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Molecular tracers for the PET and SPECT imaging of disease
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The development of positron emission tomography (PET) and single photon emission computed

tomography (SPECT) imaging continues to grow due to the ability of these techniques to allow

the non-invasive in vivo visualisation of biological processes at the molecular and cellular levels.

As well as finding application for the diagnosis of disease, these techniques have also been used

in the drug discovery process. Crucial to the growth of these techniques is the continued

development of molecular probes that can bind to the target biological receptor with high

selectivity. This tutorial review describes the use of PET and SPECT for molecular imaging and

highlights key strategies for the development of molecular probes for the imaging of both cancer

and neurological diseases.

1. Introduction

In the 20th century, molecular imaging technologies such as

magnetic resonance imaging (MRI) or the radionuclide

techniques of positron emission tomography (PET) and single
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photon emission computed tomography (SPECT) have had a

significant impact on many aspects of healthcare.1,2 For

example, these techniques are used routinely for the diagnosis

and prognosis of many diseases while novel imaging strategies

have been utilised to non-invasively track pathophysiological

processes. Molecular imaging has also been used in various

aspects of drug development such as understanding drug action

and establishing dosage regimens and treatment strategies.

In basic terms, molecular imaging effectively allows the

non-invasive visualisation, characterisation and measurement

of biological processes at the molecular, cellular, whole organ

or body level using specific imaging probes. These molecular

imaging probes (sometimes called tracers due to the sub-

pharmacological amounts administered) provide an analytical

signal which is detected by a particular method resulting in

either a two- or three-dimensional image. Imaging probes,

acquisition protocols and image processing techniques for

molecular imaging techniques can be used in animal models

and in humans making these truly translational modalities.

Of the non-invasive imaging technologies available PET and

SPECT are the most sensitive techniques for imaging function

in vivo (Table 1). However, the spatial resolution achieved

using PET and SPECT imaging is relatively low where

anatomical detail is poor. Often computed tomography or MRI

imaging is performed to provide high resolution structural

images that can be fused with the functional PET or SPECT

image. The development of hybrid imaging techniques such as

PET/CT and SPECT/CT allows both anatomical and

functional information to be obtained in a single scanning session.

A number of excellent comprehensive reviews have been

published on PET and SPECT imaging.1,2 In this review which

is aimed at the non-specialist, a general outline of how PET

and SPECT are used for molecular imaging is provided. The

review then describes the general approach used for designing

molecular probes as well as the most efficient methods for their

radiosynthesis. Examples of how these strategies and methods

are used in practice for neuroimaging and the imaging of

cancer are also discussed.

2. Positron emission tomography

Imaging agents used for PET are radiolabelled with radio-

nuclides that decay by the emission of a positively charged

particle called the positron. On emission from the nucleus, the

positron travels a short distance in the surrounding tissue

before it annihilates by combining with an electron (Fig. 1).

This distance traveled by the positron is known as the positron

range. On annihilation, the mass of the positron and electron

are converted into energy producing two 511 keV g-rays which

are emitted simultaneously at approximately 1801 to each

other. The pair of g-rays is detected by surrounding detectors

which allow information about the positron annihilation to be

recorded. The acquisition of a large number of coincidence

events provides data which allow reconstruction into an image

with information on the spatial distribution of radioactivity as

a function of time. The technique used is called electronic

collimation.3 An important feature of this whole process is the

energy of the positron. Too high an energy and the positron

will travel further in the tissue before annihilation resulting in

overall loss of spatial resolution.

2.1 PET radionuclides

A significant number of PET nuclides exist for incorporation

into biomolecules. The isotopes generally selected for PET

imaging have half-lives comparable to the half-life of the

process being imaged. The primary mode of decay should be

positron emission. Other modes of emission can be tolerated

as long as the energies are not close to the 511 keV produced

during annihilation of the positron. The most commonly used

nuclides for PET imaging are shown in Table 2. While most of

these in theory can be used for PET imaging, it is mainly 11C

or 18F labelled molecular probes which are employed. The

main advantage of PET imaging over SPECT is that the

radiolabelled imaging agent is essentially indistinguishable

from its nonradioactive counterpart. Carbon is the main

constituent of naturally occurring compounds and thus,

replacement of carbon-12 with carbon-11 produces only a

negligible isotope effect. Fluorine is not normally found in

biomolecules, but the substitution of a hydrogen atom or a

hydroxyl group by a fluorine atom is a commonly applied

bioisosteric replacement.4 Fluorine and hydrogen are similar

in size (van der Waal’s radii of hydrogen and fluorine are 1.20

and 1.35 Å, respectively) and thus, this replacement induces

only a slight steric perturbation. Fluorine is considerably more

electronegative than hydrogen but this change in the electronic

properties of the molecule can quite often be advantageous

producing molecular probes with improved potency.5 Other

favourable features of fluorine-18 are that fluorine can accept

a hydrogen bond and the carbon–fluorine bond is the

strongest in organic chemistry (105.4 kcal mol�1) and there-

fore, unlikely to be metabolised leading to loss of the isotope.6

Imaging agents which are labelled with 18F have the most

favourable nuclear properties for PET analysis.7 The 18F half-

life of 110 minutes allows for more complex radiosynthesis,

longer in vivo studies and from a practical point of view, can be

Table 1 Characteristics of PET, SPECT and MRI molecular imaging
techniques

Imaging
technique

Spatial
resolution

Sensitivity/
mole L�1

Amount of
molecular
probe used

PET 1–2 mm 10�11 to 10�12 Nanograms
SPECT 1–2 mm 10�10 to 10�11 Nanograms
MRI 25–100 mm 10�3 to 10�5 Micrograms to

milligrams

Fig. 1 Annihilation of a positron by an electron producing two

g-rays.
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transported to clinical PET centres that lack radiochemistry

facilities. Furthermore, the high percentage of b+ emission

(97%) and relatively low positron energy (see Table 2) result in

the generation of high-resolution images. Carbon-11, due to

its relatively short half-life, is more suited for radiopharma-

ceuticals with short biological half-lives and studies in the

same patient can be repeated after short intervals. However,
11C-labelled compounds can be produced and utilised only in

facilities with a cyclotron.

