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Abstract The targeting of somatostatin receptors in tumors has been a goal in cancer treat-
ment and diagnosis since the 1980s. Over the past two decades, great strides have been made
in the development of somatostatin analogs labeled with positron emitters for positron
emission tomography (PET) imaging of somatostatin receptor positive tumors. In this re-
view, the radionuclide production, radiochemistry, preclinical and clinical studies of so-
matostatin analogs labeled with several positron-emitting radionuclides are described. In
the past 5 years, there have been clinical trials with 18F-, %Cu-, %Ga-, #Y- and 1*™In-labeled
somatostatin analogs. In addition, radiochemistry and preclinical studies have been per-
formed with 76Br and %*Ga. The advantages of these positron-emitting somatostatin analogs
include increased image resolution with PET compared with y scintigraphy, improved quan-
tification capabilities with PET, and the ability to use the positron emitters as companion iso-
topes to therapeutic radionuclides such as the %Y (PET)/*°Y (therapy) pair.

Keywords Somatostatin - Positron-emitting radionuclide - Cancer therapy - Diagnosis -
Positron emission tomography
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Abbreviations

7SBrNHS N-Succinimidyl 4-[7*Br]bromobenzoate

CB-TE2A 4,11-Bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane

DFO Desferrioxamine B

DOTA 1,4,7,10-Tetraazacyclododecane-N,N’,N”,N"-tetraacetic acid

DTPA Diethylenetriaminepentaacetic acid

In-DTPA-OC Mn-DTPA-D-Phe!-octreotide

[ F]FBA 4-['8F]fluorobenzoic acid

['®F]FB-OC 4-['8F]fluorobenzoyl-OC

['8F]FP-Gluc-TOCA N“-(1-deoxy-D-fructosyl)-N¢-(2-['®F]fluoropropionyl)-Lys’-Tyr>-
octreotate

(0]§) Octreotide

PET Positron emission tomography

SPECT Single-photon-emission computerized tomography

SSTr Somatostatin receptor

SSTr2 Somatostatin receptor subtype 2

TATE Octreotate

TETA 1,4,8,11-Tetraazacyclotetradecane-1,4,8,11-tetraacetic acid

TOC Tyr’-0C

Y3 Tyr?

1

Introduction

Somatostatin is a 14-amino-acid peptide involved in the regulation and release
of a number of hormones, including growth hormone, thyroid-stimulating hor-
mone and prolactin. Somatostatin receptors (SSTr) are found on the cell sur-
face and occur in a number of different normal organ systems, including the
central nervous system, the gastrointestinal tract, and the exocrine and en-
docrine pancreas [1-3]. A large number of human tumors express SSTr [4], par-
ticularly SSTr subtype 2 (SSTr2). The targeting of SSTr in tumors has been a
goal in cancer treatment and diagnosis since the 1980s. Somatostatin has a very
short biological half-life, but analogs have been developed, such as octreotide
(OC), that have much longer residence times [5].

OC has been labeled with %I and '"'In and used to image SSTr2-positive
tumors in humans by conventional scintigraphy [6, 7]. 1#’I-Tyr’>-OC has a high
hepatobiliary excretion that hinders visualization of tumors in the abdomen,
whereas !''In-diethylenetriaminepentaacetic acid-p-Phe'-OC (*''In-DTPA-
OC) clears primarily through the kidneys [7]. In the USA and Europe, ''In-
DTPA-OC is currently a clinically approved agent for imaging neuroendocrine
tumors. Because of the limited sensitivity and resolution of single-photon-
emission computerized tomography (SPECT), several research groups have
worked towards the development of a positron-emitting agent for positron
emission tomography (PET) imaging of SSTr-positive tumors. Using somato-
statin analogs labeled with a positron-emitting radionuclide and PET, a quan-
titative assessment of tracer accumulation within tissues can be achieved,
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Table 1 Positron-emitting radionuclides

Isotope Ty, (h) Methods of production Decay mode  Eg. (keV) Reference

I8F 1.83 Cyclotron 30(p,n)!8F Bt (97%), 635 [27]
EC (3%)

Cu 0.4 Cyclotron, ®Ni(p,n)*°Cu Bt (93%), 3,920, 3,000, [16]
EC (7%) 2,000

81Cu 3.3 Cyclotron, *'Ni(p,n)®'!Cu B (62%), 1,220,1,150, [16]
EC (38%) 940, 560

%4Cu 12.7 Cyclotron, Ni(p,n)*Cu B (19%), 656 [15]
EC (41%),
B (40%)

%Ga 9.5 %Zn(p,n)*Ga Bt (57%), 4.15 (max) [10,12]
EC (43%)

%8Ga 1.1 %Ge/%Ga generator Bt (90%), 1,880,770 [8]
EC (10%)

75Br 16.2 78Se(p,n)”*Br B (54.7%), 3,941 (max)
EC (45.3%)

86y 14.7 Cyclotron, 3Sr(p,n)®Y Bt (33%), 2,335,2,019, [20]
EC (66%) 1,603, 1,248,

1,043
Wompny 1,15 Cyclotron, "°Cd(p,n)""*"In S+ (62%), 1,010, [22,24]
or 11%n/10m[n generator EC (38%) 2,260 (max)

124] 1002 Cyclotron B (25%), 2,134,1,533  [64]

EC (75%)

potentially offering improvements over SPECT where quantitative results are
needed, and where tumor size is small or the tumor is deep within the body.
This review will provide an overview of the progress thus far towards the de-
velopment of a PET SSTr imaging agent, using positron-emitting radionuclides
that include '8F, 7Br, 8Ga, %°Ga, “Cu, '°"In and ®°Y (Table 1).

