
Advanced Drug Delivery Reviews xxx (2010) xxx–xxx

ADR-12054; No of Pages 8

Contents lists available at ScienceDirect

Advanced Drug Delivery Reviews

j ourna l homepage: www.e lsev ie r.com/ locate /addr
Approaches using molecular imaging technology — use of PET in clinical
microdose studies☆

Claudia C. Wagner a, Oliver Langer a,b,⁎
a Department of Clinical Pharmacology, Medical University of Vienna, Währinger-Gürtel 18-20, A-1090, Vienna, Austria
b Health & Environment Department, Molecular Medicine, AIT Austrian Institute of Technology GmbH, A-2444 Seibersdorf, Austria
☆ This review is part of the Advanced Drug Delivery
Strategy for Drug Development with Exploratory IND
Future Directions”.
⁎ Corresponding author. Department of Clinical Pharm

Vienna, Währinger-Gürtel 18-20, A-1090, Vienna, Austr
E-mail address: oliver.langer@meduniwien.ac.at (O.

0169-409X/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.addr.2010.09.011

Please cite this article as: C.C. Wagner, O. La
Adv. Drug Deliv. Rev. (2010), doi:10.1016/
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 25 February 2010
Accepted 22 September 2010
Available online xxxx

Keywords:
Positron emission tomography (PET)
Pharmacokinetics
Microdosing
Radioisotope
Small-animal PET
Good manufacturing practice (GMP)
Dose linearity
Positron emission tomography (PET) imaging uses minute amounts of radiolabeled drug tracers and thereby
meets the criteria for clinical microdose studies. The advantage of PET, when compared to other analytical
methods used in microdose studies, is that the pharmacokinetics (PK) of a drug can be determined in the
tissue targeted for drug treatment. PETmicrodosing already offers interesting applications in clinical oncology
and in the development of central nervous system pharmaceuticals and is extending its range of application to
many other fields of pharmaceutical medicine. Although requirements for preclinical safety testing for
microdose studies have been cut down by regulatory authorities, radiopharmaceuticals increasingly need to
be produced under good manufacturing practice (GMP) conditions, which increases the costs of PET
microdosing studies. Further challenges in PET microdosing include combining PET with other ultrasensitive
analytical methods, such as accelerator mass spectrometry (AMS), to gain plasma PK data of drugs, beyond the
short PET examination periods. Finally, conducting clinical PET studies with radiolabeled drugs both at micro-
and therapeutic doses is encouraged to answer the question of dose linearity in clinical microdosing.
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In 2004, microdosing was introduced as a powerful tool along the
critical path of drug development— an innovative concept of studying
the pharmacokinetic (PK) profile of a drug in plasma of human
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volunteers, after administration of a sub-therapeutic drug microdose
(≤100 μg) [1,2]. In 2006, the US Food and Drug Administration (FDA)
prompted pharmaceutical companies to the conduction of microdose
studies, for early drug candidate selection, using ultrasensitive
analytical methods such as accelerator mass spectrometry (AMS)
and positron emission tomography (PET). Microdosing is part of the
exploratory IND (investigational new drug) approach, developed to
increase the efficiency of the pharmaceutical drug development
process [3]. Because a minimum of safety and toxicology testing is
required by regulative authorities before microdose studies can be
conducted [2,3], drug candidates with a favorable PK profile can be
selected at an early stage of drug development. In Japan, guidelines for
microdosing in clinical trials were released in 2008 [4].

A precondition for extrapolating plasma or tissue concentrations of
a drug after administration of a microdose to drug concentrations
achieved with a therapeutic dose is that drug concentrations in plasma
and tissue increase linearly, with increasing drug doses administered.
Microdose studies have shown dose-independent PK for a number of
drugs [5–8]. However, the question of dose linearity is still considered
the major drawback to the microdosing concept [9].

A survey on the use of microdosing for early clinical drug
development, conducted by the Pharmaceutical Research and Manu-
facturers of America (PhRMA) revealed that 9 companies out of 16
survey responders (56%) were conducting or planning to conduct
microdose studies [10]. Whereas determining in vivo PK of a drug
candidate was the main reason for companies to perform microdose
studies (50% of responses), a majority of 35% of pharmaceutical
companies, whowere not conductingmicrodose studies, declared lack
of confidence in extrapolation of PK data to therapeutic doses.

