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Human in vivo molecular imaging with positron emission tomography (PET) enables a new kind of ‘precision pharmacology’, able to
address questions central to drug development. Biodistribution studies with drug molecules carrying positron-emitting radioisotopes
can test whether a new chemical entity reaches a target tissue compartment (such as the brain) in sufficient amounts to be
pharmacologically active. Competition studies, using a radioligand that binds to the target of therapeutic interest with adequate
specificity, enable direct assessment of the relationship between drug plasma concentration and target occupancy. Tailored radiotracers
can be used to measure relative rates of biological processes, while radioligands specific for tissue markers expected to change with
treatment can provide specific pharmacodynamic information. Integrated application of PET and magnetic resonance imaging (MRI)
methods allows molecular interactions to be related directly to anatomical or physiological changes in a tissue. Applications of imaging
in early drug development can suggest approaches to patient stratification for a personalized medicine able to deliver higher value
from a drug after approval. Although imaging experimental medicine adds complexity to early drug development and costs per patient
are high, appropriate use can increase returns on R and D investment by improving early decision making to reduce new drug attrition
in later stages. We urge that the potential value of a translational molecular imaging strategy be considered routinely and at the earliest
stages of new drug development.

Introduction

Development of the first human positron emission tomog-
raphy (PET) scanner was reported in 1975 by Michael Ter-
Pogossian and Mike Phelps of Washington University in St
Louis, USA. Over the next decade, applications to new
therapeutics development were limited, but from the late
1980s applications began to grow at a rapid rate. Almost
3500 papers or online radiopharmaceutical reports now
are accessible within PubMed (searched at http://
www.ncbi.nlm.nih.gov/sites/entrez), using terms PET AND
drug AND (biodistribution OR target occupancy OR phar-
macodynamics).1 with almost 400 reports from 2010 alone!

Molecular imaging using PET enables a new kind of
‘precision pharmacology’able to address questions central
to drug development in humans in vivo: Does a new drug

molecule reach the tissue of interest in potentially phar-
macologically active concentrations? Is it interacting with
the target of interest? What is the quantitative relationship
between the extent of this interaction and the adminis-
tered dose? What are the consequent pharmacological
effects and how long do they last? Extension of answers to
the latter two questions can suggest ways of stratifying
clinical populations, either to speed clinical trials or to
deliver higher value in the use of a new drug following
registration (Table 1).

Principles of PET
PET imaging is based on the principle that an emitted
positron collides with a local electron, resulting in a mutual
annihilation and the production of a pair of photons that
travel at 180° to each other. The photons can be detected
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as coincident events by g-detectors surrounding the
subject. Knowledge of which detector pairs sense the coin-
cident events and their precise timing enables localization
of the annihilation events and reconstruction of the spatial
distribution of the emitting radio-labelled molecule. Quan-
titative measurements of absolute concentrations of the
labelled molecule over time can be made with dynamic
acquisition of data, corrections to normalize sensitivity to
emissions across the region of interest and application of
appropriate tracer kinetic models to these data for estima-
tion of the rates of delivery of the radiotracer and the
amount retained in tissues of interest.

PET relies on the design and manufacture of radiola-
belled tracers or ligands which interact selectively with a
target of interest. Ligands will have the characteristics to
enable the quantification of a specific binding signal,
such as a suitably high ratio of specific to non-specific
binding and favourable tissue kinetics. Most commonly
used positron emitting radioisotopes decay with a rela-
tively short half-life (e.g. about 20 min for 11C and 110 min
for 18F), allowing administration of doses high enough to
provide a strong imaging signal without substantially
increasing long-term health risks associated with the ion-
izing radiation. However, a short half-life imposes the limi-
tation that radiotracer production needs to be performed
close enough to the PET scanner to allow injection within
a few half-lives. Only microdoses of radioligands or other
radio-labelled molecules need to be used. PET is exquis-

itely sensitive (even only picomoles of labelled material
can be detected), and thus can be conducted under con-
ditions in which the ligand occupies <5% of the target
and has no pharmacologically relevant activity (‘tracer
conditions’).

