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The most commonly utilized PET radionuclide is fluorine-18 (18F) because of its 
convenient half-life and excellent imaging properties. In this review, we present the 
first analysis of patents issued for radiotracers labeled with fluorine-18 (between 2009 
and 2015), and provide perspective on current trends and future directions in PET 
radiotracer development.
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There are an estimated 80 million advanced 
diagnostic radiology exams performed annu-
ally in the USA. Out of these, over 1.5 mil-
lion are positron emission tomography (PET) 
scans [1], in which patients are injected with a 
radiotracer (a bioactive molecule tagged with 
a positron-emitting radionuclide)  [2]. The 
functional information that is then obtained 
can be used in a healthcare setting as part 
of a move toward individualized therapy 
and personalized medicine  [3]. PET is also 
increasingly used in drug discovery where it 
can be employed early on to confirm target 
engagement, estimate receptor occupancy 
and determine dosing regimens or late stage 
development, where it can be used to enrich 
clinical trial enrollment, predict response to 
therapy and monitor therapeutic response [4].

The most commonly utilized PET radio-
nuclide is fluorine-18 (18F) because of its 
convenient half-life (110 min) and excellent 
imaging properties  [5]. Moreover, the grow-
ing popularity for incorporating fluorine into 
pharmaceutical scaffolds offers many rich 
opportunities for adapting them into PET 
radiotracers [6,7]. Reflecting this, the last two 
to three decades have seen a rise in the num-
ber of publications containing fluorine-18 
since the 1990s (Figure 1), which likely coin-
cides with approval of [18F]fludeoxyglucose 
([18F]FDG) by the US FDA and subsequent 

agreement to cover reimbursement by the 
Centers for Medicare and Medicaid Services 
(CMS) in the same decade. This trend is also 
apparent in the fluorine-18 patent literature, 
with an average of 50–100 fluorine-18 con-
taining patents per year being issued since 
2009. While synthesis and applications of 
PET radiotracers from the mainstream lit-
erature have been reviewed (see  [8–11] for 
recent examples), the extensive development 
of fluorine-18 radiochemistry and novel 
radiotracers reported in the patent literature 
remains largely undiscussed; this review aims 
to meet this need.

Fluorine-18 patent search (January 
2009-March 2015)
Patent searches were performed in March 
2015 using SciFinder®. Patents containing 
‘fluorine-18’ and ‘18F’ and issued between 
January 2009 and March 2015 were identi-
fied. As there were almost 500 patents, a 
comprehensive review of this body of work 
was well beyond the scope of this article. The 
search was therefore refined further to those 
patents which contain an 18F compound or 
method that is only referenced in that patent 
(i.e., contents have not been reported in a sub-
sequent article). We reasoned that the field is 
familiar with those methods and radiotracers 
already reported in the scientific literature. 
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Figure 1. Fluorine-18 scientific and patent literature.
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Moreover, we have also separated the patents based 
upon content: Part 1 of this series of articles focuses 
upon novel 18F radiotracers for neurology, cardiology, 
oncology and other applications (Figure 2), while Part 2 
reviews new radiochemistry methodology developed 
using fluorine-18, and will be published in due course.

New radiotracers for neurology imaging
The use of positron emission tomography in neurol-
ogy began with the observed uptake of [18F]FDG in 
the brain [12]. Since the late 1970s, this radiotracer has 
been used to visualize brain abnormalities and also 
inspired many other PET radiotracers. Both industrial 
and academic labs are fascinated with visualizing the 
brain; this flurry of research has advanced PET radio-
tracers for many neurological disorders and diseases in 
result. In the past 5 years, the patent literature has been 
crowded with compounds proposed to probe Alzheim-
er’s disease, Parkinson’s disease, cell death and neural 
injury as well as other indications. To simplify the 
diverse landscape of neurological imaging, the patents 
will be grouped by targeted disorder.

Alzheimer’s disease
Alzheimer’s disease (AD), which affects nearly 44 mil-
lion people as of 2014, is characterized by β-amyloid 
senile plaques and tau neurofibrillary tangles  [13]. 

Current diagnosis relies on clinical observations and 
cognitive testing; brain atrophy can be assessed by 
structural magnetic resonance imaging and decreased 
blood flow. Specific PET radiotracers for amyloid 
and tau are preferred and some exist: [11C]Pittsburgh 
Compound B ([11C]PiB), AMYViD ([18F]florbeta-
pir), Neuraceq ([18F]florbetaben) and Vizamyl ([18F]
flutemetamol) [14]. The latter three fluorine-18 labeled 
radiotracers have all been granted marketing authori-
zation from the European Medicines Agency and the 
US FDA.

Recent efforts of fluorine-18 radiotracers for AD 
include both amyloid- and tau-specific compounds. 
For example, a scaffold based on a potent tau aggre-
gation inhibitor thiacarbocyanine was evaluated for 
the detection of tau. These cyanine dye derivatives 
aimed to diagnose early stages of tauopathies, based 
on some research that indicates neurofibrillary tangles 
form before amyloid deposits. Two lead compounds, 1 
and 2, from GE Healthcare’s 2013 patent (Figure 3), 
were determined to have subnanomolar affinity for tau 
as well as over 20-fold selectivity for tau over amyloid 
plaque [15].

Common features in the amyloid-imaging patents 
include stilbene, dibenzo-thiazole, piperazine and 
FDDNP derivatives. Fluoro(hydroxy)alkoxybenzothi-
azoles and fluoro(hydroxy)alkoxystilbene derivatives 
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Figure 2. Roadmap of this article.
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Figure 3. Cyanine dye derivatives. Cationic thiacarbocyanine derivatives have been shown to inhibit recombinant 
tau fibril formation. Other analogs included in the patent utilize longer alkyl substituents of the thiacarbocyanine 
in the O-methyl position.

Figure 4. Selected amyloid imaging agents. From each of the patents, key molecules are shown above; THK 
compounds were not clearly assigned to in vitro data; molecules shown best represent the scaffold.
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were developed from Kudo and colleagues at the Uni-
versity of Tohoku; of note, compounds [18F]THK-837 
and -853 (3 and 4) were reported to be blood–brain 
barrier permeable and have less osseous fluorine-18 
accumulation than a previously published compound 
18F-BF227  [16,17]. An FDDNP derivative, [18F]FBMP 
(5) was developed and evaluated in vivo; mouse models 
showed the compound could be more effective based 
on its binding ratio of 6–7 in the frontal cortex and 
3.5–4.5 in the cerebellum [18]. Improving upon existing 
tracers for amyloid was commonplace; fluorine-18 ver-

sions of TAZA and Dalene were synthesized for imag-
ing amyloid plaques and the norepinephrine transporter 
(NET) [19]. The NET has been implicated in multiple 
neurological disorders including AD and Parkinson’s 
disease, as well as depression  [20]. Quantification of 
amyloid peptide by using noninvasive imaging was the 
goal of Technische Universitat Munchen; their scaffold 
of benzothiazole-derived Aβ42 aggregation inhibi-
tors afforded them a lead, 6, with a K

i
 of 4.2 nM and 

logP of 1.9 [21,22]. Bayer Schering patented a scaffold of 
piperazine derivatives with the goal of early detection; a 
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Figure 5. Small molecule modulators of LRRK2. In vitro evaluation of the small molecules (8–14) was reported for 
some of the selected molecules; the best compound reported (13) had a Ki of 0.6 nM.
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lead compound was selected BAY1008472 (7) and has 
gone through nonhuman primate imaging  [23,24]. For 
representative examples, see Figure 4.

Parkinson’s disease
Parkinson’s disease (PD) is one of the most com-
mon neurodegenerative disorders and is defined by 
the death of dopaminergic neurons in the substantia 
nigra. Some genes have been identified with the devel-
opment of Lewy bodies: α-synuclein (SNCA), ubiq-
uitin C-terminal hydrolase like 1 (UCH-L1), parkin 
(PRKN), leucine rich repeat kinase (LRRK 2), PTEN-
induced putative kinase 1 (PINK 1) and protein degly-
case DJ-1 (also known as Parkinson disease protein 
7)  [25]. Increased activity of LRRK2 has been associ-
ated with hereditary PD; Roche has been investigat-
ing small molecule modulators of LRRK2 activity in 
search of both therapeutics and imaging agents (8–14, 
Figure 5) [26–28]. Unfortunately, no imaging or in vitro 
binding data of labeled compounds has been published 
to date.

The effort to image in vivo function of the dopami-
nergic system has focused on synthesis and postsyn-

aptic receptors: 6-[18F]fluoro-DOPA ([18F]FDOPA) 
and 6-[18F]fluoro-L-m-tyrosine (6-[18F]FMT) for syn-
thesis and [11C]NNC 112 (D1), [11C]raclopride (D2/
D3) and [18F]fallypride (D2)  [29]. A patent from the 
Hunan Institute of Engineering described 15, specific 
to D4 (15, Figure 6). The radiotracer has a K

i
 for D4 

of 1.2 nM and claims to pass through the blood–brain 
barrier (BBB) [30].

Cell death
A recent effort has begun to image the biomarkers of 
traumatic brain injury (TBI). Neuronal calpain activa-
tion has been observed within minutes to hours; this 
suggests calpains are an early mediator of neuronal 
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Figure 7. Calpain and caspase inhibitors. The left two compounds are caspase inhibitors, the uppermost with a Ki 
of less than 0.1 uM as reported in the patent. The right compound is a calpain inhibitor.

Figure 8. EAAT inhibitors. Compound shown represents 
the scaffold. The stereocenter configuration appears to 
be important to binding, which was demonstrated in a 
previous publication in a cell-based assay [38].

Figure 9. Nicotinic acetylcholine receptor agonists. 
The kinetics of these mo-lecules for use as radiotracers 
has been a concern for the group. Other analogues 
included in the patent differ in alkaloid ring size and 
N-substituent in the same ring.