2
Radionuclides for PET Imaging

There are two gallium radionuclides with decay characteristics that are suitable
for PET imaging. %Ga (T,,,=68 min; 90% f*) is produced from the ®*Ge/**Ga
generator. The long half-life of the parent nuclide %Ge (T,,,=270-8 days) allows
the generator to be used for 1-2 years, making ®®Ga radiopharmaceuticals rela-
tively economical. A commercially available generator was based on the design
of Loc’h et al. [8], where the generator was eluted in 3 mL 1 N HCIL More re-
cently, another ®®Ge/%Ga generator has recently been reported, where the gen-
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erator is eluted in 1 mL 0.1 N HCl, making it more convenient for radiophar-
maceutical preparation [9].%Ga is a cyclotron-produced positron-emitting ra-
dionuclide that has been used in a limited number of studies requiring a
medium half-life positron-emitting nuclide where a half-life longer than 1 h is
needed. This nuclide can be produced in small biomedical cyclotrons, utilizing
the %6Zn(p,n)*®Ga reaction [10-13].

Positron-emitting copper radionuclides have a wide range of half-lives
(10 min-12.7 h) and are cyclotron- or generator-produced. %*Cu was initially
produced using a reactor by the %Zn(n,p)**Cu nuclear reaction [14] but more
recently is produced by the *Ni(p,n)%Cu nuclear reaction using a biomedical
cyclotron [15]. A target has been specifically designed for the production of this
nuclide [15], and by altering the enriched isotope of nickel used as the target,
large quantities of ®*Cu, ®°Cu and ®'Cu have been produced [16]. ®*Cu is gener-
ator-produced from the decay of ®*Zn [17], and ®°Cu is produced with a bio-
medical cyclotron [16], but with 10- and 23-min half-lives, respectively, these
radionuclides are not readily applicable to labeling somatostatin analogs or
other peptide-based tumor imaging agents. *Cu is becoming widely-used for
labeling peptide-based agents.

There are two radioisotopes of yttrium that are utilized in radiopharma-
ceuticals: *°Y (T},,=64.06 h) and Y (T,,,=14.7 h).*°Y is a pure - emitter pro-
duced following the decay of the parent nuclide *°Sr (T,,,=27.8 years) and has
been widely used for targeted radiotherapy of cancer. #Y is produced by the
8Sr(p,n)®Y nuclear reaction and is a positron-emitting nuclide that has been
used in PET imaging of patients that are undergoing therapy with *°Y radio-
pharmaceuticals [18, 19]. No-carrier-added #Y can be produced with a bio-
medical cyclotron by the %Sr(p,n)®Y reaction. As described by Rosch et al. [20],
an enriched #SrCO; target was irradiated yielding #Y, which was separated by
a combined coprecipitation and ion-exchange purification process [20]. An im-
proved procedure for separation and purification of #Y is an electrochemical
separation that was recently reported [21], which produced %Y more rapidly
and in high chemical purity, with the residual strontium content reduced to less
than 0.1 ppm.

Mn-OC has been used extensively in the imaging with SPECT for SSTr-pos-
itive tumors. 1'°"In (T;,,=69 min) is a short-lived positron-emitting isotope of
indium and can be produced either from a !1°Sn/!'%"In generator or by the nu-
clear reaction 1°Cd(p,n)!'*™In with a low-energy cyclotron (11.8 MeV protons
with beam currents up to 15 pA) [22-24]. Using a low-energy cyclotron, 1 h ir-
radiation of '°Cd produced more than 20 GBq (540 mCi) [25]. With its short
half-life, 11°M[n is suitable for the labeling of small peptides such as OC that have
rapid kinetics.

