
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rapidly (and successfully) translating novel brain radiotracers
from animal research into clinical use

Citation for published version:
Shaw, R, Tamagnan, GD & Tavares, AAS 2020, 'Rapidly (and successfully) translating novel brain
radiotracers from animal research into clinical use', Frontiers in Neuroscience.
https://doi.org/10.3389/fnins.2020.00871

Digital Object Identifier (DOI):
10.3389/fnins.2020.00871

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Frontiers in Neuroscience

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 26. May. 2023

https://doi.org/10.3389/fnins.2020.00871
https://doi.org/10.3389/fnins.2020.00871
https://www.research.ed.ac.uk/en/publications/44080260-57a7-47a5-9dcf-e52f7f278d3d


fnins-14-00871 October 1, 2020 Time: 12:14 # 1

REVIEW
published: 01 October 2020

doi: 10.3389/fnins.2020.00871

Edited by:
Miguel Castelo-Branco,

Coimbra Institute for Biomedical
Imaging and Translational Research

(CIBIT), Portugal

Reviewed by:
Thierry Billard,

UMR 5246 Institut de Chimie et
Biochimie Moléculaires et

Supramoléculaires (ICBMS), France
Geoffrey Warnock,

University Hospital Zürich, Switzerland

*Correspondence:
Adriana Alexandre S. Tavares

adriana.tavares@ed.ac.uk

Specialty section:
This article was submitted to

Brain Imaging Methods,
a section of the journal

Frontiers in Neuroscience

Received: 10 December 2019
Accepted: 27 July 2020

Published: 01 October 2020

Citation:
Shaw RC, Tamagnan GD and

Tavares AAS (2020) Rapidly (and
Successfully) Translating Novel Brain
Radiotracers From Animal Research

Into Clinical Use.
Front. Neurosci. 14:871.

doi: 10.3389/fnins.2020.00871

Rapidly (and Successfully)
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The advent of preclinical research scanners for in vivo imaging of small animals has
added confidence into the multi-step decision-making process of radiotracer discovery
and development. Furthermore, it has expanded the utility of imaging techniques
available to dissect clinical questions, fostering a cyclic interaction between the clinical
and the preclinical worlds. Significant efforts from medicinal chemistry have also made
available several high-affinity and selective compounds amenable for radiolabeling, that
target different receptors, transporters and enzymes in vivo. This substantially increased
the range of applications of molecular imaging using positron emission tomography
(PET) or single photon emission computed tomography (SPECT). However, the process
of developing novel radiotracers for in vivo imaging of the human brain is a multi-
step process that has several inherent pitfalls and technical difficulties, which often
hampers the successful translation of novel imaging agents from preclinical research
into clinical use. In this paper, the process of radiotracer development and its relevance
in brain research is discussed; as well as, its pitfalls, technical challenges and future
promises. Examples of successful and unsuccessful translation of brain radiotracers will
be presented.

Keywords: novel radiotracer, translational, brain, animal research, development and discovery

INTRODUCTION

Single photon emission computed tomography (SPECT) and positron emission tomography (PET)
rely on the in vivo detection and quantification of the radiotracer distribution and binding to
a specific biological target in the living body (Salvadori, 2008). These techniques are at the
leading edge of molecular imaging and allow for exceptional target specificity and high sensitivity
(Haberkorn and Eisenhurt, 2005; Salvadori, 2008; Kemp et al., 2010). PET and SPECT imaging is
based on the radiotracer principle, which states that the radiotracer does not alter or perturb the
biological system under investigation. This is only possible when the injected mass of a radiotracer
occupies a small percentage of the target, i.e., the microdosing principle (Ruth, 2009). Radiotracer
imaging allows for studies investigating neurotransmission, metabolism, regional cerebral blood
flow and pharmacology in vivo. Consequently, PET and SPECT imaging can assist in diagnosing
multiple neurodegenerative and neuropsychiatric disorders. They also provide imaging biomarkers
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to track disease development and monitor the effects of
drugs on disease progression. Finally, radionuclide molecular
imaging techniques can be used to determine optimal
dosing for new drugs via microdosing experimental set-
up and can aid with accelerating the implementation of
personalized medicine (Brooks, 2005; Agdeppa and Spiker, 2009;
Van de Bittner et al., 2014).

Despite the tremendous potential of PET and SPECT imaging,
only a limited number of central nervous system (CNS) targets
are currently used in humans; yet there are thousands of potential
brain proteins not yet explored. This limited availability may
in part be explained by the wide range of ever-growing, strict,
criteria that must be fulfilled prior to radiotracer regulatory
approval and by the empirical nature of radiotracer discovery
(Brust et al., 2014; Van de Bittner et al., 2014). In this review,
different aspects associated with brain radiotracer discovery
and development will be discussed. Suggestions of alternative
approaches to improve the flow through the pipeline will be
also provided, alongside examples of radiotracers successful and
unsuccessful in their translation to human research.

THE PROCESS OF RADIOTRACER
DISCOVERY AND DEVELOPMENT

Despite the similarities between drug and radiotracer discovery
and development processes, imaging agent development has the
flexibility to aim at investigating functional and non-functional
targets, as long as they play a role on a given disorder or
mechanism of interest and meet imageability requirements
(Agdeppa and Spiker, 2009). Unfortunately, the relatively small
market sizes for radiotracer commercialization compared with
the drug market, together with radiolabeling constrains and
regulatory/intellectual property challenges, represent restrictions
to the innovation potential in radiotracer discovery and
development. In fact, based on 2004 estimates, the total
imaging market was only 1% of the total therapeutic market
(Nunn, 2006a). This demonstrates that the majority of the
radiotracers developed will fall into a small/specialty market size.
Furthermore, in 2006, it was estimated that a diagnostic imaging
agent takes ˜8–10 years to develop at a cost of between $100 and
$150 million with a potential return in sales of only $200–400
million per year, even for highly used diagnostic agents, such
as the nuclear cardiology radiotracer CardioliteTM, Lantheus.
This value was gained through associated costs from therapeutic
drug development as there were not publicly available data
at this time on costs for developing imaging agents (Nunn,
2006b). Conversely, costs to develop a novel therapeutic drug
are around $850 million over 14 years with a potential return
of up to as much as $3.4 billion (Nunn, 2006a,b). Later, in
Zimmermann (2013) estimated the cost of a conventional drug
development at €82–300 million over 10–15 years; while the
development of novel radiotracers for diagnostic purposes was
calculated to be €20–60 million over 7–9 years (Figure 1).
However, this is a conservative measure looking at money
invested in a successful candidate not taking into account the
investment in failed candidates or candidates that did not make