Figure 10. [18F]Fluoroethylverapamil. Other analogs in 
the patent include different alkyl lengths of fluoro-
substituents, O-alkyl-fluoro-substitution off of the 
benzyl ring, and the enantiomer of each compound.
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damage  [31]. Another biomarker of apoptosis is cas-
pase activation  [32]. In this regard, Banyan Biomark-
ers investigated oxamyl dipeptides as caspase (16 and 
17) and calpain (18) inhibitors to image protease over-
activation, a hallmark of trauma (Figure 7)  [33,34]. No 
further publications have reported radiosynthesis or 
in vivo imaging of the possible caspase-3 compounds. 
The calpain dipeptide derivatives build upon a scaffold 

from Cephalon, Inc.  [35]. Similarly no imaging data 
are reported and no publications have succeeded this 
patent.

Glutamate excitotoxicity plays a role in the second-
ary injuries following TBI. This elevation in glutamate 
can be controlled by the excitatory amino acid transpor-
ters (EAATs)  [36]. In vivo imaging of the transporter 
could demonstrate over activation which would be 
valuable to treatment. Researchers at the University of 
Montana patented a scaffold of aspartylamide inhibi-
tors of EAAT (19, Figure 8). No radiochemical yield of 
syntheses has been reported  [37]; however, microPET 
imaging was performed in rodent and nonhuman pri-
mate. It was determined that EAAT2 was detectable 
in primate brain and in expected EAAT2 rich regions 
(thalamus, frontal cortex, and hippocampus regions).

Multiple indications
This section of the review is reserved for patents in 
which the compounds have multiple targets or the tar-
get specified is implicated in multiple disease states/ 
disorders.

The nicotinic acetylcholine receptor (nAChR) sub-
type α4β2 is thought to play a role in various neurolog-
ical disorders such as substance abuse, schizophrenia, 
and even be an early hallmark of AD  [39]. Antago-
nists of the receptor have been synthesized for in vivo 
imaging out of the University of California, [18F]nio-
fene (20) and [18F]nifrolidine (21) (Figure 9)  [40,41]. 
Although both are BBB permeable, the rodent imag-
ing data presented in the patent suggests the derivative 
of nifene, [18F]niofene, may be a better imaging agent 
because of the relatively short time (30–40 min) taken 
to reach equilibrium (cf. ~2 h for [18F]nifrolidine).

P-glycoprotein, Pgp, is the main export transporter 
for xenobiotics in the BBB; the transporter’s involve-
ment in epilepsy, AD, and PD makes it an interesting 
target for imaging. A known tracer for Pgp exists, [11C]
verapamil  [42]. Stichting Voor De Technische Weten-
schappen (STW) patented a scaffold of verapamil-like 
compounds, which were labeled with fluorine-18; of 
the 10 compounds (R)-N-[18F]fluoroethylverapamil 
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Figure 11. TSPO inhibitor [18F]PDAZ-FE. The patent 
contained a multitude of in vitro data for other cold 
analogues of the above compound that also maintain 
low nanomolar inhibition. There is no mention of the 
SNP associated with TSPO in the patent or how these 
compounds preform with all isoforms.
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(22, Figure 10) was the most promising tracer when 
used in combination with a Pgp blocking agent [43].

Translocator protein 18 kDa (TSPO) may be 
involved in steroid biosynthesis, immunomodulation, 
porphyrin transport, calcium homeostasis, and pro-
grammed cell death, though its main neural function 
is ambiguous. TSPO levels increase during inflam-
mation and TBI  [44]. Nevertheless, TPSO is impli-
cated in a variety of diseases: glioblastoma, multiple 
sclerosis, ischemic stroke, PD, human immuno
deficiency virus (HIV), amyotrophic lateral sclerosis, 
corticobasal degeneration, Huntington’s Disease, AD, 
depression, and cancer. Inventors at the University of 
Sydney patented the imaging agent [18F]PDAZ-FE 
(23, Figure 11), which was shown to have a K

i
 of 1.55 

nM; no further studies using this tracer have been 
published [45].

GABA (γ-Aminobutyric acid) is an inhibitory 
neurotransmitter; dysfunctions of GABAergic neuro-
transmission are implicated in epilepsy, and multiple 
neurological and psychiatric disorders  [46]. To image 
the possible dysfunction, GABA

A
 specific radiotrac-

ers exist: [11C]flumazenil ([11C]FMZ), [18F]fluoro-
flumazenil ([18F]FFMZ), [18F]fluoroethylflumazenil 
([18F]FEFMZ), and [123l]iomazenil ([123I]IMZ). For 
a recent review of PET imaging of the GABA

A
/ben-

zodiazepine receptor complex see:  [47]. GE Health-
care looked to expand this series, developing a series 
of quinoline derivatives, all of which had a K

i
 below 

10 nM (24, Figure 12). The synthesis and biodistribu-
tion data for some of the compounds was published 
and [48], although potent ligands, the scaffold is likely 
not suitable for further tracer development because of 
low brain uptake in rats [49].

New radiotracers for cardiology imaging
Perfusion imaging
Myocardial perfusion imaging (MPI) agents are cur-
rently used for the assessment of coronary artery 
disease (CAD) and left ventricular (LV) dysfunc-
tion; however, current SPECT and PET radiotrac-
ers utilized have several limitations. Clinical SPECT 
tracers (e.g.,  [99Tc]annexin V, [99Tc]sestamibi, [99Tc]
tetrofosmin, 201Tl) provide less spatial resolution, 
require attenuation correction and have lower myo-
cardial extraction compared with PET agents, which 
are currently limited due to the requirement of on-site 
cyclotron production (13NH

3
, H

2
15O, [11C]acetate), 

except for generator-based 82RbCl. Unfortunately, 
82RbCl has a lower than desired extraction fraction, 
short half-life (76 s) and high positron energy (3.15 
MeV). Other (potentially) limiting factors include 
high cost, complications arising from strontium-82 
breakthrough [50], and long-term availability of stron-

tium-82  [51]. The short half-lives of all the currently 
available MPI PET agents limit options for studies 
and do not allow for multiple dose preparation or 
distribution. Fluorine-18 PET radiotracers with bet-
ter myocardial extraction and pharmacokinetics have 
been developed by several laboratories to improve 
assessment of myocardial viability for selecting treat-
ments for CAD and LV dysfunction through several 
different strategies.
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Figure 14. Synthesis of fluorine-18 labeled BODIPY.
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Mitochondrial complex I
A patent from Lantheus Medical Imaging contains a 
series of fluorine-18 labeled quinazolines and pyridazi-
nones (Figure 13), with the latter leading to the discov-
ery of [18F]flurpiridaz (25), which has gone through 
Phase II and Phase III clinical trials [52,53]. The inven-
tors selected mitochondrial complex 1 (MC1) as a tar-
get for developing an MPI agent based on the action of 
rotenone, a common insecticide that potently inhibits 
MC1, an enzyme in the electron transport complex 
that is located in the mitochondria. Cardiomyocytes 
have a large amount of mitochondria in comparison to 
other tissues, making MC1 a good target for the mea-
sure of myocardial perfusion provided the developed 
tracer has the required specificity and pharmacokinet-
ics. The inventors sought out alternate scaffolds to that 
of rotenone for developing the properties required for 
the tracer, including a better safety profile. This led 
them to develop the pyridazione (e.g., 25) and quinaz-
oline (26) series where alternative sites of labeling were 
also investigated with the pyridazinone flurpiridaz 
selected to be advance to clinic trials. In a later pat-
ent from Lantheus Medical Imaging, the production 
method for [18F]flurpiridaz is described and analogs 
where the 18F of flurpiridaz is replaced with 123I, 125I, 
13N or 11C are claimed [54].

Cationic tracers
The Conti lab at the University of Southern Califor-
nia describe the production and evaluation of a boron-
dipyrromethene (BODIPY) compound for use as an 

MPI agent  [55]. The BODIPY tracer, given its fluoro-
phore core, can be used as a dual-mode tracer, provid-
ing PET and fluorescent imaging data. The inventors 
believe the BODIPY compound is similar in behav-
ior to better known triphenyl-phosphonium ions and 
rhodamine dyes that accumulate selectively in the 
mitochondrial matrix based on their lipophilic cat-
ionic structures [56]. The inventors had previously pub-
lished a paper on the fluorine-18 radiolabeling of the 
BODIPY scaffold but did not describe a use [57]; in this 
patent they describe an improved method to generate 
the radiotracer 28 through isotopic exchange with 27 
(Figure 14), and further experiments to claim its utility 
as an MPI agent. Preclinical evaluation was carried out 
with the use of two animal models: female nude mice 
(BALB/c nu/nu) and 2–3 week old male rats. Heart 
uptake was higher than that seen in blood, muscle and 
liver with a high amount of kidney uptake indicating 
renal clearance. Additional tissue studies in HEK-293 
were undertaken that demonstrated [18F]BODIPY 
uptake was driven by the plasma and mitochondrial 
membrane potentials.

An additional class of cationic radiotracers for use in 
MPI has been patented in the USA by Mishani et al., 
of Hadasit Medical Research Services & Development 
Limited  [58]. They image myocardial blood flow due 
to their cationic and lipophilic characteristics. A series 
of carbon-11-labeled ammonium salt derivatives were 
prepared and the best performing relative to com-
monly used 99mTc SPECT agents and [13N]ammonia 
was found to be compound 29 (Figure 15). A related 
[18F]fluoroethyl ammonium salt (30) was prepared but 
not evaluated. The radiotracers evaluated were found 
to be cleared renally. Compound 29 compared well to 
[13N]ammonia in rat and pig models, but further work 
is required with the fluorine-18 radiotracer to validate 
it as an MPI agent.