The positron-emitting halogens with applications for labeling somatostatin
analogs include '*F, 7*Br and '*‘I. From an imaging standpoint, ¥F (T,,=
110 min) is an ideal isotope among all other halogen radionuclides for PET
imaging, since it has 97% positron abundance with 0.64-MeV positron energy
[26]. 8F had historically been produced by a variety of cyclotron, linear-accel-
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erator and reactor methods [27]. Currently, nearly all '®F is produced using a
single nuclear reaction, '*O(p,n)'®F, with the majority of the radionuclide iso-
lated as the ['®F]fluoride ion in aqueous solution [28]. More importantly, '*F can
be produced in relatively large quantities (gigabecquerels or curies) in standard
commercial PET cyclotrons supplied by several manufacturers [29-31]. 7Br
(T,;,=16.2 h) is practical for PET imaging applications and can be prepared by
the direct reaction of Cu,’®Se alloy with protons at 16 MeV, producing 7*Br in
high yield and low "/Br contamination with a small medical cyclotron [32]. '*I
can be produced via the nuclear reaction **Te(p,n)'*!I with a cyclotron [33].
Despite the disadvantage of '*!I, a lower positron abundance and subsequent
emission of high-energy y-rays, successful PET imaging with '?*I-labeled
tracers is possible [34, 35].

3
Somatostatin Analogs Labeled with Positron-Emitting Metal
Radionuclides

3.1
Somatostatin Analogs Labeled with Gallium Radionuclides

The first positron-emitting metal radionuclide-labeled somatostatin analog
was %Ga-[DFO]-OC [36], where DFO is desferrioxamine B. OC was modified
with DFO, which is a chelator that complexes Fe** and Ga**with high stability.
The binding affinity of [Ga]-DFO-OC was tested against ['**I-Tyr’]-OC in rat
cortex membranes and gave a pICs, of 8.2. The biodistribution of [ Ga]-DFO-
OC in normal and in pancreatic islet cell-tumor-bearing rats showed renal
clearance and tumor uptake similar to that of ''In-DTPA-OC. PET scans with
%Ga-DFO-OC revealed rapid tumor uptake that peaked at 0.9% ID/mL at
30 min post injection [36]. Since the mid-1990s there have been no other pub-
lications on ®*Ga-DFO-0OC, and it is unknown whether this agent was evaluated
in a successful clinical trial.

A promising new somatostatin analog for PET imaging with the gallium iso-
topes is DOTA-Tyr*-OC (DOTATOC) (Fig. 1). OC was modified by replacing Phe
in the 3-position of OC with tyrosine to increase the hydrophilicity for in-
creased renal clearance and to allow dual labeling with !*°T for potential ther-
apy applications [37]. Use of the bifunctional chelator 1,4,7,10-tetraazacy-
clododecane-N,N’,N”,N"”’-tetraacetic acid (DOTA) allowed labeling with a
broad spectrum of 2* and 3* radiometals. In a biodistribution study compar-
ing ¥Ga-DOTATOC (’Ga, T,;,=78 h) with "'In-DPTA-OC (''!In, T,,,=2.8 days)
in rat pancreatic AR42 ] tumor-bearing nude mice, the gallium compound had
a significantly higher tumor uptake and a lower kidney uptake. Examination of
the crystal structure of a model peptide chelate, Ga-DOTA-p-PheNH,, revealed
that one carboxylate group is free and deprotonated at physiological pH; this
increased hydrophilicity may contribute to the improved tumor uptake and re-
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Fig. 1 Structures of somatostatin analogs and chelators for radiolabeling with metal posi-
tron-emitting radionuclides

nal clearance [37]. When affinities were compared in complete displacement
experiments with '%I-[Leud, D-Trp??, Tyr*]-somatostatin 28 using membranes
from CCL39 cells stably transfected with human SSTr, Ga-DOTATOC was found
to have a higher affinity (IC5,=2.5 nM) for SSTr2 than In-DTPA-OC (22 nM)
[38].

Henze et al. [39] evaluated ®*Ga-DOTATOC as a potential agent for PET
imaging of meningiomas. Dynamic PET scans were acquired over 120 min af-
ter intravenous injection of 175 MBq %Ga-DOTATOC in three patients with
eight meningiomas. The radiolabeled compound showed rapid blood and re-
nal clearance, with a half-life o of 3.5 min and a half-life f of 63 min. All menin-
giomas showed high uptake, with a mean standard uptake value of 10.6, and
there was no tracer accumulation in the surrounding normal brain tissue.
The ratio of uptake in tumor versus normal tissue reached 730 at 120 min post
injection. The smallest legions detected were 7-8 mm, which is a vast im-
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provement over the lower imaging threshold with "'In-DTPA-OC by SPECT
(2.7 cm) [39].

8Ga-labeled DOTATOC was evaluated as a potential imaging agent for car-
cinoid tumors by Hofmann et al. [40]. Dynamic PET scans were acquired over
180 min after intravenous injection of 80-250 MBq in eight patients with car-
cinoid tumors. The group predefined 40 lesions by CT and/or magnetic reso-
nance imaging, and of these lesions, the PET imaging of ®®Ga-DOTATOC iden-
tified 100%, whereas SPECT imaging of 'In-DPTA-OC identified only 85%.
The PET imaging of ®*Ga-DOTATOC also identified additional lesions not pre-
viously defined. Blood clearance was rapid and renal accumulation was low
enough to allow delineation of adrenal glands [40].