PET data can be co-registered with structural data from
computed tomography (CT) or magnetic resonance
imaging (MRI) to aid in anatomically localizing any signal.
However, the spatial resolution of PET, even in modern
tomographs, is lower (typically about ~4 mm) than that
achieved by CT or MRI.

Biodistribution studies applying PET
molecular imaging
Pharmacological activity of a new chemical entity depends
directly on the free concentration that can be achieved in
the relevant tissue. Establishing the tissue free concentra-
tion with confidence can be a critical starting position for
early phase development and difficult to establish confi-
dently using conventional approaches, especially for a
‘privileged’ tissue compartment such as the central
nervous system (CNS). Bengt Langstrom and colleagues
including Mats Bergstrom introduced the powerful
concept of determining molecule distribution and concen-
tration in vivo in humans using PET after labelling the mol-
ecule with a positron-emitting isotope that does not
change the chemical structure or properties [1].

The principles of a PET biodistribution study are
straightforward. A dynamic PET scan measures the
concentration–time course of the radiolabelled compound
in the tissue of interest.In conjunction with associated mea-
surements of the concentration in blood,it is possible to use
bio-mathematical kinetic models to derive estimates of the
clearance from plasma to tissue (a function of the blood
flow and the tissue extraction of the molecule from the
blood) and the ratio of the concentration of labelled drug
(and drug metabolites) in tissue to blood that would be
achieved at equilibrium (the tissue : blood partition coeffi-
cient). Associated HPLC analysis of blood samples ex vivo
allows additional consideration of any metabolism of the
radiolabelled compound.

To varying extents, different compounds will distribute
in the tissue, where they will be either ‘free’ or ‘bound’ to
tissue components.This binding can be either displaceable
(high affinity, low capacity binding, e.g. to a receptor) or
non-displaceable (low affinity, high capacity binding, as
with lipophilic interactions). However, the calculation of
the tissue ‘free’ concentration from the total tissue concen-
tration is typically not feasible from PET data alone. Accu-
rate estimation of the fraction of the non-displaceable
compartment which is attributable to ‘free’ drug is per-
formed by combining the PET estimates of the total blood :
tissue partition coefficient with in vitro equilibrium dialysis
assays that account for any non-specific binding in the
tissue [2]. Combination of PET and equilibrium dialysis

Table 1
Selected applications of imaging in drug development

Early phase development
• Molecule biodistribution studies confirming molecule reaches the

target tissue and does not accumulate in non-target sites of potential
toxicity

• Target PK (dose–target occupancy) measurements guiding dose
selection

• Pharmacodynamic biomarkers for proof of pharmacology, stronger
‘reasons to believe’ or contributing key rationale for proof of concept

• Translational preclinical imaging to identify or validate new imaging
biomarkers and or provide early differentiation between candidates
based on target PK or PD responses

• In vivo measures for monitoring safety or toxicity
Late phase development

• Surrogate markers of response more sensitive than clinical measures
• Stratification of patients based on potential for treatment efficacy

• Pharmacological differentiation of asset from marketed drugs or new
competitor compounds

Marketed drugs
• Differentiation between available treatments

• Earlier detection of disease or associated pathology:
• Improved disease classification/diagnosis

• Diagnosis of pre- symptomatic or minimally symptomatic disease
• Improved identification of chronic disease exacerbation/recurrence

• Patient stratification based on disease sub-phenotype or early
treatment response
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data can also allow one to infer whether the tissue uptake
is by passive diffusion or by active (or facilitated) transport
[3].

If it can be assumed that tissue uptake occurs by
passive diffusion, the ‘free’ tissue concentration can be cal-
culated from measurements of the ‘free’plasma concentra-
tion of the labelled molecule at equilibrium [4]. Target
occupancy (O) then can be estimated by assuming that the
in vitro and in vivo KD are equivalent.

O Kfree plasma free plasma D= +( )C C

The passive diffusion assumption can be explored
further by measuring changes in the tissue concentration

of the drug after administration of relevant transporter
inhibitors (e.g. P-glycoprotein [P-gp] antagonists [3, 5]
(Figure 1) or by pre-treatment with large doses of the unla-
belled compound [6].

