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Abstract: In the United States, [68 Ga]Ga-DOTA-TOC has been approved by the Food and Drug
Administration (FDA) in 2019 as the first 68 Ga-radiopharmaceutical for imaging of somatostatin
receptor (SSTR) positive gastroenteropancreatic neuroendocrine tumors while employing positron
emission tomography (PET). In Europe (Austria, Germany, France), [68 Ga]Ga-DOTA-TOC was
already approved back in 2016. This radiopharmaceutical combines the radionuclide 68 Ga with the
somatostatin analogue DOTA-TOC for specific imaging of tumor cells expressing SSTRs. Such a
targeting approach can also be used for therapy planning in the case of both localized as well as
disseminated disease and potentially for the evaluation of treatment response.
Keywords: [68 Ga]Ga-DOTA-TOC; positron emission tomography (PET); somatostatin receptor (SSTR);
neuroendocrine tumors (NETs); theranostics

1. Introduction
On 21 August 2019, [68 Ga]Ga-DOTA-TOC was approved by the Food and Drug Administration
(FDA) [1] for positron emission tomography (PET) imaging of somatostatin receptor (SSTR)-positive
gastroenteropancreatic neuroendocrine tumors. Holder of the marketing authorization is the UIHC–PET
Imaging Center (University of Iowa Health Care (UIHC)), in Iowa, USA. The ready-to-use 68 Ga-labeled
peptide was already approved in some European countries (Austria, Germany, and France) in
2016 (IASOtoc® , IASON GmbH, Graz, Austria) [2] and in 2018 (TOCscan® , ITM AG, München,
Germany) [3]. Also in Europe, a kit preparation for 68 Ga-labeling of DOTA-TOC (SomaKit TOC® ,
AAA, a Novartis company, Saint-Genis-Pouilly, France) was approved by the European Medicines
Agency (EMA) on 8 December 2016 [4]. Use of this kit along with an authorized 68 Ge/68 Ga-generator
enables on-site preparation of [68 Ga]Ga-DOTA-TOC even in small facilities. Similar to Europe, in the
U.S. a kit preparation for 68 Ga-labeling of DOTA-TATE (NETSPOTTM , AAA, a Novartis Company,
Saint-Genis-Pouilly, France) was approved by the FDA on 1 June 2016 [5]. These kits allow decentralized
tracer production and therefore enable the application of the radiotracer to patients who do not live in
the vicinity of a centralized production site.
PET is a commonly used imaging technique in nuclear medicine. It allows a non-invasive and
quantitative imaging of cellular and molecular events in patients [6], giving functional information in
contrast to morphological information obtained from conventional imaging techniques like computed
tomography (CT) or magnetic resonance imaging (MRI). For this imaging method so-called PET tracers,
which are biological molecules or sometimes artificial building blocks for specific targets labeled with
positron emitters (e.g., gallium-68, fluorine-18), are intravenously injected into the patient. These
radioactive nuclides decay by positron emission. After a certain reach in tissue (depending on the
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The PET tracer [68 Ga]Ga-DOTA-TOC is not only suitable for imaging, but also for a so-called
The PET tracer [68Ga]Ga-DOTA-TOC is not only suitable for imaging, but also for a so-called
theranostic approach, which has gained high importance in recent years. Radiotheranostics thus
theranostic approach, which has gained high importance in recent years. Radiotheranostics thus
represents the epitome of personalized (precision) nuclear medicine [8]. The initial step of such a
represents the epitome of personalized (precision) nuclear medicine [8]. The initial step of such a
radiotheranostic approach is to employ a targeting molecule labeled with a diagnostic radionuclide
radiotheranostic approach is to employ a targeting molecule labeled with a diagnostic radionuclide
(e.g., gallium-68, technetium-99m), which is used for quantitative imaging of a tumor-related biomarker,
(e.g., gallium-68, technetium-99m), which is used for quantitative imaging of a tumor-related
either with PET or single photon emission computed tomography (SPECT). Positive accumulation
biomarker, either with PET or single photon emission computed tomography (SPECT). Positive
of the radiolabeled targeting molecule in tumor lesions is followed by the administration of the
accumulation of the radiolabeled targeting molecule in tumor lesions is followed by the administration
same or an analogical targeting molecule, labeled with a therapeutic radionuclide that delivers a
of the same or an analogical targeting molecule, labeled with a therapeutic radionuclide that delivers a
tumoricidal radiation dose to the malignant tissue. In other words, molecular imaging helps to
tumoricidal radiation dose to the malignant tissue. In other words, molecular imaging helps to
distinguish the patients who will benefit from the treatment from those who will most probably
distinguish the patients who will benefit from the treatment from those who will most probably not.
not. Those patients already show insufficient uptake of the tracer in the PET scan. Such a pair