Recently, ®*Ga has been evaluated for use in receptor-targeted PET imaging
[12, 41]. Ugur et al. [12] evaluated **Ga-DOTATOC in animal biodistribution
and micro PET studies and compared this with ¢’Ga- and ®Ga-labeled DOTA-
TOC in AR42 J tumor-bearing nude mice. Tumor uptake was rapid and the
maximum values of the percentage infective dose per gram were comparable
for all three isotopes. Blood clearance was rapider and kidney accumulation
was lower in the case of ®Ga-DOTATOC, with a maximum percentage infective
dose per gram in the kidney of 4.5 versus 9.18 for ’Ga and 11.4 for %Ga.

3.2
Somatostatin Analogs Labeled with Copper Radionuclides

OC has been conjugated to the chelator 1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid (TETA) for labeling with *Cu [42]. ®*Cu-TETA-OC
showed high affinity for SSTr both in vitro and in vivo and cleared primarily
through the kidneys, with relatively low liver accumulation. Cu-TETA-OC
was evaluated as a PET imaging agent for neuroendocrine tumors in eight
patients [43]. Preliminary results showed that in two patients, **Cu-TETA-OC
and PET detected more SSTr-positive lesions than the currently used agent,
"In-DTPA-OC, and y scintigraphy/SPECT. In one patient, "'In-DPTA-OC
and y scintigraphy showed low uptake in a lung lesion that was not observed
with ®*Cu-TETA-OC and PET.

A series of **Cu-labeled somatostatin analogs was investigated to determine
the optimal analog with respect to target tissue uptake and nontarget tissue
clearance [44]. The chelator TETA was conjugated to OC, Tyr’>-OC (Y3-OC, also
referred to as TOC), octreotate (TATE), and Y3-TATE and labeled with *Cu.
Binding affinity and biodistribution studies were performed in rat pancreatic
CA20948 tumor-bearing rats. Of these agents, “Cu-TETA-Y3-TATE showed the
best targeting and clearance properties.

In addition to optimizing for the somatostatin analog, it is also necessary to
optimize the chelator. It was reported that *Cu dissociated from TETA-OC in
rat liver in vivo [45], and this therefore suggested that a stabler chelator for
complexing Cu(II) was required. Additional support for this argument is that
although ®Cu-TETA-OC was reasonably successful in imaging SSTr-positive tu-
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mors in humans, there was a retention of activity in the blood and liver at
longer times (from 4-24 h post injection) [43]. A new class of cross-bridged
macrocyclic chelators for complexing copper radionuclides was reported by
Sun et al. [46], and it was demonstrated in metabolism experiments in rats that
4Cu-labeled 4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexa-
decane (CB-TE2A) was dramatically stabler in vivo than ®Cu-TETA [47].
A preliminary report described the synthesis and biological evaluation of
4Cu-CB-TE2A-Y3-TATE, showing improved target tissue uptake and blood and
liver clearance compared with #*Cu-TETA-OC [48].

3.3
Somatostatin Analogs Labeled with Yttrium and Indium Radionuclides

Y (T,,,=64.06 h) labeled DOTATOC has been suggested to be a promising tar-
geted radiotherapy agent for SSTr-positive cancers (for a review, see Ref. [49]).
Although Y is highly advantageous for cancer therapy since it has 100% abun-
dance of B~ emission, *°Y does not emit y-photons for imaging applications.
Dosimetry calculations for clinical trials with *°Y-DOTATOC have been made
using ' In-DOTATOC and y scintigraphy [50]. The disadvantages of using '''In
are that it might behave somewhat differently than *°Y, and gamma scintigra-
phy is not as accurate for quantification as PET. A more accurate surrogate for
Y is %Y (T,,,=14.7 h), although the shorter half-life does not allow biodistri-
bution at very long times (more than 60 h). Forster et al. [51] compared 36Y-
DOTATOC with '''In-DTPA-OC in three patients with metastatic carcinoid tu-
mors, and their data suggested that '''In-DTPA-OC underestimated tumor
uptake, and therefore #Y-DOTATOC was closer to ideal. The pharmacokinet-
ics and dosimetry of 3Y-DOTATOC were evaluated in a phase I PET study of
24 patients with SSTr-positive neuroendocrine tumors, along with the effect of
amino acid coinfusion on renal and tumor uptake [52]. The use of #Y-DOTA-
TOC allowed accurate dosimetry of tumor and kidneys, and was valuable in es-
tablishing the optimal amino acid regimen for decreasing renal absorbed dose.