It is crucial that PK models for predicting therapeutic drug
behavior from in human microdose data are developed and validated
[4], so that microdosing can fulfill its promise to shorten the drug
development process. A further challenge in human microdosing is to
combine ultrasensitive analytical methods, for accurately determining
plasma and tissue PK of investigational drugs in a single approach, in
the same collective of volunteers or patients [11].

2. Principles of positron emission tomography

PET is a non-invasive nuclear imaging technique [12,13]. After
intravenous (iv) administration, radiotracers decay in the human body
under the emission of positrons. These travel a few millimeters before
combining with an electron. This so-called “annihilation event”
generates two collinear photons with an energy of 511 keV each. Inside
a PET camera, there are several stacked detector rings, containing
scintillation crystals. During a PET examination, subjects are placed
supine inside the detector diameter of the PET camera. The generated
pairs of photons are recorded simultaneously by detector pairs oriented
at 180° to each other (“coincidence detection”). These decay events are
reconstructed in order to create a three-dimensional picture, in which
the distribution of the positron-emitting molecules in the body is
represented according to an intensity scale. Dynamic PET measure-
ments enable repeated measurements of radioactivity distribution in
short time intervals. After performance of attenuation correction,
radioactivity distribution in body tissues can be quantified in terms of
absolute radioactivity concentration units, such as kBq/mL.Modern PET
cameras enable a spatial resolution in the order of 2–5 mm and a
maximum temporal resolution in the range of a few seconds tominutes.

Molecules labeled with short-lived positron-emitting radionu-
clides, such as carbon-11 (11C, half-life (t1/2): 20.4 min), fluorine-18
(18F, t1/2: 109.7 min) or gallium-68 (68Ga, t1/2: 67.629 min) are used as
radiotracers for PET imaging. The disadvantage of using radionuclides
with even shorter half-lives such as oxygen-15 (15O, t1/2: 2.07 min)
and nitrogen-13 (13N, t1/2: 9.96 min) is that drug tissue concentra-
tions beyond the initial distribution phase of the drug can not be
accurately determined. Radiolabeling is performed at high specific
Please cite this article as: C.C. Wagner, O. Langer, Approaches using mole
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activity (i.e. high ratio of activity to mass), resulting in administration
of very small amounts of unlabeled drug (usually b10 μg) [14] and in a
high sensitivity for measuring drug tissue concentrations (in the
lower femtomole (10−15 mol) range).

With regard to radioactive half-life, 18F is the most attractive PET
radioisotope, since it allows for imaging durations of up to 10 hours. A
considerable drawback, however, stems from the fact that relatively
few drug molecules contain fluorine in their native structure.
Consequently, despite the rather short half-life of 11C (20.4 min), the
majority of PET microdose studies have relied on 11C-labeled drug
molecules. A commonly employed method for the synthesis of 11C-
labeled drugs is the methylation of amino, phenolic hydroxyl or
carboxyl groups with [11C]methyl iodide or [11C]methyl triflate.
However, the field of PET radiochemistry is continuously expanding
and new and innovative radiolabeling approaches are being devel-
oped, which rely on the use of a wide array of [11C]synthons, such as
[11C]carbon monoxide, [11C]phosgene or [11C]cyanide, thus giving the
possibility of labeling a range of different functional groups and
structures with 11C [14]. Particular challenges in the synthesis of PET
radiotracers include time constraints due to the short radioactive half-
lives of the employed radioisotopes, the need for automatization of
procedures to protect the chemist from radiation exposure and the
necessity to produce a radiotracer whichmeets the quality criteria of a
drug for intravenous injection into humans.

The radiation exposure of one PET scan is approximately in the same
order as the level of natural background irradiation (1–2 mSv/year). A
typically administered activity of 11C-tracer of 400 MBq given iv
corresponds to a total effective dose of about 2 mSv [15]. This is less
than for a computed tomography investigation.