Those patients already show insufficient uptake of the tracer in the PET scan.68
Such a pair of theranostic
of theranostic tracers is represented, among others,68 by the diagnostic [ Ga]Ga-DOTA-TOC and
tracers is represented, among
others, by the diagnostic [ Ga]Ga-DOTA-TOC
and its therapeutic partner
its therapeutic partner [177 Lu]Lu-DOTA-TATE
(DOTA-(D-Phe1 ,Tyr3 )-octreotate, Lutathera® (AAA,
1,Tyr3)-octreotate, Lutathera® (AAA, France)). [177Lu]Lu-DOTA[177Lu]Lu-DOTA-TATE
(DOTA-(D-Phe
France)). [177 Lu]Lu-DOTA-TATE was approved by the EMA and the FDA in 2017 and 2018, respectively,
TATE was approved by the EMA and the FDA in 2017 and 2018, respectively, as the first
as the first radiopharmaceutical for peptide receptor radionuclide therapy [9–11]. In the case of this
radiopharmaceutical for peptide receptor radionuclide therapy [9–11]. In the case of this theranostic
theranostic pair, one cannot speak of a true pair of identical theranostic radiopharmaceuticals since
pair, one cannot speak of a true pair of identical theranostic radiopharmaceuticals since the imaging
the imaging tracer uses the SSTR binding peptide DOTA-TOC, while the therapeutic peptide uses
tracer uses the SSTR binding peptide DOTA-TOC, while the therapeutic peptide uses DOTA-TATE
DOTA-TATE instead. Both peptides show high binding affinity to human SSTR2 (for comparison:
instead. Both peptides show high binding affinity to human SSTR2 (for comparison: IC50 (Ga-DOTAIC50 (Ga-DOTA-TOC) = 2.5 ± 0.5 nM and IC50 (Ga-DOTA-TATE) = 0.2 ± 0.04 nM) [12]. While
TOC)
= 2.5 ± 0.5 nM and IC50 (Ga-DOTA-TATE) = 0.2 ± 0.04 nM) [12]. While Ga-DOTA-TATE shows
Ga-DOTA-TATE shows only affinity to SSTR2, Ga-DOTA-TOC also exhibits some affinity to SSTR5 [12].
only affinity to SSTR2, Ga-DOTA-TOC also exhibits some affinity to SSTR5
[12]. Despite their
Despite their different binding affinities, a head-to-head68comparison of [68 Ga]Ga-DOTA-TOC
and
different
binding affinities, a head-to-head comparison of [ Ga]Ga-DOTA-TOC and [68Ga]Ga-DOTA68
[ Ga]Ga-DOTA-TATE showed no clinically significant difference between the two tracers [13].
TATE showed no clinically significant difference between the two tracers [13]. Therefore, in this case
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Therefore, in this case the use of different substances as a theranostic pair is possible. Currently, the
enhanced implementation of theranostics in nuclear medicine is generally well appreciated.
Neuroendocrine tumors (NETs) demonstrate a group of tumors originating from neuroendocrine
cells that are distributed throughout the human body. Approximately two-thirds of NETs derive from
the gastrointestinal system and represent the group of gastroenteropancreatic tumors (GEP-NETs) [14].
Most of the NETs demonstrate high expression levels of SSTRs, offering the possibility of molecular
imaging and peptide receptor radionuclide therapy using radiolabeled somatostatin analogs [15].
Five subtypes of SSTRs were described in the literature: SSTR1 to SSTR5, out of these SSTR2, 3
and 5 are known to differ from SSTR1 and 4 when considering their amino acid homology and
pharmacological profile [16]. SSTR2 and SSTR5 are the most commonly expressed subtypes in NETs,
despite a considerable variability in the expression of SSTR subtypes in different kinds of tumors [17].
NETs were previously considered to be a rare disease, but their incidence and prevalence have
significantly increased over the last decade. The development of radiolabeled somatostatin ligands
has been a very long scientific journey, starting with the first description of somatostatin 45 years
ago [18]. Until now, multiple diagnostic as well as therapeutic somatostatin ligands have been
developed and some of them were summarized in a review by Kwekkeboom et al. [19]. The first
radiolabeled SST analog used for imaging was [123 I, Tyr3 ]octreotide in 1989 [20]. Since then, a lot of
different SST tracers have been developed for imaging with SPECT as well as PET. The advancement
of these tracers was a milestone for the diagnosis of NETs. The much higher sensitivity of SPECT for
the detection of NETs and metastases compared to conventional imaging techniques like CT, MRI,
and ultrasound was demonstrated in numerous studies [21]. The most commonly used tracer for
SPECT is [111 In]In-DTPA-octreotide (OctreoScan® , CuriumTM (UK); first marketing authorization
Mallinckrodt Medical B.V. (Netherlands): 1994 in the U.S. and 1995 in Europe). However, OctreoScan®
has several drawbacks, such as moderate binding affinity for SSTR2 and insufficient coordination
of therapeutic beta emitters like yttrium-90 and lutetium-177 [22]. The replacement of DTPA with
the macrocyclic chelator DOTA resulted in DOTA-(D-Phe1 ,Tyr3 )-octreotide (DOTA-(Tyr3 )-octreotide,
DOTA-TOC), DOTA-(D-Phe1 ,Tyr3 ,Thr8 )-octreotate (DOTA-TATE), and DOTA-(1-Nal3 )-octreotide
(DOTA-NOC) [23]. Even though all three peptides labelled with 68 Ga show very good results in
PET imaging [24], DOTA-TOC and DOTA-TATE have progressed further. These two prominent SST