A short series or fluorine-18-labeled rhodamine dye 
derivatives (31) were prepared by Packard et al. (Chil-
dren’s Medical Center Corporation) as MPI agents 
(Figure 16) [59]. The cationic and lipophilic characteris-
tics of xanthene dyes like rhodamine cause them to be 
accumulated in the mitochondria. The patent does not 
provide evaluation of the radiotracers as MPI agents 
and relies instead on previous reports of the properties 
of related xanthene dyes.

Cardiac sympathetic nerve density
The preparation and examples of the use of 4-[18F]flu-
oro-meta-hydroxy-phenethylguanidine ([18F]MHPG, 
33) are described with claims to encompass related 
phenethylguanidine structures prepared by fluorination 
of novel diaryliodonium salts (e.g., 32) in a patent from 
the Raffel group at the University of Michigan [60]. The 
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Figure 16. Short series of fluorine-18 rhodamine dye derivatives.
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development of MHPG was undertaken to provide a 
fluorine-18 alternative to [11C]meta-hydroxyephed-
rine ([11C]HED) and [123I]meta-iodobenzylguanidine 
([123I]MIBG) for the measurement of regional cardiac 
sympathetic nerve density for use in estimating dys-
function in CAD, heart failure, cardiac arrhythmias, 
diabetic autonomic neuropathy, LV dysfunction and 
possibly an indication for adrenergic tumors like neu-
roblastoma and pheochromocytoma. The goal was not 
only to create a fluorine-18 analog that overcame the 
limitations of SPECT in the case of [123I]MIBG and 
the requirement of on-site production for [11C]HED 
as a carbon-11 radiotracer, but also to develop a tracer 
for measurement of sympathetic nerve density that 
was not flow-limited  [61]. All three of these radiotrac-
ers are transported by the norepinephrine transporter 
(NET) into presynaptic sympathetic nerves and are 
then transported by the second isoform of the vesicu-
lar monoamine transporter into norepinephrine stor-
age vesicles. The rapid uptake of [11C]HED and [123I]
MIBG by NET makes kinetic analysis for quantitative 
measure of nerve density impractical. The inventors 
accomplished their goal of slower uptake by NET with 
MHPG and describe the preclinical evaluation in rats 
and nonhuman primates [60,61]. Out of the five fluorine-
18-labeled molecules: [18F]MHPG, labeled intermedi-
ates to produce MHPG and possible metabolites, all 
but one of the metabolites have been reported in the lit-
erature [61,62]. The electron-rich arene of MHPG makes 
the fluorine-18 labeling difficult and requires the use of 
diaryliodonium salts to activate the site for fluorination. 
The use of the diaryliodonium salt method presents 

challenges due to the reactivity of the iodonium, which 
lead to the inventors investigating several different 
routes for the preparation of MHPG (Figure 17).

Phosphodiesterase 1
In work by Li et al. of Intra-Cellular Therapies, Inc., 
a short series of pyrazolo-pyrimidin-4-ones (34, 
Figure 18) were investigated as selective phosphodies-
terase 1 (PDE1) inhibitors and have advanced to clini-
cal trials  [63]. The PDE1C isoform is associated with 
smooth muscle proliferation and thus could serve as 
a biomarker for tissue at risk of degradation as seen 
in conditions such as pulmonary arterial hyperten-
sion  [64]. The agents described are claimed to have 
nanomolar potencies and are specific to PDE1, with 
at least tenfold selectivity over other PDE enzyme 
families, though data are not provided.

Heat shock protein 90
Dunphy  et al. from Memorial Sloan–Kettering Can-
cer Center describe the evaluation of their previously 
developed heat shock protein 90 (Hsp90) scaffold 
for imaging cardiac disease in a 2014 patent  [65]. The 
iodine-131 SPECT agent  [66,67] and iodine-124 PET 
agent  [68] were previously described in earlier patents 
as antitumor agents with the labeled forms function-
ing as companion diagnostics for imaging the tumor. 
Hsp90 is a chaperone that participates in oncogenesis 
by stabilizing growth receptors and signaling mol-
ecules with earlier work demonstrating Hsp90 inhibi-
tion can induce apoptosis. The authors cite previous 
work that shows Hsp90 involvement in ischemic heart 
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Figure 18. Short series of carbon-11 and fluorine-18 
pyrazolo-pyrimidin-4-ones.
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disease and dilated cardiomyopathy, through increased 
expression over healthy controls [69], and they expand 
the claims from earlier patents to include cardiac indi-
cations and uses. In addition, the inventors prepared 
and claimed more radiolabeled analogs of their purine 
scaffold (e.g., 35 and 36, Figure 19).

Chymase
The role of chymase in the production of angioten-
sin II, a potent vasoconstrictor, from angiotensin I 
in patients with congestive heart failure (CHF) and 
related diseases is not fully understood, but evidence 
indicates that activated cardiac chymase is impor-
tant in addition to angiotensin-converting enzyme 
(ACE)  [70,71]. The inventors from Molecular Insight 
Pharmaceuticals generated a series of benzothiophene 
phosphonic acid derivatives and indole phosphinic 
acid derivatives for investigating chymase expression 
for therapeutic management in hypertension, diabe-
tes, left ventricular dysfunction, CHF and atheroscle-
rotic plaque [70]. For both series of chymase inhibitors 
PET radiotracers labeled with fluorine-18, and SPECT 
radiotracers labeled with iodine-123, were prepared 
(37, Table 1). This work complements other recent 
research that involves fluorine-18-labeled ACE inhibi-
tors, for example, [18F]fluorocaptopril [72] and [18F]flu-

orobenzoyllisinopril  [73], in that the evaluation of the 
role of chymase and ACE in CHF and related diseases 
will lead to better treatments and therapeutic manage-
ment [70]. Work with these probes could facilitate the 
development of chymase inhibitors for the clinic or 
new strategies for treating CHF and related diseases 
with existing rennin-angiotensin system therapeutics.

New radiotracers for oncology imaging
In oncology, PET imaging is a powerful diagnostic 
tool that allows for in vivo, noninvasive imaging for the 
improvement of diagnosis, management of therapy and 
improving overall patient outcome. The development 
of the radiotracer [18F]FDG to measure glucose metab-
olism was reported in 1977 by Gallagher  et  al.  [74]. 
This would come to be a significant milestone for PET 
imaging once [18F]FDG’s value to examine tumors and 
identify metastases was realized [75]. Currently, the vast 
majority (∼90%) of PET scans utilize [18F]FDG [76]. In 
addition to glucose metabolism, a number of other pro-
cesses relating to oncology have been targeted for PET 
imaging. Notable examples include DNA synthesis, 
protein synthesis, lipid/membrane synthesis, hypoxia 
and receptor expression [77]. The vast majority of pat-
ents for 18F-labeled probes investigating these processes 
can be further categorized by target type, including 
receptors, transporters, enzymes and other targets.

Receptors
The majority of targets for fluorine-18 oncology radio-
tracers to emerge in the recent patent literature falls 
under the class of cellular receptors. Receptors localized 
to the cell membrane are particularly popular targets 
because their imaging does not require agents efficient 
in cell penetration. This enables facile use of larger mol-
ecules such as antibodies, peptides and scaffolds with 
bulky prosthetic groups.

EGFR and HER2 are members of the erbB family of 
receptor tyrosine kinases that promote cell proliferation 
and are overexpressed in various cancers [78]. They are 
commonly exploited for molecular imaging and ther-
apy (for recent examples, see Figure 20) [79]. For exam-
ple, in 2014, Baozhong (Harbin Medical University) 
reported three related fluorine-18-labeled quinazoline 
derivatives (38–40) targeting EGFR receptors, includ-
ing an irreversible binder via inclusion of a Michael 
acceptor moiety and [18F]fluoride displacement of a 
polyethylene glycol (PEG)

4
-spaced tosyl group involv-

ing an ionic liquid ([1-butyl-3-methylimidazolium] 
triflate) [80–82]. Compound 38 shares its terminal mor-
pholine group with gefitinib [79]. Similarly, Windhorst 
and colleagues, at Boehringer Ingelheim International 
Gmbh and Stichting Vu-Vumc, had a patent issued 
on fluorine-18-labeled afatinib: an irreversible (via 
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Figure 20. Fluorine-18-labeled quinazoline derivatives 
targeting EGFR receptors.
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inclusion of a Michael acceptor) inhibitor of EGFR 
and HER2 utilizing the same quinazoline core  [83]. 
[18F]Afatinib (41) showed similar imaging properties 
when compared with [11C]erlotinib  [84], but with an 
improved signal to background ratio.

