulinomas express SSTR and can be
detected by DOTA-peptide tracers. On the other hand, emerging evidence supports the use of
radiotracers binding Glucagon-like peptide-1 receptor (GLP-1R), a G-protein-coupled receptor
expressed on pancreatic (3 cells and overexpressed in insulinomas (Fortunati et al., 2022).

The instability of GLP-1 makes it unsuitable for radiolabelling; therefore, Exendin-4, an agonist
with strong bidding affinity for GLP-1R is used. %8Ga is used radiolabel NOTA-MAL-Cys39-



exendin-4, which demonstrates high accuracy for insulinoma localisation with a high tumour-to-
pancreas ratio (Fortunati et al., 2022).

There is also the chance of radiolabelling Exendin-4 in order to use in the SPECT-CT technology,
such as !n-DOTA-exendin-4, which was studied by Christ et al. by injecting the
radiopharmaceutical in six patients with endogenous hyperinsulinaemic hypoglycaemia - Figure
4 (Christ et al., 2013).

Figure 4 — Whole-body planar images (A) and SPECT-CT images (B and C) at 4 hours post-injection of 108 MBq of **!In-
DTPA-exendin-4 (Christ et al., 2013).

During this study was detected in the region of the pancreatic head, Brunner’s gland of the
duodenum, which homogeneously expresses GLP-1R at high density, but it can lead to false-
positive results (Christ et al., 2013).

Radiopharmaceutical 8F-MFBG

The radiopharmaceutical *¥F-fluorobenzylguanidine (MFBG) is an analogue of 23|-MIBG, which
is accumulated in cells through the same norepinephrine transporter uptake mechanism of 123|-
MIBG (Fortunati et al., 2022).

The use of 123|-MIBG means that the patient needs to perform a preparation for the scan (such

as, many drugs interfere with uptake and retention of MIBG, like tricyclic antidepressants,



antihypertensives; a thyroid blockage should be used in order to prevent the uptake of free iodine
by the thyroid), has a poor image resolution, low quantitative accuracy and the scan acquisition
is long. In order to overcome these issues, ¥F-MFBG could be a successful alternative (Fortunati
et al., 2022).

A study conducted by Pandit-Taskar et al., the first-in-human study with 18F-MFBG analysing 10
patients with metastatic neuroblastoma and paraganglioma/pheochromocytoma indicated the
biodistribution, pharmacokinetics and organ dosimetry of the radiopharmaceutical.

The overall distribution of 18F-FMBG appeared to be similar to 123]-MIBG; although prominent
uptake was seen in normal liver, the activity decreased with time and lesions were detectable at
1-hour post-administration with high contrast, though later images showed more contrast and a
higher number of lesion are seen in some patients (Pandit-Taskar et al., 2018).

The kidneys are the primary source of excretion, and, consequently, the bladder is the critical
organ, because the urine accumulates in the bladder — similar to what happens in 123-MIBG
(Pandit-Taskar et al., 2018).

Regarding the biodistribution, similar myocardial uptake, prominent in the initial scans and activity
decreases with time; Gl uptake was also seen, but it is not prominent and it does not interfere
with the detection of lesions in the region (Pandit-Taskar et al., 2018).

A comparison between 23-MIBG and 8F-FMBG can be found in Figure 5 (Samim et al., 2021).
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Figure 5 — Example of a neuroblastoma patient with extensive metastases who underwent =-MIBG and ®F-MFBG
imaging within 1 day. These figure illustrate the superior image quality and tumour delineation of (a) *F-MFBG PET

maximum intensity projection and (c) axial PET-CT cue to higher spatial resolution, higher tumour-to-background contrast,



and improved counting statistics compared to (b) %I-MIBG planar scintigraphy and (d) axial view in SPECT-CT (Samim
et al., 2021).

Radiopharmaceutical %Ga-CXCR4

The drug C-X-C motif chemokine receptor 4 (CXCR4) is overexpressed in more aggressive and
dedifferentiated NEN (Fortunati et al., 2022).

The author Weich et al.,, describe that the use of CXCR4 in imaging through the
radiopharmaceutical ®Ga-Pentixafor as an alternative to ®F-FDG in poorly differentiated NEC
(Fortunati et al., 2022).

The %8Ga-Pentixafor positivity is associated with adverse prognosis, early progression and
shortened overall survival (Fortunati et al., 2022).

Authors discovered that CXCR4 can be considered as a “tumour driver” which regulates the
microenvironment and dissemination of metastasis — for example, $8Ga-Pentixafor spleen uptake
in solid tumour patient correlates with the suppression of antitumour immune responses. On the
other hand, high spleen uptake in NEN is correlated with elevated leukocyte count and
thrombocytosis possibly attributed to high tumour metabolism (Fortunati et al., 2022).