analogs are extensively used in clinical nuclear medicine for both diagnosis and therapy. The most
promising PET tracers are represented by [68 Ga]Ga-DOTA-TOC and [68 Ga]Ga-DOTA-TATE. One of
their advantages—in comparison to the SPECT tracers—is a higher affinity for SSTR2, which is most
commonly expressed by NETs [19]. Another advantage lies in the superior image quality of PET
scans vs. SPECT scans, which leads to an increased sensitivity for tumor detection [19]. The peptide
DOTA-TOC was developed by the group of Maecke and labelled with indium-111 for imaging as well
as yttrium-90 for peptide receptor radiotherapy (PRRT), showing promising results [25,26]. It was the
first time a peptide was complexed with yttrium-90 [25]. The chemistry and biological evaluation
of the peptide DOTA-TOC labelled with gallium-67, indium-111, and yttrium-90 was described by
Heppeler et al. in 1999 and [67 Ga]Ga-DOTA-TOC showed superior properties in comparison to
OctreoScan [27]. First imaging of patients with [68 Ga]Ga-DOTA-TOC was reported by Hofmann et al.
in 2001 [28]. This study in eight patients demonstrated a lower kidney accumulation and higher
tumor-to-background ratio compared to [111 In]In-DTPA-octreotide. Since then, [68 Ga]Ga-DOTA-TOC
has been widely used in Europe [29]. To support [68 Ga]Ga-DOTA-TOC approval by the FDA, a
meta-analysis of the tracer efficacy was conducted by UIHC–PET Imaging Center [29]. This study
designated [68 Ga]Ga-DOTA-TOC as an excellent tracer for the assessment of patients with known
NETs and for the planning of patients´ management.
Moreover, DOTA-TOC was selected as a model substance for first-in-human PET/CT imaging with
cyclotron-produced 44 Sc ([44 Sc]Sc-DOTA-TOC) and radiolanthanide 152 Tb ([152 Tb]Tb-DOTA-TOC),
both performed in Germany [30,31]. However, the broader use of these two exotic radionuclides in the
clinical practice is still in question. Their superiority compared to clinically-established diagnostic
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2.2. Gallium-68
2.2. Gallium-68
The radionuclide gallium-68 (68
Ga) decays with a half-life of 67.7 min through positron emission
The radionuclide gallium-68
(68Ga) decays with a half-life of 67.7 min through positron emission
to the stable isotope zinc-68 (68
Zn)
[39].
The positron yield is 89.1% and while the maximal β+ energy
to the stable isotope zinc-68 (68Zn) [39]. The positron yield is 89.1% and while the maximal β+ energy
is 1899 keV, the average is 836 keV [40]. This results in a mean positron range of 1.05 mm in soft tissue,
is 1899 keV, the average is 836 keV [40]. This results in a mean positron range of 1.05 mm in soft
before the annihilation of a positron with an electron takes place [40].
tissue, before the annihilation of a positron with an electron takes place
[40].
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A
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2.3. Manufacturing and Quality Criteria
[68 Ga]Ga-DOTA-TOC
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2.3. Manufacturing
and Quality
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description of the automated radiosynthesis of [68Ga]Ga-DOTA-TOC including quality control is
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for a theranostic clinical phase II trial conducted by UIHC–PET Imaging Center [43]: After elution
from the 68 Ge/68 Ga-generator, the eluate is purified using an ion-exchange column and transferred to
the reaction vial containing DOTA-TOC. The reaction mixture is heated to 95 ◦ C for 7 min. Following
the reaction, the product is purified by solid phase extraction (C-18 cartridge), formulated, and sterile
filtered. The radiochemical purity and other parameters of the final sterile product solution are
controlled. Only if all quality criteria are fulfilled will the product be released for medical application.
The product specifications of [68 Ga]Ga-DOTA-TOC produced by UIHC–PET Imaging Center are
in accordance with the monograph “Gallium (68 Ga) Edotreotide Injection” (2482) in the European
Pharmacopeia [44]. The finished product manufactured by UIHC–PET Imaging Center is dispensed into
a multiple dose vial containing 259–2072 MBq [68 Ga]Ga-DOTA-TOC [45] in aqueous solution (10%
EtOH v/v in sodium chloride (9 mg/mL), 14 mL) with an activity concentration of 18.5–148 MBq/mL at
calibration date and time [46]. The buffered injection solution is sterile, pyrogen free, clear, colorless,
and has a pH value of 4–8. The product has a shelf-life of 3 h from the date and time of calibration,
which is due to radioactive decay and not instability of the compound (radiochemical purity ~99% after
3 h [45]). Considering the half-life of 68 Ga, a far-reaching distribution of the radiotracer is not feasible.
In Europe it is also possible to manufacture [68 Ga]Ga-DOTA-TOC by using the kit preparation
SomaKit TOC® (AAA, France), which allows the labeling of the peptide with 68 Ga (authorized
68 Ge/68 Ga-generator) in-house. It is not obligatory to do this procedure in a clean room environment,