it to completion. If the cost of investment in research into
unsuccessful targets was included this figure could be as much
as 300% higher (Zimmermann, 2013). In March, Wouters et al.
(2020) reported that when accounting for the costs of failed
drug trials (between 2009 and 2018), the mean investment was
$1,335.9 million. Analysis of the success rate of new drugs per
stage of development, excluding regulatory approval, shows that
the lowest success is achieved at the preclinical stages with only
∼30% success rate. This is lower than first in human success rate
that averages at ˜75% (Takebe et al., 2018). It is possible that the
drop in development costs of successful drugs and radiotracers
relates with improvement of preclinical methods, which in the
case of PET/SPECT imaging might stem from the development
of dedicated preclinical imaging platforms. Notwithstanding, the
overall cost (i.e., corrected for failed candidates) has not reduced
with time. From these data, it is clear that the commercialization
of diagnostic imaging agents will not generate the same return
as pharmaceutical drugs. Thus, partnerships between academia,
the pharmaceutical industry and imaging companies improves
the viability of radiotracer discovery and development in light
of the increasing demand for personalized medicine. Over the
years, the academic community has been invaluable to explore
new high risk/high gain areas; demonstrating the feasibility of
new imaging approaches. Unsurprisingly, academia has been
credited for the majority of PET and SPECT radiotracers
discovery to date. In turn, industry can facilitate the route
to commercialization for radiotracers discovered in academia
(Agdeppa and Spiker, 2009). Furthermore, partnering between
pharmaceutical companies, imaging companies and academia
can allow for the conversion of failed therapeutic agents
into radiotracers. Abandoned drug candidates and families of
compounds, which failed due to toxicity or short biological half-
life, can sometimes be repurposed as PET or SPECT radiotracers.
This is due to the radiotracer principle allowing for the safe use of
very low (picomolar) concentrations of compounds that are toxic
at higher concentrations. Furthermore, the rapid clearance of a
given compound, which is suboptimal for drug candidates, may
be suitable and even desirable, for a PET or SPECT radiotracer
(Willmann et al., 2008).

The process of radiotracer discovery and development has
been described in various ways, however, one aspect of this
process is consistent across the field: developing radiotracers is
a multidisciplinary iterative process. Each stage of the process
can feedback to a prior stage and/or input the subsequent
stage (Salvadori, 2008; Agdeppa and Spiker, 2009; Barth and
Need, 2014; Van de Bittner et al., 2014). Below we provide an
overview of the key stages in the process of radiotracer discovery
and development.

Evaluation of Market Opportunities and
Prioritization of Research Questions to
Target
At early stages of radiotracer discovery, multiple factors must be
considered beyond the scientific challenges alone (Figure 1). It
is important to understand from the outset how the radiotracer
would be used and then established predefined performance
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FIGURE 1 | Overview of radiotracer discovery and development pipeline. Main steps in the radiotracer discovery and development pipeline, including typical
development costs and timelines for development of a successful radiotracer. A strategy to accelerate the process of radiotracer development involves removal of
the in vitro testing of the radiolabeled compound and instead progress with the radiolabeled compound straight into in vivo testing.

criteria required for success. For example, one could ask whether
the development of a novel radiotracer for a given target would
enhance the ability to image such target by improving target:non-
target ratios, reducing off target binding or kinetics in vivo. For
previously unexplored targets, it would be important to provide
convincing evidence that the novel radiotracer will specifically
label the target or mechanism that they are designed to measure
(Agdeppa and Spiker, 2009).

Given the expensive and time-consuming nature of
radiotracer discovery and development, which ultimately
culminates with a small/specialty market, it is also important
to perform a “market search” at the inception of radiotracer
discovery. Obtaining insights from physicians can be useful to
understand the need for a given imaging tool in clinical practice
or research. In short, if imaging with a radiotracer for an unmet
clinical need would not be “prescribed,” then the development
of such radiotracer may be unnecessary. In the basic research
context, which accounts for the majority of these PET and
SPECT imaging, the utility of a radiotracer can be difficult
to anticipate. Potential use can be appraised by discussing
this among colleagues, preclinical scientists and experts from
pharmaceutical companies, in order to determine preclinical use
and human translational potential of a given radiotracer (Van de
Bittner et al., 2014). Commercialization potential is important

when selecting projects and in practice; technically feasible
projects may not be a priority due to a limited potential return
on investment (Nunn, 2006a). A careful evaluation of the market
size may also be driven by current/future install bases in clinical
use and modality constrains. For example, SPECT equipment
is more widely distributed and numerous in comparison with
PET (around 12 530 multi-head SPECT scanners vs. around
1000 PET scanners in the United States of America in 2008)
(Agdeppa and Spiker, 2009). Thus, the development of a novel
SPECT radiotracer might be preferred over a PET radiotracer if
the SPECT imaging performance is adequate. This is especially
true as the physical limits of PET and SPECT detection are
approached in the clinical setting as they have been approached
in the preclinical setting (Mariani et al., 2008; Seo et al., 2008;
Ruth, 2009). For example, in the preclinical setting, small animal
SPECT scanners have higher resolution than PET scanners,
although this comes at the expense of relatively lower sensitivity
(de Kemp et al., 2010; Koba et al., 2013). PET is arguably superior
to SPECT in regards to being able to directly measure the
attenuation effect of the object being viewed; as well as having
a higher resolution and accuracy in quantitative assessment
of regional concentrations of a radiotracer (Alavi and Basu,
2008; Ruth, 2009). The higher sensitivity gives PET the ability to
measure targets with lower expression. However, PET does still
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have limitations and challenges. Short-lived PET radionuclides,
such as 15O and 11C, require a cyclotron in close proximity to
the PET scanner. This may limit widespread market distribution,
but it can be advantageous during early stages of radiotracer
discovery and development as it will be detailed below. PET
scanning also incurs higher costs in comparison with SPECT
scanning (Ottobrini et al., 2006; von Schulthess and Burger,
2010). Targeting specific molecules so that they can be easily
labeled for both PET and SPECT imaging should be considered
in the early stages of radiotracer design in order to reach users in
both modalities. This keeps options open and can save time and
money in long term development.