One of the images released in a comparison between %Ga-Pentixafor and 18F-FDG - Figure 6.
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Figure 6 — Maximum Intensity Projections (MIP) of the ®F-FDG (left) and ®®Ga-Pentixafor. Whereas ®F-FDG depicts the

ileal primary (black arrow) as well as multiple liver metastases (white arrow), none of the tumour manifestations are



revealed by CXCR4-directed PET imaging. Incidental finding: the mediastinal tracer uptake in ®®Ga-Penxtixafor (white
star) was traceable to enlarged mediastinal lymph nodes, most likely due to chronic lung fibrosis and not related to NEC,

as follow-up imaging confirmed (Weich et al., 2021).

Other characteristics of the 68Ga-Pentixafor images is that the spleen always has high uptake —
this characteristic was explored by Lewis et al..

The suppression of anti-tumour immunity is majorly regulated through immunosuppressive
myeloid-derived suppressor cells (MDSCs), which originate in the spleen. Tumour infiltrating
MDSCs cells are known to express high levels of CXCR4 and to migrate towards the SDF-1
gradient. Unfortunately, the role of CXCR4 in the spleen for MDSCs differentiation and release to
peripheral sites remains unclear. This way, there is strong evidence that underlines the pivotal
roles of the spleen and CXCR4 in the immune response to tumours (Lewis et al., 2021).

Lewis et al. investigated the possibility of elevated ®Ga-Pentixafor uptake of spleen could be
associated with an activated state of spleen and/or immune activity and clinical outcome; it was
found that platelet count was positively associated with splenic drug uptake, regardless of tumour
entity (Lewis et al., 2021).

A possible explanation could possibly be a marker for spleen CXCR4 expression and tumours
with a higher inflammatory component and tumours that rely more heavily on a functional tumour
microenvironment that recruits platelets and leukocytes (Lewis et al., 2021).

No differences were found in the survival outcomes when investigation the drug uptake in the
spleen, indicating that the 68Ga-Pentixafor uptake is not suitable to predict patient’s outcomes, as

it could be seen from the Figure 7 (Lewis et al., 2021).
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Figure 7 — Spleen ®8Ga-Pentaxifor uptake does not correlate with clinical outcomes in solid tumour patients. (A) Kaplan-

Meier survival curves of progression-free survival (PFS) and overall survival (OS) of all solid tumour patients in the study



separated by the median into two groups of low and high spleen-to-liver ratios (SUVmax-spieen/SUVmean-iver), PFD: low, n=61,
high, n=58; OS: low, n=61, high, n=54. (B) Comparison of SUV nax-spleen/SUVmean-iver With remission statis of all patients,
complete remission (CR), n=2; partial remission (PR), n=9; stable disease (SD), n=15; progressive disease (PD), n=51
(Lewis et al., 2021).

The statement that the use of 88Ga-Pentixafor could lead to a new therapeutic approach with
177Lu-Pentixather is not supported by Weich et al., especially because it leads to bone marrow

ablation and it would require autologous stem cell support.

Radiopharmaceutical Ga-PSMA

Immunochemistry investigations showed that the prostate-specific membrane antigen (PSMA)
can also be overexpressed on the endothelial cells of the neo-vasculature of several types of solid
tumours, such as, well-differentiated thyroid carcinoma, lung adenocarcinoma, gastric and colon
adenocarcinoma and renal carcinoma. This way, there is emerging evidence of its potential
capacity to accidentally identify non-prostatic tumours (Fortunati et al., 2022).

A clinical case of a 68-year-old man with medullary thyroid cancer, who earlier underwent total
thyroidectomy and left neck dissection as primary surgery and left modified radical neck dissection
and radiotherapy for nodal recurrence. The patient has persistently rising calcitonin (raising from
to 107 ng/mL) and carcinoembryonic antigen level (27 ng/mL) (Arora et al., 2018).

When the second recurrence happened, the options of surgery and radiotherapy were already
exhausted and the patient had negative results in the MIBG and somatostatin receptors in PET-
CT, which means that 131I-MIBG and "7Lu-DOTATATE (Arora et al., 2018).

In order to explore the option of 177Lu-DKFZ-PSMA 617, he underwent #8Ga-PSMA PET-CT scan,
which showed soft-tissue density lesion in the left paratracheal region — this lesion also tested

positive for 18F-FDG. The images of this clinical case can be found in Figure 8 (Arora et al., 2018).



Figure 8 — Maximum intensity projection (MIP) images of *®F-FDG (a), %8Ga-DOTANOC (b) and ®Ga-PSMA (c), revealing
increased uptake in the ®F-FDG and ®Ga-PSMA in the left paratracheal recurrent soft-tissue lesion, but no significant
uptake on the scan and somatostatin receptor scan (thin black arrow). Axial CT (d), fused ®*Ga-DOTANOC and %Ga-
PSMA (f) images reveal soft-tissue density lesion in the left paratracheal region, extending into tracheoesophageal groove
(d) with increased PSMA uptake (black arrow, SUVmn=19.7 and SUVmax.iver=8.0) (Arora et al., 2018).

In a clinical case published by Prabhu et al., a 47-year-old female with metastatic pancreatic
neuroendocrine tumour. The patient was treated with long-acting octreotide, but this one failed to
halt disease progression (Prabhu et al., 2018).

