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This continuing educational review provides an overview on radio-
metals used for PET. General aspects of radiometal-based radio-
tracers are covered, and the most frequently applied metallic PET
radionuclides, ®8Ga, 89Zr, and ®4Cu, are highlighted with a discus-
sion of their strengths and limitations.
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The potential of radiometals in nuclear imaging goes well
beyond the established °°™Tc-radiopharmaceuticals used for
SPECT. Concerning diagnostic imaging agents, the use of posi-
tron-emitting radiometals for PET is a rapidly growing field. For
example, °8Ga has become the clinical standard for the radio-
labeling of somatostatin analogs (e.g., DOTATOC/TATE) and
prostate-specific membrane antigen (PSMA) ligands (e.g., HBED-
cc-PSMA) for the detection of neuroendocrine and prostate tumors,
respectively.

In most targeted radiometal-based radiopharmaceuticals, the
metal is bound to a pharmacophore by a bifunctional chelating
agent (BFCA), which forms a stable covalent linkage between the
label and the targeting ligand (vector) and ensures the stable
complexation of the metal in vivo (Fig. 1). In many instances, the
chelator and the vector are connected via a spacer moiety to sep-
arate the individual components of the conjugate to avoid potential
interference. Chelators contain several functional groups for co-
ordination to the radiometal of choice. This structural feature
results not only in high kinetic and thermodynamic stability of
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the complex but also usually in its fast and quantitative formation
(chelate effect). Radiometal complexation with chelator-modified
vectors offers convenient access to radiopharmaceuticals, for
example, by enabling kit formulations. The choice of a chelator
depends on the radiometal, which in turn is determined by the
intended application. There are chelators that can be used in com-
bination with different radiometals (e.g., DOTA for radiolabeling
with ®8Ga, !!In, or '77Lu); however, optimized chelating systems
tailor-made for individual radiometals are often available.

This review gives a short overview of the most frequently used
radiometals for PET, their physical properties, suitable chelators,
and examples of applications. Because °8Ga, 8°Zr, and *Cu are
the most commonly applied radiometals in the clinic, they are
discussed in more detail. Because of limitation of space, the ex-
amples included in this review are not exhaustive but selected for
illustrative purposes.

Table 1 provides an overview on the physical properties and
production routes of selected examples of PET radiometals, sev-
eral of which are available in the high purity required for medical
applications.

For imaging applications, the physical half-life of a radionu-
clide should match its intended application, or more specifically,
the biologic half-life of the vector it is conjugated to. Short-lived
radiometals are ideal in combination with vectors that exhibit fast
pharmacokinetics (e.g., small molecules and peptides), whereas
longer-lived radiometals are best suited for the imaging of slow
biologic processes, such as the biodistribution of antibodies
(immuno-PET) (/). A low B* energy is another important aspect,
since the positron’s energy, and consequently its tissue penetration
range till annihilation with an electron, determines the resolution
of the PET image. A high positron intensity is also desired, as well
as preferably no other radiation emitted from the same nucleus.
Concomitant high-energy <y or particle (o, 3 7) radiation can affect
the quality of PET images or cause an unnecessary radiation dose
to the patient.

The increasing number of publications concerning applications
of PET radiometals over the past 20 y (Fig. 2) could be ascribed to
several factors. First, the introduction of commercial °8Ge/®®Ga
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FIGURE 1. Schematic sketch of targeted metal-based radiopharmaceutical.

generators and the establishment of ®®Ga-DOTATOC/TATE (2) in
the early 21st century have inspired researchers to investigate more
intensively the use °3Ga-labeled compounds. Second, the world-
wide *°Mo (and therefore °°™Tc) shortage around 2010 (3) stim-
ulated an increased interest not only in alternative SPECT
radionuclides but also in PET radiometals. Third, the increased
availability of 8°Zr and ®*Cu through commercial sources, together
with the growing general interest in antibodies and immunoconju-
gates, has promoted the employment of these radiometals.

