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Abstract. Neuroendocrine tumours (NET) are rare tumours
that occur most commonly in the GI tract. Various labelled
somatostatin analogues are used to image NET expressing
somatostatin receptors (SSTR). In traditional nuclear
medicine, most peptides used in imaging NET have been
labelled with indium-111, the commonest being indium-111octreotide (111In-octreotide). Unfortunately, the unfavourable
physical qualities of In-111 make it unsuitable for detecting
small tumour deposits. The recent introduction of gallium68-1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-tetraacetic
acid (gallium-68-DOTA) compounds for positron emission
tomography (PET) imaging has significantly improved the
quality of imaging NET through improved resolution of PET
and higher affinity of the new generation of peptides to SSTR.
In the present paper, we discuss the clinical and research
applications of PET radio-tracers for evaluating NET, in
particular gallium-68-DOTA compounds. The recent
introduction of PET imaging with gallium-68 has major
bearings in current and future clinical practice. Its labelling
with DOTA compounds has cleared the way for somatostatin
receptor imaging with a viable PET agent, with all its inherent
imaging advantages compared to single photon imaging. The
pre-clinical and clinical applications of this technique has
been successful in a variety of tumours, particularly NET and
its labelling with other ligands and molecules will improve the
management of other tumours and the assessment of
infection.

Labelled peptides, particularly labelled somatostatin
analogues, have been increasingly used in the diagnosis and
therapy of tumours expressing somatostatin receptors
(SSTR) on their cell surface, particularly neuroendocrine
tumours (NET). Generally, NET are rare tumours and occur
most commonly in the GI tract. The most common are
carcinoid tumours and the gastroenteropancreatic tumours
(GEP) such as gastrinomas and insulinomas. Other tumours
expressing SSTR include somatostatinomas, medullary
thyroid tumours, pituitary tumours, paragangliomas and
phaeochromocytomas.
To date, most peptides used in imaging NET have been
labelled with indium-111, the commonest being indium-111octreotide (111In-octreotide). The physical qualities of In111, even allowing for the use of single photon emission
computed tomography (SPECT), make it unsuitable for
detecting small tumours. Likewise, the currently available
peptides may have a reduced rate of accumulation in
tumours due to their variable affinity to one or more of the
five SSTR manifested on cell surfaces.
The recent introduction of gallium-68-1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-tetraacetic acid (gallium-68DOTA) compounds for PET imaging has significantly
improved the quality of imaging NET through improved
resolution of PET and higher affinity of the new generation
of peptides to SSTR. The clinical use of this new technique
and its implication on research is discussed in this review.

Peptides and Somatostatin Analogues
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Peptides comprise a variable number of amino acids and
have fast clearance, rapid tissue penetration, and low
antigenicity, and can therefore be produced easily and
inexpensively. There has been a significant increase in the
development of labelled peptides for diagnostic applications
in the last decade especially due to simplified methods of
purification. An inherent added advantage to this diagnostic
approach is its therapeutic implication since if the diagnostic
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scan is positive, the peptides can be labelled with
therapeutic radionuclides (yttrium-90, lutetium-177) to
perform peptide receptor radionuclide therapy (PRRT).
This therapy is suitable for patients with widespread disease
that is not amenable to surgery, or focused radiation
therapy or is refractory to chemotherapy, and is particularly
useful for symptom control (1).
Most efforts at labelling peptides have been targeted at
somatostatin and its receptors. Somatostatin is a regulatory
peptide, widely distributed in the human body, whose action
is mediated by membrane-bound receptors, SSTR, that are
present in normal human tissues, such as the thyroid, brain,
GIT, pancreas, spleen and kidney (2). They are also
abundant in a variety of human tumours, particularly
neuroendocrine tumours (3). Non-tumoral lesions, such as
granulomas, can also express them. Somatostatin inhibits
hormone secretion of various glands and so can be used in
the treatment of diseases caused by overproduction of
hormones. Somatostatin itself has a short half-life and is
rapidly degraded by enzymes; hence analogues have been
developed to mimic its effects which are resistant to enzyme
degradation.