2.2 PET radiochemistry

Irrespective of the isotope used, all synthetic routes to

isotopically labelled compounds are designed such that incor-

poration of the expensive and/or unstable isotope is carried

out at a late stage of the synthesis thus, maximising the

utilisation of the isotope.8 This is very much the case for the

main PET isotopes 18F and 11C which have particularly short

half-lives. In general, the synthesis and purification timeframe

should not exceed two to three times the half-life of the

radionuclide in use. To drive the reaction to completion as

quickly as possible, a large excess of the unlabelled precursor is

typically used. Other techniques such as microwave heating9

and microfluidic devices10,11 produce beneficial effects which

allow the fast and efficient generation of PET imaging agents.

For the introduction of carbon-11, [11C]methyl iodide is the

most widely used reagent and can be easily incorporated either

by C-, N-, O- or S-methylation under basic conditions.12,13

Carbon-11 is generated in a cyclotron by the bombardment of

nitrogen-14 with protons. Addition of oxygen then produces

[11C]CO2 which can be transformed into [11C]methyl iodide

using either the ‘‘wet’’ method or an alternative approach

called the ‘‘gas phase’’ or ‘‘dry’’ method.1 Both approaches

involve only two synthetic transformations from [11C]CO2,

however the latter method is now more widespread as it

produces PET imaging probes with higher specific activities.

[11C]Methyl iodide has also been used to generate PET

imaging agents via Sonogashira, Stille or Suzuki cross-

coupling reactions.14,15 For example, a Stille reaction was used

for the generation of a radioligand for PET imaging of the

metabotropic glutamate 1 receptor (Scheme 1).15 Reaction of

organotin derived quinoline 1 with [11C]methyl iodide in the

presence of a palladium(0) catalyst gave the radioligand 2 in a

decay-corrected radiochemical yield of 47 � 17% and with a

specific activity of 607 � 228 Ci mmol�1.16

The two main strategies for introducing fluorine-18 involve

either electrophilic or nucleophilic radiofluorinations.13,17

Electrophilic fluorinations are mediated using [18F]F2 and

reagents derived from [18F]F2 such as [18F]acetyl hypofluorite.7

The [18F]F2 gas can be generated by bombardment of neon

with deuterons, however [18F]F2 is now generally produced via

the 18O(p,n) process using [18O]water. The main reactions

of [18F]F2 include direct electrophilic substitution and

demetallation reactions as for the synthesis of 6-[18F]fluoro-

L-dopa 4, a PET tracer for probing cerebral dopamine

metabolism in humans (Scheme 2).18 Fluorodestannylation

of 3 with [18F]F2 was complete after only ten minutes. Rapid

deprotection using hydrogen bromide gave 6-[18F]fluoro-L-

dopa 4 in a decay-corrected radiochemical yield of 25%.

The major limitation using [18F]F2 is that only one of the

fluorine atoms carries the 18F label and as such the maximum

achievable radiochemical yield is 50%. Low specific radio-

activities which stem from the presence of unlabelled [19F]F2

carrier gas are also a problem when using [18F]F2 and this can

restrict the application of imaging agents generated in this

way. For these reasons, nucleophilic substitution using

[18F]fluoride is the main strategy for introducing fluorine-18.

The [18F]fluoride ion is generally produced by irradiation of

[18O]water and isolated using anion exchange chromato-

graphy.19 Fluoride ions are poor nucleophiles, however, these

reactions can be enhanced by activation of the fluoride ion.

This is achieved by adding alkali salts and cryptands such as

the aminopolyether Kryptofixs 5 (K222) which complexes the

cation producing the ‘‘naked’’ reactive form of fluoride. The

most common reaction for aliphatic compounds is displace-

ment of a good leaving group such as a tosylate or a triflate via

an SN2 mechanism. This was the approach used for the

preparation of 7, a new PET imaging agent for the trans-

locator protein (Scheme 3).20 The tosylate 6 was reacted with

[18F]potassium fluoride in the presence of Kryptofixs 5 at

120 1C. Purification by HPLC gave radiolabelled ligand 7 with

over 99% radiochemical purity.

Table 2 Commonly used radionuclides for PET imaging

Nuclide Half-life/min Type of emission
Max.
energy/MeV

11C 20.3 b+ 0.97
13N 10 b+ 1.20
15O 2 b+ 1.74
18F 110 b+ 0.64
64Cu 762 b+/electron capture 0.66
68Ga 68.1 b+/electron capture 1.90
76Br 972 b+/electron capture 4.00
124I 60 192 b+/electron capture 2.14

Scheme 1 Radiosynthesis of PET imaging agent 2 using a Stille

reaction.

Scheme 2 Synthesis of 6-[18F]fluoro-L-dopa 4 by electrophilic

fluorination.
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Nucleophilic aromatic substitution reactions using

[18F]fluoride ion can be done but requires highly activated

aromatic rings with electron-withdrawing substituents in ortho

or para positions.21 Activating groups are not required for

electron-poor heterocyclic aromatic systems such as the

pyridine rings commonly found in a number of neurological

imaging tracers.22 A [6-pyridinyl-18F]-labelled derivative of

WAY-100635, a potential PET imaging agent for brain

5-HT1A receptors, was prepared by nucleophilic aromatic

substitution of 6-nitropyridinyl analogue 8 (Scheme 4).23

Reaction of 8 with [18F]potassium fluoride and Kryptofixs 5

was found to proceed more rapidly under microwave heating

rather than conventional heating and this generated 9 in an

excellent chemical yield of 93% and with a decay corrected

radiochemical yield of 15–25%.