A comparison of the number of clinical trials reflects the high
importance and popularity of ®3Ga (Fig. 2). Interestingly, there are
currently more clinical trials with 89Zr than with ®*Cu, although
more reports of the latter can be found in the literature. The fact
that clinical trials with 8°Zr involve almost exclusively applica-
tions of radiolabeled antibodies is an indicator that 8°Zr has be-
come the radiometal of choice for immuno-PET.

An important advantage of using radiometals in radiopharma-
ceutical development is the possibility of exchanging a diagnostic
with a therapeutic radiometal and, thus, converting an imaging
probe into a therapeutic agent. This strategy has been termed
theranostics (or sometimes theragnostics) (4). However, different
definitions of theranostics can be found in the literature.

One definition is the use of radionuclides emitting both diag-
nostic and therapeutic radiations (e.g., '7"Lu [B~, v] (5) or %*Cu
[B~, B*]) (6). This enables the use of the same radiopharmaceutical
for both imaging and therapy by adjusting the applied dose. In
addition, this allows for imaging during therapy.

Another definition is a matched-pair constellation, which is best
described by the use of the same pharmacophore in combination
with different diagnostic and therapeutic radionuclides. This in-
cludes, for example, *°™Tc/18¢/188Re (4) or the currently most
frequently used combination, ®8Ga/!”’Lu. Other matched pairs
of radiometals have been reported, but it is important to recall
that both the reporter probe (imaging) and the therapeutic agent
must exhibit very similar (ideally identical) pharmacokinetics,
which is not necessarily always the case (7).

A third definition is a isotopic pair (or true pair),which refers to
the situation in which different isotopes of the same element are
used for diagnostic and therapeutic applications (e.g., 3°Y (B1)
and °°Y (B7)). This approach gives radiopharmaceuticals of equal
biologic properties because they are chemically identical (8). In
some cases, this can be an advantage, such as in dosimetry studies.

Regardless of the definition (and other aspects) (9), theranostic
approaches provide exciting prospects for future innovation in
radiopharmaceutical and nuclear medicinal research.

68Ga IN NUCLEAR MEDICINE

68Ga was already available from a %8Ge/®Ga generator long
before '8F became broadly accessible (10). In fact, °3Ga was the
radionuclide that Anger and Gottschalk used for experiments with
one of the first positron camera systems in the early 1960s (/7).
However, it took until the early 21st century before 8Ga became
popular and widely used in nuclear medicine. Currently, it is one
of the most prominent radiometals used for PET (2). The success
of %Ga for PET applications has been driven by 2 factors: the
availability of the radionuclide by generators and the concurrent
development of excellent radiotracers as the driving force for its
clinical use (9).

68Ga became broadly accessible with the introduction of the
Obninsk generator at the beginning of 21st century (/0). Roughly
at the same time, the first clinical results with the currently estab-
lished radiotracer °8Ga-DOTATOC/TATE were published (12,13).
Together, these resulted in a significant growth in the field of °3Ga
chemistry as reflected by the increasing number of publications
(Fig. 2). Today, several %8Ga-labeled radiopharmaceuticals spe-
cific for different clinically relevant targets have been published

TABLE 1
Selected PET Radiometals, Their Physical Properties, and Prominent Production Modes
Egrmax Ig* Prominent Daughter Production
Nuclide Half-life (keV) (%) y-lines (keV) nuclide mode Nuclear reaction
44Sc 3.9h 1,474 94,3 1,157 44Ca Cyclotron 44Ca(p,n)**Sc™
Generator 45S¢(p,2n)*4Ti — 44Sc
529Mn 55d 576 30 1,434 52Cr Cyclotron 52Cr(p,n)2Mn
84Cu 12.7 h 653 17.8 1,346 B4Nj*/64Znt Cyclotron 84Ni(p,n)®4Cu
68Ga 67.6 min 1,900 90 1,077 68Zn Generator 68Ge - %8Ga + B~
82Rp 1.3 min 3,350 96 776 82Ky Generator 82Sr » 82Rb + B~
86y 14.7 h 1,248 33 1,077 865y Cyclotron 86Sr(p,n)8eY
897r 3.3d 897 22.3 909 89y Cyclotron 89Y(p,n)89Zr

*Daughter nuclide from positron decay.