One limitation of PET imaging is that parent drug cannot be
distinguished from radiolabeled metabolites in tissue, because both
give the same signal. Consequently, for drugs which are extensively
metabolized in vivo, the interpretation of drug tissue PK may be
confounded by the presence of radiolabeledmetabolites. For providing
a quantitative description of PET data, such as the rate constants
for transfer of radiolabeled drug between plasma and different tissue
compartments, the concentration–time profile of the unmetabolized
radiolabeled drug in arterial plasma is required (“arterial input
function”). Although approaches have been described to obtain this
measure directly from the PET data (“image-derived input function”)
[16], the gold standard remains arterial blood sampling, which is an
invasive procedure, the applicability of which might be restricted in
certain subject groups, such as elderly patients. Arterial blood samples
are usually counted for total radioactivity using conventional gamma
counting and then processed by assays involving chromatographic
separation of parent drug from radiolabeled metabolites. Due to the
short radioactive half-lives of PET radionuclides the determination of
unchanged parent might be inaccurate, particularly at late time points
of the scan session, which might have a considerable impact on the
accuracy of quantitative parameter estimates derived fromPETdata. In
fact, the arterial input function determination can be considered as the
weakest link in a PET experiment, as this part of the measurement is
most likely prone to errors.

3. Use and added value of PET in drug development

3.1. Microdose studies

Radiotracers used for PET imaging usually have a high specific
activity, so that the mass of unlabeled drug administered to a subject
is low enough to satisfy the definition of a microdose [14]. PET
microdosing studies are conducted to determine the distribution of a
radiolabeled drug microdose to different organs and tissue over time,
including the tissue(s) targeted for therapeutic drug treatment
[17,18]. In addition, the pattern of anatomical distribution of
radiolabeled drug might already give first evidence of the drug's
cular imaging technology — use of PET in clinical microdose studies,
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interaction with its pharmacological target [11]. This is because
drug tissue concentration levels achieved with radiotracers with high
specific activity may be in the same range as a drug's affinity constant
(Ki, Kd) for its pharmacological target — in particular for novel thera-
peutic drugs with high target site binding affinities (in the nanomolar
or subnanomolar range) — which might cause drug tissue distribution
to be governed by binding to its pharmacological target. One such
example is the characteristic cerebral distribution pattern of a tracer
dose of the 11C-labeled antipsychotic drug raclopride, which is
dominated by high-affinity binding to dopamine D2 receptors in the
basal ganglia, the brain region with the highest concentration of these
receptors [19]. It should be noted, however, that accumulation of
radiotracer in tissue is not only a result of its interaction with its
pharmacological target, but is influenced by different factors such as
delivery of radiotracer to tissue, passive diffusion from blood into
tissue, active inward or outward transport of drug by transmembrane
transporters and non-specific binding of tracer to tissue components
(e.g. lipids, proteins).

3.1.1. Small molecules — PET in clinical oncology
In clinical oncology, PETmicrodosing has been successfully used to

determine the PK of radiolabeled cytotoxic agents, such as [18F]
fluorouracil or the 11C-labeled topoisomerase I/II inhibitor N-[2-
(dimethylamino)ethyl]acridine-4-carboxamide (DACA), in individual
cancer patients, before initiating full-dose treatment [20–26]. PET
using radiolabeled substrates of the multidrug efflux transporter P-
glycoprotein (P-gp, ABCB1) can be predictive of tumor response to
treatment because over-expression of this transporter protein in
tumor cells can lead to multidrug resistance (MDR) [27]. For instance
high tumoral uptake of the radiotracer [18F]fluoropaclitaxel in breast
cancer cells has been associated with tumor response to therapeutic
doses of paclitaxel in mice [28] and humans [29]. Hence, next to
providing PK data, PET imaging with tracer amounts of radiolabeled
chemotherapeutics can be used to predict drug response, before
therapeutic doses of chemotherapeutic drug are administered, based
on individual patterns of drug resistance (personalized medicine).