While the most common application of PET biodistri-
bution studies thus far has been to the development of
drugs targeting the central nervous system (CNS), they also
can play an important role in other areas, e.g. in optimizing
anti-cancer drugs [7], as up-regulation of pumps that
exclude drugs from tumours is well described [8]. PET bio-
distribution studies can be integrated with conventional
stable isotope DMPK studies [9] or with pharmacodynamic
measures [10].
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Figure 1
Effect of increasing doses of the competitive P-gp substrate cyclosporine A (CsA) on [11C]-loperamide uptake in porcine brain. Increasing doses of CsA lead to
increased net uptake of the [11C]-loperamide with greater competition for the transporter.Note that the prominent‘hot spot’in the upper two images localizes
to the pituitary gland, which sits outside the blood–brain barrier. Images were acquired from the same animal scanned sequentially on the same day
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It is important to recognize, however, that it is the dis-
tribution of the radionuclide, not the molecule, that is
directly measured in the PET experiment. A creative exten-
sion of the traditional biodistribution experiment that pro-
vided information on drug metabolism directly from the
PET study illustrates this well [11]. Temozolomide, an alky-
lating agent used in cancer chemotherapy, undergoes
decarboxylation and ring opening in the 3–4 position to
produce the highly reactive methyldiazonium ion (which
then can alkylate DNA for pharmacological action of the
molecule). To evaluate this directly in vivo in humans, a
dual radiolabelling strategy was employed in which [11C]-
temozolomide was radiolabelled separately both in the
3-N-methyl and 4-carbonyl positions (Figure 2A,B,
respectively). 11C in the C-4 position of [4-11C-carbonyl]-
temozolomide was converted to [11C]-CO2 and an inactive
metabolite. Paired studies were performed with the two
labelled forms of [11C]-temozolomide in a small number of
patients with gliomas. A third PET scan was performed
with 11C-radiolabelled bicarbonate to provide data allow-
ing quantitative modelling of the labelled CO2 release.Data
were obtained on activities of [11C]-temozolomide and
[11C]-metabolites in plasma collected during scanning and
[11C]-CO2 was measured in the expired air. Greater amounts
of [11C]-CO2 in the plasma and exhaled air and lower
tumour [11C]-temozolomide signal with the [4-11C-
carbonyl]-temozolomide relative to that labelled in the
3-N-methyl position confirmed ring-opening as a mecha-
nism for metabolic activation of temozolomide.

A new extension of the above techniques is being pio-
neered with first efforts to characterize the biodistribution
behaviours of monoclonal antibodies and other biophar-
maceuticals. A range of methods are available for labelling
such large molecules [12]. Because of the much slower
approach to an equilibrium biodistribution (typically
expected to be days to weeks) for these large molecules,
long-lived positron emitters such as 89Zr, 64Cu or 124I have
been used. Considerable information is potentially avail-
able from such experiments,but confounds arising from the
slow approach to steady-state, the need to account for

physical barriers to free diffusion and different kinds of
non-specific interactions (e.g. with molecule uptake into
the reticuloendothelial system) make these studies techni-
cally more challenging than those with small molecules.
Although promising, this area is still in an early stage of
development.

Assessing target interactions with PET
Demonstration of interaction of a drug molecule with its
target in a tissue also provides direct evidence of biodistri-
bution into that tissue. If possible, it should be considered
the approach of choice for defining drug–target pharma-
cokinetics.

Target interaction studies are most informative if there
is a strong hypothesis regarding the extent of target inter-
action needed for a pharmacological effect. In such cases,
data relating plasma concentration to target occupancy
can guide dose selection directly. For example, for inhibi-
tors of G-protein coupled receptors, preclinical (and clini-
cal) studies typically suggest that free concentrations
sufficient to provide above 70% receptor occupancy are
needed (see e.g. [13, 14]). If information concerning the
relationship between plasma concentration and target
interactions is available before dose ranging studies, the
range of doses that need to be explored in early phase
studies can be deduced.