TDaughter nuclide from B~ decay.
Egmax = maximum B* energy; Ig* = intensity of B* decay.
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FIGURE 2. Number of publications with 88Ga, 89Zr, and 4Cu and num-
ber of clinical trials between 1997 and 2016. Databases used for de-
termination of number of publications and clinical trials are Web of
Science and clinicaltrials.gov, respectively. During preparation of this
article, similar analysis was independently published (4).

or are available. Examples include ®8Ga radiotracers for the
imaging of receptors such as various integrins, gastrin-releasing
peptide receptor, glucagonlike peptide 1 receptor, vascular endo-
thelial growth factor, chemokine receptor type 4, and PSMA
(2,14). Among these examples, the PSMA-targeting ligands (e.g.,
68Ga-HBED-cc-PSMA) had probably the highest impact in the
field of 8Ga PET in recent years. The main sources of ®3Ga are
68Ge/%8Ga generators, in which %8Ga is generated by the continuous
decay of its long-lived mother nuclide ®3Ge (half-life, 270.9 d). The
cyclotron production of %8Ga via the %8Zn(p,n)°®Ga reaction has
recently gained interest because higher activities can be obtained
(15). On the other hand, generators have some compelling features.
The generator can be used for approximately 1 y, albeit the obtain-
able activity (and thus, the number of patient doses) is reduced to
less than half the initial value. The regeneration of the generator
after an elution takes approximately 3 half-lives of %8Ga, so that
multiple productions of ®3Ga-radiopharmaceuticals per day are pos-
sible. Currently, the maximum capacity of commercial generators is
up to 1.8 GBq of ®8Ga per elution, which translates to a maximum

of about 3 preparations of 3 patient doses a day. In comparison to
cyclotron-produced '®F, this is a limitation. As discussed in a recent
review (9), the consequence of this limitation (and several other
factors) led the authors to conclude that ®Ga-based radiopharma-
ceuticals are more economic than '8F-radiotracers only in certain
cases. Still, the operation of °®Ga generators is an interesting option
for larger hospitals with a cyclotron facility because it allows for the
parallel production of less frequently applied PET radiopharmaceu-
ticals. On the other hand, ®3Ga offers an excellent opportunity for
small facilities for the cyclotron-independent daily production of a
few patient doses of different PET radiotracers.

From a chemist’s point of view, ®8Ga3™ is a typical (radio)metal
that prefers nitrogen and oxygen ligands for the formation of
complexes. Thus, fast and quantitative °8Ga radiolabeling of bio-
molecules can be achieved by the use of well-known chelators
such as DOTA (1), NOTA (2), and HBED-cc (3) (Fig. 3). Besides
these examples, there are a large number of alternative chelators
available (/6). More recent examples such as TRAP (4), DATA
(5), and THP (6) (Fig. 3) enable efficient radiolabeling at room
temperature, more acidic pH, or lower concentrations of substrate.
These attributes could facilitate *8Ga-kit preparations in the future.

Finally, the importance of the positron energy of a radionuclide
for the quality of PET images is illustrated by the example of '8F
and %3Ga. The maximum positron energy of °3Ga is relatively high
(1.9 MeV) when compared with that of 18F (0.634 MeV), which is
regarded as the positron emitter with the most favorable decay
characteristics (17). The higher positron energy of %Ga results
in a stronger partial-volume effect, which significantly reduces
the accuracy of quantification based on SUVs, especially for small
lesions. However, the difference in apparent image quality is less
pronounced, which may be the reason for the common opinion
that the difference observed for the 2 PET radionuclides is only
marginal with clinical PET scanners.