110m]p a positron-emitting radionuclide that is an alternative to !'In, was
used to label DTPA-OC in a clinical PET study with one patient [25].1°™In was
prepared by irradiating an enriched 1°Cd target using the '°Cd(p,n)!'*™In nu-
clear reaction. In one patient, 175 MBq (4.7 mCi) "'In-DTPA-OC was injected
into a patient who had a small-intestine-carcinoma metastasis to the upper tho-
rax, and the patient was imaged by SPECT. Into the same patient, 150 MBq
(4.1 mCi) "m[n-DTPA-OC was injected and the patient was imaged by PET.
The 69-min half-life of '1°™In allowed the kinetics to be followed for 2 h. A com-
parison of the imaging studies clearly showed improvements in resolution and
recovery with '"*"In PET versus '''In SPECT.
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4
Somatostatin Analogs Labeled with Positron-Emitting Halogen
Radionuclides

Somatostatin analogs have been labeled with positron-emitting halogen radio-
nuclides such as '®F and 7*Br (Fig. 2). Another potential positron emitting halo-
gen radionuclide for PET imaging applications is %I (T;,=4.2 days, 22.8% f*)
[35, 53], although at this time, '?*I-labeled somatostatin analogs have not yet
been reported. A great deal of effort has been made to improve the in vivo be-
havior of radioiodine (**’I, '*I, 1*!T) labeled SSTr analogs by new strategies in
SSTr ligand development [54]. With radioiodinated SSTr ligands, the major
drawbacks include rapid clearance from the tumor, hepatic uptake, and high
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Fig. 2 Structures of somatostatin analogs and halogen-labeling synthons for radiolabeling
with halogen positron-emitting radionuclides
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thyroid and abdominal background activity [6,55-57]. Radioiodinated carbo-
hydrated N-terminal conjugates of SSTr analogs showed encouraging im-
provements in the biodistribution and tumor uptake kinetics [54]. With these
improvements in developing iodinated SSTr analogs, it is anticipated that SSTr
analogs labeled with '**I will be reported in the near future.

4.1
'8F-labeled Somatostatin Analogs

Over the past 20 years a wide variety of F-labeled peptide-based radiophar-
maceuticals have been prepared and evaluated for their potential as diagnos-
tic imaging agents. They have been used primarily for tumor imaging and, to
a lesser extent, for infection/inflammation imaging. '®F-labeled somatostatin
analogs are examples of tumor-imaging agents.

Unlike radioiodination of somatostatin analogs, where the labeling condi-
tions are compatible with the presence of an active ester moiety in the labeling
agents, radiofluorination of somatostatin analogs requires strong basic condi-
tions for the specific introduction of ['®F]fluoride and can only be achieved via
a suitable prosthetic group [58]. Guhlke et al. [59] successfully radiolabeled OC
with 8F via 2-['8F]fluoropropionic acid 4-nitrophenylester as a prosthetic
group and evaluated its binding affinity and biological activity as well as its in
vivo distribution. This radiolabeling method involved two steps including the
acylation of e-Boc-Lys’-protected OC with the activated ester, and followed by
an acidolytic deprotection leading to the desired product, 2-[*®F]fluoropropi-
onyl-(p)Phe!-OC. The use of the 2-['®F]fluoropropionyl moiety provided cer-
tain advantages for the labeling of OC, such as high reactivity of the acylation
agent, low steric impairment caused by the introduction of the fluoroacyl moi-
ety and no side reactions. 2-['®F]fluoropropionyl-(p)Phe!-OC demonstrated
high binding affinity to SSTr with slightly lower binding affinity than an iodi-
nated somatostatin analog and a low nanomolar ICy, value (around 3 nM). Un-
fortunately, the PET pharmacokinetics of 2-["¥F]fluoropropionyl-(p)Phe!-OC in
SSTr-positive tumor-bearing rats was unfavorable [60]. Although 2-['¥F]fluo-
ropropionyl-(p)Phe!-OC exhibited rapid blood clearance (0.1% ID/g for 1 h,
0.04% ID/g for 2 h) and high in vivo stability, the lipophilicity of this '*F com-
pound resulted in hepatobiliary excretion followed by increasing activity in the
intestines over time (40% ID/g at 1 h). The low tumor uptake along with the
short retention (0.52+0.24% ID/g for 1 h,0.17£0.04% ID/g for 2 h) further lim-
ited its application for potential PET imaging.

Another approach to labeling OC with '8F was reported by Hostetler et al.
[61]. OC was labeled via an in situ peptide coupling of 4-['®F]fluorobenzoic acid
(['®F]FBA) with the N-terminus of OC to provide 4-['¥F]fluorobenzoyl-OC
(['8F]FB-OC). The process of synthesizing ['®F]FB-OC involved a new efficient,
one-pot synthesis of ['F]FBA using a microwave cavity and the combination
of reagents, 1,3-dicyclohexylcarbodiimide and 1-hydroxy-7-azabenzo-triazole.
Unfortunately, ['8F]FB-OC also showed high liver uptake and low uptake in so-
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matostatin-rich organs such as CA20948 tumor, pancreas, and adrenal glands
in tumor-bearing male Lewis rats.