From a commercialization point of view, similarly to
therapeutic drugs, knowing the intellectual property (IP)
landscape before project conception can help identify
opportunities and competition. It is important to be up to
date on the status of technology, other applicable imaging agents
and non-imaging biomarkers, regardless of the imaging modality.
For example, magnetic resonance imaging (MRI) research is
improving endogenous signal without the use of contrast agents.
Blood biomarkers and non-imaging biomarkers are other forms
of competition and could limit the use of novel imaging agent,
although these diagnostics lack spatial information that can be
obtained with imaging. If a cheap blood test can give the same
information as an expensive time consuming scan then it is
unlikely that it will be adopted in the clinical setting. These
aspects are important to consider, especially due to the long
times associated with the development of novel radiotracers.
Moreover, consideration of the impact of a novel radiotracer on
health economics, in light of the reimbursement issues, may be
valuable when aiming at commercialization of a novel radiotracer
(Agdeppa and Spiker, 2009). Alternative approaches, less focused
on the commercialization of the novel radiotracer, have suggested
to start the brain radiotracer development program based on
assessing an unmet medical need or based on an expectation in
human disease imaging (Van de Bittner et al., 2014).

In summary, when initiating the journey of radiotracer
discovery and development, the researcher must look beyond
purely the scientific scope and should address important
questions. If the purpose of that radiotracer development is to
attract investment and lead to commercialization: (1) is there a
market or a medical need that justifies the development of this
radiotracer?; (2) will the quality of the science and technology
behind the new molecule be attractive to an investor?; (3) is
it feasible and will it comply with regulations?; and (4) in
this limited competitive landscape, will the novel radiotracer
stand a chance? An example of a recently developed successful
radiotracer with potential to have wider impact in the field of
brain research and clinical imaging is 18F-MNI1126, a radiotracer
targeting the synaptic vesicle glycoprotein 2A (SV2A) (Mercier
et al., 2017; Constantinescu et al., 2019).

Target Identification
Traditionally, therapeutic drug targets have an important
mechanistic effect in disease processes, such as, inhibiting the
target may alter/reduce disease severity or progression (Pritchard
et al., 2003). An important difference between therapeutic drugs

and diagnostic radiotracers’ target identification step is that the
latter can be developed for targets that play an important role in
a given disease, yet have no functional effect in modifying disease
processes. A pivotal example of these so called “non-functional”
targets is amyloid imaging, where structural proteins are targeted
(Klunk et al., 2004). This means that a radiotracer target needs
only have altered expression, occupancy or function in a given
disorder, resulting in a wide range of potential targets for in vivo
imaging, which in turn will allow for a given radiotracer to
be applied to investigate several different medical or biological
questions (Agdeppa and Spiker, 2009; Van de Bittner et al., 2014).

To assist with the target identification during radiotracer
discovery, it is also important to consider the location and
amount of target assessable for high quality in vivo imaging. An
essential property for in vivo imaging using radiotracers is the
concept of binding potential (BP), which provide a measurement
of radiotracer-target interaction as a function of the total target
density (Bmax) and the radiotracer binding affinity (KD). The
suggested ideal BP values for in vivo imaging in the literature
can vary considerably from 1.5 (Barth and Need, 2014) up to
10 (Patel and Gibson, 2008). Some have proposed, as a rule of
thumb, that a BP of 5 is a suitable value for quantitative PET
imaging, especially in the clinical setting where kinetic modeling
techniques are not always available (Van de Bittner et al.,
2014). When assessing which target to tackle during radiotracer
discovery, it is possible to estimate the ideal KD value for the
prospective candidate radiotracer from the known Bmax. When
the Bmax is unknown, it can be measured using autoradiography,
binding assays or quantitative immunohistochemistry methods.
In vivo, BP can be expressed in three different forms depending
on the reference used, BPND, BPF , and BPP. BPND refers to
the ratio of radioligand specifically bound to its target vs the
amount binding non-specifically (the non-displaceable amount).
BPF refers to the ratio of specifically bound radiotracer to free
fraction and BPP refers to the total concentration in the plasma
that is available (excluding ligand irreversibly bound to plasma
proteins) (Innis et al., 2007). Examples of brain SPECT and
PET radiotracers previously developed and correspondent BPND
values are presented in Table 1 below.

Although the majority of brain radiotracers developed to
date are small molecules that interact with transmembrane
receptors and transporters, other targets are amenable for
in vivo imaging using PET and SPECT. Some radiotracers can
serve as subtracts for enzymes (a prominent example is 2-
deoxy-2-[18F]fluoroglucose) (Van de Bittner et al., 2014) or
can bind to protein aggregates, most notably amyloid and
tau proteins (Agdeppa and Spiker, 2009; Nordberg, 2014).
Furthermore, radiotracers targeting nuclear receptors have also
been investigated. These require penetration of the cell nucleus
by the radiotracer (Wang et al., 2014). Radiotracers designed to
bind to a transmembrane protein, including G-protein coupled
receptors, may have to compete with native ligands or allosteric
modulation. This means that variations in the endogenous
ligand concentrations can impact image quantification of
receptor density in vivo; setting strict requirements for the
candidate radiotracer KD value. Furthermore, transmembrane
receptors have regulatory mechanisms, such as homo- or
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TABLE 1 | Examples of brain SPECT and PET radiotracers previously developed and associated BPND values in healthy humans.