As highlighted above, nucleophilic aromatic substitution

reactions using [18F]fluoride ion are restricted to electron-

deficient arenes. More recently, new methodology has been

developed involving the use of diaryliodonium salts which

allows the fluorination of both electron-deficient and

electron-rich arenes.13,17 The diaryliodonium salts are easily

prepared by reaction of Koser’s reagent, hydroxy(tosyloxy)-

iodobenzene, with either aryltrialkylsilanes, aryl boronic acids

or organostannanes.17,24 These are then reacted with

[18F]fluoride ion under standard conditions (Scheme 5).25 An

interesting feature of this process is that the regioselectivity of

the fluorination can be directed using the ‘‘ortho effect’’ where

an ortho substituent directs attack to that ring. In the absence

of an ortho substituent, the [18F]fluoride ion is incorporated

into the least electron-rich ring. Thus, the use of diaryl-

iodonium salts where one of the aryl groups is an electron-rich

p-methoxyphenyl or 2-thienyl ring results in highly selective

fluorination of the other ring (Scheme 5).26 As shown by the

examples in Scheme 5, one of the benefits of using this

approach is that it produces radiolabelled compounds with

higher radiochemical yields compared to other more estab-

lished approaches.25

2.3 The generation of molecular probes for imaging

The general strategy for designing and synthesising imaging

probes is very similar to generating drug-like molecules in that

the probes are required to have high affinity and high selectivity

for the target receptor or organ. Production of compounds

that satisfy these requirements means that only small amounts

of the radioactive probe are required, generating precise and

well-defined images of the receptor. In practice, compounds

from the scientific literature which are known to bind to the

receptor with high affinity and have good pharmacokinetics

are initially chosen as leads. Synthetic routes for the prepara-

tion of a small library of analogues are then designed which

incorporate the isotopic label at a late stage of the synthesis.

The ‘‘cold’’ (non-radioactive) compounds are initially tested

for affinity with the receptor. The most active compound with

the highest affinity and the best log p value (according to

Lipinski’s rules27) that can easily cross cell membranes is then

re-synthesised incorporating the radionuclide using the most

efficient radiochemical techniques. Depending on the quality

of the images generated, further analogues may be required

which have greater selectivity for the target receptor. This is

the general strategy used for preparing the majority of

molecular imaging agents as shown by the key examples

highlighted in the following sections.

2.4 PET imaging of cancer

The most widely used tracer for imaging cancer is the glucose

analogue 2-[18F]fluoro-2-deoxyglucose (FDG) 12.28 [18F]FDG
Scheme 4 Microwave synthesis of 9 using nucleophilic aromatic

substitution.

Scheme 3 Radiosynthesis of PET imaging agent 7 using [18F]potassium

fluoride.

Scheme 5 [18F]Fluorination using diaryliodonium salts.
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enters cells via plasma membrane glucose transporters. During

the first step of the glycolytic pathway it undergoes phosphoryl-

ation and is irreversibly trapped intracellularly in most tissues.

As many tumour cells have upregulated glucose transport and

glycolysis, [18F]FDG accumulates in tumour cells rather than

in normal tissues. [18F]FDG has been used as a biomarker of

many human malignancies including lung cancer, breast

cancer, lymphoma, colorectal cancer (Fig. 2) and melanoma.

The synthesis of [18F]FDG using an electrophilic fluorina-

tion was first published in the 1970’s,29 but it was not until

much later when a nucleophilic fluorination method involving

highly active [18F]fluoride ion was developed did it find more

widespread application.30 The key intermediate is 1,3,4,6-

tetra-O-acetyl-2-trifluoromethanesulfonyl-b-D-mannopyranose

11 which was prepared in two steps from D-mannose 10

(Scheme 6). Introduction of the 18F-label involved the SN2

reaction of 11 with [18F]fluoride ion in the presence of

Kryptofixs 5. This was followed by rapid acid deprotection

of the hydroxyl groups which gave [18F]FDG 12 in a high

radiochemical yield.

While [18F]FDG is very widely used as a clinical research

tool and as a diagnostic agent in oncology and neurology it

does have some limitations. These include high uptake in some

normal tissues such as brain and bladder which restricts its use

for imaging gliomas and prostate cancers. Furthermore,

inflammatory conditions can lead to increased local uptake

of [18F]FDG which leads to false positive results. These

limitations have prompted research into more specific

biomarkers of cancer. Recently, Vasdev and co-workers

reported the preparation of [18F]-1-deoxy-1-fluoro-scyllo-

inositol 15 as a potential PET imaging agent for both

Alzheimer’s disease and breast cancer.31 A protected triflate

derivative of myo-inositol 13 was reacted with potassium

fluoride in the presence of Kryptofixs 5 which gave the

[18F]fluoride analogue 14 with high specific activity

(Scheme 7). Acid deprotection of the diacetals and base

hydrolysis of the benzoyl group gave [18F]-1-deoxy-1-fluoro-

scyllo-inositol 15 with an uncorrected radiochemical yield of

16%. Small animal imaging studies showed that compound 15

had very low brain penetration and thus, unlikely to be used

for studying the central nervous system. However, preliminary

investigation of 15 for the detection of human breast cancer

xenografts in athymic mice showed that tumour uptake of 15

was similar to that for [18F]FDG 12. With the relatively low

specificity of FDG PET, [18F]-labelled inositols such as 15may

prove more effective for oncology imaging studies.

a-Amino acids are important nutrients for the proliferation

of cells through protein synthesis. It is well known that the

transport of amino acids and subsequent protein synthesis is

upregulated in many tumour types and thus, labelled a-amino

acids such as L-[11C]methionine, 2-[18F]fluoro-L-tyrosine,

L-[18F]fluoro-a-methyl tyrosine and O-(2-[18F]fluoroethyl)-L-

tyrosine have been selectively incorporated into tumours for

PET imaging.28,32 For example, [18F]fluoro-L-dopa 4 in animal

models has been shown via a transport mechanism to

accumulate in melanomas and breast tumours and is therefore,

potentially complementary to [18F]FDG.28 Due to the impor-

tance of [18F]fluoro-L-dopa 4 for neuroimaging (see Scheme 2)

and as an oncological radiotracer, a number of electrophilic

and nucleophilic syntheses have been reported. In 2004, a

highly efficient and rapid approach for the enantioselective

synthesis of 4 was reported using a phase transfer alkylation

(Scheme 8).33 The [18F]fluoroveratraldehyde derivative 17 was

synthesized from 16 using a nucleophilic fluorination in the

presence of Kryptofixs 5. Sodium borohydride reduction of

Fig. 2 [18F]FDG image of a patient with colorectal cancer (left, CT

image; middle, fused PET–CT image; right, PET image).