Chemokine receptors (CXCR) are a family of GPCR 
implicated as instigators of metastasis and inflamma-
tion and, reflecting this, they have been the target of 
numerous PET tracer discovery efforts (Figure 21) [85]. 
In 2011, a small-molecule CXCR4 antagonist, [18F]
M508F (42), was developed by Liotta et al. at Emory 
University, with a binding affinity of 1.85 μM [86]. In 
2013, Xianzhong et al. of the University of Xiamen, pat-
ented a pair of peptidomimetic tracers for CXCR4 based 
on high affinity CXCR4 antagonist TC14012 (19.3 nM 
IC

50
 against CXCR4 mediated HIV infection) [87] that 

are N-terminally acetylated and labeled via fluoroben-
zoate (43) or fluoropropionate (44)  [88]. Finally, Shen 
and colleagues, of the General Hospital PLA, disclosed 
two (45 and 46) fluorinated plerixafor (1.9 nM K

d
, 47) 

derivatives as radiotracers for CXCR4 [89,90].
In addition to chemokine receptors, other GPCRs 

have been popular targets for F18 radiotracers for 
oncology. One such example is the follicle-stimulating 
hormone receptor (FSHR): a GPCR implicated in pre-
cipitating neoplasia in tissue related to the reproductive 
system  [91]. Yang and colleagues of the Jiangsu Insti-
tute of Nuclear Medicine recently patented a number 
of radiolabeled FSH fragment derivatives  [92]. Out of 
the fluorine-18-labeled compounds, one includes a 
NOTA-chelated Al-18F complex (48), while the other 
is labeled by lysine fluoropropionation (49) (Figure 22). 
Another example of GPCRs as recently exploited tar-
gets is the gastrin-releasing peptide receptor (GRPR; 
also known as Bombesin receptors or BB2): a pro-
tein overexpressed in numerous cancers  [93]. In 2014, 
a [18F]fluoropropionate-labeled, C-terminal fragment 
of bombesin (BBN) emerged in the patent literature 
(from Guangdong Pharmaceutical University) as a 
radiotracer for bombesin receptors (50)  [94]. Addi-
tionally, GPCRs formed one targeting axis of a set 
of peptidic, bivalent radioligands patented in 2010 
by Chen  [95]. In addition to the GPCR affinity, the 

ligands included a targeting moiety for integrin (51): 
a family of cell-surface receptors with important roles 
in tumor angiogenesis (Figure 23). The targeting moi-
eties for GPCR and integrin αvβ3 are BBN7–14 and 
Arg-Gly-Asp (RGD) peptide derivatives, respectively. 
The bivalent approach greatly enhanced the percent of 
injected dose per gram in the tumor relative to either 
targeting axis alone  [95]. Out of the 18F radiotracers 
patented, the majority have been previously reported 
outside of the patent literature [96,97] with the exception 
of the fluorobenzamide-labeled analog (51).

Table 1. Chymase radiotracers prepared for evaluation.

W R X Y Z

S OH 18F F Cl

S Me 18F F Cl

N-Me OH 18F F Cl

N-Me Me 18F F Cl

Data taken from [70].
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Figure 21. PET radiotracers for chemokine receptors. 
Cit: Citrulline; Nal: 3-(2-naphthalenyllalanine).
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Integrin αvβ3 receptors have also been the tar-
get for radiotracer development by other groups. For 
example, Siemens Medical Solutions, USA. received 
a patent in 2009 for radiolabeled cyclic polypeptides 
composed of a cyclic RGD backbone and tagged with 
18F for PET imaging [98]. In addition to the heterobiva-
lent approach for targeting integrin αvβ3 described 
above, homobivalent probes have also been disclosed 
by Chen from the Jiangsu Institute of Nuclear Medi-
cine. In 2011, they received patents for a pair of labeled 
peptide dimers, [18F]FAl-NOTA-PRGD2 (52) and 
18F-E[c(RGDyk)

2
] (53), with a similar Arg-Gly-Asp 

targeting moiety as mentioned above (Figure 23) [99,100]. 
The former includes a PEGylated, NOTA chelated Al-

18F complex, while the latter includes a substituted 
fluorobenzoate label. Interestingly, the integrin αvβ3, 
cyclized-peptide targeting groups, reported in the two 
patents have opposite polarity with regards to the pep-
tide bond direction. Notably, the authors also included 
a kit-based preparation of [18F]FAl-NOTA-PRGD2. 
This scaffold has since been investigated to various 
extents outside of the patent literature [101,102].

Other targets of interest to the oncology imaging 
community include sigma receptors (σ1 and σ2), and 
while their exact function is not known, human and 
murine tumors were found to show overexpression 
of σ2 receptors  [103]. A series of aromatic and hetero-
aromatic analogs of halo-benzamides were reported 
by Chezal et al. (Institut National De La Sante et De 
La Recherche Medicale, Laboratoires Cyclopharma, 
Universite D’auvergnein)  [104–106]. More specifically 
quinoxaline derivatives (54, Figure 24), labeled with 
fluorine-18 (or iodine-125) exhibited affinity for σ2 
receptors. They displayed good tumor uptake and, 
depending upon choice of radionuclide, could be used 
for diagnosis (by PET or SPECT) or targeted radio-
nuclide therapy of melanomas. Additionally, in 2012, 
Mach et al. developed additional compounds that selec-
tively bind σ2 preferentially over σ1, as tumor cells are 
thought to have a high density of σ2 receptors, and as 
such these ligands are thought to more selectively bind 
tumor cells. This includes a selection of 16 pegylated 
fluorobenzamide analogs (55, Figure 24) that can be 
used as tracers for PET imaging through the incor-
poration of 18F, or for SPECT imaging when labeled 
with 123,124,125I or 76Br [107,108]. With these compounds, 
fluorine labeling was also reported by Gouverneur and 
patented in 2010 through Isis Innovation, Ltd. [109].

Androgen Receptor (AR) imaging in prostate cancer 
currently utilizes PET with 16β-[18F]-fluoro-5α dihy-
drotestosterone ([18F]FDHT), which binds to AR LBD 
(carboxy terminal ligand binding domain)  [110]. This 
method, however, cannot detect splice variants with-
out LBD. To address this need, 18F-labeled compounds 
(e.g., 56), described in a 2013 patent from the British 
Columbia Cancer Agency Branch and The University 
of British Columbia, were designed such that they may 
be used to alter AR activity either in vivo or in vitro 
for both research and therapeutic purposes, including 
splice site variants (see Figure 25 for a representative 
example)  [111]. These molecules can be used to deter-
mine the presence or absence of a tumor and, when 
coupled with [18F]FDHT imaging, can also identify 
the presence of splice variants, or overexpression of 
splice variants lacking the ligand-binding domain [111].

PDGFR-β PDGFR3/β is a transmembrane protein 
belonging to the tyrosine kinase family that binds to its 
dimeric ligand PDGF and has been shown to be upreg-
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Figure 22. Radiotracers for the follicle-stimulating 
hormone receptor.

Figure 23. Radiotracers for Bombesin receptor and integrin αvβ3.
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ulated in a variety of solid tumors. In conjunction with 
PDGFR3, Cluster of Differentiation 276 (CD276) is 
also found to be upregulated in cancer [112,113]. Taken 
together, these are enticing targets for cancer imag-
ing and drug design. In a 2013 invention, eight novel 
peptides specific to these targets were identified and 
demonstrated suitable pharmacokinetic properties for 
use as a diagnostic imaging agent. Peptides and pen-
tamers contain either fluorine-18 (57) or iodine-125 
(suitable for PET or SPECT imaging, respectively; 
Figure 26)  [114]. Peptides described therein contain a 
radioisotope or complex comprising a radioactive metal 
ion and appropriate chelating group; also included is 
the radiosynthesis of N-succinimidyl 4-[18F]fluoroben-
zoate ([18F]SFB) and subsequent coupling to the appro-
priate peptide, as well as other indirect radiolabeling 
techniques involving a prosthetic group (such as [18F]
FBAM and [18F]FBABM), as well as direct labeling via 
substitution [112,114–117].

The folate receptor (FR) has several isoforms, 
including FR-α (FRA) and FR-β (FRB), which are 
frequently overexpressed in a variety of cancers, includ-
ing a vast collection of specific cell types for FRA, and 
primarily leukemia cells and tumor-associated macro-
phages (TAMs) for FRB [118]. Folates and appropriate 
derivatives have been subject to much study for use as 
diagnostic agents and from this various probes have 
been developed for use as radiotracers  [119–122]. Many 
folate radiotracers for use in PET or SPECT imaging 
are chelate-based and have been successfully evaluated 

in successful imaging of FR-positive tumors  [123–126]. 
More recent advances in imaging of FR are PET 
diagnostic agents carrying the F-18 nuclide  [127–135]. 
While the current F-18 folate radiotracers are promis-
ing, higher FR specificity and increased radiochemi-
cal yields for routine clinical imaging were explored 
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Figure 24. PET radiotracers for σ1 and σ2 receptors (m = 1 – 10).
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in a recent application. New folate/antifolate analogs 
were reported whereby the phenyl group within folate 
structure has been substituted with 18F-five- or six-
membered heterocycles; the new 18F analogs can be 
efficiently synthesized in high radiochemical yield, and 
show high selectivity with no negative effect on bind-
ing affinity at the FR (see compound 58, Figure 27, for 
a representative radiotracer) [136].

Urokinase-type Plasminogen Activate Receptor 
(uPAR) is overexpressed in many human cancers and is 
associated with poor prognosis in the case of advanced 
disease. For these reasons, it is considered an attractive 
target for nuclear imaging, as a means to noninvasively 
quantify uPAR density in vivo  [137]. Small radiola-
beled peptides with Cu-64 and Ga-68 were previously 
reported to specifically differentiate between tumors 
of varying uPAR expression and establish a correla-
tion between uPAR PET probe uptake in tumors and 
uPAR expression  [138,139]. Moreover, uPAR imaging 
has used DOTA-conjugated peptide, DOTA-AE105 
radiolabeled with 64Cu and 68Ga and using NODAGA 
(NODAGA-AE105) radiolabeled with 68Ga  [139,140]. 
Taken together, a 2014 application reported improve-
ment upon uPAR PET radiotracer in vivo characteris-
tics with specific and high tumor uptake through both 
[68Ga]- and [64Cu]-NOTA-AE105 in tumor models, 
as well as [AI18F]-NOTA-AE105’s utility to efficiently 
detect uPAR-positive human prostate cancer lesions. 
Within this context, a series of positron-emitting 
radionuclide-labeled peptide conjugates utilizing a 
uPAR binding peptide coupled via a chelating agent 
or the covalently linked radionuclide were reported 
(e.g., compound 59, Figure 28) [141,142].