Radiotracer Target (high to low density) BPND References

123 I-Iomazenil GABA receptors 12.50 ± 0.05 (n = 10) Abi-Dargham et al., 1994
123 I-(R,R)l-QNB mACh receptors 4.85 (n = 11) Norbury et al., 2004
123 I-5-IA85380 α4β2-nACh receptors 4.43 ± 0.06 (n = 6) Fujita et al., 2003
123 I-β-CIT Dopamine transporters 6.66 ± 1.54 (n = 5) Laruelle et al., 1994
11C-Raclopride D2/3 receptors 2.19 ± 0.18 (n = 40) Berry et al., 2018
123 I-IBZM D2/3 receptors 0.86 ± 0.11 (n = 10) Meyer et al., 2008
11C-DASB Serotonin transporters 2.68 ± 0.68 (n = 5) Ginovart et al., 2001
123 I-ADAM Serotonin transporters 1.62 ± 0.57 (n = 7) Yang et al., 2008
11C-PK11195 TSPO 1.60 ± 0.40 (n = 13) Kropholler et al., 2005
11C-PIB β-amyloid plaques 0.11 ± 0.15 (n = 13) Tolboom et al., 2009
18F-FDDNP β-amyloid plaques 0.05 ± 0.03 (n = 13) Tolboom et al., 2009

BPND reduces as a function of target density and radiotracer affinity (e.g., dopamine receptor, serotonin transporter and β-amyloid plaques ligands). The results also
depend on method of quantification used, i.e., kinetic modeling with or without input function (details in sections below). Legend: α4β2-nACh receptor = alpha-4 beta-2
nicotinic acetylcholine receptor; mACh receptors = muscarinic acetylcholine receptors; D2 receptors = dopamine type 2 and 3 receptors; TSPO = 18 kDa translocator
protein.

heteropolymerization and internalization (Ferré et al., 2014);
these can represent unexplored avenues in the development
of new therapies (George et al., 2002), but directly impact
the radiotracer kinetics and binding affinities in vivo. Some
radiotracers developed to image the 18-kDa translocator protein
(TSPO) are also influenced by a genetic polymorphism that
leads to differences in binding affinity within the population
(Owen et al., 2012). If a novel target has a known potential
for genetic polymorphisms, it is important to consider potential
effects of genetic polymorphism on radiotracer binding, and
thus imaging. Although, interestingly, the TSPO radiotracer
11C-PK11195 binding does not seem to be affected by the
genetic polymorphism (Owen et al., 2010; Owen et al.,
2011). This recent observation of genetic polymorphisms
impacting radiotracer binding highlights another new feature
to consider when selecting the target for radiotracer discovery
(Figure 2, Case study 1).

Another important consideration while discovering novel
radiotracers is to understand the error associated with the
imaging technique to be use. Typically for any PET and SPECT
radiotracers this is represented by the intra-subject test-retest
variability. The majority of brain radiotracers have test-retest
results of less than 15% [see for example (Abi-Dargham et al.,
1995; Seibyl et al., 1996; Booij et al., 1998; Varrone et al., 2000;
Catafau et al., 2005; Laere et al., 2013; Barret et al., 2014b; Tavares
A. et al., 2014)], meaning that when investigating longitudinal
changes in either target density or receptor occupancy in a
single-subject, observed changes must exceed 15% in order to
be successfully imaged. Various outcome measures are used
to quantify test-rest variability. BPND is a preferred outcome
measure but is not always possible to measure as it requires
dynamic imaging data from radiotracers that have reversible
binding kinetics and, depending on the target of interest, can
also require invasive arterial blood collection for kinetic modeling
analysis when a reference region devoid of binding is not
available (Innis et al., 2007). BPND from distribution volume ratio
(DVR), calculated from VT , also requires arterial input function
data. The total volume of distribution (VT) has also been used

for quantification of test-retest variability and as an outcome
measure in some cases, such as, in the measurement TSPO
radiotracers concentration in the CNS (Sandiego et al., 2015; De
Picker et al., 2019). VT also requires dynamic imaging protocols
and the use of arterial input function or, even possible, image
derived input function. Standard Uptake Value Ratio (SUVr)
is also used in some cases such as for amyloid radiotracers
(Knešaurek et al., 2018). For estimation of SUVr, static imaging
protocols are sufficient.

Despite all the considerations given during target
identification, the most practical and commonly used approach
in finding potential radiotracers is to identify high-affinity
ligands with known structure-activity relationships. These
are often discovered through drug development programs;
although highly novel targets without known ligands can
also be pursued in radiotracer discovery. Highly novel targets
without known ligands can, however, be time and cost-intensive,
as various compound libraries need to be developed and
screened iteratively. Such “risky” targets, therefore, must have
a high Bmax and demonstrate a significant percentage change
in density or occupancy relating to the research or clinical
question being addressed, in order to be worth the input of
radiotracer development.

In summary, it is important to investigate which target(s) play
an important role in a given disease and can also be imaged
using PET or SPECT (considering, for example, the test-retest
variability of the technique). Targets that play important roles in
multiple disorders can broaden the range of applications of the
novel radiotracer candidate thus make more attractive targets.
Suitable target density for high quality in vivo imaging should be
evaluated and the researcher should also pinpoint the desirable
affinity of the novel candidate radiotracer at this stage (Figure 1).

Design and Selection of Lead
Radiotracer Candidate
It is tempting to start the process of radiotracer discovery by
targeting existing therapeutic drugs, however, it is important to
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FIGURE 2 | Case study 1: Imaging the 18kDa translocator protein (TSPO), a “moving target” over the past three decades. The development of novel TSPO
radiotracers suffered from high degree of attrition over the years (1–3). First there was the renaming of the target, in recognition of the wider functions of this protein.
Then the identification of a genetic polymorphism (rs6971) capable of impacting on radiotracer binding in humans (2nd generation, 2nd gen., radiotracers). Alongside
these discoveries came the recognition that TSPO has at least three binding sites and can be expressed in a monomer or a polymer configuration depending on the
organ or disease process under investigation. Furthermore, limited characterization of the TSPO expression in various cell types decades ago has created a delayed
realization that TSPO PET/SPECT imaging was always directed toward understanding TSPO molecular changes rather than cell changes. All these serendipitous
findings at the first stage of the radiotracer development pipeline (target identification) have impacted on the development of novel and successful TSPO radiotracers
(1 and 2). Despite these difficulties, through a series of compound libraries from 1st generation (1st gen.) radiotracers, like 11C-PK11195, to 3rd generation (3rd gen.)
radiotracers like 11C-ER176 and 18F-LW223, it was possible to resolve the target identification issue, while improving radiotracer properties, such as reduction of
non-specific binding (NS) and convenient labeling with fluorine-18 (3). Red and blue text indicates limitations and advantages of each example radiotracer displayed
in row 3. HC, healthy control brain. TSPO structure taken from Selvaraj and Stocco, Trends in Endocrinology and Metabolism, 2015, 26(7):341.