only a controlled environment is necessary because both the kit and the eluate from the generator
are sterile. It is also unnecessary to purify or sterile filter the product solution. For quality control,
only minimal testing (appearance, pH value and determination of radiochemical purity by thin layer
chromatography) is required and the product quality does not have to reach all the parameters defined
in the monograph “Gallium (68 Ga) Edotreotide Injection” (2482) in the European Pharmacopeia [44].
3. Medicinal and Pharmaceutical Overview
3.1. Clinical Indication
[68 Ga]Ga-DOTA-TOC is a radioactive diagnostic tracer for the localization of somatostatin receptor
positive neuroendocrine tumors in adult and pediatric patients using PET [46].
3.2. Application
The following application recommendations are taken from the prescribing information of
[68 Ga]Ga-DOTA-TOC [46]. [68 Ga]Ga-DOTA-TOC is administered as an intravenous injection with a
recommended amount of radioactivity of 148 MBq (range 111–185 MBq) in adults and of 1.59 MBq/kg
(range 11.1–111 MBq) for pediatric patients. Since the radiotracer binds to the same somatostatin
receptors as somatostatin analogs, patients who are taking short-acting somatostatin analogs have
to discontinue their use 24 h before imaging. Patients who are taking long-acting analogs should
be imaged just prior to the next dosing. Patients do not have to be fasting before imaging, but are
instructed to drink water to ensure adequate hydration, as well as to continue drinking water following
the administration of the radiotracer in order to reduce radiation exposure by frequent voiding. Image
acquisition can start at 60 min post injection (p.i.) (range 55–90 min) including the whole body (from
skull vertex to mid-thigh).
3.3. Pharmacology and Pharmacokinetics
The SSTR subtype affinity profile of a number of somatostatin analogs was investigated by
Reubi et al. [12]. DOTA-TOC exhibits high affinity for human SSTR2 (IC50 of 14 ± 2.6 nM) with much
lower binding affinity for all other human SSTRs. Complexation of this peptide with gallium resulted in
an even higher affinity for SSTR2 (IC50 of 2.5 ± 0.5 nM). This high affinity for SSTR2 leads to a binding of
[68 Ga]Ga-DOTA-TOC to cells with an upregulation of SSTR2 including malignant cells. Depending on
the presence and density of SSTR in the tissue, different amounts of the radioactive tracer are taken up,
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resulting in variable intensities of the signals in the PET scan. Normal tissues with high physiological
uptake of [68 Ga]Ga-DOTA-TOC include spleen, kidneys, liver, pituitary gland, thyroid gland, and
adrenals. High uptake is also seen in the pancreas uncinated process [47]. In most GEP-NETs SSTR2 is
upregulated and a higher uptake of the radiotracer compared to normal background can be observed.
However, if the density of somatostatin receptors is not sufficient, the lesions cannot be visualized by
[68 Ga]Ga-DOTA-TOC [47]. An increased uptake of [68 Ga]Ga-DOTA-TOC is not specific for GEP-NETs
and, therefore, the evaluation of disease-specific uptake is warranted [46,48]. As [68 Ga]Ga-DOTA-TOC
is an agonist for SSTR, the tracer is internalized upon binding to the receptor [48].
Owing to the nanomolar concentration of the peptide (<50 µg per injection [43] =
ˆ 3.6 µg/mL,
2.4 nmol/mL) in the sterile injection solution, no clinically relevant pharmacodynamic effects are
expected [47].
The pharmacokinetic properties of [68 Ga]Ga-DOTA-TOC are described, inter alia (i.a.) in the
product monograph for SomaKit TOC® [47]. After intravenous injection of the radiotracer rapid
clearance from blood following a bi-exponential elimination of the activity (half-lives: 2.0 ± 0.3 min
and 48 ± 7 min) can be observed. As mentioned above, the highest uptake of [68 Ga]Ga-DOTA-TOC
is seen in spleen, followed by the kidneys, and approximately 50 min p.i. the tracer accumulation
plateaus in all organs. Normal tissue uptake was shown to be age- and gender-independent. Excretion
of the tracer occurs via the kidneys as the intact compound with approximately 16% of the radioactivity
eliminated in the urine within 2–4 h p.i. No radioactive metabolites could be detected in the serum
within 4 h after injection. Since the physical half-life of 68 Ga (67.7 min) is considerably lower than the
elimination rate of the tracer, the biological half-life of the tracer will have little impact on the effective
half-life of [68 Ga]Ga-DOTA-TOC. Effective half-lives of the tracer in liver and kidney are about 70 min
and 75 min, respectively [48].
Radiation dosimetry of [68 Ga]Ga-DOTA-TOC was evaluated in a study by Sandström et al. [49].
Organs with the highest radiation absorbed doses are the urinary bladder wall and the spleen. Table 1
summarizes the estimated radiation absorbed doses per injected activity of [68 Ga]Ga-DOTA-TOC in
selected organs.
Table 1. Estimated radiation absorbed doses for [68 Ga]Ga-DOTA-TOC in selected organs [49].
Organ