Improved and more efficient '8F labeling methods for SSTr ligands via pros-
thetic groups have been developed in recent years, and successes in decreasing
the lipophilicity of the '®F-labeled SSTr analogs have also occurred, thereby im-
proving target tissue uptake with decreased hepatobiliary clearance. Carbo-
hydrated 8F labeled octreotate, N*-(1-deoxy-D-fructosyl)-N¢-(2-['®F]fluoro-
propionyl)-Lys-Tyr*-octreotate (['®F]FP-Gluc-TOCA) showed promising
biokinetics as a potential PET imaging agent of SSTr [62]. The synthesis of
["*F]FP-Gluc-TOCA applied a trifunctional linker concept and it was com-
pleted in around 3 h with a specific activity of more than 37 GBq/pmol. ['"®F]FP-
Gluc-TOCA demonstrated higher selective binding affinity to human
SSTr2 (IC5,=2.8£0.4 nM) over other SSTr subtypes such as human SSTr4
(IC5y=437%84 nM )and SSTr5 (IC5,=123+8.8 nM), and this agent had no affin-
ity at all for human SSTrl and SSTr3 ((IC5y>1,000 nM). The decreased
lipophilicity of ['®F]FP-Gluc-TOCA with a logP of -1.70+0.02 led to rapid re-
nal excretion (8.69£1.09% ID/g at 1 h) with lower liver (0.72£0.14% ID/g at 1 h)
and intestinal uptake (1.88+0.52% ID/g at 1 h). Even more encouraging is that
['®F]FP-Gluc-TOCA showed impressive tumor uptake (13.54+1.47% ID/g at
1h) in AR42 ] tumor-bearing mice. Human PET imaging of ["*F]FP-Gluc-TOCA
in a patient with a history of a histologically proven metastatic carcinoid in the
liver revealed rapid clearance of the radioactivity from the blood pool within
the first hour of injection by renal excretion [62]. Multiple liver metastases were
clearly delineated with standard uptake values in the regions of interest, rang-
ing from 21.4 to 38.0, which were only visible as regions of large, pronounced
liver uptake by SPECT.

It is important to keep in mind that hydrophilic prosthetic groups are im-
portant for renal rather than hepatobiliary clearance. Wester et al. [62] have
demonstrated this with their carbohydrated analogs. Since '8F possesses in-
herent imaging advantages, the development of a simple and rapid synthesis
which will enable ®F-SSTr ligands to be clinically practical is also important.

4.2
76Br-labeled Octreotide

76Br is an alternative to '®F for labeling the SSTr2 ligand for PET imaging of
SSTr-positive tumors. To the best of our knowledge, there is only one approach
to Br-labeling of OC using prosthetic groups to decrease the lipophilicity of
the labeled peptide [63]. The OC was conjugated to N-succinimidyl 4-[7*Br]bro-
mobenzoate ("*BrNHS) and N-succinimidyl 5-[7Br]bromo-3-pyridinecar-
boxylate using microwave heating. The SSTr binding affinity of these two 7*Br
conjugates was disappointing. The 7*Br-conjugate via *BrNHS, 4-["6Br]bro-
mobenzoyl-OC, showed lower binding to meningioma than the other 7°Br con-
jugate (5-[7Br]bromo-3-pyridinecarboxy-OC). High nonspecific binding
(more than 20%) to meningioma in heart tissue was observed for both 7*Br-
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conjugates. Improved brominated analogs and radiochemistry methods will be
needed for this area of research to grow.

5
Summary and Conclusions

Over the past 2 decades, great strides have been made in the development of so-
matostatin analogs labeled with positron emitters for PET imaging of SSTr-
positive tumors. In this review, we described clinical trials with ¥F-,%4Cu-,%Ga,-
8Y- and !'"In-labeled somatostatin analogs, all of which have been performed
in the past 5 years, as well as discussed some radiochemistry and preclinical
studies with 7Br and %Ga. The advantages of these positron-emitting somato-
statin analogs include increased image resolution with PET compared with
SPECT, improved quantification capabilities with PET, and the ability to use the
positron emitters as companion isotopes to therapeutic radionuclides such as
the 8Y/*°Y pair. The availability of a clinically approved PET somatostatin ana-
log for diagnosis and/or as a companion to therapeutic studies with *°Y will be
a major benefit for cancer imaging and therapy.

Acknowledgements The authors acknowledge funding from the National Cancer Institute
(CA64475), which supports their research in the development of somatostatin analogs for
PET imaging and therapy.