Target interaction studies require a radioligand that
binds selectivity to the target of interest with a high enough
affinity to provide useful signal-to-noise in a PET study.The
usual outcome measure of interest from a radioligand study
is the ‘binding potential’ (BP), which is proportional to the
specific binding divided by the free concentration of the
radioligand [15]. If the PET study is performed after admin-
istration of an unlabelled (drug) molecule that binds to the
same target,the measured radioligand BP will vary with the
local free drug concentration.Conducting such studies over
a range of doses, allows binding affinity of the unlabelled
molecule to be estimated the variation in radioligand BP
(Figure 3). Characterization of the relationship between
plasma concentration and target interaction for alternative
candidate molecules can be important particularly if there
are dose limiting toxicities (Figure 4).

PET studies are expensive and there is an ethical impera-
tive to minimize exposure of volunteers to even the low
additional radiation exposure of PET studies. Adaptive
designs that use information gained from each single
observation to improve the selection of the subsequent
dose can optimize the efficiency of a study [16]. The less
prior knowledge concerning dosing that is available, the
greater the potential efficiency gains with adaptive designs
[16].

Human in vivo target interaction studies can reduce
sources of substantial uncertainty in drug development.For
example,in some cases the affinity of a molecule in humans
in vivo is very different from that measured in isolated tissue
in ex vitro or in preclinical models. A histamine H3-receptor
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Figure 2
Chemical structures of 3-N-[11C-methyl]-temozolomide (A) and [4-11C-
carbonyl]-temozolomide (B)
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antagonist we have studied, for example, was shown to
have an in vivo human affinity a full order of magnitude
higher from that measured in preclinical studies [17]. This
observation had a substantial impact on the drug develop-
ment programme, as it gave rationale and confidence for a
major reduction in dosing into a range that was well-
tolerated by patients.The study also defined unexpectedly
slow receptor ‘off’ rates for the molecule, leading to a
re-estimation of the optimal dosing frequency. This
example thus also highlights that, in general, the time
course for target interaction does not reflect plasma phar-
macokinetics except for the limiting case of molecules with
fast equilibrium binding properties that diffuse passively
between compartments. An interesting variant of this
application of target occupancy studies is to the ‘reverse
engineering’ of empirically established treatments to
define better those interactions that may be driving thera-
peutic efficacy [18].

Target interaction studies have typically been con-
ducted as single dose studies for experimental conve-
nience. Repeat dose occupancy studies may induce
changes in target expression, in which case application of
single dose occupancy measures will be inaccurate.
However, if the pharmacokinetic model appropriate to the
drug can be estimated, repeat dose brain target occupancy
can be estimated based on the basis of the combined
occupancy data obtained after administration of a single
dose and plasma pharmacokinetic data [19]. Theoretical
arguments show that the models used in these analyses

can predict repeat dose occupancy even when the rela-
tionship following single dose is not described by a simple
direct model dependent on the instantaneous plasma
concentration.

Applications of PET to studies
of pharmacodynamics
Some radiotracers (e.g. [18F]-fluorodeoxyglucose (FDG),
[18F]-6-fluoro-L-3,4-dihydroxyphenylalanine (FDOPA), [18F]-
3′-fluorothymidine (FLT)) can be used to assess specific
metabolic or synthetic rates, allowing inferences concern-
ing the functional state or integrity of a tissue.Radioligands
can be used to measure the concentration of specific recep-
tor or transporter sites, allowing for the assessment of the
integrity or distribution of a specific target that may corre-
spond to its expression.Quantitative compartmental analy-
sis methods can be used to take account of the potential
confounds from differences in blood flow (and, thus, avail-
ability of the radioligand) between tissues.

Two applications illustrate the complementary ways in
which radiotracers and radioligands can be used for phar-
macodynamic studies. FDG has been used as a PET
radiotracer for defining brain metabolic activity in Alzhe-
imer’s disease (AD) and its pharmacological modulation.
For example, effects of treatments expected to enhance
metabolism or slow rates of its impairment with the pro-
gression of neurodegeneration can be assessed with serial
FDG PET scanning [20]. By contrast, [11C]-PIB has been used
as a radioligand to provide specific information concerning
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One image set from an illustrative drug occupancy study illustrating the radioligand signal before (upper) and after (lower) administration of cold drug
competing for the same binding site. Brighter regions define increased radioisotope concentration. With repetition of a similar image pair over a range of
doses of cold drug (or by varying timing of radioligand injection after cold drug administration),varying plasma concentrations at the time of scanning allow
estimation of an in vivo IC50 for the cold drug based on measures of relative displacement of the radiotracer
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the deposition of amyloid, which is thought to be related
directly to mechanisms of neurodegeneration and is a
current target for AD therapy. A number of pharmaceutical
companies are developing anti-amyloid antibodies
intended to provide a ‘peripheral sink’ which binds blood
amyloid and thus reduces brain amyloid concentrations.
The radioligand [11C]-PIB, which has a high affinity for the
beta sheet structure of the deposits, can be used to localize
and estimate changes in relative concentrations of
amyloid, as demonstrated in a recent phase IIa study of
bapineuzumab [21].