There are 5 somatostatin receptor subtypes but only
subtypes 2 (SSTR2, which can be further divided into
SSTR2A and SSTR2B), 5 (SSTR5) and to a lesser extent 3
(SSTR3) have a high affinity for commercially available
synthetic analogues and even these differ in their affinity
for the various analogues. Although the tissue distribution
of the receptor’s mRNA has been extensively examined,
much less is known about the cellular distribution of the
individual receptor proteins. All SSTR receptors are linked
to guanine nucleotide binding proteins (G proteins) and
lead to inhibition of adenylyl cyclase following hormone
binding (4).
111In-DTPA-octreotide

and 90Y-octreotide. The most
commonly used somatostatin analogue is indium-111-DTPAoctreotide. It has a high affinity for SSTR2 and lower affinity
for SSTR5 and SSTR3 (5). The labelled peptide undergoes
receptor mediated internalisation with degradation of the
peptide to 111In-DTPA-D-Phe in lysosomes (6) that cannot
escape and so is retained in the cell (7).
Cold (non-radioactive) octreotide is used clinically in the
treatment of NET disorders and can reduce the production
of hormones such as 5-hydroxytyrosine from carcinoid and
gastrin from gastrinoma, and by doing so improves the
quality of life of patients (8). However, at high doses, it can
produce unpleasant side-effects, such as stomach cramps
and diarrhoea (9). When labelled with In-111, it shows a
higher sensitivity for carcinoid tumours than Iodine-123metaiodobenzyl guanidine (123I-MIBG). It also produces
less hepatic uptake (10) and is now regarded as the standard
method of imaging NET (11).
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Normal tracer uptake is seen in the thyroid, spleen, liver,
kidneys and pituitary as well as bowel and bladder, and has
a predominantly renal clearance. False positives have been
reported in somatostatin receptor-positive lesions that are
not related to NET, such as in breast tissue, granulomas,
CVA, accessory spleens and the gallbladder (12). It is very
sensitive (80-100%) in the detection of carcinoid tumour
where imaging can show all somatostatin receptor-positive
disease. This has been successfully used in the preparation
of patients for PRRT with Y-90 octreotide. It remains of
value in endocrine pancreatic tumours with a sensitivity of
60-90% for gastrinomas, when only 50% are visualised on
cross-sectional imaging. However, its sensitivity for
detection of insulinoma is limited. Lamberts and colleagues
investigated in vivo and in vitro detection of functional
somatostatin receptors in human endocrine pancreatic
tumours, and demonstrated a sensitivity of 61% for the
detection of in vivo insulinomas with octreotide in 14/23
patients. The relatively low sensitivity observed was
attributed to the existence of hSSTR subclass within the
insulinomas, which did not demonstrate affinity to
octreotide (13). In another study, Schillaci et al. reported a
higher sensitivity of 87.5% using octreotide and SPECT in
14 patients, however, these results could be rendered biased
since the patient group included in this study had
biochemically proven insulinoma prior to imaging (14).
111In-octreotide is also used in the detection of pituitary
tumours where virtually all growth hormone producing
adenomas have somatostatin receptors, but SSTR are also
present on other pituitary tumour cells such as lymphoma,
hence octreotide imaging here is of limited use. 111Inoctreotide is less sensitive in the detection of
phaeochromocytomas, paragangliomas and medullary
thyroid tumours. Kwekkenboom et al. determined a
sensitivity of 65% for detecting primary and metastatic
lesions in medullary thyroid carcinoma (MTC) using 111Inoctreotide in 11 out of 17 patients. In the same study, they
concluded that octreotide was not sensitive in detecting liver
metastases or intrathyroidal tumors, as it correlated with the
in vitro presence of somatostatin receptors. In addition, the
immunohistochemical presence of somatostatin in the
tumor did not influence the outcome of in vivo somatostatin
receptor imaging (15). Adams and colleagues compared
receptor imaging of MTC with indium-pentetreotide to
histopathological findings and demonstrated 29% sensitivity
in 5/18 patients (16). Furthermore, Baudin et al. compared
conventional imaging with octreotide imaging, and reported
a similarly low sensitivity of 37% for the detection of MTC
in 9/24 patients (17). In the latter case, interpretation must
be taken with care as normal thyroid tissues (as well as
other thyroid malignancies) can also show uptake of 111Inoctreotide. A number of tumours, unrelated to NET, can
also demonstrate SSTR on their cell surface and hence be
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detected by 111In-octreotide, including small cell lung
cancers, trabecular skin (Merkel cell) tumours, and 75% of
primary breast cancers (1, 2, 10). Uptake has also been
reported in lymphoma, melanoma, neuroblastoma, and welldifferentiated astrocytomas (12).