Transporters
The following subset of oncology-related fluorine-18 
patents target transporters, particularly amino acid 

transporters: L-type, cationic or amino acid trans-
porter generally. Radiolabeled amino acids are of inter-
est as PET agents due to the increased rate of amino 
acid transport in many types of cancer (for a recent 
review on the use of amino acid transporter-targeted 
radiotracers in molecular imaging see:  [143]). L-type 
amino acid transporters (LATs) prefer leucine and sim-
ilar amino acids and have been shown to be upregu-
lated in breast cancer and glioma. The described radio-
labeled amino acids are mostly substrates for transport 
by LATs and A-type amino acid transporters. In addi-
tion, radiolabeled cationic amino acids targeting the 
cationic amino acid transporter are also represented in 
the patent literature (vide infra).

Inventors from Osaka University and the Nard 
Institute, Ltd. describe the design and synthesis of 
5-[2-(fluoro-18F)ethoxy]-2-iodo- L-phenylalanine (60, 
Figure 29), an amino acid derivative shown to have 
strong affinity and selectivity toward LAT1. Addi-
tionally, 60 was found to accumulate in tumors at 
higher levels than [18F]-α-methyltyrosine, a previously 
described radiotracer for LAT-1 [144].

In work from Emory University, Goodman  et  al. 
report the design and synthesis of 1-amino-2-([18F]
fluoro)-,1,1-dimethylethyl ester, (1S,2S) cyclopentane-
carboxylic acid (61, Figure 30) and its enantiomer. The 
fluorine-18 labeled non-natural amino acids showed 
high specificity and selectivity for brain tumors. The 
authors posit these compounds have two advantages 
over [11C]methionine ([11C]MET), a radiotracer used 
clinically for brain tumor imaging (for a recent review, 
see: [145]). Unlike [11C]MET, 61 and the other reported 
compounds are not as susceptible to in vivo metabolism 
and, due to the fluorine-18 label instead of carbon-11, 
have a longer half-life, which facilitates offsite produc-
tion and a greater range of experiments for clinical 
studies  [146]. This work has been cited in subsequent 
literature concerning the use of heterocyclic amino 
acids in imaging proliferative disease [147].

In work from Bayer Pharma the design, synthesis 
and evaluation of O-([18F]fluoro[2H

2
]methyl)-D-tyro-

sine ([18F]D-DFMT, 62) as a potential tumor imaging 
agent is described. [18F]D-FMT (63) has been previ-
ously identified as a possible tumor imaging agent, 
with the D-isomer showing higher tumor uptake 
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Figure 26. Peptides for PDGFR3 and CD276 imaging.
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Figure 27. PET radiotracer for the folate receptor.
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(Figure 31). Citing previous research, the inventors 
investigate the substitution of deuterium for hydrogen 
on the [18F]fluroalkyl chains as a means of increasing 
metabolic stability. Biodistribution studies were used 
to directly compare [18F]D-DFMT and [18F]D-FMT 
in female NMRI mice with NCI-H292 lung tumors. 
[18F]D-DFMT was shown to have a higher tumor-to-
organ ratio, high tumor uptake and low background 
activity with the exceptions being high uptake seen in 
the pancreas and bladder [148].

18F-2-Fluoro-4-borono-L-phenylalanine (18F-BPA 
[64], Figure 32), first developed by Ishiwatari, is used as 
a PET probe to determine the extent of accumulation 
of BPA in solid tumors. In turn, it can be determined if 
boron neutron capture therapy (BNCT) using 10B-BPA 
is a viable treatment option for the patient [149]. Take-
naka et al. of the Stella Pharma Corporation and Osaka 
Prefecture University Public Corporation, describe the 
design and synthesis of novel, chiral 4-boronophenyl-
alanine (BPA) derivatives, and their use as means of 
synthesizing 18F-BPA. These derivatives contain vari-
ous protecting groups for the amine, carboxylic acid 
and boronic acid [150].

In a departure from targeting L-type amino acids 
Mach  et  al., of Washington University, investigated 
the design and synthesis of triazyl alkyl acids, varying 
in length of alkyl chain and substituents  [151]. These 
acids primarily target cationic amino acid transporters, 
though studies show that they are, in part, transported 
via L-type amino acid transporters. The most promis-
ing compound, (S)-[18F]2-amino-3-(1-(2-fluoroethyl)-
1H-1,2,3-triazol-4-yl)propanoic acid derivative (65, 
Figure 33), was found to have superior tumor imag-
ing properties in comparison to its (R)-enantiomer, 
most specifically in gliosarcoma. Upon completion of 
in vivo studies, the authors assert it to be a potentially 
promising radiotracer. While this work has not been 
referenced in further studies relating to cationic amino 

acid transporter, it has been cited in a report on the 
synthesis of lanthanide-hydroporin dyads [152].

Enzymes
A number of reviewed patents for oncology imaging 
focus on targeting enzymes including: prostate-specific 
membrane antigen (PSMA), fatty acid synthase (FAS), 
aldehyde dehydrogenase, histone deacetylase (HDAC) 
and cyclooxygenase (COX). Enzymes are a desirable 
target for PET imaging because of the ability to design 
radiolabeled inhibitors or substrates that can measure 
enzyme expression levels and the important role played 
by enzymes in pathology due to those changes.

PSMA is uniquely overexpressed on the surface 
of prostate cancer cells, making it a promising clini-
cal biomarker for the detection and management of 
prostate cancer. Between 2012 and 2014, Cancer Tar-
geted Technology, LLC and collaborators put forward 
three patents concerning the synthesis and evaluation 
of small molecules for potential use as imaging agents 
for PSMA [153–155]. Small molecules are preferred over 
antibodies, given that antibodies are prone to immu-
nogenicity and poor vascular permeability. The initial 
work concerned the synthesis and evaluation of N-[4-
([18F]f luoro)benzoyl]-L-valyl-O-[[[(1S)-1,3-dicar-
boxypropyl]amino]hydroxyphosphinyl]-L-serine (66, 
Figure 34), and a related series of fluorine-18 analogs 
based on this scaffold. This work included inhibitors 
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Figure 28. uPAR radiotracers.
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labeled by coordination with radiometals such as 99mTc, 
64Cu, 68Ga or 111In. The inventors also discuss methods 
for the detection of PSMA containing cells, inhibit-
ing and treating prostate cancer via the administration 
of a therapeutically effective dose, and a method for 
the blocking or destabilizing the neovasculature of a 
tumor [153]. This work has been referenced in a subse-
quent patent concerning the invention of a diagnostic 
device the inventors claim to be a specific and efficient 
detection method for a given biomarker based on the 
probe utilized [156]. Additional patents by Berkman cite 
this work, the first describes chelated antigen inhibi-
tors for PSMA imaging and the later two patents from 

2013 and 2014 describe the synthesis, design, in vitro 
and in vivo evaluation of PSMA antigen small molecule 
inhibitors based on [18F]dipeptidic-linked N-phospho-
ryl L-aspartic and glutamic acid derivatives. The series 
was developed to produce potential PET probes for 
detection and management of prostate cancer [154,155].

Fatty acid synthase (FAS), which is responsible for 
synthesizing long fatty acid chains, is believed to be 
overexpressed in prostate tumors, as there is signifi-
cant uptake of [11C]acetate, a substrate of FAS. The 
short half-life of carbon-11 (20 min) requires on-site 
production, which has given rise to demand for a fluo-
rine-18 analog of acetate. Though [18F]-fluoroacetate 
mimics [11C]acetate, it is highly toxic  [157]. In related 
work, fluorine-18-labeled derivatives of choline are 
also currently being investigated as possible prostate 
imaging agents, though work remains to fully evalu-
ate their potential. As previous metabolic studies have 
shown that propionate could be a possible precursor 
for the synthesis of fatty acids, in a patent from GE 
Healthcare the inventors describe the use of 2-[18F]
fluoropropionic acid (2-[18F]FPA, 67), 2-[18F]fluorobu-
tanoic acid (68) and 2-[18F]-fluoro-2-methylpropionic 
acid (69) as possible prostate tumor imaging agents 
(Figure 35). They focused on 2-[18F]FPA for further 
evaluation of its imaging potential for oncology appli-
cations  [158]. It is important to note that 2-fluoropro-
panoic acid has much lower toxicity, with rats treated 
with 212 mg/kg showing no observable toxicity. In 
mouse models of prostate cancer, CWR22RV1 xeno-
grafts, 2-[18F]FPA showed high tumor uptake, with 
high brain and heart uptake and notable kidney uptake 
observed. In comparison to [18F]FDG, 2-[18F]FPA 
was shown to be a better imaging agent for prostate 
tumors. It should further be noted, 2-[18F]FPA has also 
been used for imaging α

v
β

3
 integrin expression. This 

patent is cited in later studies where 2-[18F]FPA was 
compared with 3-fluoro-2,2-dimethylpropanonic acid 
([18F]FDMP, 70)  [159]. [18F]FDMP was described as a 
suitable imaging agent for cancer and other diseases, 
including Alzheimer’s disease and multiple sclerosis 
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Figure 32. 18F-2-Fluoro-4-borono-L-phenylalanine.
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(MS). In a comparison between [18F]FDMP and [18F]
FDG uptake in breast adenocarcinoma xenografts, the 
patent reports that differentiation was impossible, but 
noted that [18F]FDMP showed significantly higher 
retention in prostate tumors. In vivo studies with [18F]
FDMP showed that after 60 min, it had a tumor to 
muscle ratio of 1.93, a tumor-to-blood ratio of 2.32 
and high metabolic stability. In additional studies, the 
favorable uptake and high metabolic stability suggested 
that [18F]FDMP outperformed 2-[18F]FPA.