Scheme 6 Synthesis of 2-[18F]fluoro-2-deoxy-D-glucose 12 (FDG).

Scheme 7 Synthesis of [18F]-1-deoxy-1-fluoro-scyllo-inositol 15.
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17 followed by bromination of the resulting alcohol under

standard conditions gave [18F]fluorobenzyl bromide 18. To

avoid time-consuming operations such as evaporation, extrac-

tion, drying and heating, these two reactions were performed

using a solid support. The key step was then achieved

involving alkylation of glycine derivative 20 with 18 in the

presence of the chiral phase transfer catalyst 19. This gave

alkylated product 21 in >90% yield and with 96% enantiomeric

excess. Finally deprotection of 21 followed by HPLC purification

gave [18F]fluoro-L-dopa 4 in a synthesis time of 100 minutes and

in a decay corrected radiochemical yield of 25–30%. While this

synthetic approach does generate [18F]fluoro-L-dopa 4 in slightly

lower ee compared to other methods, it is well adapted for

automation and routine production.

The majority of new anti-cancer agents target molecular

pathways to inhibit cell proliferation rather than active cell

death. As a consequence, the development of new PET

imaging agents for cancer has focused on the production of

biomarkers for cell proliferation and apoptosis. A widely used

radiopharmaceutical for cell proliferation is the nucleoside

[18F]fluorothymidine 23 (FLT).28 FLT enters cells by diffusion

and by a carrier-mediated mechanism and is then metabolised

by thymidine kinase 1 (TK1). TK1 is overexpressed in tumour

cells (up to 15 fold higher than normal cells) and thus is an

effective target for imaging cancer cell proliferation. One of the

most efficient syntheses of [18F]FLT involved the nucleophilic

displacement of a nosyl leaving group using [18F]tetrabutyl-

ammonium fluoride in the protic solvent, tert-butanol

(Scheme 9).34 Normally, SN2 reactions are carried out in

aprotic solvents which enhance the nucleophilicity and thus,

the rate of the reaction. However, it has been found that the

use of tertiary alcohols as solvents for nucleophilic fluorina-

tion dramatically increased the rate of the reaction.

This process was particularly useful for the synthesis of

[18F]imaging agents including [18F]FLT 23 which was formed

after deprotection in a radiochemical yield of 65% and in a

total synthesis time of 70 minutes (Scheme 9). As well as

producing PET imaging agents rapidly and in high radio-

chemical yields, this approach for nucleophilic fluorination

was found to be amenable to automated synthesis.

[18F]FLT 23 is strictly not a true proliferation marker as it is

not incorporated into DNA. A compound which is involved in

DNA synthesis and is preferentially accumulated by rapidly

proliferating tumour cells is 1-(20-deoxy-20-fluoro-b-D-
arabinofuranosyl)thymine (FMAU).28 Studies have shown

that [18F]FMAU 29 is a direct marker and selective tracer

for the PET imaging of tumours in the brain, prostate, thorax

and bone.35 As with many other syntheses of [18F]imaging

agents, [18F]FMAU is synthesised using a nucleophilic

fluorination reaction in the presence of Kryptofixs 5

(Scheme 10).36 Thus, triflate 24 was reacted with [18F]fluoride

anion and the resulting substitution product was then treated

with hydrobromic acid to give bromide 25. This was then

condensed with 2,4-bis-O-(trimethylsilyl)thymine 26 which

gave a mixture of the desired b-isomer 27 and a-isomer 28 in

Scheme 8 Radiosynthesis of [18F]fluoro-L-dopa 4.

Scheme 9 Radiosynthesis of [18F]fluorothymidine 23 using protic

solvents. Scheme 10 Synthesis of [18F]FMAU 29.
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a ratio of approximately 6 : 1. Deprotection of the isomeric

mixture was then done using sodium methoxide and

[18F]FMAU 29 was isolated using HPLC. Using this

approach, the overall radiochemical yield for 29 was 42% and

was prepared in a synthesis time of approximately 3 hours.

2.5 PET imaging of neurodegenerative diseases

One area where PET finds many applications is in the imaging

of neurodegenerative and neuropsychiatric disorders.7,13,17,19

A wide range of molecular imaging agents labelled with

carbon-11 or fluorine-18 have been developed for specific

receptors including the noradrenaline, serotonin and dopamine

transporters, the metabotropic glutamate receptor and the

translocator protein 18 kDA. The widespread application of

PET for neuroimaging is mainly due to the fact that radio-

tracer techniques are inherently suited to receptor studies,

generating good quality images by the administration of

sub-pharmacological doses of the molecular probe. Below

are some examples of how radiolabelled molecular probes

have been used to image the translocator protein, b-amyloid

plaque in Alzheimer’s disease and dopamine D2 receptors.

The translocator protein 18 kDA (TSPO, formerly known

as the peripheral benzodiazepine receptor) is expressed within

the brain by reactive glial cells and is implicated in a number of

nervous system disorders such as cerebral ischaemia, epilepsy,

nerve injury and neurodegenerative diseases.37 Expression of

brain TSPO is dramatically increased during chronic neuro-

degenerative diseases and following acute brain injury and

thus, TSPO is an attractive target for imaging human neuro-

degenerative diseases such as Alzheimer’s disease and in

stroke-induced brain injury.38 The most widely used ligand

for imaging TSPO is the isoquinoline carboxamide PK11195

37 which binds with nanomolar affinity. A highly efficient

synthesis of PK11195 37 was recently reported involving only

six steps, utilising palladium(0) chemistry to effect the key

transformations (Scheme 11).39 A Heck-type reaction was

used to couple methyl 2-iodobenzoate 31 and amidoacrylate

32 which gave oxoisoquinoline 33 in 65% yield. Formation of

bromide 34 followed by a Suzuki reaction allowed introduc-

tion of the pendent chlorophenyl moiety. Hydrolysis of the

ester and introduction of the amide side chain under standard

conditions completed the six-step synthesis of PK11195 37.