DOTA Compounds
Labelling peptides moved a step forward with the
introduction of 1,4,7,10-tetraazacyclodecane-1,4,7,10tetraacetic acid (DOTA), a universal chelator capable of
forming stable complexes with radiotracers of the metal
group such as 111In, 67Ga, 68Ga, 64Cu, 90Y and 177Lu (18).
Newer analogues such as DOTA-Tyr3 octreotide
(DOTATOC) have better uptake than 111In-octreotide. The
phenylalanine residue at position 3 is replaced by tyrosine,
making the compound more hydrophilic and increasing the
affinity for SSTR2, leading to higher uptake in SSTR2positive tumours (19).
Other peptides linked to DOTA include DOTAoctreotate, which has a very high affinity for SSTR2 (5), and
DOTA-lanreotide with high affinity for SSTR5. The newest
addition to these compounds is DOTA-1-NaI-octreotide
(DOTANOC), which has shown a high affinity for SSTR2,
SSTR3 and SSTR5 (20). These products have high
radiochemical purity and show rapid renal clearance but
high accumulation in tumours with a striking superiority
over standard peptides (20).

The Introduction of Gallium-68
The chemistry and radiopharmacy of germanium68/gallium-68 generator (68Ge/68Ga) has been under
investigation and thoroughly documented since the late
1970s (21, 22), most recently in the last few years by Maecke
(23, 24). However, in regards to the development of
clinically significant Ga-68 PET imaging, no real progress
had been made since then until the 21st Century with the
introduction of the PET imaging agent 68Ga-DOTATOC.
The first published relevant breakthrough clinical work
using 68Ga-DOTATOC PET imaging came in 2001 by Henze
et al. (25) who described 68Ga-DOTATOC PET imaging in
patients with meningiomas. It was thought that since
meningiomas expressed a high degree of SSTR2, PET
imaging with 68Ga-DOTATOC might help to differentiate
them from neurofibromas and metastases. They imaged three
patients with 68Ga-DOTATOC PET, who had a total of eight
meningiomas between them. They acquired dynamic PET
images of the brain demonstrating rapid tracer uptake in
these tumours. Quantitative analysis showed the standard
uptake value (SUV) increasing immediately after injection,
reaching a plateau 60-120 min after injection (mean SUV,
10.6). There was no tracer uptake in adjacent healthy brain

tissue, and even the smallest lesions (7-8 mm) showed high
tracer uptake with very high tumour-to-background ratio.
Furthermore, fused images with CT and MRI showed good
edge correlation. Henze et al. (26) followed up this work and
went on to further characterise meningiomas with dynamic
68Ga-DOTATOC PET to evaluate kinetic parameters prior
to radiotherapy. They performed dynamic PET studies in 21
patients with a total of 28 lesions. They demonstrated
significant differences (p<0.05; t-test) between meningiomas
and reference tissue (nasal mucosa) in the mean SUV (10.5
vs. 1.3), and in the kinetic parameters such as vascular
fraction (vB), the rate constants k2, k3, k4 (l/min) and
receptor binding (k1 – k1/k2). These factors resulted in very
high tumour-to-background ratios, allowing clear visualisation
of the lesions particularly at the skull base. Furthermore, they
found that this type of kinetic modelling allowed them to
offer a more comprehensive assessment of tumour biology,
which may be used to assess the somatostatin receptor status
of meningiomas after radiotherapy.
Following on from the above landmark work, the next
major published work was by Hofmann et al. (27), who
described the application of 68Ga-DOTATOC PET in NET.
They compared 111In-octreotide scintigraphy with 68GaDOTATOC PET in eight patients with histologically proven
carcinoid tumors. They studied a total of 40 lesions that were
identified either by computed tomography and/or magnetic
resonance imaging. In total, 68Ga-DOTATOC PET
identified 100% of these lesions, whereas 111In-octreotide
planar and SPECT imaging identified only 85%.