Absorbed Dose/mGy/MBq (n = 9)
Mean

SD

Urinary bladder wall

0.119

0.058

Spleen

0.108

0.065

Kidney

0.082

0.020

Adrenal gland

0.077

0.028

Liver

0.041

0.014

Red Marrow

0.016

0.003

Gallbladder wall

0.015

0.001

Lungs

0.007

0.001

Total Body

0.014

0.002

Effective Dose/mSv/MBq

0.021

0.003

The typical radiation doses resulting from an injection of 148 MBq of [68 Ga]Ga-DOTA-TOC to an
adult weighing 75 kg are about 18 mSv (urinary bladder wall), 16 mSv (spleen), and 12 mSv (kidneys
and adrenals) [46].

Pharmaceuticals 2020, 13, 38

8 of 12

4. Perspective
The radiolabeling of DOTA-peptides like DOTA-TOC or DOTA-TATE with gallium-68 is a
straightforward one-step synthesis. In contrast to other widely used PET nuclides like cyclotronproduced fluorine-18, gallium-68 is available by use of a 68 Ge/68 Ga-generator. This also enables small
facilities—without access to a cyclotron—the in-house production of their radiotracers. Furthermore,
the use of an approved labeling kit and an authorized generator eliminates the need of a dedicated
clean room, as a controlled environment may be sufficient. However, it is important to note that
for the preparation of a 68 Ga-tracer, intended for medical use, an authorized 68 Ge/68 Ga-generator is
mandatory. With the development and introduction of the [68 Ga]Ga-PSMA-11 radiotracer [50–52]
used for prostate cancer imaging, the demand for 68 Ge/68 Ga-generators increased considerably. This
resulted in long waiting times for a generator that is also quite expensive. Another point to consider is
the relatively short half-life of gallium-68 and the typical amount of radioactivity that can be eluted
from a generator (1.2–1.8 GBq for a fresh generator). This leads to a situation in which only a few
patients can be examined with one batch of 68 Ga-tracer. These potential drawbacks of 68 Ga-tracers
can be avoided when nuclides like cyclotron-produced fluorine-18 (half-life 110 min) as well as
suitable 18 F-labeled tracers are available. But a huge challenge for radiolabeling with fluorine-18 is the
radiochemistry, which often includes multi-step syntheses with relatively harsh reaction conditions
unsuitable for the labeling of peptides as well as purifications by HPLC. For an easy automation of the
synthesis, which is a prerequisite for GMP-compliance, it is necessary to have as few reaction steps as
possible. There have been a lot of developments towards 18 F-labeled somatostatin tracers [53], but
for most of them the radiosynthesis is more complicated than a straightforward metal-complexation.
Some of these tracers are currently in early clinical trials, e.g., [18 F]FET-βAG-TOCA [54], which
shows promising imaging results, but its complicated production is a drawback. Another tracer,
[18 F]AlF-NOTA-octreotide, which was first developed by Laverman et al. [55] and shows promising
imaging results [56,57], may overcome the problems of a complicated radiosynthesis. For this tracer,
an automated two-step GMP-compliant synthesis was recently published [58]. The future will show if
[18 F]AlF-NOTA-octreotide is a potential 18 F-labeled alternative for the imaging of SSTR as is the case for
[68 Ga]Ga-PSMA-11 and [18 F]PSMA-1007 [59,60]—which can be produced in a one-step GMP-compliant
radiosynthesis [61]–for imaging of prostate cancer.
5. Conclusions
Approximately three years after the approval in some European countries, the ready-to-use
peptide [68 Ga]Ga-DOTA-TOC was approved by the FDA in 2019. Combining the
radionuclide 68 Ga with the somatostatin analog DOTA-TOC, non-invasive and specific imaging
of somatostatin receptors in gastroenteropancreatic neuroendocrine tumors and metastases can be
accomplished by PET imaging. [68 Ga]Ga-DOTA-TOC appears to be an excellent tracer for the assessment
of patients with known NETs and is useful for planning of patient management within a theranostic
approach. Considering the half-life of 68 Ga (67.7 min), a wide distribution of [68 Ga]Ga-DOTA-TOC is
not feasible. In Europe, the use of an approved kit preparation (SomaKit TOC® ), together with an
authorized 68 Ge/68 Ga-generator, represents an option for clinical facilities not in reach of an authorized
production site. Thus, the decentralized preparation of [68 Ga]Ga-DOTA-TOC becomes also viable in
small facilities.
68 Ga-labeled

Author Contributions: U.H. and M.B. composed and edited the manuscript. All authors have read and agreed to
the published version of the manuscript.
Funding: This research received no external funding.
Acknowledgments: The authors would like to thank to Gábor Bakos for the final proof-reading of this manuscript.
Conflicts of Interest: The authors declare no conflict of interest.

Pharmaceuticals 2020, 13, 38

9 of 12

References
1.
2.
3.

4.
5.
6.
7.
8.
9.
10.
11.
12.

13.

14.
15.
16.
17.
18.
19.

20.

21.
22.