In addition, PET using tracer doses of [18F]fluoro-2-deoxyglucose
([18F]FDG) [30,31] and [18F]fluorothymidine [32] have been success-
fully used to assess therapeutic response after full-dose treatment
with different cytostatic drugs in lung, breast and gastrointestinal
cancer patients. These investigations hold the promise of minimizing
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Fig. 1. Different degree of blood–brain barrier penetration of three different radiolabeled d
verapamil; C: [11C]ST1859). Shown are transaxial PET summation images depicting radioact
radiolabeled drug. The radiation scale is set from 0 to 0.5 (A) and 0 to 2.0 (B, C) standardize
Electrics Medical Systems). The chemical structures of each drug are shown above the PET
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patient exposure to ineffective and toxic systemic chemotherapy,
because therapeutic response can be assessed earlier than with
standard radiographic evaluation.

3.1.2. PET to assess blood–brain barrier penetration of drugs
Pharmaceuticals targeted to the central nervous system (CNS)

often fail to reach therapeutic concentrations in brain, because the
human blood–brain barrier (BBB) selectively filters insufficiently
lipophilic drugs or actively removes drugs from the brain, which are
substrates of efflux transporters, such as adenosine triphosphate
binding cassette (ABC) transporters [33]. PET imaging with radi-
olabeled tracers of CNS agents can be used to determine BBB
penetration in vivo, which preclinical models often fails to predict.
In Fig. 1, three examples (A–C) are given how PET can be used to study
the BBB passage of drug molecules in human subjects. Example A is
the 18F-labeled broad spectrum antibiotic [18F]ciprofloxacin which
does not penetrate the BBB. This property makes this compound
unsuitable for the treatment of cerebral infections but also prevents
the occurrence of cerebral side effects which are common for other
members of this substance class [34]. Low brain uptake of cipro-
floxacin is most likely related to the drug being a substrate of the ABC
transporters breast cancer resistance protein (BCRP) and P-gp [35],
which are expressed in high concentrations in the capillary endothe-
lium of the BBB and prevent the diffusion of their substrates into brain
parenchyma [36]. In example B, the 11C-labeled calcium channel
inhibitor [11C]verapamil is shown, which displays low but appreciably
higher brain uptake than [18F]ciprofloxacin [37]. The therapeutic
target site of verapamil is the human myocardium but in view of the
high lipophilicity of the molecule CNS penetration would be expected.
Just as in example B, the reason for the low brain uptake of verapamil
is related to the fact that this molecule is a high-affinity substrate of P-
gp [38]. Example C shows a 11C-labeled investigational drug ([11C]
ST1859) which has been developed as a potential antiamyloid drug
for the treatment of Alzheimer's disease [39]. In contrast to the first
two examples, the drug displays excellent BBB penetration and
sustained brain tissue retention, which constitutes an important
prerequisite for the therapeutic applicability of this agent.

3.1.3. Macromolecules
To date, the drugs studied with the PET microdosing approach

have been small molecules. However, an interesting application of PET
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Fig. 2. (A) Coronal and horizontal PET summation images depicting the distribution of
the radiolabeled dual P-gp/BCRP inhibitor [11C]tariquidar in rat brain after administra-
tion of a microdose (0.002 mg/kg, upper panel) and after administration of a microdose
preceded by an iv therapeutic dose (15 mg/kg, given 2 h before radiotracer injection)
(lower panel). The radiation scale is set from 0.05 to 2.0 standardized uptake value
(SUV). PET images were recorded on a microPET Focus220 scanner (Siemens, Medical
Solutions). (B) Time–activity curves (mean SUV±SD) of [11C]tariquidar in whole brain
after administration of an iv microdose (open squares) and an iv microdose preceded
by an iv therapeutic dose (15 mg/kg) (filled diamonds) in 3 naïve rats. The chemical
structure of [11C]tariquidar is shown on top of the graph.
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microdosing would be to evaluate the PK of macromolecules, such as
therapeutic antibodies or peptides. Despite the fact that radiolabeled
antibodies (“immuno-PET”) [40] and peptides [41] are increasingly
used for diagnostic purposes, no formal microdose studies have been
reported so far. Due to the fact that macromolecules generally possess
slow in vivo kinetics the use of longer-lived positron-emitters, such
as the radiohalogens bromine-76 (76Br, t1/2: 16 h) and iodine-124
(124I, t1/2: 100.2 h) or the radiometal copper-64 (64Cu, t1/2: 12.7 h) is
mandatory [42]. Challenges associated with the use of these radio-
nuclides are their restricted availability, high costs, inferior
imaging characteristics and higher dosimetry as compared to 11C- or
18F-labeled radiotracers, and often unsatisfactory in vivo stability of
macromolecules labeled with such radionuclides [42]. In addition,
the introduction of prosthetic groups or chelating moieties is often
required to facilitate radiolabeling of macromolecules with long-
lived positron-emitters which might affect the bioactivity of these
molecules.