Furthermore, quantitative analysis of the lesions showed that
68Ga-DOTATOC PET imaging resulted in higher tumour to
non-tumour contrast with low kidney accumulation.
Kowalski et al. (28) compared 68Ga-DOTATOC PET with
111In-DTPA-octreotide in a smaller group of 4 patients with
metastatic NET. In two patients, more lesions were detected
with 68Ga-DOTATOC PET compared to 111In-DTPAoctreotide SPECT. They also felt that 68Ga-DOTATOC
PET was superior when it came to visualising smaller lesions
with low tracer uptake especially with tumours bearing only
a low density of somatostatin receptors.
Kowalski et al. (29) evaluated the pharmacokinetics of
68Ga-DOTATOC to establish parameters affecting SUV in
22 patients with metastatic NET who were scheduled for
90Y-DOTATOC therapy. Forty-seven metastatic lesions
were examined with dynamic 68Ga-DOTATOC PET and
SUVs and were calculated for all frames following the
injection of the tracer. Qualitative analysis showed increased
uptake of 68Ga-DOTATOC in 21/22 patients and in 72/74
lesions. The SUV was highly variable, with a range from
0.877 to 28.07 (mean 8.73). Quantitative evaluation based
on a compartmental model revealed high receptor binding
and internalisation, but low cellular externalisation and
relatively low fractional blood volume. They concluded that
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their findings may help optimize planning for 90YDOTATOC therapy as DOTATOC uptake in NET is
mainly dependent on receptor binding and fractional blood
volume, and by using pharmacokinetic data analysis, blood
background activity can be separated from the receptor
binding. The same group (30) compared the
pharmacokinetics of 68Ga-DOTATOC PET and [18F]-FDG
PET in patients with metastatic NET who were scheduled
for 90Y-DOTATOC therapy. They evaluated 15 patients
with a total of 63 lesions, with dynamic acquisition of [18F]FDG PET and 68Ga-DOTATOC PET scans performed on
two different days in the same week. Qualitative and
quantitative data analyses were performed using a twotissue compartment model, with multivariate analysis of the
kinetic data. Qualitative analysis showed uptake of 68GaDOTATOC in all patients, in 57/63 lesions. [18F]-FDG
uptake was observed in 43/63 lesions, and discordant
findings were seen in 6/15 patients. The median global SUV
was 7.9 for 68Ga-DOTATOC and 4.6 for [18F]-FDG, where
global SUV was defined as the SUV measured in the last
frame (55-60 min p.i.) of the dynamic series, for each tracer.
They proceeded to select patients for 90Y-DOTATOC
therapy based on the uptake of 68Ga-DOTATOC.
The most recent study looking into the use of 68GaDOTATOC PET in NET was in 2007 by Gabriel et al. (31).
They compared 68Ga-DOTATOC PET imaging with 99mTcHYNIC-octreotide scintigraphy and CT in 88 patients with
known or suspected NETs. Patients were placed into one of
three categories: those with an unknown primary tumour,
but with clinical or biochemical suspicion of neuroendocrine
malignancy (n=13 patients); those for staging of known
tumour (n=36 patients); and those being followed-up after
therapy (n=35 patients). 68Ga-DOTATOC PET had a
sensitivity of 97%, a specificity of 92% and an overall
accuracy of 96%, and showed significantly higher diagnostic
99mTc-HYNIC-octreotide
efficacy
compared
with
scintigraphy and CT (p<0.001). Furthermore, the combined
use of PET and CT gave the highest overall accuracy.
The success of SSTR PET imaging spurred our group to
assess the viability of 68Ga-DOTATATE PET imaging in
malignant phaeochromocytomas, which have been shown to
express somatostatin receptor status (32-35). We first
demonstrated uptake of 68Ga-DOTATATE in these lesions
(36). Further work was performed in five patients who had
previously undergone surgical resection of histologically
proven malignant phaeochromocytomas, and re-presented
with clinical and biochemical signs of recurrence (37). All
patients underwent imaging with computed tomography (CT),
123I-MIBG and 68Ga-DOTATATE PET. Patients were
administered 62-119 MBq (mean=99 MBq) of 68GaDOTATATE intravenously and images were acquired thirty
minutes post injection. Two patients (2/5) had negative 123IMIBG scintigraphy but had positive 68Ga-DOTATATE PET.