89Zr AND ITS USE FOR IMMUNO-PET

The drive behind the recent surge into 8Zr PET is due to the
suitable physical properties of the radiometal for antibody-based
PET imaging (immuno-PET). The physical

half-life of 8Zr (Table 1) matches well the
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FIGURE 3. Examples of chelators used for 68Ga-radiolabeling of molecules.
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dentate siderophore desferrioxamine (DFO;
Fig. 4), which coordinates 8°Zr** through 3
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FIGURE 4. Examples of BFCAs for 89Zr radiolabeling for which preclinical in vivo data are available.

hydroxamate groups (Fig. 4). Several recent reviews covering the
history of 8°Zr-DFO-labeled antibodies for applications in immuno-
PET imaging highlight the increasing interest in this topic (20,21).
However, preclinical reexamination of the DFO chelator suggested
the instability of the 3°Zr-DFO complex in vivo (20). Biodistribu-
tion studies of 3°Zr-labeled antibodies in mice at late time points
after injection of 89Zr-labeled antibodies showed unspecific uptake
of the osteophilic radiometal in bones, which indicated in vivo
decomplexation (22). Release of the radiometal from the 39Zr-
DFO chelate and its subsequent sequestration in radiation-sensitive
bones not only affects signal-to-background ratios but also raises
concerns on the use of the chelator for clinical applications.

Over the last few years, several alternative BFCAs have been
evaluated for the radiolabeling of antibodies with 89Zr; all reports
have the common objective of increasing the stability of 39Zr
complexes. This new generation of BFCAs has an impressive
array of different structural features with a focus on the develop-
ment of ligands with 8 coordinative atoms for saturation of the
octadentate coordination sphere of 8°Zr (Fig. 4). Because of the
success of DFO, BFCAs incorporating the hydroxamate binding
group are a popular design choice. This concept led to the devel-
opment of a DFO analog termed DFO* (23). DFO* is an extension
of the DFO scaffold with an additional hydroxamate group result-
ing in an octadentate chelator. In a later report, it was demon-
strated that the BFCA DFO*-pPhe-NCS 6 (Fig. 4, X = CH,)

(24) could be conjugated to trastuzumab and radiolabeled with
the same efficiency as commercial DFO-pBz-NCS 4a. The in vitro
and in vivo characteristics of 3°Zr-DFO*-trastuzumab were superior
to those of 39Zr-Zr-DFO-modified trastuzumab. In xenografted
mice, comparable tumor uptake was observed for the bioconjugates
up to 144 h after injection. Importantly, significantly less uptake in
bone, skin, liver, spleen, and ileum was observed for 8Zr-DFO*-
trastuzumab, thus demonstrating its superior performance in vivo.
Current research directed toward further improvement of the DFO*
system focuses on increasing its water solubility to facilitate bio-
conjugation chemistry (e.g., oxoDFO* 7, Fig. 4, X = O) (25).
The DFO scaffold has also been extended by incorporating a
squaramide ester 4b (26). 3°Zr-4b-trastuzumab gave high-quality
PET images of HER2-positive tumors in a mouse model with a
higher tumor-to-bone ratio than 8Zr-DFO-trastuzumab; however,
an unexpectedly high uptake of radioactivity in the spleen was
also observed. Reports of 8Zr-chelators consisting of multiple
HOPO units indicated a higher stability than for the hydroxa-
mate-based system of DFO (27). Consequently, the BFCA
HOPO-pBn-NCS 8 was developed, conjugated to trastuzumab,
and evaluated in 8°Zr-labeled form (28). In comparison to $9Zr-
DFO-trastuzumab, 8°Zr -HOPO-trastuzumab showed less uptake
of radioactivity in the bones, but accumulation in tumors was also
reduced. The HOPO group has also been investigated in a macro-
bicyclic form of the BFCA p-SCN-Bn-BPDETLysH22-2,3-HOPO
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5 (29). Evaluation of 8°Zr-5-trastuzumab in comparison to 8°Zr-
DFO-trastuzumab in mice revealed similar accumulation of the
conjugates in the tumors but higher uptake of 3°Zr-5-trastuzumab
in the liver and bones.