3.2. Dose finding studies

PET with validated radiotracers can be applied to select an
appropriate clinical starting dose of an investigational drug. Upon
co-administration, unlabeled drug and PET tracer compete for binding
to the drug's pharmacodynamic (PD) target. Reduced radioactivity in
the region of interest, when increasing doses of unlabeled drug are
administered, is an indirect measure for target site occupancy of the
drug under investigation [43,44]. So-called receptor occupancy
studies are commonly used in the clinical development of neuro-
pharmaceuticals. In one such example PET together with the
radiotracer [18F]SPA-RQ was used to establish a correlation between
dose, receptor occupancy in different brain regions and clinical effect
for the neurokinin 1 receptor antagonist aprepitant [45]. Because
therapeutic drug doses are administered in dose finding studies, they
do not qualify as microdose studies and full pre-study toxicological
drug evaluation is required.

4. Interplay between small-animal PET and clinical PET in
translational research

Small-animal PET [46] is increasingly used to study drug PK and
PD, before conducting in human PET microdosing studies. The
interaction between a radiolabeled drug with its PD target can best
be studied by determining radiotracer distribution at baseline, as well
as after pretreatment with one or more pharmacological agents that
specifically bind at the same PD target. Unlike in human PET studies,
tissue biopsy samples can be obtained in preclinical studies to
determine if radiolabeled drug metabolites contribute to the PET
signal in tissue. Because radiolabeled drug can be administered in vivo
together with increasing doses of unlabeled drug, preclinical PET
enables assessment of dose linearity of the PK of investigational
drugs [47,48]. Fig. 2 shows the brain distribution of the 11C-labeled
dual P-gp/BCRP inhibitor tariquidar [49] in Sprague—Dawley rats for a
microdose (approximately 0.002 mg/kg) as well as for a microdose
preceded by an iv therapeutic dose (15 mg/kg), injected 2 h before
administration of the microdose, measured with small-animal PET
[50]. For the microdose, brain distribution of [11C]tariquidar is
governed by high-affinity binding to the drug efflux transporters P-
gp and BCRP, which act as gatekeepers at the BBB and thereby prevent
brain uptake of the radiolabeled drug. After administration of a
therapeutic dose of tariquidar, the high-affinity P-gp/BCRP binding
sites are saturated resulting in uptake of [11C]tariquidar into brain
tissue. This is a good example of how the biodistribution of a drug can
substantially differ between amicro- andmacrodose leading to lack of
dose linearity. After validating preclinical assumptions with small-
animal PET, they can be transferred to human microdose studies in a
translational approach. Species differences in drug PK and PD which
Please cite this article as: C.C. Wagner, O. Langer, Approaches using mole
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might be observed may in turn permit to develop improved
preclinical models for prediction of human data.

5. Issue of dose linearity in PET microdosing studies

A key question for further exploiting the potential of PET for imaging
the PK of radiolabeled drugs is the issue of dose linearity. To date,
examples where human PET studies were conducted both at micro-
and macrodoses of therapeutic drugs are rare. The putative antide-
pressant BMS-181101 has been labeled with 11C and administered to
healthy volunteers at a microdose as well as after administration of a
therapeutic dose to determine drug distribution to brain tissue [51].
Further clinical development of BMS-181101 was abandoned because
PET imaging, using both high- and low-specific-activity radiotracer,
failed to reveal saturable target site specific binding of this investiga-
tional drug.