Reske et al. describe the design, synthesis and evalu-
ation of several possible fatty acids for use as radiotrac-
ers for prostate cancer. The inventors describe several 
different radiolabeled fatty acids that differ only in the 
length of the alkyl chain, and the position and identity 
of the radioisotope used to label, though [14C]palmitic 
acid (Figure 36) is focused on in the patent for evalu-
ating the potential of the molecule. The synthesis of 
16-([18F]fluoro)hexadecanoic acid is described in detail. 
Alternate isotopic labeling described includes carbon-14 
(71), carbon-11 (72) and fluorine-18 (73). In vivo stud-
ies with [14C]palmitic acid show that there is signifi-
cant uptake of the radiotracer in the tumor, with low 
background activity and some uptake in the liver and 
prostate. Palmitic acid is a preferred fatty acid, in part, 
because of its low toxicity; the LD

50
, determined in rats, 

was greater than 2 g/kg and palmitic acid has been used 
in a number of cosmetics, approved drugs and food [160].

The work of Cuthbertson and co-workers at GE 
Healthcare describes tracer design and methods for 
targeting aldehyde dehydrogenase (ALDH), prompted 
by development of the stem cell model of cancer [158]. 
One finding of this model is a benefit of purging sam-
ples with 4-hydroperoxycyclophosphamide (4-HC) 
prior to bone marrow transplantation. Sensitivity of 
stem cells to 4-HC has been correlated to intracellular 
activity of ALDH. Additionally, breast cancer stud-
ies have demonstrated a correlation between ALDH 
expression in tumors and poor clinical outcome. The 
work in question focuses on ALDH substrates, pref-
erably those with no other known biological activity, 
and methods for detection of tumor stem cells using 
these substrates, labeled with not only 18F but in some 
cases 11C, 13N, 75,76,77Br, 123,124,122I or chelated metals 
such as 64Cu, 48V, 52Fe, 55Co, 94m,99mTc,67,68Gd, 67,68Ga or 
111,113mIn. This work has been referenced in additional 
patents by Cuthbertson focusing on 6-[2-(fluoro-18F)
ethoxy]-2-naphthalenecarboxaldehyde, [161,162] work by 
Kulangara et al. (of GE Healthcare and Medi-Physics) 
on aldehydes for in vivo imaging of ALDH in cancer 
cells [163], and work by Li et al. (University of Southern 
California) on boron-based dual imaging (PET and 
fluorescence) probes, their composition, and use in 
rapid aqueous 18F labeling [164].

Histone deacetylases’ (HDAC) primary func-
tion is to regulate gene transcription by making 
DNA inaccessible through deacetylating histones. 
HDAC expression has been linked to a number of 
different cancers. Ronen et al. describes substrates of 
HDAC that could be used for magnetic resonance 
spectroscopy (MRS) imaging, or PET imaging of 
HDAC activity (Figure 37), including Boc-lysine 
tri[18F]fluoroacetic acid ([18F]BLT, 74) and 6-([18F]
fluoroacetamide)-1-hexanoicanilide ([18F]FAHA, 75), 
although only [18F]FAHA was described in detail 
and evaluated with in vivo imaging. [18F]FAHA was 
administered to nude rats with human breast cancer 
cells injected subcutaneously into the neck area. At 60 
min, [18F]FAHA showed a%ID/g of 0.79 ± 0.13, and a 
tumor to muscle (T/M) ratio of 1.95 ± 0.19. When also 
treated with suberoylanilide hydroxamic acid (SAHA, 
76), a known HDAC substrate, both %ID/g and T/M 
ratio saw significant drops, indicating that [18F]FAHA 
is a substrate of HDAC. Brain uptake was evaluated 
and without SAHA present, [18F]FAHA was shown to 
have a %ID/g of 0.44 ± 0.03 with a brain to muscle 
ratio of 2.56 ± 0.33 at 5 min. Both values decreased 
as time progressed, and both showed inhibition by 
SAHA. The inventors conclude that [18F]FAHA 
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Figure 35. Radiotracers for fatty acid synthase.

Figure 36. Radiolabeled fatty acids.

HO
O

67 68 69

70

18F
18F

18F

18F

HO

O

OH

OH

O

O

14C

11C

OH

O

71

72

73

OH

O

OH

O
18F

future science group

Patent Review    Brooks, Drake, Stewart et al.

could also be a useful tool for monitoring therapeutic 
response following treatment with SAHA [165].

Cyclooxygenase (COX) is the key enzyme in con-
verting arachidonic acid to prostanoids, which include 
prostaglandin, prostacyclin and thromboxane. The 
isoform COX2 is undetectable in most cells but highly 
inducible in cells involved in inflammation as seen in 
cancer, as well as being shown to be involved in the 
early stages of tumorigenesis. COX2 not only contin-
ues to be expressed during tumor progression, but this 
expression indicates an aggressive tumor phenotype 
and consequently poor prognosis. COX2 overexpres-
sion is well documented in various human carcino-
mas including colon, stomach, lung, breast, head and 
neck, bladder and pancreas. The work of Pham et al. 
from Vanderbilt University describes the design and 
synthesis of [4-(fluoro-18F)phenyl][2-methyl-3-[(4-
methyl-2-thiazolyl)methyl]-1-azulenyl]- methanone 
(77, Figure 38), a COX2 probe and methods for its use 
in imaging, diagnosing and monitoring disease [166].

Tumor hypoxia imaging
Tumor hypoxia imaging continues to be of interest 
to the field, and is dominated primarily by radiola-
beled 2-nitroimidazole derivatives. However, no new 
18F-labeled 2-nitroimidazoles have been the subject 
of a patent application during our 2009–2015 search 

criteria (the most recent was [18F]HX4, reported by 
Siemens Medical Solutions, USA in 2008) [167]. Other 
approaches to hypoxia imaging are also being consid-
ered. For example, the same group also received a pat-
ent in 2008 for hypoxia imaging with [18F]VM4–037, 
a carbonic anhydrase IX inhibitor  [168]. Rather than 
applications for new PET radiotracers for imaging 
hypoxia, it appears that the existing agents continue to 
advance through clinical trials. Progress in this regard 
is beyond the scope of this patent review, but has been 
summarized in recent review articles [169–171].

Miscellaneous oncology imaging
The quantification of apoptosis by PET imag-
ing could be used as an indicator of chemotherapy 
response. Historically, the detection of apoptosis 
has typically been accomplished using annexin V 
labeled with 99mTc. Labeled annexin V, however, can 
be expensive and is moderately unstable. There con-
tinues to remain a need for imaging agents capable 
of monitoring and quantifying apoptosis. Zitzmann-
Kolbe et al., of Bayer Schering Pharma, describe the 
design and synthesis of novel molecules for imaging 
apoptosis by targeting phosphatidylserine with cyclic 
polyamines [172]. All of the molecules described in the 
patent contain at least one cyclic polyamine moiety 
for complexation with a bi- or trivalent metal ion, and 
at least one moiety for binding a radiolabel, or a linker 
and radiolabel. The radiolabel can be replaced with 
florescent dye, or a protein for uses other than PET 
imaging. Though several 18F-radiolabeled molecules 
are described, only a labeled 1,4,7,10-tetraazacyclodo-
decane derivative (78, Figure 39) had biodistribution 
data included. The study was performed in male 
mice with induced hepatic apoptosis. Injection of the 
radiotracer 1.5 and 3 h after hepatic apoptosis induc-
tion showed accumulation in the apoptotic liver after 
30 min. In a comparison study using a control tumor 
and an irradiated tumor, transplanted into the same 
rat, the irradiated tumor showed an increase in the 
accumulation of the radiotracer when compared with 
the control, demonstrating the radiotracers ability to 
identify cell death.

In their patent, Qi  et  al., of Bejing Normal Uni-
versity, claim the design and synthesis of a novel 
18F-labeled polypeptide, with a substituted alkoxyben-
zoyl structure and an amino acid structure opposite 
ends (glycine, N-[4-[2-(fluoro-18F)ethoxy]benzoyl]
glycyl, methyl ester [79], Figure 40)  [173]. According 
to the patent, biodistribution studies indicate that 
the novel radiotracer has better cellular uptake, reten-
tion and metabolism, when compared with O-(2-[18F]
fluoroethyl)-L-tyrosine, a known amino acid transport 
substrate used for imaging brain tumors.
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Figure 37. PET radiotracers for histone deacetylases.
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Damage to tight junctions can lead to enhanced 
proliferation of tumors. Claudin-4, a tight junction 
protein in epithelial cells, can be expressed in can-
cer cells; its distribution and expression could reflect 
important changes to the function of tight junctions, 
and as a result give information about the prolifera-
tion of tumors. Guo and co-workers at Shandong Can-
cer Hospital describe a fluorine-18-labeled 16 amino 
acid polypeptide (80) as an imaging agent for clau-
din-4 (Figure 41). The polypeptide has the amino acid 
sequence Ala-Asn-Ser-Ser-Tyr-Ser-Gly-Asn-Tyr-Pro-
Tyr-Ser-Ile-Leu-Phe-Gln, and has no effect on epithe-
lial permeability. No in vivo or in vitro evaluation of 
the described polypeptide is provided [174].

New radiotracers for other miscellaneous 
applications
Bacterial infection
Maltose-Maltodextrin system
Inventors from Stanford University have described 
a series of fluorine-18-labeled maltose and acarbose 
probes for detecting bacterial infection by PET  [175]. 
Current imaging methods (MRI and CT) cannot eas-
ily distinguish bacterial infection from inflammation, 
so the inventors sought to find a noninvasive method to 
identify bacterial infection from sterile inflammation 
or viral infection. As maltose is a substrate in multiple 
pathways in many types of pathogenic bacteria but not 
used in mammalian cells, it was reasoned that fluorine-
18-labeled maltose analogs would provide an imaging 
method to identify bacterial infection. In addition, 
many pathogenic bacteria also contain maltose trans-
porters, which allows for imaging of those infections 
with labeled maltose or acarbose (a clinically used 
inhibitor of amylases, glucosidases and cyclodextrin 
glycosyltransferases for the treatment of Type II dia-
betes) that is also transported but not metabolized by 
the maltose-maltodextrine system in Escherichia coli. 
and presumably other bacteria  [176]. The fluorine-18 
labeling was achieved by standard nucleophillic sub-
stitution methods and both 6-[18F]fluoromaltose (81, 
Figure 42) and the 1-[18F]fluoromaltose were confirmed 

by in vitro uptake assays to be specific for bacteria and 
dependent on the maltose pathways as cold maltose 
blocked uptake; however, 1-[18F]fluoromaltose was 
found to be unstable in vivo, making 6-[18F]fluoro-
maltose the most promising analog described in the 
patent.