FDA Letter of Approval for [68 Ga]Ga-DOTA-TOC. Available online: https://www.accessdata.fda.gov/
drugsatfda_docs/appletter/2019/210828Orig1s000ltr.pdf (accessed on 19 September 2019).
Authorization Details of IasoTOC® . Available online: http://www.iason.eu/produkte/iasotoc.html#page-top
(accessed on 5 November 2019).
Authorization of TOCscan® .
Available online: https://isotope-technologies-munich.com/news/
press-releases/press-releases-detail?tx_news_pi1%5Baction%5D=detail&tx_news_pi1%5Bcontroller%
5D=News&tx_news_pi1%5Bnews%5D=62&cHash=a33a4ba0e17471259b3884fbadf88416 (accessed on
16 December 2019).
Authorization Details for SomaKit TOC® in Europe. Available online: https://www.ema.europa.eu/en/
medicines/human/EPAR/somakit-toc#authorisation-details-section (accessed on 11 October 2019).
FDA Letter of Approval for NETSPOTTM . Available online: https://www.accessdata.fda.gov/drugsatfda_
docs/appletter/2016/208547Orig1s000ltr.pdf (accessed on 28 October 2019).
Gambhir, S.S. Molecular Imaging of Cancer with Positron Emission Tomography. Nat. Rev. Cancer 2002, 2,
683–693. [CrossRef] [PubMed]
Notni, J.; Wester, H.-J. Re-thinking the role of radiometal isotopes: Towards a future concept for theranostic
radiopharmaceuticals. J. Label. Compd. Radiopharm. 2018, 61, 141–153. [CrossRef] [PubMed]
Turner, J.H. An introduction to the clinical practice of theranostics in oncology. Br. J. Radiol. 2018, 91,
20180440. [CrossRef] [PubMed]
Hennrich, U.; Kopka, K. Lutathera® : The First FDA- and EMA-Approved Radiopharmaceutical for Peptide
Receptor Radionuclide Therapy. Pharmaceuticals 2019, 12, 114. [CrossRef] [PubMed]
Authorization Details for Lutathera® in Europe. Available online: https://www.ema.europa.eu/en/medicines/
human/EPAR/lutathera#authorisation-details-section (accessed on 31 October 2019).
FDA Letter of Approval for LUTATHERA® . Available online: https://www.accessdata.fda.gov/drugsatfda_
docs/appletter/2018/208700Orig1s000ltr.pdf (accessed on 31 October 2019).
Reubi, J.C.; Schär, J.-C.; Waser, B.; Wenger, S.; Heppeler, A.; Schmitt, J.S.; Mäcke, H.R. Affinity profiles for
human somatostatin receptor subtypes SST1–SST5 of somatostatin radiotracers selected for scintigraphic
and radiotherapeutic use, Eur. J. Nucl. Med. 2000, 27, 273–282. [CrossRef]
Poeppel, T.D.; Binse, I.; Petersenn, S.; Lahner, H.; Schott, M.; Antoch, G.; Brandau, W.; Bockisch, A.; Boy, C.
68Ga-DOTATOC Versus 68Ga-DOTATATE PET/CT in Functional Imaging of Neuroendocrine Tumors. J.
Nucl. Med. 2011, 52, 1864–1870. [CrossRef]
Product Monograph LUTATHERA®. Available online: https://www.samnordic.se/wp-content/uploads/
2018/05/LUTATHERA-MONOGRAPH-120218.pdf (accessed on 18 November 2019).
Xu, C.; Zhang, H. Somatostatin Receptor Based Imaging and Radionuclide Therapy. BioMed. Res. Int. 2015,
1–14. [CrossRef]
Jacobs, S.; Schulz, S. Intracellular trafficking of somatostatin receptors. Mol. Cell Endocrinol. 2008, 286, 58–62.
[CrossRef]
Dash, A.; Chakraborty, S.; Pillai, M.R.A.; Knapp, F.F., Jr. Peptide Receptor Radionuclide Therapy: An
Overview. Cancer Biother. Radiopharm. 2015, 30, 47–71. [CrossRef]
Brazeau, P.; Vale, W.; Burgus, R.; Ling, N.; Butcher, M.; Rivier, J.; Guillemin, R. Hypothalamic Polypeptide That
Inhibits the Secretion of Immunoreactive Pituitary Growth Hormone. Science 1973, 179, 77–79. [CrossRef]
Kwekkeboom, D.J.; Kam, B.L.; van Essen, M.; Teunissen, J.J.M.; van Eijck, C.H.J.; Valkema, R.; de Jong, M.; de
Herder, W.W.; Krenning, E.P. Somatostatin receptor-based imaging and therapy of gastroenteropancreatic
neuroendocrine tumors. Endocr.-Relat. Cancer 2010, 17, R53–R73. [CrossRef] [PubMed]
Krenning, E.P.; Bakker, W.H.; Breeman, W.A.; Koper, J.W.; Kooij, P.P.; Ausema, L.; Lameris, J.S.; Reubi, J.C.;
Lamberts, S.W. Localization of endocrine related tumors with radioiodinated analogue of somatostatin.
Lancet 1989, 1, 242–245. [CrossRef]
Pepe, G.; Moncayo, R.; Bombardieri, E.; Chiti, A. Somatostatin receptor SPECT. Eur. J. Nucl. Med. Mol.
Imaging 2012, 39, S41–S51. [CrossRef] [PubMed]
Reubi, J.C.; Maecke, H. Peptide-Based Probes for Cancer Imaging. J. Nucl. Med. 2008, 49, 1735–1738.
[CrossRef] [PubMed]

Pharmaceuticals 2020, 13, 38

23.
24.
25.

26.
27.

28.

29.
30.

31.

32.

33.

34.
35.
36.

37.

38.

39.
40.
41.
42.