Similar considerations hold for applications of pharma-
codynamic PET to development of therapeutics in oncol-
ogy. For example, use of FDG PET as a radiotracer provides
an index of the enhanced glucose transport and phospho-
rylation in many tumours (the ‘Warburg’ effect). Qualitative
assessment of the FDG PET signal is used routinely in the
clinic as a diagnostic marker for tumours. Quantitative
measurements before and after treatment can define
pharmacodynamic effects expressed as changes in
glucose transport, glycolytic enzyme activity or cell viabil-
ity [22] (Figure 5). An atypical but illustrative example of
this for drug development came with the demonstration
of dramatic FDG PET responses to imatinib within 24 h of
dosing for gastrointestinal stromal tumours in some
patients [23]. Complementary information comes with use
of specific radioligands. An 18F-tagged peptide dimer of
arginine-glycine-aspartate (E[c(RGDyK)]2) that binds to the
avb2 integrin that is up-regulated with tumour angiogen-
esis defines integrin-positive tumours more specifically, for
example [24]. A growing ‘toolkit’ of radiotracers able to
assess the activity of biological processes commonly
altered by many therapies and specifically-targeted radio-
ligands is available (Table 2).

While the major applications of PET in drug develop-
ment thus far have been to CNS or oncology therapeutics,
there is potential for much wider applications of PET in
drug development. One of the most promising new
general areas of application is to inflammatory diseases
[25]. The best characterized radioligand target has been
the 18 kDa translocator protein (TSPO, previously known
as the peripheral benzodiazepine receptor), expression of
which is increased with macrophage or microglial activa-
tion, to provide a molecular marker of innate immune
responses [26]. The most widely used radioligand thus far
has been [11C]-PK11195 [18], but interpretation of studies is
limited by its relatively poor signal-to-noise ratio [23].

Figure 5
[18F]-FDG PET study of a patient with an abdominal ovarian tumour (arrow). A significant decrease in [18F]-FDG uptake (SUVmax) together with volumetric
tumour reduction was observed at the second visit. Images courtesy of Dr A. Saleem, GSK Clinical Imaging Centre

Table 2
Selected positron emission tomography radiotracers well characterized
for pharmacodynamic studies (adapted from [43], but see also http://
www.ncbi.nlm.nih.gov/books/NBK5330/)

PET radiotracer Clinical application

[13N]-ammonia Myocardial perfusion
[18F]-fluorodeoxyglucose FDG) Glucose uptake and phosphorylation

[11C]-methionine Protein synthesis
[18F]-fluoromizonidazole Tumour hypoxia

[11C]-acetate Oxidative metabolism
[18F]-DOPA Presynaptic dopaminergic function

[18F]-fluoride Bone scintigraphy
[82Rb]-rubidium Myocardial perfusion

[18F]-fluorotyrosine Amino acid uptake, protein synthesis
[11C]-thymidine DNA synthesis

[18F]-fluorothymidine (FLT) Tumour cell proliferation
[64Cu]-ATSM or [18F]MISO Hypoxia

PET for drug development
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While several alternative radioligand candidates have
been evaluated in humans, differences in their binding
affinity between subjects raised concerns about whether
studies with them can be interpreted quantitatively [27].
However, identification of a genetic polymorphism in the
TSPO gene that is responsible for this behaviour now
promises to make quantitative studies possible after
simple genetic testing [28].