The connection of an oligosaccharide to a fluo-
rine-18 label via azide-alkyne click chemistry conju-
gation was explored by researchers from Emory Uni-
versity, Georgia Tech and Georgia State as a means to 
image bacterial infection  [177]. The inventors decided 
that maltodextrin transport was the most promising 
target and decided to generate a fluorine-18-labeled 
maltodextrin analog, given previous work with fluores-
cent dye conjugated maltohexaose, which was found 
to have a 1000-fold selectivity for bacteria over mam-
malian host uptake. The developed radiotracer, MH18F 
(82, Figure 42), was prepared from the 4-pentyn-1-yl 
brosyl ester that, once fluorinated, was treated with 
the azide containing oligosaccharide in the prescence 
of copper to afford the triazole click product. MH18F 
was found in a thigh infection model using Sprague–
Dawley rats to be able to detect an infection as small 
as 105 colony forming units with specific uptake of the 
radiotracer into bacterial cells and fast clearance from 
mammalian tissue. The maltodextrin transporters are 
common to pathogenic bacteria and have high homol-
ogy, which leads the inventors to expect that MH18F 
will be able to detect a variety of bacterial infections at 
early stages of infection.



36 Pharm. Pat. Anal. (2016) 5(1)

Figure 39. 1,4,7,10-tetraazacyclododecane derivatives 
for imaging apoptosis.
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Sorbitol-6-phosphate dehydrogenase
In work from inventors at Johns Hopkins University, 
several different tritium-labeled probes for bacterial 
pathways were explored for subsequent development 
into a PET radiotracer with the inventors generat-
ing one fluorine-18-labeled probe, 2-[18F]fluorodeoxy 
sorbitol ([18F]FDS [83], Figure 42)  [178]. [18F]FDS 
was generated from commercially available [18F]FDG 
by reduction with sodium borohydride at 35°C over 
15 min. Although originally reported for tumor imag-
ing [179], in this patent the inventors demonstrate that 
[18F]FDS is also selectively taken up by Gram-negative 
bacteria. Further studies with excess unlabeled soribitol 
inhibited uptake of the radiotracer, also demonstrat-
ing specificity. The inventors postulate that sorbitol 
uptake could be a function of a pathway that includes 
sorbitol-6-phosphate dehydrogenase with follow-up 
experiments on bacteria with and without the gene 
accumulating the probe or not as predicted. In  vivo 
experiments were then conducted with [18F]FDS in 
CBA/J mice that were inoculated with E. coli. in one 
thigh. [18F]FDS showed a 12-fold higher signal for the 
infected thigh over the control thigh, while a control 
experiment with [18F]FDG did not show a more intense 
signal for the infected thigh. A related experiment with 
K. pneumoniae for pulmonary infection in CBA/J mice 
also showed PET signal at the site of infection. The 
authors work indicates that [18F]FDS has promise for 
imaging Gram-negative infections by PET.

Diabetes mellitus Type 2
Glucagon-like peptide-1 receptor
In work of inventors from Kyoto University and 
ARKRAY, Inc., a polypeptide that targets glucagon-
like peptide-1 receptor was labeled by use of the pros-
thetic group [18F]SFB [180]. The two fluorine-18 labeled 
polypeptides were based on results found from modify-

ing exendin-4, which is a marketed compound (Byetta) 
for treating diabetes based on a hormone found in Gila 
monster saliva. The radiotracers are intended to allow 
for the estimation of β-cell mass to aid in the determi-
nation of disease progression and to evaluate diabetes 
mellitus Type 2 therapeutics or treatments. The inven-
tors give examples where their molecule successfully 
images a pancreas in mouse models with little bone 
uptake, demonstrating the molecule does target the 
pancreas and does not suffer from defluorination. More 
work is required to determine if the labeled polypeptide 
can accurately estimate β-cell mass and correlate it to 
disease progression.

Formylated peptide receptor
Saji and co-inventors have been exploring development of 
a radiotracer for early detection of diabetic foot to avoid 
the complications that result from the associated ulcers 
and destructive lesions and often lead to amputation [181]. 
In their work, they describe six N-succinimidyl 4-[18F]
fluorobenzoate-labeled polypeptides (6–8 amino acids 
in length) that were based on known formylated pep-
tides that bind to the formylated peptide receptor. This 
allows for the selective imaging of inflammation associ-
ated with diabetic foot as the formylated peptide receptor 
is expressed in leukocytes associated with the condition. 
The described peptides have K

i
 of 0.04–1.22 nM as deter-

mined from competition assay with an iodine-125-la-
beled peptide. The fluorine-18-labeled peptides were 
then investigated in a mouse dynamic PET experiment 
and revealed sites of inflammation with accumulation 
observed over the course of the experiment.

Chronic pain
Protein kinase G1 alpha (PKG-1α)
In a patent from Columbia University in the city of New 
York, fluorine-18 and carbon-11-labeled radiotracers for 
imaging chronic pain with the intent to quantify neu-
ropathic pain are described  [182]. PKG-1α in nocicep-
tive neurons is activated by injury or inflammation and 
can lead to long-term hyperexcitability, which increases 
activity at pain centers leading to hypralgesia and allo-
dynia. The inventors refer to their radiotracer as NOP-
46 (84, Figure 43), which is labeled with fluorine-18 
or carbon-11 to generate the described radiotracers. 
In biological evaluation, the inventors found NOP-46 
was selective for PKG-1α over the other 287 kinases 
they tested and that NOP-46 alleviated mechanical 
allodynia in a rat chronic pain model.

Inflammation
Purinergic P2X7 receptor
Building on their prior work to discover a potent 
antagonist of the purinergic P2X

7
 receptor  [183], GE 
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Figure 41. 16 amino acid polypeptide as an imaging agent for imaging clau-din-4.
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Healthcare describes the synthesis of an analog labeled 
through a [18F]fluoroethoxy group (85, Figure 44) [184]. 
The purinergic P2X

7
 receptor is an adenosine triphos-

phate (ATP) activated ion channel found in mast 
cells, macrophages, lymphocytes and other cell types 
associated with inflammation. Its role in the release of 
inflammatory cytokines and its expression in glial cells 
where it has been found to play a role in the release of 
glutamate have led to interest in the receptor as a thera-
peutic or as an imaging agent for inflammation. The 
inventors evaluated the fluorine analog 85 in a cell-
based assay where HEK 293 cells were transfected with 
P2X

7
 and the amount of a fluorescent dye that entered 

through the large pore form of the receptor being mea-
sured to indicate inhibition by the antagonist, with 

more potent molecules requiring a lower concentra-
tion to reduce uptake of the dye. Further work with 
the compound is required to evaluate its potential as 
an imaging agent.

Matrix metalloproteinase
In a patent from University of Münster and Siemens 
Medical Solutions, two fluorine-18-labeled matrix 
metalloproteinase inhibitors are described  [185]. Their 
work was recently published in the literature but 
did not include a description of their fluorine-18-la-
beled compounds HUG 74 (86) and HUG 78 (87) 
(Figure 45)  [186]. The interest in matrix metallopro-
teinase stems from its upregulation in pathologies like 
atherosclerosis, tumorigenesis and other inflammatory 
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Figure 43. Structure of NOP-46, an inhibitor of protein 
kinase G1 alpha.
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diseases (authors claim usefulness in detecting the fol-
lowing diseases where matrix metalloproteinases are 
upregulated: atherosclerosis, congestive heart failure, 
cancer, arthritis, amyotrophic lateral sclerosis, brain 
metastases, cerebrovascular diseases, Alzheimer’s dis-
ease, chronic obstructive pulmonary disease). Small 
animal PET experiments were performed with HUG 
74 and found high initial uptake in liver and kidneys 
and rapid clearance through hepatic and renal elimi-
nation. Accumulation in organs and bone was not 
observed, indicating HUG 74 merits further investi-
gation to evaluate its use as a radiotracer for disease 
related to matrix metalloproteinases.

Inducible nitric oxide synthase
In a patent from Washington University Mach, Zhou 
and Welch describe two 4-methyl pyridine fluorine-18 
labeled inhibitors (88 and 89, Figure 46) of inducible 
nitric oxide synthase (iNOS)  [187]. The inventors’ 
interest in iNOS stemmed from the association of its 
overproduction with disease such as ischemia/reperfu-
sion injury, septic shock, diabetes (vascular dysfunc-
tion) and transplant rejection. Production of nitric 
oxide by iNOS has been confirmed in many acute and 
chronic inflammatory diseases and is found in acti-
vated macrophages making it a potential biomarker 
for inflammation. The more promising of the two 
compounds (88) was reported in the literature  [188], 
but its analog and related information can be found 
in the patent.

Bradykinin receptor B1
Bradykinin receptor B1 (B1) is a G-protein-coupled 
receptor known to be involved in pain, inflammation 
and cancer, which lead inventors at the British Colum-
bia Cancer Agency to develop radiotracers for B1 [189]. 
The inventors describe both peptides and nonpeptidic 
tracers for B1 with in vivo evaluation only conducted 
with gallium-68 peptides with a DOTA connected via 
a linker for binding the gallium. Al-18F is also claimed 
for use with the peptides although it is not described. 
Out of the nonpeptide compounds, only one com-
pound (90, Figure 47) had an nM K

i
 (108.3 nM) as 

determined in a competitive binding assay utilizing a 
tritium-labeled ligand.