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One patient (1/5) had weakly positive 123I-MIBG scintigraphy,
but a strongly positive 68Ga-DOTATATE PET. One patient
(1/5) had positive 123I-MIBG scintigraphy and positive 68GaDOTATATE scans, but the latter detected an extra lesion. No
lesions were detected in the final patient (1/5) with any of the
imaging modalities including CT, but interestingly he had a
weakly positive uptake of 123I-MIBG and 68Ga-DOTATATE
in a concurrent glomus jugulare tumour at the skull base,
which was confirmed by magnetic resonance imaging (MRI).
The SUV (max) for the positive lesions ranged from 4.6 to
10.4, indicating good tumour-to-background ratio. These
findings present an interesting role for 68Ga-DOTATATE
PET in malignant phaeochromocytomas, especially those that
show no or little avidity to MIBG. This opens up further
treatment options with radiolabelled somatostatin analogues
such as Y-90 DOTATATE (38-39) or Lu-177 octreotate (40),
and is particularly relevant in cases of malignant
phaeochromocytoma where recurrent or metastatic disease is
usually not amenable to conventional treatment strategies.
A brief mention is also worthwhile regarding the
investigation of SSTR status in patients with non-small cell
lung cancer (NSCLC), which has been studied by
Dimitrakopoulou-Strauss et al. (41). They assessed SSTR2
status with 68Ga-DOTATOC PET, as well as tumour
metabolism with [18F] FDG PET, in nine patients with
NSCLC. They discovered that tumour uptake of 68GaDOTATOC (mean SUV=2.018) was generally lower than
that of [18F]-FDG (mean SUV=5.683), and that none of the
eight metastatic lesions demonstrated with [18F]-FDG were
seen with 68Ga-DOTATOC. They postulated that this may
have been due to the loss of gene expression in the
metastases compared to the primary lesion. These findings
are interesting as they add to our understanding of tumour
SSTR status and biology.

Research Applications of 68Ga PET
Despite the availability of 68Ga as a positron emitter for
more than thirty years, its wide application in PET imaging
is relatively new. However, as we discussed earlier, 68Ga was
introduced at an earlier stage in the clinical setting
compared to its potential use in the research field in which
it has only been recently introduced, alone or as part of new
molecules, in animal models of human diseases.
At an earlier stage, several ligands systems such as
desferrioxamine B (DFO) (42-46), diethylenetriaminepentaacetic acid (DTPA) (47-48) and N,N'di(2-hydroxybenzyl)
ethylene diamine,N,N'-diacetic acid derivative (HBED) (49)
were tried but found to be quite unstable. Further preclinical studies employed 68Ga in DOTA-coupled peptides
(such as analogues of somatostatin, bombesin and
melanocyte-stimulating hormones) and, as Gallium chloride,
for the imaging of infections and inflammation.
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Smith-Jones and co-workers showed that 68Ga DFOoctreotide was a tracer that could be used in vivo to
diagnose SSTR-positive tumours (50) with good results.
They evaluated a total of three rats bearing SSTR-positive
endocrine pancreatic tumours with a small animal PET
scanner and showed that one hour after injection there was
a selective binding of the tracer to the tumour site, with a
tumour/background ratio (TBR) of 5. These results showed
that the tumour was visible with PET within 30 seconds post
injection and a slight increase in localized activity was noted
for up to 1000 seconds. The activity in the kidney peaked at
200-300 seconds post injection and was accompanied by a
shift of activity to the bladder.
Subsequently, SSTR were evaluated in vivo with several
gallium-DOTA labelled somatostatin analogues, among
which 68Ga-DOTATOC and 68Ga-DOTANOC are the most
promising due to their high affinity to SSTR 2, 3 and 5.
Biological evaluation in living rats of 68Ga DOTA-labeled
oligonucleotides for labelling antisense oligonucleotides
targeting activated human K-ras oncogene was recently
published by Roivainen and colleagues (51). The
biodistribution and biokinetics were evaluated in vivo in
tumour-bearing athymic rats. They showed that oligonucleotides could be stably labelled with 68Ga-DOTA chelate
producing high-quality PET images and allowing
quantification of the biokinetics in major organs and tumours.