References

. Guillemin R (1978) Science 202:390
. Reichlin S (1983) N Engl ] Med 309:1495
. Reichlin S (1983) N Engl ] Med 309:1556
. Reubi JC, Kvols LK, Krenning EP, Lamberts SW] (1990) Metabolism (Suppl 2) 39:78
. Bauer W, Briner U, Doepfner W, Haller R, Huguenin R, Marbach P, Petcher TJ, Pless ]
(1982) Life Sci 31:1133
6. Bakker WH, Krenning EP, Breeman WA, Kooij PPM, Reubi JC, Koper JW, de Jong M,
Lameris JS, Visser TJ, Lamberts SW (1991) ] Nucl Med 32:1184
7. Krenning EP, Bakker WH, Kooij PPM, Breeman WAP, Oei HY, de Jong M, Reubi JC, Visser
TJ, Bruns C, Kwekkeboom DJ, Reijs AEM, van Hagen PM, Koper JW, Lamberts SWJ (1992)
] Nucl Med 33:652
8. Loc’h C, Maziere B, Comar D (1980) ] Nucl Med 21:171
9. Roivainen A, Tolvanen T, Salomaki S, Lendvai G, Velikyan I, Numminen P, Valila M,
Sipila H, Bergstrom M, Harkonen P, Lonnberg H, Langstrom B (2004) ] Nucl Med 45:347
10. Graham MC, Pentlow KS, Mawlawi O, Finn RD, Daghighian F, Larson SM (1997) Med
Phys 24:317
11. Daube-Witherspoon ME, Green SL, Plascjak P, Wu C, Carson RE, Brechbiel M, Eckelman
WC (1997) J Nucl Med 38:200P
12. Ugur O, Kothari PJ, Finn RD, Zanzonico P, Ruan S, Guenther I, Maecke HR, Larson SM
(2002) Nucl Med Biol 29:147
13. Lewis MR, Reichert DE, Laforest R, Margenau WH, Shefer RE, Klinkowstein RE, Hughey
BJ, Welch MJ (2002) Nucl Med Biol 29:701

U W N



Radiopharmaceuticals for Positron Emission Tomography Imaging 191

14.
15.

16.

17.
18.

19.
20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Zinn KR, Chaudhuri TR, Cheng TP, Morris JS, Meyer WA (1994) Cancer 73:774
McCarthy DW, Shefer RE, Klinkowstein RE, Bass LA, Margenau WH, Cutler CS,
Anderson CJ, Welch MJ (1997) Nucl Med Biol 24:35

McCarthy DW, Bass LA, Cutler PD, Shefer RE, Klinkowstein RE, Herrero P, Lewis ]S,
Cutler CS, Anderson CJ, Welch MJ (1999) Nucl Med Biol 26:351

Robinson J, G.D., Zielinski FW, Lee AW (1980) Int ] Appl Radiat Isot 31:111

Herzog H, Rosch F, Stocklin G, Lueders C, Qaim SM, Feinendegen LE (1993) ] Nucl Med
34:2222

Herzog H, Rosch F, Brockmann J, Muhlensiepen H, Kohle M, Stolz B, Marbach P,
Muller-Gartner HW (1997) J Nucl Med 38:60P

Rosch F, Qaim SM, Stocklin G (1993) Int ] Appl Radiat Isot 44:677

Reischl G, Rosch F, Machulla H-J (2002) Radiochim Acta 90:225

Lundqvist H, Scott-Robson S, Einarsson L, Malmborg P (1991) Appl Radiat Isot 42:447
Lundqvist H, Tolmachev V, Bruskin A, Einarsson L, Malmborg P (1995) Appl Radiat Isot
46:859

Résch E Qaim SM, Sayed M, Novgorodov AF, Tsai Y-M (1996) Appl Radiat Isot 48:19
Lubberink M, Tolmachev V, Widstroem C, Bruskin A, Lundqvist H, Westlin J (2002) ] Nucl
Med 43:1391

Kilbourn MR, Dence CS, Welch MJ (1987) ] Nucl Med 28:462

Wilbur DS (1992) Bioconjugate Chem 3:433

Kilbourn MR, Jerabek PA, Welch M]J (1985) Int J Appl Radiat Isot 36:327

Zeisler SK, Becker DW, Pavan RA, Moschel R, Ruhle H (2000) Appl Radiat Isot 53:449
Ruth TJ, Buckle KR, Chun KS, Hurtado ET, Jivan S, Zeisler SK (2001) Appl Radiat Isot
55:457

Helmeke HJ, Harms T, Knapp WH (2001) Appl Radiat Isot 54:753

Tolmachev V, Lovqvist A, Einarsson L, Schultz J, Lundqvist H (1998) Appl Radiat Isot
49:1537

Glaser M, Brown DJ, Law MP, Iozzo P, Waters SL, Poole K, Knickmeier M, Camici PG, Pike
VW (2001) J Labelled Compd Radiopharm 44:465

Glaser M, Luthra SK, Brady F (2003) Int ] Oncol 22:253

Blasberg RG, Roelcke U, Weinreich R, Beattie B, Von Ammon K, Yonekawa Y, Landolt H,
Guenther I, Crompton NEA, Vontobel P, Missimer ], Maguire RP, Koziorowski J, Knust EJ,
Finn RD, Leenders KL (2000) Cancer Res 60:624

Smith-Jones PM, Stolz B, Bruns C, Albert R, Reist HW, Fridrich R, Micke HR (1994)
] Nucl Med 35:317

Heppeler A, Froidevaux S, Macke HR, Jermann E, Behe M, Powell P, Hennig M (1999)
Chem Eur J 5:1974

Reubi JC, Schar J-C, Waser B, Wenger S, Heppeler A, Schmitt ]S, Maecke HR (2000) Eur
J Nucl Med 27:273