Various radiolabelled analogues of PK11195 have been used

to image neurodegenerative pathologies such as Alzheimer’s

disease, Parkinson’s disease, Huntington’s disease and multi-

ple sclerosis.37 These studies have led to a greater under-

standing of each of these diseases and allowed better

approaches for treatment. [11C]PK11195, which is commonly

used for PET imaging of TSPO, was first synthesised in 1984.40

This straightforward approach involved the methylation of

desmethyl analogue 36 using [11C]methyl iodide under basic

conditions (Scheme 12). This generated [11C]PK11195 in

45 minutes with a specific activity of 3.54 Ci mmol�1.

As well as using methylation reactions to introduce

[11C]-labels for PET imaging, carbonylation and carboxylation

are also widely utilised.13 For example, Långström and

co-workers used a palladium(0)-mediated carbonylation

reaction for the preparation of [11C-carbonyl]PK11195

(Scheme 13).41 Triflate 38, prepared in six steps from

2-chlorobenzophenone, was reacted in a micro-autoclave with

tetrakis(triphenylphosphine)palladium(0) and N-methyl-sec-

butylamine in the presence of [11C]carbon monoxide. This

gave [11C-carbonyl]PK11195 37 in a radiochemical yield of

55% after a 10 minute reaction time.

While PK11195 is widely used to study TSPO it does have

some limitations including a high level of nonspecific binding,

low brain uptake and low sensitivity. For these reasons, a

number of new PET radioligands for TSPO have been

developed. Phenoxyarylacetamides such as PBR28 45 have

been developed as a new class of ligand for TSPO and shown

to be promising candidates for human PET studies.42 These

Scheme 11 Synthesis of PK11195 37.

Scheme 12 Radiosynthesis of [11C]PK11195 37.

Scheme 13 Use of palladium(0)-mediated carbonylation chemistry.
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compounds have been used to study traumatic brain injury

with further human trials ongoing.38 As well as having higher

affinity for TSPO than PK11195, phenoxyarylacetamides also

have a higher uptake ratio into the brain (up to six times

higher). A fully automated synthesis of [11C]PBR28 45 has

recently been developed (Scheme 14).42 Nucleophilic aromatic

substitution of 4-chloro-3-nitropyridine 39 with phenol gave

3-nitro-4-phenoxypyridine 40. Reduction of the nitro group

and condensation of the resulting amine with o-salicylaldehyde

42 under reducing conditions gave 43 in high yield.

Acetylation of the amine and phenolic hydroxyl groups

followed by base hydrolysis gave desmethyl-PBR28 44.

Radiosynthesis was then carried out using methyl triflate

under basic conditions which gave [11C]PBR28 45 in a decay

corrected radiochemical yield of 70–80%.

2-Phenylimidazo[1,2-a]pyridineacetamides have been shown

to be potent and selective ligands for TSPO.43 Among this

class of compounds, CLINME 47 has been radiolabelled and

used for PET imaging of TSPO. Dollé and co-workers

reported the first radiosynthesis of [11C]CLINME by the

methylation of precursor 46 using methyl iodide and

potassium hydroxide (Scheme 15).44 Careful control of the

reaction temperature allowed the preparation of

[11C]CLINME in 27 minutes with a decay corrected radio-

chemical yield of 16–23%.

Alzheimer’s disease (AD) accounts for 60–70% of all

dementia cases with a prevalence rate of approximately 30%

by 85 years.45 AD is characterised by the presence of two

abnormal aggregated proteins in the brain, amyloid plaques

which are predominantly composed of insoluble amyloid-b
peptides and neurofibrillary tangles. As the insoluble amyloid-b
peptides are more prevalent, research has focused on the

development of an imaging agent for these peptides which

could help accelerate drug development and assist in delivering

therapies which delay the onset of AD. Thioflavin-T

derivatives such as Pittsburgh Compound B (PiB) 49 have

been shown to bind selectively to insoluble amyloid-b deposits

but not to soluble amyloid-b forms. As such, a number of PET

imaging agents based on PiB have been reported. For example,

Solbach and co-workers reported an efficient synthesis of

[11C]PiB 49 by alkylation with methyl triflate (Scheme 16).46

This gave [11C]PiB 49 in a radiochemical yield of 58% after a

synthesis time of 40 minutes. [11C]PiB has been evaluated in

several human PET studies and has shown great potential for

imaging of AD.

The dopaminergic system is involved in numerous brain

disorders such as schizophrenia and Parkinson’s disease.1

There are five dopamine receptors classified in two different

families. The D1 family consists of the D1 and D5 subtypes

while the D2 family includes the D2, D3 and D4 subtypes. Due

to the relative abundance of D1 and D2 receptors in the

striatum and their involvement in a number of diseases, there

have been substantial efforts directed towards the development

of a molecular imaging agent for these receptors. One of the

most commonly used PET imaging agents for investigation of

striatal D2/D3 receptors in humans is the benzamide deriva-

tive, [11C]raclopride 54.47 [11C]Raclopride has been used to

image patients with Parkinson’s disease, Huntington’s disease

and schizophrenia as well as determining receptor occupancy

of antipsychotic drugs. The precursor for the radiosynthesis of

[11C]raclopride 54 is prepared in three steps from 3,5-dichloro-

2,6-dimethoxybenzoic acid 50 (Scheme 17).48 This is converted

to the corresponding acid chloride and coupled with

(S)-(�)-2-aminomethyl-1-ethylpyrrolidine 51. The hydro-

chloride salt is then formed followed by stepwise removal of

Scheme 14 Fully automated synthesis of [11C]PBR28 45.

Scheme 15 Radiosynthesis of [11C]CLINME 47.