A study to evaluate the superiority of third-generation
somatostatin-based, gallium-labelled peptides compared to
indium radiopharmaceuticals was published recently (52).
Antunes and co-workers determined SSTR affinity by in
vitro receptor autoradiography, the internalisation rate with
transfected cell lines, and pharmacokinetics was studied in a
rat xenograft AR4-2J tumour model. They demonstrated
that gallium-DOTA-octapeptides have distinctly better preclinical pharmacological performances than the indiumlabelled peptides, especially on SST2-expressing cells.
Another application of the 68Ga labelling technique
concerns the field of melanocortin peptides (53). The
melanocortins are involved in many physiological functions,
among which pigmentation, steroidogenesis, temperature
control, cardiovascular regulation and neuromuscular
regeneration are the most important. Melanocortin
receptors are expressed in several types of cells such as
cutaneous melanocytes, keratinocytes, fibroblasts,
endothelial cells, antigen-presenting cells and leukocytes.
Since melanomas overexpress melanocortin receptor,
radiolabelled -MSH analogs were developed for tumour
imaging and staging (54). An MSH analogue, [Nle4,Asp5,DPhe7]-MSH (4–11) (NAPamide), was conjugated to DOTA
and labelled with 68Ga to characterise both in vitro and in
vivo the mouse B16F1 melanoma model. PET studies using
68Ga-DOTA-NAPamide revealed high contrast images even
at one hour after tracer administration (53). However,

receptor density in human melanomas is much lower than
that in the murine tumour model and therefore the
preliminary experience on 5 patients gave negative results.
Another molecule of interest that was labelled with 68Ga
is bombesin. Bombesin receptors are overexpressed on major
human tumours, in particular prostate and breast cancer (5556). Therefore, radioligands based on bombesin were
developed and studied in a pre-clinical setting and,
subsequently, in patients (57-60). One example is a pancreatic
carcinoma model (AR42J) that was evaluated with 68GaDOTAPEG2-[D-Tyr6, Ala11,Thi13,Nle14] bombesin and
shown to have good uptake by the tumour with a significant
tumour-to-background ratio, ranging from 5.5 to 11, proving
its potential role in the clinical practice (61).
Other gallium-related studies include the successful
labelling with metronidazole to assess its potential use in the
evaluation of tumour hypoxia, which can modulate the
response to cancer therapy (62). Another factor that can
affect successful chemotherapy in cancer patients is the
overexpression of multidrug resistance (MDR1) Pglycoprotein (Pgp). Sharma and colleagues (63) examined
Cell tracer transport experiments and mouse biodistribution
using 68Ga micro-PET imaging. They concluded that this
modality may enable noninvasive PET monitoring of the
blood brain barrier, chemotherapeutic regimens, and
MDR1 gene therapy protocols in vivo.
An interesting, pre-clinical application of 68Ga that could
eventually meet non-oncological but extremely interesting
clinical interests concerns the evaluation of infection. 67Gacitrate has been used for decades for the imaging of
infection as it binds to the circulating transferrin and enters
inflammated cells through the transferrin receptors. 68Ga
has the same chemical characteristics and in theory should
be at least as accurate (if not better due to enhanced
resolution) compared to 67Ga for the detection of infection.
Màkinen and co-workers created a rat model of
Staphylococcus aureus-induced osteomyelitis and evaluated
their animals both with FDG and with 68Ga small animal
PET to define the accuracy of this new tracer (64). They
found that 68Ga-PET is feasible for the imaging of bone
infections, suggesting its potential role in the clinical
practice. This is still far from being applied in clinical
practice, but the prospect is both exciting and promising.

Conclusion
The recent introduction of PET imaging with gallium-68 has
major bearings in current and future clinical practice. Its
labelling with DOTA compounds has cleared the way for
somatostatin receptor imaging with a viable PET agent, with
all its inherent imaging advantages compared to single
photon imaging. The clinical application of this technique
has been successful in a variety of tumours, particularly
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NET and its labelling with other ligands and molecules will
improve the management of other tumours and the
assessment of infection. The pre-clinical research in the use
of this tracer, in its various possible radiopharmaceutical
preparations, started recently and will undoubtedly have a
bigger impact on its clinical use.
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