In another example, distribution of the topoisomerase I/II inhibitor
[11C]DACA to tumor and normal tissuewas assessed in cancer patients
cular imaging technology — use of PET in clinical microdose studies,
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Fig. 3. (A) Transaxial PET summation images depicting radioactivity distribution in brain
in one subject after administration of an ivmicrodose of (R)-[11C]verapamil (left image)
and an iv microdose preceded by an oral therapeutic dose (1 mg/kg) of verapamil given
1 h before radiotracer injection (middle image). The right image shows the subject's
brain magnet resonance image (MRI). The radiation scale is set from 0 to 2.8
standardized uptake value (SUV). PET images were recorded on an Advance PET
scanner (General ElectricsMedical Systems). (B) Time–activity curves (mean SUV±SD)
of (R)-[11C]verapamil inwhole brain greymatter after administration of an ivmicrodose
(open squares) and an iv microdose preceded by an oral therapeutic dose (1 mg/kg) of
racemic verapamil given 1 h before radiotracer injection (filled diamonds) in 6 healthy
volunteers. The chemical structure of (R)-[11C]verapamil is shown on top of the graph.
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Fig. 4. Plasma concentration–time curves (mean SUV±SD) of a radiolabeled iv
microdose (1 mg) of [18F]ciprofloxacin given as a bolus over 20 s to 4 patients with
lower extremity soft tissue infection (open squares) and of an iv microdose of [18F]
ciprofloxacin preceded by an oral therapeutic dose of ciprofloxacin (250 mg), given 3 h
before the iv dose to 12 healthy subjects (filled diamonds). The chemical structure of
[18F]ciprofloxacin is shown on top of the graph.
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who had never received pharmacological doses of DACA (phase 0)
and in patients undergoing a phase 1 trial with the drug [21].
Interestingly, the investigators found an increase in tumor PK
parameters (i.e. Cmax, AUC) when [11C]DACAwas administered during
infusion of unlabeled drug (phase 1 group) as compared to the phase
0 group. A possible explanation for this finding may have been higher
free plasma concentrations of the drug in the phase 1 group than in
the phase 0 group because of prior exposure to unlabeled DACA in the
phase 1 group.

In another study, plasma PK parameters of the radiolabeled
cytotoxic agent [18F]fluorouracil were estimated in a cohort of patients
who received a therapeutic dose of this agent (380–407 mg/m2) and
in a second cohort who only received sub-pharmacological doses
(1 mg/m2) [23]. In this study considerable differences were observed in
fluorouracil PK parameters between micro- and macrodoses, which
might be explained by faster metabolism and higher systemic clearance
of the drug microdose.

A combined AMS and PET study recently assessed the plasma
and brain PK of verapamil at a micro- and therapeutic dose in a
randomized, cross-over design [52]. Patients received an iv microdose
of verapamil (0.05 mg, dual-labeled (R/S)-[14C], (R)-[11C]verapamil for
AMS and PET analysis, respectively) and an iv microdose, preceded by
an oral therapeutic dose of unlabeled racemic verapamil (80 mg). For
AMS analysis [14C]verapamil was administered as a racemic mixture,
whereas for PET imaging the 11C-labeled (R)-enantiomer of verapamil
was used. Fig. 3 displaysmean time–activity curves in brain,measured
with PET, at micro- and therapeutic doses of verapamil, which were
almost superimposable. No statistically significant differences be-
tween the two doses were found for (R)-[11C]verapamil for para-
meters describing exchange of activity between plasma and brain. In
the same way, plasma PK parameters of verapamil as measured by
HPLC-AMS analysis were shown to be essentially linear within the
employed dose range.

In another example, the antibiotic agent [18F]ciprofloxacin was
administered to human subjects both at tracer and therapeutic doses.
Fig. 4 displays mean plasma concentration–time curves of ciproflox-
acin after iv administration of a radiolabeled microdose (approxi-
mately 1 mg) of [18F]ciprofloxacin to 4 patients with lower extremity
soft tissue infection [53]. Mean plasma concentrations of ciprofloxacin
after administration of a radiolabeled iv microdose of [18F]ciproflox-
acin preceded by an oral therapeutic dose (250 mg), given 3 h before
the iv microdose, in 12 healthy volunteers [34], is displayed in the
same graph. In both studies, venous plasma concentrations of [18F]
ciprofloxacinwere determined by gamma counting. [18F]ciprofloxacin
is metabolically stable, so that activity counts in plasma over the time
course of the PET experiment only represent unchanged parent,
obviating the need for metabolite correction of total activity counts by
radio-HPLC analysis [34]. Tissue distribution of radiolabeled cipro-
floxacin was simultaneously measured with PET imaging. Fig. 4
demonstrates near-to-linear plasma PK of ciprofloxacin at micro-and
therapeutic dose, with estimated plasma elimination half-lives of
210 min and 225 min, respectively.