be aware of the negative aspects associated with this choice.
For example, therapeutic drugs aim for a sustained target-
engagement after one single administration, but this can be
unsuitable for radiotracer imaging; resulting in radiotracers with
slow kinetics. 18F-F13714 is an example of a brain radiotracer
with slow kinetics. It was developed as a serotonin type 1A
(5-HT1A) receptor agonist radiotracer, however, it was found
to have such high affinity that its binding resulted in quasi-
irreversible kinetics (Tavares et al., 2013; Yokoyama et al., 2016).
This sustained binding maybe useful for drugs, however, is sub-
optimal for a radiotracer, as it makes quantification difficult
using traditional kinetic models that assume reversible Michaelis-
Menten kinetics (Innis et al., 2007). Furthermore, it is important
to consider the fact that radiotracers require high brain/plasma

ratio and should have low non-specific binding, two factors that
can at times be less pressing for therapeutic drugs, where it is not
infrequent to have a drug able to bind to several targets in the
brain. An example of a non-selective radiotracer is the SPECT
iodinated analog of Siponimod (a licensed drug for treatment
of Multiple Sclerosis), 123I-MS565, which binds to two types
of sphingosine-1-phosphate receptors (S1P1 and S1P5) (Tavares
A. et al., 2014). It is useful for the use in studying the effects
of Siponimod, however, is of limited use when trying to label
and track changes in one receptor type in the CNS or to try
and establish the role of one of the receptor types in disease
development and progression.

De novo radiotracer synthesis is another route for lead
candidate selection during radiotracer discovery. This route can
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be even more iterative than the approach described in the
above paragraph. This is particularly true for novel radiotracers
that target complex mechanisms or use non-traditional (non-
small) compounds, as in vitro screening methods would be
more limited in predicting their in vivo performance. In
these cases, conducting simple animal model studies early
could provide information and help to optimize the novel
radiotracer candidates’ performance in vivo. Feedback from
preclinical scientists to the chemists can be used to improve
the radiotracer’s structure before moving into more rigorous
preclinical studies, and if successful, clinical studies (Agdeppa
and Spiker, 2009). Another approach to improve the likelihood
of discovering high-affinity, brain penetrant molecules during
de novo synthesis of CNS radiotracers includes the concurrent
synthesis of compounds with different chemical scaffolds, as
well as, scaffolds that offer several sites for easy substitution
with various functional groups. Furthermore, when developing
compound libraries it is important that the synthesized molecules
have relatively minor deviations in chemical structure, as
additions of small chemical groups can significantly affect
the radiotracer in vivo kinetics and binding properties [see
for example, Stevenson et al., 2010; Seo et al., 2014 and
Figure 3, Case Study 2).

Regardless of the approach used to start the novel radiotracer
design process, at this stage, it is important to consider the
development of compounds with a facile labeling site with
the potential to be radiolabeled across multiple derivatives
(Van de Bittner et al., 2014). Using the same labeling site
across various derivatives would allow for minor changes in
the radiolabeling method between molecules, saving time and
money while developing novel radiotracers. The radionuclides
to be used for radiolabeling should also be considered during
radiotracer design. For PET imaging, the use of carbon-11 (11C),
nitrogen-13 (13N) and oxygen-15 (15O), which are isotopes of
endogenous elements, allows for radiolabeling of target molecules
without changing their chemical properties with 15O-Water,
15O-oxygen and 15O-CO as the examples for 15O. Conversely,
fluorine is not ubiquitous in endogenous biomolecules, may
lead to differences in radiotracer in vivo performance from
derivative biomolecules. This is exemplified by, 11C-DOPA
and L-6-fluoro-18F-FOPA having different decarboxylation rates
in vivo (Torstenson et al., 1999). L-6-fluoro-18F-FOPA can be
successfully used for PET imaging, however, it is far more heavily
metabolized than its carbon-11 counterpart and requires the use
of inhibitors (carbidopa with or without entacapone) to reduce
this metabolism and to gain reliable PET images (Kumakura et al.,
2005; Kyono et al., 2011; Walker et al., 2013). Importantly, the
fluorine-19 (19F) commonly present in drug pharmacophores
may represent a viable strategy to radiotracer discovery, as in
those instances there is only a need for substituting 19F in the
drug with 18F in the radiotracer without changing compound
kinetic properties. When the drug pharmacophores do not
include 19F, one commonly suggested approach involves the
use of 11C for early probe development, i.e., proof-of-concept
de novo radiotracer discovery. Once the hypothesized in vivo
performance using the 11C-labeled radiotracer is confirmed,
18F-labeled analog or other relatively longer-lived radioisotopes

FIGURE 3 | Case study 2: Analog but different. This case study illustrates the
impact of small changes in radiotracer structure on binding kinetics in vivo and
subsequent impact on the translational potential of radiotracers. NKJ64 and
INER were both 123 I-labeled tracers targeting the noradrenaline transporters
(NAT). Both stereoisomers had nanomolar affinity in vitro, but different kinetics
in vivo. The INER compound presented binding in brain consistent with NAT
expression (highest in the midbrain, in particular locus coeruleus – in red),
while NKJ64 had no specific binding to target in baboon brain. SPECT images
co-registered to MRI data for the same baboon. A, anterior; P, posterior;
F, feet; H, head.