Scheme 16 Radiosynthesis of [11C]PiB 49.
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the methyl ether groups. The resulting hydrobromide salt is

neutralized before methylation under basic conditions with

[11C]methyl triflate. This gave [11C]raclopride 54 in a decay

corrected radiochemical yield of 55–65% and in a total radio-

synthesis time of 35 minutes.

3. Single photon emission computed tomography

SPECT imaging uses radionuclides that directly emit g-rays,
such as iodine-123 (123I) and technetium-99m (99mTc), and are

generally of a lower energy than those used for PET (Tables 2

and 3). In SPECT imaging, directional information is obtained

by placing a collimator in front of the gamma camera. The

collimator defines the angle of incidence of the isotropic g-rays
emitted. The use of a collimator in SPECT results in low

detection efficiency compared to PET, which only requires

electronic collimation in order to detect the two coincident

g-rays. PET systems are therefore generally more sensitive

than SPECT systems (Table 1) which in turn translates into a

higher resolution for PET compared with SPECT. However,

the use of longer lived radionuclide and the relatively lower

costs of gamma cameras make SPECT imaging much more

widely available for clinical use than PET scanners.

3.1 SPECT radionuclides

Generally, SPECT isotopes have a considerably longer

half-life than PET isotopes (Table 3) which makes SPECT

tracers more available for imaging and longer radiosynthesis

times make them more practical. In contrast, the shorter

half-life of the PET isotopes limits the availability of PET

imaging, requiring an on-site cyclotron, and makes radio-

labelling protocols more challenging.

The biological half-life of a tracer should ideally be shorter

than the half-life of the radionuclide being utilised. This allows

the non-specific signal to be biologically washed out within the

imaging timeframe, leaving a cleaner signal of interest. Hence,

the longer half-life of SPECT radionuclides also has the

advantage of enabling SPECT imaging studies to be

conducted over longer time periods, whereas imaging studies

using the shorter half-life PET radionuclides may require more

complicated modelling.

Imaging with 99mTc is more widely accessible than imaging

with other cyclotron-produced radionuclides primarily

because 99mTc can be produced from the decay of its longer-

lived parent nuclide, 99Mo (half-life = 67 h), using commer-

cially available generator systems. Technetium-99m-labelled

imaging agents are therefore the mainstay of nuclear medicine

imaging worldwide, where diagnostic imaging agents can be

produced using commercially available kits. The incorpora-

tion of 99mTc into a molecule requires a chelating agent to

produce a metal complex, unlike 123I and 18F that can directly

substitute a hydrogen atom of a molecule. 99mTc chemistry

therefore requires the development of complex chemistry to

allow incorporation of 99mTc into a molecule without affecting

binding to the target site. Because of this, the application of
99mTc chemistry for imaging specific target sites can be

restricted. For example, the blood–brain barrier may preclude

target uptake of complex 99mTc-labelled molecules, thereby

limiting the usefulness in neurological applications.

As with 18F, 123I can form a covalent bond with carbon and

therefore it is much easier to incorporate 123I into a small

molecule, compared to 99mTc. The production of 123I,

however, requires a cyclotron, but the relatively longer half-

life compared to the positron emitting isotopes enables 123I to

be distributed over larger distances. One disadvantage

however is that iodine is larger than fluorine (van der Waal’s

radius of iodine is 2.15 Å) and thus, its placement into a

molecule induces a greater steric perturbation. One advantage

of iodine is the availability of other isotopes such as 125I, a

longer lived low energy d-emitter that can be used for

pre-clinical development, and 131I, a d- and b-emitter that

can be used in radiotherapy. Thus, the same agent can be

labelled with different iodine isotopes, increasing its flexibility.

For example, 131I-labelled m-iodobenzylguanidine ([131I]-mIBG)

is used for the therapy of neuroendocrine tumours, where

patients have had a positive 123I-mIBG diagnostic scan.49

3.2 SPECT radiochemistry

As with PET chemistry, the SPECT radionuclide needs to be

incorporated at the latest possible stage. Radiolabelling

reactions need to be rapid and efficient and the radiopharma-

ceutical needs to be obtained with a high radiochemical yield

and purity.

The 99Mo/99mTc generator provides 99mTc in the form of

[99mTc]-pertechnetate in its highest oxidation state of +7.

There are many technetium imaging agents50 that can be

prepared by combining [99mTc]-pertechnetate with commercially

available kits, such as [99mTc]-MAG3 55, [99mTc]-tetrofosmin

56 and [99mTc]-HMPAO 57 (Fig. 3). Radiolabelling of these

kits is carried out by reducing [99mTc]-pertechnetate to a lower

Scheme 17 Synthesis of [11C]raclopride 54.

Table 3 Commonly used radionuclides for SPECT imaging

Nuclide Half-life/h
Type of
emission

Principal photon
emission
energies/MeV

123I 13.2 Electron capture 0.16
99mTc 6 Isomeric transition 0.14
111In 67.9 Electron capture 0.17/0.25
67Ga 78.3 Electron capture 0.09/0.19/0.30
201Tl 73.1 Electron capture 0.17
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oxidation state, usually +4, allowing the technetium to

complex with a chelating agent. Commercially available kits

for technetium labelling commonly use stannous ions (Sn2+)

as the reducing agent resulting in high labelling yields

(normally greater than 95%), with no purification step necessary.

More recently, the use of bifunctional chelating agents has

allowed the development of a number of novel target-specific

technetium imaging agents. A bifunctional chelating agent not

only binds 99mTc securely without dislocation in vivo, but also

links to a biological active molecule without affecting its

integrity. The hydrazine–nicotinamide HYNIC 58 ligand is

an example of a bifunctional chelating agent that reacts with

nucleophilic groups in a biomolecule, such as the e-amine

groups of lysine residues, to form a HYNIC–biomolecule

complex that can be radiolabelled with 99mTc.51 This versatile

linker has been used to label numerous proteins and peptides

(for example, HYNIC–annexin A5 59, Fig. 4).52–54

All radioiodine isotopes are produced in the form of radio-

iodide, commonly sodium iodide in sodium hydroxide

(0.01–0.1 M). Hence, there are a variety of methods available

for radiolabelling compounds with radioiodide. The nature of

the compound (precursor) to be radioiodinated helps

determine the most appropriate radiolabelling methodology.