6. Regulatory aspects for using PET in drug development
(Europe, USA)

In Europe, the legislative basis for the use of radiopharmaceuticals
in clinical studies is essentially determined by two directives of the
European Parliament: directive 2001/20/EC on good clinical practice
in clinical trials with medicinal products (including radiopharmaceu-
ticals) and directive 2001/83/EC on medicinal products (including
radiopharmaceuticals) for human use [54].

Only few radiopharmaceuticals (such as [18F]FDG) have achieved
market authorization, whereas most radiotracers used in clinical
research are manufactured on-site. The fact that directive 2001/20/EC
strictly requires good manufacturing practice (GMP) to the manufac-
Please cite this article as: C.C. Wagner, O. Langer, Approaches using molecular imaging technology — use of PET in clinical microdose studies,
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turing of drugs used in clinical studies poses a challenge for using PET
in research and development (R&D), especially from academic and
scientific associations. Until recently, directive 2001/83/EC specified
an exemption of R&D products from full GMP application, which was
revised due to the increasing use of PET radiotracers in clinical trials.

Within Europe, national competent authorities, which approve
clinical trials, may operate differently, regarding use of radiopharma-
ceuticals in clinical research. In some countries, such as the UK, full
GMP is required for the production of PET tracers for clinical research,
whereas in other countries pharmaceutical regulationswith respect to
the manufacture of PET tracers are not enforced. In the same way,
no formal radiation dose limits are defined across the European Union
for using radiotracers in clinical research, so that risk-benefit is
assessed on a case-by-case basis by national competent authorities.
With respect to toxicology assessments, the European Medicines
Agency (EMA) position paper onmicrodose studies states the required
preclinical data for thefirst use of amicrodose of a new chemical entity
in humans [2].

In the US, rules applying to studies on the development of new
medicinal products are less complicated and more uniform across
different states [55]. The US FDA requires Investigational New Drug
(IND) submission for radiopharmaceuticals, if the compound, labeled
or unlabeled, has never been administered to humans. Whether an
exploratory IND or a full IND needs to be submitted, depends on the
mass of drug administered. If the administered dose complies with the
definition of a microdose, i.e. “less than 1/100th of the dose of a test
substance calculated (based on animal data) to yield a pharmacolog-
ical effect of the test substancewith amaximumdose of≤100 μg or, in
the case of biologics,≤30 nanomoles”, an exploratory IND submission
is supported, which — similarly to the EMA position paper — requires
reduced preclinical safety and toxicology testing [3]. For radiolabeled
compounds, which have been used in humans before, a “Radioactive
Drug Research Committee” (RDRC) approval is considered sufficient.
The RDRC assesses the pharmacological and radiation dose adminis-
tered in a clinical study. This usually requires whole-body dosimetry
estimations in e.g. non-human primates, prior to initiating a phase 0
PET microdosing study. The FDA has proposed separate GMP guide-
lines for PET radiopharmaceuticals (PET Drugs — Current Good
Manufacturing Practice (CGMP)) [56]. The fundamentals of these
guidelines are essentially the same as for conventional drug GMP,
except that specific requirements that are not appropriate to PET
tracers have been removed and elements specific for PET have been
added. In Europe, the European Association of Nuclear Medicine has
recently issued a similar GMP guideline for radiopharmaceuticals [57].