Integration of data from PET target occupancy studies
and functional MRI (fMRI) methods provides a novel
strategy for directly relating information on drug–target
interactions directly with a measure of functional effects in
the brain. Recent studies illustrating this approach have
related the extent of binding of an antagonist to its
m-opioid target with modulation of fMRI reward responses
to the administration of a palatable food stimulus [29] or a
dopamine receptor occupancy to reward responses in a
gambling task (Figure 6). The study simultaneously pro-
vided direct evidence validating the target as a modulator
of satiety responses in humans and suggested a pharma-
cological dose range based both on the measures of target
interaction and pharmacodynamic effect. New potential
for extension of this kind of work has come with advances
in detector technology that have made possible a first gen-
eration of fully integrated human PET/MRI systems [30, 31].
Integrated acquisition of data will increase the precision of
registration of the MRI and PET data particularly for appli-
cations outside of the head.

Development of target-specific radioligands
for PET
Availability of appropriate radioligands is a major chal-
lenge for PET molecular imaging in applications to drug
development.Target interaction studies demand availabil-
ity of a radioligand that has good affinity for the target, and
binds with high specificity and selectivity [32]. There are
many examples of such molecules, particularly for targets
in the CNS [33], but novel drug targets will demand novel
radioligands and the discovery of radioligands for new
targets is a complex and resource-intensive undertaking
requiring highly specialized and skilled staff.

Typically, the first steps in the discovery of a novel
radioligand involve screening relevant compounds (e.g.
from a library of molecules with some selectivity for
binding to the target of interest) for feasibility of introduc-
tion of a positron-emitting radioisotope label (e.g. 11C or
18F) and for chemical parameters such as lipophilicity (e.g.
log P or log [solubility in octanol]/[solubility in aqueous
solution at pH 7.4]) and affinity and selectivity for the
target (e.g. through measures of Ki, IC50, EC50). Additional
pharmacological criteria include plasma clearance, meta-
bolic fate, plasma protein binding and the potential to
access the target tissue. For applications in the brain,
assessment of the potential for crossing the blood–brain
barrier is critical. Compounds need to be sufficiently lipo-
philic to allow passive diffusion across cell membranes

while not being so lipophilic that a substantial fraction
interacts non-specifically with membranes. As a ‘rule of
thumb’, initial consideration is given to compounds with a
measured log P of 1–3.

The affinity of a radioligand for its target and the
amount of target available are fundamental parameters
that will determine the observed signal. The desired affin-
ity range for radioligand candidates therefore depends on
the expected target density. The signal-to-noise ratio can
be approximated by the BP (BP = (Bmax – B) ¥ (kon/koff), where
Bmax is the concentration of the target of interest and B is
the concentration of the target occupied by the ligand).
The ratio of first order kinetic rate constants for radiolig-
and binding and release from the target, kon/koff, can be
expressed as 1/KD. Under true tracer conditions (B < < Bmax),
the equations can be simplified as BP = Bmax/KD. A practical
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range for the binding potential, when allowing for non-
specific binding in the tissues of interest, is between 0.5
-15. Values less than 0.5 or greater than 15 suggest that a
candidate radioligand may suffer from either undesirably
high variability or low precision, respectively.

Target selectivity is governed by the relative affinity,
density and tissue distribution of potentially competing
interactions. Under usual circumstances, adequate target
specificity is expressed with a similar density in the same
tissue demands at least an order of magnitude difference
in affinity. However, for applications in which receptors
have known distributions and are not anatomically
co-localized, similar affinities for receptors can be allowed.

The potential for a compound to access the tissue of
interest also should be carefully considered. Our personal
experience in discovery efforts for radioligands targeting
the brain has been that the brain : blood ratio observed in
preclinical rodent or porcine biodistribution studies should
be >1 for practical utility. Invasive, equilibrium dialysis mea-
surements of the fraction of ligand free in plasma (fP) and
tissue proteins (fND) can provide even in vitro data that pre-
dicts brain penetration; the ratio fP : fND correlates well with
the non-specific volume of distribution (VND) [3, 15].