Henze M, Schuhmacher J, Hipp P, Kowalski ], Becker DW, Doll ], Macke H, Hofman M,
Debus J, Haberkorn U (2001) J Nucl Med 42:1053

Hofman M, Maecke H, Borner AR, Weckesser E, Schoffski P, Oei ML, Schumacher J,
Henze M, Heppeler A, Meyer GJ, Knapp WH (2001) Eur ] Nucl Med 28:1751

Mathias C, Lewis MR, Reichert DE, Laforest R, Sharp TL, Lewis JS, Yang Z, Waters D],
Snyder PW, Low PS, Welch MJ, Green MA (2003) Nucl Med Biol 30:725

Anderson CJ, Pajeau TS, Edwards WB, Sherman ELC, Rogers BE, Welch MJ (1995) ] Nucl
Med 36:2315

Anderson CJ, Dehdashti E, Cutler PD, Schwarz SW, Laforest R, Bass LA, Lewis JS,
McCarthy DW (2001) ] Nucl Med 42:213

Lewis JS, Lewis MR, Srinivasan A, Schmidt MA, Wang J, Anderson CJ (1999) ] Med Chem
42:1341



192 Radiopharmaceuticals for Positron Emission Tomography Imaging

45. Bass LA, Wang M, Welch M]J, Anderson CJ (2000) Bioconjugate Chem 11:527

46. Sun X, Wuest M, Weisman GR, Wong EH, Reed DP, Boswell CA, Motekaitis R, Martell AE,
Welch MJ, Anderson CJ (2002) ] Med Chem 45:469

47. Boswell CA, Sun X, Niu W, Wong EH, Weisman GR, Rheingold AL, Anderson CJ (2004)
] Med Chem 47:1465

48. Sprague JE, Sun X, Chang CH, Weisman GR, Wong EH, Meyer LA, Achilefu S, Anderson
CJ (2003) J Labelled Compd Radiopharm 46(suppl 1):S66

49. de Jong M, Kwekkeboom D, Valkema R, Krenning EP (2003) Eur ] Nucl Med 30:463

50. Cremonesi M, Ferrari M, Zoboli S, Chinol M, Stabin MG, Orsi F, Maecke HR, Jermann E,
Robertson C, Fiorenza M, Tosi G, Paganelli G (1999) Eur ] Nucl Med 36:877

51. Forster GJ, Engelbach M, Brockmann J, Reber H, Buchholz H-G, Maecke H, Rosch F,
Herzog H, Bartenstein P (2001) Eur ] Nucl Med 28:1743

52. Jamar F, Barone R, Mathieu I, Walrand S, Labar M, Carlier P, De Camps J, Schran H, Chen
T, Smith MC, Bouterfa H, Valkema R, Krenning EP, Kvols LK, Pauwels S (2003) Eur ] Nucl
Med 30:510

53. Glaser M, Collingridge DR, Aboagye EO, Bouchier-Hayes L, Hutchinson OC, Martin SJ,
Price P, Brady F, Luthra SK (2003) Appl Radiat Isot 58:55

54. Wester H-J, Schottelius M, Scheidhauer K, Reubi J, Wolf AP, Schwaiger M (2002) Eur J
Nucl Med 29:28

55. Krenning EP, Kwekkeboom DJ, Bakker WH, Breeman WAP, Kooij PPM, Oei HY, van
Hagen M, Postema PTE, de Jong M, Reubi JC, Visser TJ, Reijs AEM, Hofland L], Koper JW,
Lamberts SWJ (1993) Eur ] Nucl Med 20:716

56. O’Connor MK, Kvols LK, Brown ML, Hung JC, Hayostek R], Cho DS, Vetter RJ (1992)
J Nucl Med 33:1613

57. Bakker WH, Breemann WA, de Jong M, Visser TJ, Krenning EP (1996) Eur ] Nucl Med
23:775

58. Coenen HH (1989) In: Baille TA, Jones JR (eds) Synthesis and application of isotopically
labelled compounds. Elsevier, Amsterdam, p 433

59. Guhlke S, Wester H-J, Bruns C, Stocklin G (1994) Nucl Med Biol 21:819

60. Wester H-J, Brockmann J, Rosch E, Wutz W, Herzog H, Smith-Jones P, Stolz B, Bruns C,
Stocklin G (1997) Nucl Med Biol 24:275

61. Hostetler ED, Edwards WB, Anderson CJ, Welch MJ (1999) ] Lab Comp Radiopharm
42(Suppl 1):5720

62. Wester H, Schottelius M, Scheidhauer K, Meisetschliger G, Herz M, Rau E, Reubi J,
Schwaiger M (2003) Eur ] Nucl Med 30:117

63. Yngve U, Khan TS, Bergstrom M, Langstrom B (2001) J Labelled Compd Radiopharm
44:561

64. Larson SM, Pentlow KS, Volkow ND, Wolf AP, Finn RD, Lambrecht RM, Graham MC,
Di RG, Bendriem B, Daghighian F et al (1992) ] Nucl Med 33:2020