10 of 12

Reubi, J.C. Peptide Receptors as Molecular Targets for Cancer Diagnosis and Therapy. Endocr. Rev. 2003, 24,
389–427. [CrossRef]
Johnbeck, C.B.; Knigge, U.; Kjaer, A. PET tracers for somatostatin receptor imaging of neuroendocrine tumors:
Current status and review of the literature. Future Oncol. 2014, 10, 2259–2277. [CrossRef]
Otte, A.; Jermann, E.; Béhé, M.; Goetze, M.; Bucher, H.C.; Roser, H.W.; Heppeler, A.; Mueller-Brand, J.;
Mäcke, H.R. DOTATOC: A powerful new tool for receptor-mediated radionuclide therapy. Eur. J. Nucl. Med.
1997, 24, 792–795. [CrossRef]
Otte, A.; Mueller-Brand, J.; Dellas, S.; Nitzsche, E.U.; Herrmann, R.; Mäcke, H.R. Yttrium-90-labelled
somatostatinanalogue for cancer treatment. Lancet 1998, 351, 417–418. [CrossRef]
Heppeler, A.; Froidevaux, S.; Mäcke, H.R.; Jermann, E.; Béhé, M.; Powell, P.; Hennig, M. Radiometal-Labelled
Macrocyclic Chelator-Derivatised Somatostatin Analogue with Superb Tumour-Targeting Properties and
Potential for Receptor-Mediated Internal Radiotherapy. Chem. Eur. J. 1999, 5, 1974–1981. [CrossRef]
Hofmann, M.; Maecke, H.; Börner, A.R.; Weckesser, E.; Schöffski, P.; Oei, M.L.; Schumacher, J.; Henze, M.;
Heppeler, A.; Meyer, G.J.; et al. Biokinetics and imaging with the somatostatin receptor PET radioligand
68 Ga-DOTATOC: Prelimary data. Eur. J. Nucl. Med. 2001, 28, 1751–1757. [CrossRef]
Graham, M.M.; Gu, X.; Ginader, T.; Breheny, P.; Sunderland, J.J. 68 Ga-DOTATOC Imaging of Neuroendocrine
Tumors: A Systematic Review and Metaanalysis. J. Nucl. Med. 2017, 58, 1452–1458. [CrossRef] [PubMed]
Singh, A.; van der Meulen, N.P.; Müller, C.; Klette, I.; Kulkarni, H.R.; Türler, A.; Schibli, R.; Baum, R.P.
First-in-Human PET/CT Imaging of Metastatic Neuroendocrine Neoplasms with Cyclotron-Produced
44 Sc-DOTATOC: A Proof-of-Concept Study. Cancer Biother Radiopharm 2017, 32, 124–132. [CrossRef]
[PubMed]
Baum, R.P.; Singh, A.; Benešová, M.; Vermeulen, C.; Gnesin, S.; Koster, U.; Johnston, K.; Müller, D.;
Senftleben, S.; Kulkarni, H.R.; et al. Clinical evaluation of the radiolanthanide terbium-152: First-in-human
PET/CT with 152 Tb-DOTATOC. Dalton Trans. 2017, 46, 14638–14646. [CrossRef] [PubMed]
Kratochwil, C.; Giesel, F.L.; Bruchertseifer, F.; Mier, W.; Apostolidis, C.; Boll, R.; Murphy, K.; Haberkorn, U.;
Morgenstern, A. 213 Bi-DOTATOC receptor-targeted alpha-radionuclide therapy induces remission in
neuroendocrine tumours refractory to beta radiation: A first-in-human experience. Eur. J. Nucl. Med. Mol.
Imaging 2014, 41, 2106–2119. [CrossRef] [PubMed]
Kratochwil, C.; Bruchertseifer, F.; Giesel, F.; Apostolidis, C.; Haberkorn, U.; Morgenstern, A.
Ac-225-DOTATOC-An empiric dose finding for alpha particle emitter based radionuclide therapy of
neuroendocrine tumors. J. Nucl. Med. 2015, 56, 1232.
Navalkissoor, S.; Grossman, A. Targeted Alpha Particle Therapy for Neuroendocrine Tumours: The Next
Generation of Peptide Receptor Radionuclide Therapy. Neuroendocrinology 2019, 108, 256–264. [CrossRef]
Wadas, T.J.; Pandya, D.N.; Solingapuram Sai, K.K.; Mintz, A. Molecular Targeted α-Particle Therapy for
Oncologic Applications. AJR Am. J. Roentgenol. 2014, 203, 253–260. [CrossRef]
Stolz, B.; Weckbecker, G.; Smith-Jones, P.M.; Albert, R.; Raulf, F.; Bruns, C. The somatostatin receptor-targeted
radiotherapeutic [90Y-DOTA-DPhe1,Tyr3]octreotide (90Y-SMT 487) eradicates experimental rat pancreatic
CA 20948 tumours. Eur. J. Nucl. Med. 1998, 25, 668–674. [CrossRef]
Kubicek, V.; Havlickova, J.; Kotek, J.; Tircso, G.; Hermann, P.; Toth, E.; Lukes, I. Gallium(III) Complexes of
DOTA and DOTA−Monoamide: Kinetic and Thermodynamic Studies. Inorg. Chem. 2010, 49, 10960–10969.
[CrossRef]
Nomenclature of Inorganic Chemistry, IUPAC Recommendations 2005, IR-9 Coordination Compounds.
Available online: https://iupac.org/wp-content/uploads/2016/07/Red_Book_2005.pdf (accessed on 19
September 2019).
Decay Characteristics of 68 Ga. Available online: https://www.nndc.bnl.gov/nudat2/dec_searchi.jsp (accessed
on 19 September 2019).
Sanchez-Crespo, A. Comparison of Gallium-68 and Fluorine-18 imaging characteristics in positron emission
tomography. Appl. Rad. Isot. 2013, 76, 55–62. [CrossRef]
Brandt, M.; Cardinale, J.; Aulsebrook, M.L.; Gasser, G.; Mindt, T.L. An Overview of PET Radiochemistry,
Part 2: Radiometals. J. Nucl. Med. 2018, 59, 1500–1506. [CrossRef] [PubMed]
Gallium-68 Cyclotron Production. IAEA-TECDOC-1863. Available online: https://www.researchgate.net/
publication/331035585_Gallium-68_Cyclotron_Production (accessed on 25 February 2020).

Pharmaceuticals 2020, 13, 38

43.