Initially, a #8Ga-DOTANOC scan was acquired, which showed good uptake in the primary and
metastatic lesions, but considering that these tumours are highly vascular and PSMA in known in
the endothelium of tumour neovasculature. The Ga-PSMA-HBED-CC was performed, which
also showed uptake in the primary and metastatic liver lesions (Prabhu et al., 2018).

However, the intensity of the uptake was low when compared to 88Ga-DOTANOC, but it remains
to be seen how much uptake will be seen in high-grade NETs which are known to be poorly
DOTANOC avid (Prabhu et al., 2018).

The images of this clinical case can be found in Figure 9 (Prabhu et al., 2018).






Figure 9 — ¥Ga-DOTANOC (a) and %-PSMA-11 (b) in case of metastatic pancreatic neuroendocrine tumour; showing
increased uptake tracer uptake in multiple liver lesions. However, the intensity of uptake was less in %Ga-PSMA when
compared to %8Ga-DOTANOC images (Prabhu et al., 2018).

Radiopharmaceutical 8Ga-FAPI

68Ga-FAPI is a promising radiopharmaceutical in PET-CT where FAPI corresponds to a fibroblasts
activation protein (FAP) inhibitor overexpressed in fibroblasts — this is associated with malignancy
and poor prognosis, tumour growth and metastatic spread in several tumour entities (Fortunati et
al., 2022; Yordanova et al., 2020).

Different types of tumours express strongly FAP, especially epithelial carcinomas (Fortunati et al.,
2022).

The biodistribution of 68Ga-FAPI is quite low when compared to other radiopharmaceuticals, such
as 18F-FDG, which allows an improvement in the detection of metastases in the brain, head and
neck, liver, peritoneum, mesentery, omentum and axial skeleton (Fortunati et al., 2022).

Among all the FAPI tracers, FAPI-04 showed improved FAP binding and pharmacokinetics
(Fortunati et al., 2022).

In a study developed by Kratochwil et al., where 28 different types of tumours were evaluated
with 68Ga-FAPI, showing an intermediate tracer uptake with tumour-to-background ratio being
higher than 3. This way, in NETs with disseminated metastatic disease, FAPI can give a contribute
to non-invasive tumour characterisation and help making decisions about treatment planning. The
same conclusion was achieved by Chen et al. when comparing %8Ge-FAPI-04 with ¥F-FDG,
especially when identifying liver metastases, peritoneal carcinomatosis and brain tumours.

One of the examples of detecting liver metastases was published by Chen et al. — Figure 10.
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Figure 10 — A 69-year-old man who presented with a 3-history of abdominal discomfort and previous ultrasound revealed
suspicious liver nodule in the right lobe. This patient underwent PET-CT scan with ¥F-FDG for differentiation of the

underlying malignancy. However, no abnormal activity was observed on the maximum intensity projection (MIP) and axial



images (a); although, the corresponding CT scan showed an ill-defined nodule in the liver (arrow). This patient was
referred to ®Ga-DOTA-FAPI-04 PET-CT imaging for further discrimination of the liver nodule, which revealed a strong
FAPI-avid nodule (arrow) in MIP and axial images (b). The liver biopsy identified hepatocellular carcinoma (HCC) (Chen
et al., 2021).

In the study performed by Chen et al., it was also possible to verify that the primary and metastatic
lesions demonstrated higher uptake of ®Ga-DOTA-FAPI-04 than 8F-FDG, which means that the
former may be able to determinate doubtful lesion observed in the conventional imaging, locate
the primary site of unknown malignancies and the site of recurrence.

Although preliminary data indicate that FAPI is a tracer with favourable biodistribution in NEN, but
further studies are needed to provide additional value in the clinical management of NEN with

elevated content of activated fibroblasts (Fortunati et al., 2022).

Nowadays, in clinical practice, SSTR agonists are used for the diagnosis and therapy of well-
differentiated NENs (Fortunati et al., 2022).

For high-grade grades 2 and 3 and NEC, 18F-FDG is currently used. On the other hand, 18F-
FDOPA is used for medullary thyroid cancer, pheochromocytoma and abdominal paraganglioma
(Fortunati et al., 2022).

The radiopharmaceuticals 8F-FDG and %8Ga-SSTR agonists have complementary effects. When
performed together, it leads to a better localisation and diagnostic value of GEP-NENs (Ma et al.,
2022).

In the recent years, there has been emerging evidence about the potential promising role of new
radiopharmaceuticals that exploit different targets in the NET cells (Fortunati et al., 2022).
However, the clinical impact of these new radiopharmaceuticals is still not completely known due
to the limited number and very heterogenous cohort of studied patients. This way, more studies
are needed to better ascertain the clinical settings in which these tracers will provide an added
value and definitive clinical impact (Fortunati et al., 2022).

It is important to stress that the role of Nuclear Medicine in NENs has grown over the last two
decades and its practice can confirm that it can offer many alternative valid solutions (Ma et al.,
2022).

Clara Ferreira
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