(e.g., iodine-123 for SPECT or iodine-124 for PET) would be
explored for subsequent clinical or commercial use. Although
this approach is appealing due to the simplicity of substituting
elemental carbon with its isotope counterpart 11C, from a long
term development perspective it adds cost in the process of
radiotracer development; with potentially no return and/or will
substantially limit the market distribution of the 11C-labeled
radiotracer, as it is estimated that about 90% of PET scanners are
in facilities unable to produce 11C radiotracers with high specific
activity (Klunk and Mathis, 2008). Still, when investigating highly
novel and unexplored targets, this may be the fastest option. It
might also be advantageous to use SPECT radiolabels (e.g., 123I
or Technitium-99m, 99mTc) for biomolecules or drug labeling,
as there is a long history of labeling proteins, nucleic acids and
small molecules with radioiodine (Agdeppa and Spiker, 2009).
Other radionuclides may become more prominent in the future
as universal procedures for radiolabeling intact monoclonal
antibodies (mAbs) or mAbs fragments become available and
increasing interest in using these biomolecules in brain imaging
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is raised within the imaging community (Dongen et al., 2012;
McLean et al., 2012). These include the long-lived positron
emitters iodine-124 (124I, t1/2 of 100.3 h) and zirconium-89 (89Zr,
t1/2 of 78.4 h); and the shorter-lived positron emitters gallium-68
(68Ga, t1/2 of 1.13 h), copper-64 (64Cu, t1/2 of 12.7 h), yttrium-
86 (86Y, t1/2 of 14.7 h) and bromine-76 (76Br, t1/2 of 16.2 h). The
commercially available long life-span 68Ge/68Ga-generator (half-
life 271 days) makes 68Ga a particularly interesting radionuclide
for clinical use, as it can be continuously available even for centers
without a cyclotron and at relatively reasonable costs.

Another aspect to consider during the design of the
radiotracer candidate relates with the development of the
precursor for radiolabeling. The precursor should allow for a
highly reproducible reaction, automation of the radiosynthesis
process (labeling, purification, and formulation) and a
radiochemical yield of the formulated product high enough
to permit human application (Brust et al., 2014). The automation
is useful in various ways, in terms of reproducibility, it minimizes
human error. Importantly, once the radiosynthesis method is
optimized and is fully automated, production of radiotracers
can be scaled-up enabling large scale production for local
use (multiple patients a day) or distribution to different PET
sites (if the radioisotope half-life permits). Several aspects
require consideration when designing candidate radiotracers,
including type of precursor to be used. For example, tin
precursors are sub-optimal for clinical use, because they require
additional quality assurance given the highly toxic nature of
tin. The type of precursor selected will also impact on the
separation method to be used to obtain the final product
(e.g., high performance liquid chromatography or solid phase
extraction). Two excellent reviews have been recently published
detailing PET radiochemistry principles (Brandt et al., 2018;
Pichler et al., 2018).

Identifying the lead radiotracer candidate among a library
of compounds shares similarities with the process of drug
development and includes screening of the affinity for the target,
selectivity, metabolism, lipophilicity and molecular weight/size
(Agdeppa and Spiker, 2009; Pike, 2009; Van de Bittner et al.,
2014) (Table 2). Despite the comprehensive list of characteristics
that hold promise to yield an ideal radiotracer for brain imaging,
the suggested criteria are not a definite recipe for success,
but rather some empirical or observation-based guidelines that
are continuously being refined. In fact, several physicochemical
properties such as Log P, Log D, molecular weight and the
acid dissociation constant (pKa) have been found to correlate
with in vivo behavior to some extent, but are not necessarily
predictive of radiotracer performance in vivo (Van de Bittner
et al., 2014). Thus, even though a substantial emphasis has been
placed in the in silico models and computation for assessment
of physicochemical properties of potential radiotracers for brain
imaging (Clark, 2003; Agdeppa and Spiker, 2009), these methods
do not necessarily concur with the in vivo performance of a
number of radiotracers developed, as has been shown in the
literature (Tavares et al., 2012b; Van de Bittner et al., 2014).

Radiotracer metabolism (discussed further in following
section) is often a major stumbling point encountered during
radiotracer discovery and translational imaging. Although

TABLE 2 | Criteria for passive diffusion of a radiotracer across the
blood-brain-barrier (BBB) and good bioavailability (Lipinski et al., 2001; Clark,
2003; Waterhouse, 2003; Wong and Pomper, 2003; Pike, 2009; Van de Bittner
et al., 2014).

Action Characteristic Requirement

Crossing BBB Molecular weight <450 g/mol

Crossing BBB Polar surface area <60–90 Å

Crossing BBB Number of hydrogen bond
donors

<5

Crossing BBB Sum of nitrogen and
oxygen atoms

<10

Crossing BBB Log P (partition coefficient) <4 (ideal range of
1–3.5)

Crossing BBB Affinity for efflux pumps
(e.g., P-gp)

Minimal

Crossing BBB Affinity for enzymes at the
BBB

Minimal

Crossing BBB Brain uptake (%ID) ≥0.5%

Brain uptake (SUV) >2.0

Metabolism Ionization at physiological
pH

Low

Metabolism Presence of
radiometabolites in brain

Low

Binding to silent sites Binding to plasma proteins Low

Binding to silent sites Non-specific or
non-saturable sites

Low

Binding to target site Kinetics quantifiable in vivo Reversible or not
completely irreversible

Binding to target site Dissociation or inhibition
constants

Nanomolar range

Binding to target site Selectivity High

Binding to target site Specificity High

Radiological safety Whole-body and critical
organ dosimetry

Low radiation dose

P-gp, P-glycoprotein; %ID, % injected dose; SUV, standard uptake value.

radiotracer metabolism in vivo may be hinted during radiotracer
design or radiotracer screening in vitro, metabolism is highly
species-dependent; typically compounds show more extensive
metabolism in lower organisms.