Evaluation of novel chelators for 8Zr currently focuses on a
comparison of their individual characteristics to that of the stan-
dard chelator DFO. What is required in a next step is a comparison
among the newly developed octadentate BFCAs to translate one of
them into the clinic.

Although research with 3Zr is centered around #°Zr-immunoPET,
other applications such as 8Zr-labeled peptides (e.g., RGD, exendin-
4) (30,31), proteins (e.g., albumin, transferrin) (32,33), and nano-
particles have been reported (34,35). Lately, there is also interest
in the 89Zr labeling of different cell types. For example, 3°Zr-
oxine or 3°Zr-DFO-p-Bn-NCS have been reported for the ex vivo
radiolabeling of cells (36,37).

64Cu: UNIQUE FEATURES AND CHALLENGES

64Cu decays by emission of both B* (17.9%), for PET imaging,
and B~ (39.0%), for radioendotherapy; ®*Cu can therefore be
classified as a theranostic radionuclide. This fact together with
the low B* energy and the relatively long physical half-life
(12.7 h) suitable for immuno-PET has kept the radiopharmaceu-
tical and nuclear medicinal communities interested in the radio-
metal. Different applications of %*Cu have been reported in the
literature, ranging from the use of its salt **CuCl, to the radio-
labeling of small molecules and peptides to antibodies and nano-
particles via chelating systems (38). Although none of the reported
%4Cu-labeled compounds has yet made it into clinical routine, in-
tensive research is still ongoing.

Unlike other radiometals applied in radiopharmaceutical devel-
opment (e.g., lanthanides and actinides as well as °%Ga3* or
90y3+), copper(Il) is not redox-inert under physiologic conditions.
When exposed to reducing conditions (e.g., hypoxic environment
of tumors), Cu(Il) is reduced to Cu(I), which exhibits different
coordination properties (38,39). The change in the oxidation num-
ber of the metal is thus presumed to be the reason for the observed
instability of **Cu(Il) complexes in vivo with chelators such as
DOTA (Fig. 3) and TETA (Fig. 5), which results in transchelation
and unspecific uptake of the radiometal in, for example, the liver.
In an effort to develop chelators better suited for the stable com-
plexation of ®*Cu, new designs such as the sarcophagine diamSAR
11 or cross-bridged macrocycle systems such as CB-TE2A 10
(Fig.5) have been studied. For example, somatostatin receptor
targeting with ®*Cu-Cu-CB-TE2A-Y3-TATE gave better results
than the above-discussed DOTA analog Also, studies with ®Cu-
labeled RGDyK derivatives radiolabeled via diamSar 11 or CB-
TE2A 10 in mice bearing melanoma xenografts demonstrated the
superiority of these chelators over DOTA and TETA in terms of
tumor targeting as well as blood and liver clearance (38).

A different class of copper-based radiopharmaceuticals are
complexes of *Cu formed with thiosemicarbazones (ATSM) 12
(Fig. 5), for which the redox behavior of the radiometal is in fact
essential for their mode of action. *Cu-Cu-ATSM is under in-
vestigation for the imaging of hypoxia; only in hypoxic cells
occurs the reduction of Cu(Il) to Cu(I), which leads to the release
and intracellular trapping of the copper ion. Hypoxia is associated
with chemotherapy resistance, tumor aggressiveness, and cell mi-
gration and is thus an important indicator for the response of
tumors to radiation therapy (40). Although the role of *Cu-ATSM

1504 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 59 e

(@] OH A OH
“C 7 U
S S
O~ 'OH o ™0oH O~ "OH
TETA9 CB-TE2A 10
NH,
NH 4
NH HN N N
) L
= ~
NH NH HN N® "SHHS™ N
NH»
diamSar 11 ATSM 12

FIGURE 5. Examples of chelators reported for complexation of 84Cu.

for hypoxia imaging remains controversial, different clinical stud-
ies with ®*Cu-ATSM have been conducted (41) or are currently
ongoing (trial ID NCT00794339).