There are a number of factors that need to be taken into

account when choosing radioiodination methodology:

1. precursor stability and reactivity,

2. precursor toxicity,

3. ease of precursor synthesis,

4. purification of final product from precursor.

Direct radioiodination (replacement of hydrogen atom by

radioiodine atom) is generally limited to arenes that are

activated for electrophilic substitution and requires an

oxidising agent to obtain positively charged iodine (I+).

Common oxidising agents include chloramine-T, Iodogent

and peracetic acid. This direct labelling methodology can give

rise to good radiolabelling yields, however, often side-

reactions can be problematic. The 123I-labelled amino acid

iodo-a-methyltyrosine 61 has been obtained via direct radio-

iodination (Scheme 18).55

Other radioiodination reactions require introduction of a

leaving group into the precursor that can easily be replaced

with radioiodine. These reactions can be either electrophilic or

nucleophilic exchange reactions. Electrophilic exchange

reactions are mainly based on iodo-demetallation reactions

and require in situ oxidation as with direct radioiodination.

The organometallic precursors required for this radiolabelling

methodology can often be difficult to synthesise. However,

these precursors have the advantage of allowing regioselective

radioiodination under mild conditions, where the carbon–

metal bond is much more activated for electrophilic attack

than the carbon–hydrogen bond. Common metal precursors

include organosilyl and organostannyl compounds. Organosilyl

precursors offer the advantage of being more stable, however

are less reactive than stannyl precursors. The disadvantage of

these organometals is that they are often highly toxic and

removal of metal residues after the radiolabelling reaction can

be problematic, raising toxicology issues.

No-carrier-added (n.c.a.) [131I]-mIBG 63 has previously

been synthesised via iodo-desilylation of the corresponding

trimethylsilyl precursor. This methodology obtains radio-

labelled mIBG with a high radiochemical yield.56 However,

using this method, large scale production is limited due to the

requirement of HPLC purification to obtain the final purified

product. More recently the radiosynthesis of mIBG has been

developed using a resin-supported tin precursor (Scheme 19).57

This technology allows the purification of n.c.a. [131I]-mIBG

using simple solid-phase extraction.

The most common nucleophilic exchange methodology

utilised for radioiodination is the halogen exchange reaction.

The simplest halogen exchange reaction is via isotropic

exchange with a stable iodine atom. The utility of this

methodology, however, is limited by the presence of the stable,

iodine-127 labelled compound that cannot be separated from

the radiolabelled compounds, resulting in products with low

Fig. 3 Examples of 99mTc radiopharmaceuticals.

Fig. 4 HYNIC 58 and HYNIC–annexin A5 59.

Scheme 18 The direct radioiodination of a-methyltyrosine 60.

Scheme 19 Radiosynthesis of n.c.a. [131I]-mIBG 63 using a resin

supported tin precursor.
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specific activity. Bromine and chlorine (to a lesser extent)

precursors can also be used in nucleophilic exchange reactions

under solid state conditions, however, these reactions often

require harsh conditions for radiolabelling to take place.

Both electrophilic and nucleophilic exchange radiolabelling

methodologies have been compared for the radioiodination of

the TSPO ligand, PK11195 (Scheme 20).58 This study found

that electrophilic iododestannylation of the trimethylstannyl

precursor 66 produced [123I]-PK11195 67 with a higher radio-

chemical yield and a higher specific activity, than achievable

with halogen exchange.

3.3 SPECT imaging of neurodegenerative diseases and head

injury

SPECT imaging, like PET imaging, has many applications

across the field of medicine. In this review we have focused on

applications in the field of neurology. One of the most

successful utilities of SPECT in neurology is cerebral blood

flow imaging, using 99mTc-labelled radiopharmaceuticals.

Numerous radioiodinated SPECT imaging agents have also

been developed targeting various neurotransmitter systems.

Efforts have been primarily focused on developing imaging

agents for the monoamine system, but there are also imaging

agents available for other systems, such as cholinergic and

glutamatergic targets. Below are some examples of how

SPECT imaging agents have been used to image cerebral

blood flow, serotonin and noradrenaline transporters and

the a4b2 nicotinic acetylcholine receptor (nAChR).

The 99mTc-labeled radiopharmaceuticals, [99mTc]-HMPAO

57 (or Ceretect, see Fig. 3) and [99mTc]-ethylcysteinate dimer

(99mTc-ECD or Neurolitet), have been developed commer-

cially for imaging cerebral blood flow using SPECT. These

agents are small lipophilic compounds that cross the intact

blood–brain barrier by simple diffusion. Once in the brain,

these agents have a fixed distribution that reflects regional

brain perfusion for sufficient time to permit image acquisition.

Cerebral blood flow imaging with SPECT has been shown to

aid the diagnosis and treatment of patients with various

different diseases, such as cerebrovascular diseases, dementias,

epilepsy and head injury.59

The dopamine transporter imaging agent [123I]-FP-CIT 68

(or DATScant, GE Healthcare), a cocaine derivative, is the

only licensed SPECT or PET radiopharmaceutical for neuro-

receptor imaging (Fig. 5).

Dopamine transporter imaging is now used routinely in the

clinical differential diagnosis of Parkinson’s disease60 (Fig. 6)

and dementia with Lewy bodies.61

The structurally similar SPECT imaging agent, [123I]-b-CIT
69 binds to both the dopamine and serotonin transporters

(Fig. 5). Due to the different uptake and washout kinetics of

[123I]-b-CIT at the dopamine and serotonin transports, both

sites can be investigated using this single imaging agent.62 This

dual imaging ability of [123I]-b-CIT has enabled imaging

studies investigating antidepressant drug effects on both the

dopamine and serotonin transporter systems in the same

patients with only a single radioactive exposure.63 The tributyl-

stannyl precursor 71 for the radiosynthesis of [123I]-b-CIT 69

has been prepared from cold b-CIT 70 in a palladium

catalysed reaction with bis(tributyl)distannane (Scheme 21).64

The radiosynthesis of [123I]-b-CIT 69 was then achieved via

electrophilic iododestannylation, using peracetic acid as the

oxidising agent. This produced [123I]-b-CIT 69 in a radio-

chemical yield of 65%.