Several methods have been proposed to assist with radiotracer
lead candidate selection early in the process of radiotracer
discovery. These aim to increase the likelihood of success
of a novel brain radiotracer in vivo. These methods include
in silico simulations, in vitro testing, high-performance liquid
chromatography methods and liquid chromatography–mass
spectrometry techniques (Clark, 2003; Agdeppa and Spiker,
2009; Tavares et al., 2012b; Barth and Need, 2014; Van de
Bittner et al., 2014). Nonetheless, there is a growing indication
from the radiotracer development community that progressing
rapidly into in vivo imaging following a short high throughput
screening exercise targeting key properties (affinity, selectivity
and BBB penetration estimation) or even move directly into
radiolabeling and in vivo imaging studies, with subsequent
iterative feedback between preclinical imaging and chemistry,
may be the way forward. In this emerging philosophy, the
lead candidate selection can be reduced to at most a rapid
screening and ranking of molecules prior to radiolabeling, where
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the affinity for the target would be assessed in conjunction
with the biological target density and the likelihood of BBB
penetration would be assessed by a high throughput technique.
To maximize efficiency, during radiotracer affinity experiments,
it is useful to include a known radiotracer targeting the same
process as a control together with the radiotracer library under
scrutiny. This has already been applied in the development of
novel TSPO ligands based on PK11195 structure (Stevenson
et al., 2010) (Figure 2, Case Study 1). Although the specific
ranking order of the compound’s affinity is less central than
their clustering based on chemical structure, it can provide a
starting point to select which cluster of radiotracer candidates to
prioritize for in vivo imaging. Similarly, when ranking candidate
radiotracers for BBB penetration, it is important to include in
the analysis known successful radiotracers. A recently proposed
methodology uses high performance liquid chromatography
for rapid screening and ranking of candidate radiotracers in
terms of permeability, plasma protein binding and compound-
membrane interaction (Tavares et al., 2012b) (Figure 4) and has
been adopted by different research groups working on novel
radiotracer development (Blair et al., 2013; Gilfillan et al., 2013;
Mark et al., 2013; Philippe et al., 2013a,b; Rami-Mark et al., 2013).
This chromatography method uses compound retention time
information to derive permeability, plasma protein binding and
compound-membrane interaction and vs. a calibration curve.
The chromatography outcome measures (permeability, plasma
protein binding and compound-membrane interaction) can then
be used to predict in vivo behavior of the compound using
mathematical equations describing the relationships between
chromatography outcome measures and in vivo measures
(%injected dose in brain and BPND) (Tavares et al., 2012b).
Newer mass spectrometry methods have also been proposed
for estimation of specific and non-specific binding across brain

regions (Barth and Need, 2014). However, the use of unlabeled
compounds makes the measurement of metabolites difficult and
the proposed approach can be labour intensive. It requires
the use of several animals and dissection techniques following
administration of the unlabeled compound, as each animal can
only provide information for a limited number of time points.

In summary, the design and selection of the lead radiotracer
candidate can start by targeting existent therapeutic drugs or
initiating a de novo radiotracer program. During this stage, the
researcher should focus on targeting compounds that would
allow for ease radiolabeling, preferably would allow for labeling
with different radioisotopes for PET or SPECT imaging (keeping
the potential market options open). Once the library of target
compounds has been identified or designed, screening of these
compounds for key properties (affinity and BBB penetration)
must be rapid and simple, with the aim to progress as quickly
as possible to in vivo imaging. Sometimes it might even be
possible to obviate this step all together and move straight into
radiolabeling and in vivo imaging, depending on the level of
information one has on a given molecule (Figures 1, 4).

Preclinical Studies to Evaluate Novel
Radiotracer Candidates
For decades, the affinity, selectivity and binding kinetics of
novel radiotracers have been studied using autoradiography and
binding assay techniques (Udenfriend et al., 1987; Cook, 1996;
Schuck, 1997; Qume, 1999; Lazareno, 2001; Frank et al., 2007).
However, frequently, these approaches lead to novel radiotracers
displaying poor in vivo kinetics and high non-specific binding in
the first round of in vivo imaging, often contributing to the high
attrition rate during radiotracer development. Thus, moving the
novel radiotracer rapidly into small animal in vivo imaging can

FIGURE 4 | Example of high performance liquid chromatography approach that could be used for screening and ranking of radiotracer candidates. Based on
previously published methodology (Tavares et al., 2012b). This chromatography method uses compound retention time information to derive Pm, %PPB and Km.
These chromatography outcome measures can then be used to predict in vivo behavior of the compound using mathematical equations describing the relationships
between chromatography outcome measures and in vivo measures (%injected dose in brain and binding potential BPND). Pm, permeability; %PPB, %plasma protein
binding to human serum albumin; Km, compound-membrane partition coefficient; BBB, blood brain barrier; NS, non-specific binding.
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accelerate the process of radiotracer discovery and development
(de Kemp et al., 2010; Koba et al., 2013) by removing redundant
steps between compound chemical synthesis and in vivo imaging.
A successful example that came out of this direct strategy,
supported by in vivo imaging at early stages, is 18F-MNI444, a
novel PET radiotracer targeting adenosine-2A receptors (A2A)
in the brain (Barret et al., 2014a; Barret et al., 2015). Preladenant
served as target re-purposed structure for development of this
radiotracer, then precursors for radiolabeling were designed and
synthesized and the new radiotracer immediately tested in non-
human primates (Barret et al., 2014a). The promising results in
non-human primates rapidly prompted the progression of the
compound to humans (Barret et al., 2015). The whole process
took only 4 years.

In fact, imaging studies can allow for the determination of
major radiotracer attributes traditionally determined using non-
imaging methods or in vitro/ex vivo imaging techniques. For
example, in vivo imaging can be used to determine binding
affinity (BP = Bmax/KD, where smaller KD would corresponds
to larger BP for a given target); binding kinetics can be
investigated by quantitative analysis and kinetic modeling of
the obtained time-activity curves; BBB penetration can be
estimated as percentage injected dose in brain; specific binding
can be determined using homologous blocking experiments or
knockout animals; and selective binding can be determined
using heterologous blocking or knockout animals (Kemp et al.,
2010; Koba et al., 2013; Van de Bittner et al., 2014). Nowadays,
kinetic modeling in rodents much as is done in humans
and large animals is becoming more commonplace due to
advances in automatic blood sampling instrumentation (Alf
et al., 2013; MacAskill et al., 2019). This, however, does have
some limitations, namely the fact that it requires expertise in
femoral artery cannulation, a procedure that can only typically
be performed twice in small animals (Warnock et al., 2014). For
those PET/SPECT research sites without access to this blood
sampling technology, manual blood collection is possible and
would enable the use of population-based curves, or image-
derived input functions can be obtained. Although these would
result in quantitative bias vs. the continuous arterial sampling
per experiment (MacAskill et al., 2019), they can still allow
the researcher to quantify PET data and conclude on which
radiotracer candidate is the most promising for translation to
higher species. Furthermore, moving a novel radiotracer from
chemistry directly into in vivo preclinical imaging can also reduce
the likelihood of researchers to overlook useful radiotracers. For
example, the use of autoradiography techniques for assessment
of binding kinetics by varying pre-incubation and washing steps
would be unsuitable in evaluating whole-body biodidistribution
kinetics and metabolism, essential aspects for assuring the success
of a novel radiotracer for in vivo imaging. Similarly, even the
“no wash” autoradiography method proposed for estimation of
specific binding (Patel et al., 2003) would be suboptimal at
evaluating a novel radiotracer performance in vivo (the ultimate
targeted environment). Moreover, the resources allocated for
these type of in vitro/ex vivo experiments require radiolabeling
of the radiotracer, deeming these approaches inadequate for
prospective screening. Consequently, these techniques are