Cell death
Phosphatidylserine
In two patents from Molecular Targeting Technologies, 
Inc., zinc (II) dipicoly-lamine coordination complexes 
were developed for imaging phosphatidylserine [190] for 
its use in detecting cell death and its use in examin-
ing ocular disease as a dual modality tracer, PET and 
fluorescence  [191]. Phosphatidylserine is an anionic 
phospholipid that is typically found in the membrane 
inner leaflet but is externalized during most types of 
cell death. The zinc (II) dipicolylamine coordination 
complexes were designed by the inventors to mimic 
the annexin-V apoptosis sensing function  [192]. The 
scaffold had previously been developed with 99mTc and 
64Cu coordination, but the inventors sought to generate 
fluorine-18-labeled analogs using common fluorine-18 
prosthetic groups: [18F]SFB, 2-18F-fluoroethyl tosylate, 
and 2-18F-fluoropropionate; as fluorine-18 is the most 
common PET isotope and would not affect the ability 
of the zinc (II) dipcolylamine coordination complex to 
interact with phosphatidylserine as much as the PET 
metal coordinate analogs would. Experiments in athy-
mic nude mice with a human glioma xenograft demon-
strated that the selected 18F-radiotracer (91, Figure 48), 
imaged the tumor successfully as confirmed by ex vivo 
and fluorescence imaging with the molecule [190]. Addi-
tionally, a benzalkonium chloride induced corneal tox-
icity model study in Wistar rats was preformed and 
demonstrated that the tracer examined by fluorescence 
imaging could detect cell death in the eye with greater 
benzalkonium chloride concentrations showing more 
damage and no signal detected with just vehicle [191].

Vital fluorochrome
In a patent filed by the General Hospital Corporation, 
two fluorine-18-labeled vital fluorochromes (92 and 
93) that bind to nucleic acids in cells that are dying 
or dead are described (Figure 49)  [193]. The inventors 
envision using the imaging agent to detect cell death 
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Figure 45. Structure of HUG 74 and HUG 78, HUG 74 
was utilized in preclinical evaluation.

Figure 46. 4-Methyl-pyridine inhibitors of inducible 
nitric oxide synthases.

N

88 89

18F
18F

NH2
NH2

N

O
18F

18F

S
N

O O

F

O NH

OH

O

S
N

O O

F

O NH

OH

HUG 74
(86)

HUG 78
(87)

Figure 47. Radiotracer for bradykinin receptor B1.

N

H
N

S O

90

O

O

N
H

O

N N
18F

future science group

Fluorine-18 patents (2009–2015). Part 1: novel radiotracers    Patent Review

due to diabetes, organ transplant rejection, myocar-
dial infarction or atherosclerosis with selective imag-
ing based on the concept that the vital fluorochrome 
can pass through the permeable membrane of a dead 
or dying cell but not that of an intact cell. Biologi-
cal evaluation or preclinical PET experiments are not 
described in the patent, so it is yet to be determined if 
they function as imaging agents for cell death.

Cystine/glutamate transporter
Three fluorine-18-labeled substrates for the cystine/
glutamate transporter, which is an antiporter, are 
described in a patent from the GE Healthcare  [194]. 
The transporter has low expression levels in most tis-
sues unless the cells are exposed to oxidative stress. The 
transporter uptakes cystine into the cell which is then 
reduced to cysteine; therefore, the inventors reasoned 
that a fluorine-18-labeled cystine substrate could be 
a measure for oxidative stress in disease states due to 
apoptosis or tissue damage seen in stroke, traumatic 
injury, transplant rejection or as a measure of chemo-
therapy effectiveness. The cystine substrate analogs 
have been used previously to image the transporter 
with fluorescence and SPECT but have not seen use, 
likely due to limitations of those modalities. The three 
cystine analogs are described in the patent (94–96, 
Figure 50); the aminoxy-[18F]fluorobenzyl analog was 
evaluated in Jurkat and A549 cell lines to measure 
uptake of substrate, Balb-c mice to measure the bio-
distribution and an apoptosis model where mice were 
injected with anti-Fas antibody 2 h prior to small ani-
mal PET scan. The radiotracer is renally cleared and 
apoptosis model experiments showed increased uptake 
in the liver as expected.

In vivo pH measurement
A series of fluorine-18 analogs of pH indicators were 
prepared with the chemistry described in a patent from 
the University of Pennsylvania  [195]. Indicators that 
were used as starting points include phenol red, cre-
sol red, thymol blue, bromophenol red, naphthol blue, 
phenolphthalein and other related structures. The 
synthesis of several of these fluorine-18-labeled indica-
tors is also reported in the journal literature [196]. The 
inventors expect the radiolabeled indicators will allow 
for the measurement of extracellular pH to detect 
tumors or to measure pH changes associated with 
hypoxia or diabetes as pH changes will affect the elec-
tronics of the ring and thus there partitioning between 
tissues  [196]. The probes are prepared by electrophilic 
aromatic fluorination ortho to a phenol in indicator 
molecules with [18F]F

2
 gas that unfortunately results 

in low specific activities. The inventors also envision 
utilizing Cherenkov detection to image the probes.

Conclusion & future perspective
The number of patents containing fluorine-18 has risen 
steadily since the 1990s, with an average of 50–100 fluo-
rine-18 containing patents per year being issued since 
2009. These patent applications typically cover new 
radiotracers (this review) or new radiochemical methods 
(to be covered in part 2). In the radiotracer space, the 
majority of applications fall into neurology, oncology, 
cardiology or other miscellaneous categories. Neurologi-
cal applications include extensive tracer discovery efforts 
targeting misaggregated proteins in Alzheimer’s disease 
(amyloid, tau), dysfunctional systems in Parkinson’s 
disease (leucine rich repeat kinase (LRRK2), dopamine 
receptors) and traumatic brain injury (e.g.,  tau, cell 
death), as well as neuroinflammation (TSPO), which 
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Figure 48. Inventors from Molecular Targeting Technologies, Inc. advanced this fluorine-18 radiotracer to 
preclinical evaluation for imaging cell death.
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has been implicated in many neurological disorders. In 
the oncology space, efforts continue to develop radio-
tracers that target a variety of biomarkers for cancer 
including systems such as receptors, transporters and 
enzymes that are dysregulated in the tumor environ-
ment. New radiotracers for cardiac PET imaging have 
focused upon perfusion imaging, quantification of car-
diac sympathetic nerve density and new radiotracers 
targeting phosphodiesterase 1, chymase and Hsp90. 
Finally, the capabilities of PET are being pushed, with 
exciting new applications in imaging diabetes, chronic 
pain, bacterial infections, cell death and inflammation.

The wide range of PET radiotracers now available, 
and continuing to be developed, suggest a lasting role 
for PET imaging in drug discovery efforts and the 
move toward personalized medicine, although we rec-
ognize that the cost of a PET scan means the latter 

is heavily dependent upon healthcare reimbursement 
policies. Impact of many of these classes of radiotracer 
in both areas is already apparent. For example, the 
huge trials imaging amyloid and tau across multiple 
neurodegenerative disorders are increasing our under-
standing of the entire disease spectrum, while amyloid 
PET is being increasingly used to appropriately popu-
late clinical trials. The need for development of new 
radiotracers is also clear, as many disease mechanisms 
remain poorly understood and functional PET imag-
ing could have significant impact in this area. Devel-
opment of PET radiotracers is a complicated business 
that requires close and careful collaboration between 
basic scientists and physicians so that those radiotrac-
ers being translated from the bench into clinical use 
address the bedside needs of radiologists and nuclear 
medicine physicians. While it is difficult to predict 
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Figure 50. Fluorine-18-labeled cystine analogs for imaging the Cystine/glutamate transporter.
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which radiotracers described herein will follow the 
translation pathway advance to widespread clinical 
use, we expect the growth of PET to continue for the 
foreseeable future, as the valuable functional informa-
tion and exquisite sensitivity available from PET are 
not available from other imaging modalities.

Finally, in addition to the development of the PET 
radiotracers highlighted in this review, there have been 
a steady number of patents focusing upon hybrid or 
multimodality imaging agents. Although multimodal-
ity agents are outside the scope of this article, they are 
alluded to throughout as many of the tracers reported 
can also be tagged with SPECT radionuclides, fluo-
rescent probes for optical imaging and gadolinium for 
MRI applications. Hybrid scanners such as PET/CT 
or PET/MRI are increasingly commonplace, although 
the latter remain extremely costly at the time of writ-
ing, and therefore hybrid probe development is also 
expected to continue.
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Executive summary

•	 Positron emission tomography (PET) imaging is a form of functional molecular imaging increasingly used in 
personalized medicine (presymptomatic diagnosis, predict response to therapy, monitor response to therapy) 
and drug discovery (confirm target engagement, estimate receptor occupancy, determine dosing regimens, 
enrich clinical trial enrollment).

•	 The most commonly utilized PET radionuclide is fluorine-18 because the convenient 110 min half-life enables 
commercial distribution from centralized nuclear pharmacies and the excellent imaging properties provide 
exquisite images. Moreover, the growing popularity for incorporating fluorine into pharmaceutical scaffolds 
offers rich opportunities for adapting them into PET radiotracers to function as companion diagnostics.

•	 The number of publications and patents containing fluorine-18 has risen steadily since the 1990s, coinciding 
with approval of [18F]fludeoxyglucose by the US FDA and subsequent agreement to cover reimbursement by 
the Centers for Medicare and Medicaid Services.

•	 An average of 50–100 fluorine-18 containing patents per year have been issued since 2009.
•	 Patent applications typically cover new radiotracers (for applications in, for example, neurology, cardiology, 

oncology and other miscellaneous areas, that are covered in this review) or new radiochemical methods (to be 
covered in Part 2 of this review).
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