7. Comparison of PET with other methods in microdose studies

Human microdose studies are conducted using ultrasensitive
analytical methods such as AMS and PET. In a survey on the pharma
industry's view on the utility of microdose studies in clinical drug
development, 17% of companies who reported not to be conducting
microdosing specified the requirement of highly sensitive and costly
analysis [10]. Conventional liquid chromatography-tandem mass
spectrometry (LC-MS/MS) is a cheaper and a more easily available
alternative to AMS, that can be used for analyzing drug concen-
tration in biological samples from microdose studies [48]. The assay
sensitivity of LC-MS, however, is much lower than that of AMS and
PET, which both enable quantification of pico- to femtomolar
concentrations of radiolabeled drug in plasma or tissue. The main
asset of PET microdosing, when compared to AMS or LC-MS, is that
drug PK outside the plasma compartment can be assessed non-
invasively in vivo, although AMS has previously been used to quantify
drug concentration in peripheral body compartments, by means of
tissue biopsy [11]. However, repeated tissue biopsy sampling to gain
an impression of drug tissue distribution over time is usually not
possible in clinical studies for ethical reasons. A detailed comparison
Please cite this article as: C.C. Wagner, O. Langer, Approaches using mole
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of AMS, PET and LC-MS for use in microdosing studies can be found in
previous review articles [11,58,59].
8. Combination of different analytical modalities in microdose
studies (AMS/PET)

Both AMS and PET provide initial in human PK data and can
support decision making in early clinical trials. AMS microdosing
allows for obtaining PK over prolonged periods of time after
administration of a 14C-labeled drug [60]. A limitation of AMS
microdosing is that it mainly provides information on drug distribu-
tion to the central blood compartment. This is of limited value as most
drugs exert their pharmacological effect in tissue and drug PK in blood
is often a poor predictor of drug tissue PK [61]. PET with 11C- or 18F-
labeled drugs can be used to study drug tissue distribution and PK.
During a PET examination, the plasma PK of an iv administered
radiotracer can be also determined by measuring radioactivity counts
in blood samples by gamma counting. However, in particular for drugs
with slow kinetics it is difficult to derive standard plasma PK
parameters in PET microdosing studies, due to the short radioactive
half-lives of positron-emitting radionuclides resulting in short
sampling periods [23]. Therefore, a combination of AMS and PET
imaging in one single study appears to be particularly powerful and
informative.

In one recent study, an excellent correlation between AMS analysis
and biodistribution measurements, using gamma counter, has been
demonstrated for [14C]FDG and [18F]FDG, respectively, in various
mouse organs, with particularly high correlation between AMS and
gamma counter data in brain and plasma [62]. In this in vivo study, a
combined iv dose of [14C]FDG and [18F]FDGwas administered to mice,
and blood and tissue sampling for AMS analysis and analysis by
gamma counting was performed at 30 min, 1 h, 2 h and 4 h after
administration in different animals.

The feasibility to combine PET and AMS analysis in humans has
recently been demonstrated when dual 14C- and 11C-labeled verap-
amil was administered to 6 healthy volunteers, and the PK of verap-
amil was simultaneously determined using AMS and PET analysis [52].
Next to determining the plasma PK of (R)-[11C]verapamil with gamma
counting and HPLC for metabolite correction, brain PK of (R)-[11C]
verapamil and its radiolabeled metabolites was measured with PET
imaging during 60 min after iv drug administration. In addition,
plasma samples were subjected to chiral HPLC followed by AMS
analysis to measure plasma concentrations of (R)- and (S)-verapamil
separately over 24 h. The set-up used in this clinical pilot study is
associated with less risk exposure of the subjects and less costs for
the investigator, than when plasma and tissue distribution data of a
drug are obtained in two separate clinical studies. Combined AMS and
PET studies are particularly useful for drugs, such as a verapamil [63],
with a medium to long biological half-life (6–8 h), for which PK
analysis by gamma counting is limited by the short radioactive half-
lives of PET radionuclides [23], and which distribute outside the blood
compartment.
9. Conclusions

PET microdosing has the potential of answering the demand for
increased efficiency in selection and development of new drugs. The
range of PET imaging in clinical drug development goes from
pharmacokinetic evaluation (phase 0) to proof-of-concept studies.
At present, the range of application of PET microdosing is extending
to innovative new medicines. Recent PET microdosing studies have
combined PET with other ultrasensitive analytical methods, such
as AMS. Small-animal PET provides a translational approach to PET
microdosing.
cular imaging technology — use of PET in clinical microdose studies,
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