44.
45.
46.
47.
48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

11 of 12

Protocol: A Phase II Theranostics Trial: Dosimetry-Guided Peptide Receptor Radiotherapy (PRRT) with
90Y-DOTA-tyr3-Octreotide (90Y-DOTATOC) in Children and Adults with Neuroendocrine and Other
Somatostatin Receptor Expressing Tumors as Determined by 68Ga-DOTA-tyr3-Octreotide (68Ga-DOTATOC)
PET/CT. Available online: https://clinicaltrials.gov/ProvidedDocs/88/NCT02441088/Prot_SAP_000.pdf
(accessed on 1 October 2019).
Monograph “Gallium (68Ga) Edotreotide Injection” (Monograph Number 2485), European Pharmacopeia
9th Edition 2019. Available online: online6.edqm.eu/ep908 (accessed on 2 March 2020).
Product Quality Review of [68 Ga]Ga-DOTA-TOC. Available online: https://www.accessdata.fda.gov/
drugsatfda_docs/nda/2019/210828Orig1s000ChemR.pdf (accessed on 1 October 2019).
Label for “Ga 68 DOTATOC Injection”. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/
label/2019/210828s000lbl.pdf (accessed on 1 October 2019).
Product Monograph for SomaKit TOC® . Available online: https://www.ema.europa.eu/en/documents/
product-information/somakit-toc-epar-product-information_en.pdf (accessed on 11 November 2019).
Fani, M.; Peitl, P.K.; Velikyan, I. Current Status of Radiopharmaceuticals for the Theranostics of
Neuroendocrine Neoplasms. Pharmaceuticals 2017, 10, 30. [CrossRef]
Sandström, M.; Velikyan, I.; Garske-Román, U.; Sörensen, J.; Eriksson, B.; Granberg, D.; Lundqvist, H.;
Sundin, A.; Lubberink, M. Comparative Biodistribution and Radiation Dosimetry of 68 Ga-DOTATOC and
68 Ga-DOTATATE in Patients with Neuroendocrine Tumors, J. Nucl. Med. 2013, 54, 1755–1759. [CrossRef]
[PubMed]
Eder, M.; Schäfer, M.; Bauder-Wüst, U.; Hull, W.-E.; Wängler, C.; Mier, W.; Haberkorn, U.; Eisenhut, M.
68Ga-complex lipophilicity and the targeting property of a urea-based PSMA inhibitor for PET imaging.
Bioconjug. Chem. 2012, 23, 688–697. [CrossRef] [PubMed]
Afshar-Oromieh, A.; Haberkorn, U.; Eder, M.; Eisenhut, M.; Zechmann, C.M. [68Ga]gallium-labelled PSMA
ligand as superior PET tracer for the diagnosis of prostate cancer: Comparison with 18F-FECH. Eur. J. Nucl.
Med. Mol. Imaging 2012, 39, 1085–1086. [CrossRef] [PubMed]
Eder, M.; Neels, O.; Müller, M.; Bauder-Wüst, U.; Remde, Y.; Schäfer, M.; Hennrich, U.; Eisenhut, M.;
Afshar-Oromieh, A.; Haberkorn, U.; et al. Novel Preclinical and Radiopharmaceutical Aspects of
[68Ga]Ga-PSMA-HBED-CC: A New PET Tracer for Imaging of Prostate Cancer. Pharmaceuticals 2014,
7, 779–796. [CrossRef]
Waldmann, C.M.; Stuparu, A.D.; van Dam, R.M.; Slavik, R. The Search for an Alternative to
[68Ga]Ga-DOTA-TATE in Neuroendocrine Tumor Theranostics: Current State of 18F-labeled Somatostatin
Analog Development. Theranostics 2019, 9, 1336–1347. [CrossRef]
Dubash, S.R.; Barwick, T.; Mauri, F.A.; Kozlowski, K.; Frilling, A.; Valle, J.W.; Lamarca, A.; Sharma, R.;
Aboagye, E. [18F]FET-βAG-TOCA versus [68Ga]DOTATATE PET/CT in functional imaging of neuroendocrine
tumours. J. Clin. Oncol. 2018, 36, e24193. [CrossRef]
Laverman, P.; D’Souza, C.A.; Eek, A.; McBride, W.J.; Sharkey, R.M.; Oyen, W.J.G.; Goldenberg, D.M.;
Boerman, O.C. Optimized labeling of NOTA-conjugated octreotide with F-18. Tumor Biol. 2012, 33, 427–434.
[CrossRef]
Long, T.; Yang, N.; Zhou, M.; Chen, D.; Li, Y.; Li, J.; Tang, Y.; Liu, Z.; Li, Z.; Hu, S. Clinical Application of
18F-AlF-NOTA-Octreotide PET/CT in Combination With 18F-FDG PET/CT for Imaging Neuroendocrine
Neoplasms. Clin. Nucl. Med. 2019, 44, 452–458. [CrossRef]
Pauwels, E.; Cleeren, F.; Tshibangu, T.; Koole, M.; Serdons, K.; Dekerve, J.; Van Cutsem, E.; Verslype, C.;
Van Laere, K.; Bormans, G.; et al. Al18F-NOTA-octreotide: First comparison with 68Ga-DOTATATE in a
neuroendocrine tumour patient. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 2398–2399. [CrossRef] [PubMed]
Tshibangu, T.; Cawthorne, C.; Serdons, K.; Pauwels, E.; Gsell, W.; Bormans, G.; Deroose, C.M.; Cleeren, F.
Automated GMP compliant production of [18F]AlF-NOTA-octreotide. EJNMMI Radiopharm. Chem. 2020,
5, 4. [CrossRef] [PubMed]
Cardinale, J.; Schäfer, M.; Benešová, M.; Bauder-Wüst, U.; Leotta, K.; Eder, M.; Neels, O.C.; Haberkorn, U.;
Giesel, F.L.; Kopka, K. Preclinical evaluation of 18FPSMA-1007: A new PSMA ligand for prostate cancer
imaging. J. Nucl. Med. 2017, 58, 425–431. [CrossRef] [PubMed]

Pharmaceuticals 2020, 13, 38

60.

61.

12 of 12

Giesel, F.L.; Hadaschik, B.; Cardinale, J.; Radtke, J.; Vinsensia, M.; Lehnert, W.; Kesch, C.; Tolstov, Y.; Singer, S.;
Grabe, N.; et al. F-18 labelled PSMA-1007: Biodistribution, radiation dosimetry and histopathological
validation of tumor lesions in prostate cancer patients. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 678–688.
[CrossRef]
Cardinale, J.; Martin, R.; Remde, Y.; Schäfer, M.; Hienzsch, A.; Hübner, S.; Zerges, A.-M.; Marx, H.; Hesse, R.;
Weber, K.; et al. Procedures for the GMP-Compliant Production and Quality Control of [18F]PSMA-1007: A
Next Generation Radiofluorinated Tracer for the Detection of Prostate Cancer. Pharmaceuticals 2017, 10, 77.
[CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