Although several publications highlight the unique decay char-
acteristics of ®*Cu (B, B ) for theranostic approaches, to the best
of our knowledge no reports on therapeutic applications of **Cu-
labeled molecules are yet available. The only exception are pre-
liminary investigations with ®*CuCl, in a therapy study with 2
cervical cancer patients (42).

OTHER PET RADIOMETALS AND THEIR APPLICATIONS

Besides °8Ga, 89Zr, and ®*Cu, there are several other PET radio-
metals that need to be mentioned. 8?Rb is a generator-based radio-
metal that is used in the clinic in the form of 32RbCl as a mimic of
potassium ions (K*) for the imaging of myocardiac perfusion
(43). The short physical half-life of 8?Rb (1.3 min) imposes some
challenges for routine applications, but its use is justified because
of the higher resolution of PET than of the most commonly used
SPECT tracers (e.g., °™Tc-MIBI (43)).

86Y (B") forms an isotopic theranostic pair with the pure
B~ -emitter °°Y. The development of the theranostic principle
exemplified by the yttrium pair 8°Y/?°Y is the subject of a recent
review (44).

44Sc is another PET radiometal of recent interest. “4Sc can be
obtained either from a **Ti/**Sc generator (45) or by the cyclo-
tron-production route (46) (Table 1). 4*Sc possesses similar decay
characteristics to ®Ga but a longer physical half-life (3.97 h),
making it an interesting option for the centralized production of
PET radiotracers. Proof-of-principle studies showed that “*Sc-
DOTATOC is compatible with standard radiolabeling techniques
and results in an imaging quality comparable to that of the estab-
lished ®8Ga-DOTATOC.
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When other imaging modalities are intended to be combined
with PET in a multimodal imaging approach, less established
radiometals are also brought to the scene. For example, para-
magnetic manganese ("Mn>") has been considered a potential
alternative to currently used MRI contrast agents based on gado-
linium ("2Gd3*). In this context, mixtures of "Mn and the PET
radiometal 322Mn have been investigated for dual PET/MRI ap-
plications. In particular, the chelating system CDTA (trans-1,2-
cyclohexanediaminetetraacetic acid) was found to provide a good
compromise between the stability and relaxivity of manganese
complexes for applications in vivo (47).

Other examples of PET radiometals recently reported include
I132Th (48) and #3Sc (49), of which the latter is of particular in-
terest because it has a similar half-life to the isotopic “*Sc but with
less intense +y-lines and lower B*- and +y-energies.

CONCLUSION

All PET radiometals discussed in this review have their
advantages and disadvantages. Because the ideal radionuclide
does not exist, often a compromise between what is desired and
what is applicable or accessible needs to be found. Consequently,
several aspects have to be addressed before a PET radiometal is
selected for an intended application. For example, is the radio-
metal commercially available, or can it be produced in-house (e.g.,
by a generator or an existing cyclotron)? Does the physical half-
life of the radiometal match the biologic half-life of the (bio)
molecule for the intended purpose? Are chelators (or, better,
BFCAs) for the stable complexation of the radiometal known or
commercially available? If a theranostic approach is planned, are
there matching therapeutic analogs of the radiometal? Lastly, what
regulatory aspects need to be considered for the clinical use of the
radiometal selected (e.g., good manufacturing practices)?

In a relatively short time, °8Ga has become a standard PET
radiometal in the clinic with good-manufacturing-practice—grade
%8Ge/%%Ga-generators available. Other emerging, yet still nonstan-
dard, radiometals (e.g., ®*Cu, 8%Zr) have high potential to find
established applications in nuclear medicine. Taking together the
advantages that various (PET) radiometals offer (e.g., in combina-
tion with theranostic approaches), it is anticipated that this research
field will continue to gain momentum in both radiopharmacy and
nuclear medicine in the future.
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