Care should be taken to ensure the ligand is not subject
to fast active transport from the target tissue back into the
blood. Examples of such active transport systems are P-gp,
the organic anion transporters (OATP), lung cancer resis-
tant protein (LRP), brain cancer resistant protein (BCRP)
and multidrug resistant proteins (MRP) [8]. In brain the
most prominent of these is P-gp. In silico or in vitro
methods can be used to screen out compounds that may
be substrates for this transporter [2, 34]. However, weak to
moderate substrates can still be useful radioligands, e.g.
[11C]-carfentanil and [18F]-4-(2′-methoxyphenyl)-1-[2′-(N-
2-pyridinyl)-p-fluorobenzamido]-ethyl-piperazine ([18F]-p-
MPPF) [35].

In order to optimize signal-to-noise, encourage rapid
tracer kinetics and facilitate equilibrium between plasma
and tissue concentrations within the period of the scan
(typically 90–120 min), clearance of the ligand from plasma
should be relatively fast. This is usually challenging with
chemical structures derived directly from molecules devel-
oped as drugs, because most therapeutics are designed for
dosing no more frequently than once or twice daily. The
compounds with high plasma clearance that are preferred
for radioligands are typically not seen as viable drug can-
didates, so the drug development process actively screens
against them.

Radioisotope labelling is perhaps the most flexible part
of initial candidate screening, as there is a well-developed
arsenal of chemistry methodology for both 11C and 18F
chemistries.Work with 18F has focused primarily on nucleo-
philic substitution reactions (both aliphatic and aromatic).
Nonetheless, feasibility of the chemistry can be challeng-
ing for 11C syntheses. As a rule of thumb, a PET radiophar-
maceutical should be available for clinical use within three

half-lives of receiving the radioactivity from the cyclotron.
For 11C, this means that the entire process, including quality
control release testing to specification, should ideally take
less than 1 h. As a result, most chemistry with 11C involves
introduction of the label as a single, final step to limit loss
of product as a result of radioactive decay [36].

Finally, the position of labelling should be carefully con-
sidered with regard to the known or probable metabolic
fate of the PET radioligand. Where possible, the ligand
should be labelled in a position which, upon oxidation or
hydrolysis, leads to a labelled hydrophilic fragment, as
these are less likely to enter tissues. An example illustrating
this is provided by the 5-HT1A receptor radioligand, [11C]-
WAY 100635. Initially, this compound was labelled in the
O-methyl position (Figure 7A) to achieve similar criteria
based on the reported primary route of metabolism in rat.
Rodent preclinical studies supported the potential suit-
ability of this radioligand with demonstration of a high
signal in the hippocampus and a very low signal in the
cerebellum, tissues known to have high and very low
5-HT1A receptor expression, respectively [37]. However,
translation to humans gave a surprising result: the
observed medial temporal cortex (MTC) : cerebellum
signal ratio was more than five-fold lower than expected
[38]. Contrary to the experience with rats, it was found that
in man the primary route of metabolism in humans is
through hydrolysis of the amide bond (Figure 7B). The
hydrolysis product ([11C]-WAY 100634) readily enters the
brain and has a high affinity for a1-adrenergic receptors,
reducing the specific signal-to-noise for the 5-HT1A recep-
tor. Subsequent labelling in the carbonyl position gener-
ated a radioligand (11C-carbonyl]-WAY 100635) that gave a
much more specific signal (as supported by the much
improved MTC/cerebellum signal ratio) [39].

Despite an apparent thorough knowledge of critical
physicochemical parameters that define the boundaries
the overall rate of discovery of new PET tool compounds
compared with the effort invested by the field is low.
Recent advances in design-based biomathematical mod-
elling [40], better understanding of factors predicting non-
specific binding [41] and new approaches to medicinal
and PET chemistry promise opportunities for more effi-
cient development in the future.

Conclusions

PET allows a new ‘precision pharmacology’ that can have
an important role in drug development. While imaging
experimental medicine can add complexity to planning
clinical development and increase the cost per patient
studied, well-designed studies can answer key questions
earlier and with smaller numbers of subjects for more
confident decision-making. In the future, applications of
molecular imaging to the development of drugs can
add further value with their translation to clinical use as a
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companion diagnostic for patient stratification enabling
higher efficacy and value. More responsive patient popu-
lations can be identified not just to enable smaller, more
informative clinical trials, but also to direct medicines to
patients who will experience the greatest benefit [42]. We
urge that the potential value of a translational molecular
imaging strategy be considered routinely and at the earli-
est stages of planning for the development of new drugs.
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