Noradrenergic synaptic dysfunction has been associated

with various psychiatric and neurodegenerative disorders,

Scheme 20 Radiosynthesis of [123I]-PK11195 67 from I-PK11195 64,

Br-PK11195 65 and Me3Sn-PK11195 66 precursors.

Fig. 5 [123I]-FP-CIT 68 and [123I]-b-CIT 69.

Fig. 6 [123I]-FP-CIT 68 SPECT images in a normal (a) and

Parkinson’s disease patient (b), showing a reduction of [123I]-FP-CIT

68 binding in the patient with Parkinson’s disease.

Pu
bl

is
he

d 
on

 0
1 

Se
pt

em
be

r 
20

10
. D

ow
nl

oa
de

d 
on

 1
2/

05
/2

01
6 

03
:2

6:
34

. 
View Article Online

http://dx.doi.org/10.1039/b922628c


160 Chem. Soc. Rev., 2011, 40, 149–162 This journal is c The Royal Society of Chemistry 2011

including depression, Alzheimer’s disease and Parkinson’s

disease. Thus, the noradrenaline transporter (NAT) is a major

target for drug development. However, in contrast to the

serotonin and dopamine transporters, imaging of the NAT

has been limited due to the lack of a suitable imaging agent.

Recently, several groups have developed radiolabelled

derivatives of the noradrenaline selective re-uptake inhibitor,

reboxetine, for use in both PET65,66 and SPECT imaging.67,68

A SPECT tracer known as [123I]-INER or [123I]-IPBM 75 has

shown good characteristics for in vivo imaging in non-human

primates, however further investigation is required to assess its

suitability for imaging humans.67,68 Radiolabelled [123I]-INER

75 has been prepared via iodo-destannylation of the corres-

ponding tin precursor 73 (Scheme 22).67 The tin precursor 73

was synthesized via palladium catalysed stannylation of

Boc-protected INER 72. Once radiolabelled, the Boc-protecting

group was removed using trifluoroacetic acid and preparative

HPLC was used to obtain purified [123I]-INER 75.

[123I]-INER 75 is the (S,S)-enantiomer of iodinated

reboxetine. Recent studies have synthesised various (S,S)-,

(R,R)-, (R,S)- and (S,R)-stereoisomers of iodinated reboxetine,

in order to gain insight into the structure–activity relationship

with NAT.69–71 Results found that the (R,S)-enantiomer of

INER has a high affinity for the NAT (Ki of 8.4 nM),

similar to the reported affinity of the (S,S)-enantiomer 75

(Ki of 0.84 nM67 and 4.22 nM68). Further investigation is

required to assess the in vivo imaging characteristics of the

radiolabelled (R,S)-enantiomer of INER.

The nicotinic acetylcholine system plays a pivotal role in a

number of functional processes including attention, learning

and memory. In addition, adaptations of nAChRs in response

to repeated and protracted nicotine exposure are likely to

contribute to the addiction related to cigarette smoking. The

initial search for a a4b2 nAChR imaging agent involved the

synthesis of numerous analogues of epibatidine 76 (Fig. 7), an

azabicycloheptane alkaloid, which was isolated from the skin

of the Ecuadorian poison frog (Epipedobates tricolor).72 These

epibatidine analogues all suffered from high toxicity, even at

tracer dose levels, preventing their use in humans. More

recently, a series of halogenated 3-pyridyl ethers (including

5-I-A85380 77, 2-F-A85380 78 and 6-F-A85380 79, Fig. 7)

were radiolabelled and investigated as both PET and SPECT

imaging agents for the a4b2 nAChR.73

These 3-pyridyl ethers have lower toxicity while still main-

taining high affinity for the a4b2 nAChR and have progressed

to human imaging studies. The radiolabelled iodo analogue,

5-[123I]-A85380 82, has been used in numerous studies

investigating the a4b2 nAChR in dementias such as

Alzheimer’s disease,74 dementia with Lewy bodies75 and also

in studies investigating smoking abstinence.76

5-[123I]-A85380 82 has been radiolabelled via electrophilic

iododestannylation of the corresponding Boc-protected

trimethylstannyl precursor 80, using chloramine-T as an

oxidising agent (Scheme 23).77 The Boc-protecting group

Scheme 21 Radiosynthesis of [123I]-b-CIT 69.

Scheme 22 Radiosynthesis of [123I]-INER 75.

Fig. 7 Structure of compounds that bind to the a4b2 nAChR.

Scheme 23 Radiosynthesis of 5-[123I]-A85380 82.
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was removed using acid mediated conditions. 5-[123I]-A85380

82 was obtained with a high radiochemical yield of 61% and a

specific activity of 149 Ci mmol�1.

4. Conclusions

Molecular tracers in combination with the radionuclide

techniques of PET and SPECT are now widely established

and used routinely for the non-invasive in vivo visualisation of

disease. For example, [18F]FDG is used for the PET imaging

of various cancers, while [123I]-FP-CIT is a SPECT biomarker

for the dopamine transporter. The continued growth and

increasing importance of molecular imaging for the diagnosis

of disease and for application in the drug discovery process

along with the greater availability of PET and SPECT facilities

for clinical and research use has driven the need for new

radiotracers. To meet this potential, the development of new

methods and approaches for the design, synthesis and radio-

synthesis of new molecular tracers are required. Studies are

underway to develop new methods for the rapid and efficient

radiosynthesis of precursors using techniques such as solid

phase chemistry, microreactors and flow chemistry. Another

key area under current investigation is the development of

multi-functional molecular tracers with more than one

labelling site that can be applied to several molecular imaging

modalities. Such multi-functional molecular tracers could

overcome the restrictions that are commonly incurred when

using a single technique and allow greater insight and the

generation of more detailed information regarding a particular

disease.
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