slowly, but consistently, being replaced by preclinical imaging
techniques, which are becoming key translational tools for proof-
of-mechanism and concept studies (Agdeppa and Spiker, 2009;
Van de Bittner et al., 2014) (Figure 1). That said, the use of ex vivo
studies to assess radiotracer metabolism is still unavoidable, given
the need to sample organ tissue and blood for analysis (as
detailed below).

Another important factor that may explain the reasoning
behind using in vivo preclinical imaging methods vs. ex vivo
dissection studies for assessment of radiotracer distribution is
that imaging devices are seen as technical refinements, in line
with the principles of the three Rs (replacement, reduction
and refinement). There are several reasons supporting this
view, including the fact that: (1) in vivo imaging techniques
are less invasive that other techniques; (2) by using the
animals as their own controls, the number of animals to be
sacrificed is reduced and the statistical power is improved,
with consequent scientific benefit; and (3) diagnostic and
therapeutic agents can be developed on identical platforms, thus
providing a unique straightforward translational paradigm. In
fact, small animal imaging has been perceived as an approach
with potential to provide a natural bridge to the clinical
development by the National Institute of Biomedical Imaging and
Bioengineering established by the National Institutes of Health
(Koba et al., 2013).

Preclinical in vivo imaging can be used early in radiotracer
discovery to make modifications of the chemical structure
based on the novel radiotracer kinetic behavior, allowing for a
faster “tailoring” of the most suitable radiotracer candidate. As
discussed throughout this review, moving toward this approach
could enable rapid and successful translation of novel brain
radiotracers to clinical use. Furthermore, preclinical imaging
can alternatively be used later (prior to human studies) to
obtain the complete kinetics of the radiotracer, as well as,
to estimate dosimetry, in order to identify the dose-limiting
organ radiation exposure; information that can be used in the
translation to humans. In fact, the recently developed MOBY
mice phantoms for estimation of radiation exposure using mice
models have made it possible to use preclinical imaging for
dosimetry estimates, easing translation into humans (Larsson
et al., 2007). Although ex vivo biodistribution studies can also
be used to estimate dosimetry, they require at least 4-6 times
more animals, given that each measurement at a given time
point requires sacrificing a group of rodents for tissue harvesting,
vs. dynamic in vivo imaging of multiple points from a single
rodent. The use of preclinical dosimetry for estimation of clinical
radiological safety has been a regulatory requirement for several
years, albeit some recent discussion has questioned its utility
given the first in human studies include dosimetry assessments. It
is possible that the development of highly sensitive scanners, e.g.,
the total-body PET (Cherry et al., 2018), would enable even faster
translation to humans by minimizing concerns around radiation
dose exposure from novel radiotracers.

Given that PET or SPECT radiotracers should not elicit
a pharmacologic effect (owing to the radiotracer principle),
a pharmacodynamics response is not measurable. This means
the burden of proof lies in the ability to correlate the uptake
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with modulated target density. This can be easily accomplished
using in vivo imaging techniques and therapeutics or genetically
modified animals (Agdeppa and Spiker, 2009). Assessment of
radiotracer brain penetration can be accomplished by inspecting
the time-activity curves and expressing the measured signal as
a percentage injected dose over time. The cutoff values for
accepting a radiotracer as suitable for CNS imaging based on
whole-brain uptake are not consensual. Recently, Van de Bittner
et al. (2014) reported the values used in their laboratory to
be 0.1% injected dose (ID)/cc for rats and 0.01% ID/cc for
non-human primates within 5 min of injection. As mentioned
previously, values of brain uptake in rodent and non-human
primate of ≥ 0.5% have also been suggested as a guideline to
yield suitable CNS radiotracers. However history has shown that,
in humans, BBB-penetrant radiotracers developed for in vivo
imaging of the CNS have expressed variable%ID in whole-brain.
For example, 123I-PK1119, 11C-DASB and 123I-Iomazenil had a
peak %ID in whole-brain of around 2.0% (Versijpt et al., 2000),
4.0% (Lu et al., 2004), and 13% (Dey et al., 1994), respectively.
This represents a fairly wide range of radiotracer brain uptake,
highlighting that definitive cutoff limits might be difficult to
implement. This is because %ID values provide little information
about radiotracer kinetic properties and are dependent on a
number of factors, including radiotracer free fraction in plasma
and time of measurement after injection. Still, cutoffs proposed
in the literature, as a result of different groups experience
while developing radiotracers, can be a useful first line guidance
when screening compounds (e.g., by using in vitro methodology
reported in Figure 4 and in Tavares et al. (2012b). Another
method proposed to evaluate radiotracer penetration is based
on the analysis of the standard uptake values (SUVs). This has
the advantage of allowing for comparison across different species
and tissues, as it is a measure normalize to injected dose and
body weight. An SUV value of 1 will correspond to a radiotracer
concentration that would result in uniform distribution of the
injected dose in the whole-body. Typically, a peak SUV > 2 is
generally desirable for brain imaging (Pike, 2009) (Table 2).

Subsequent to demonstrating radiotracer brain penetration,
it is important to assess the degree and length of radiotracer
retention in the brain. For example, evaluating if the radiotracer
has been actively effluxed from the brain. This can be
accomplished by imaging animals pretreated with inhibitors of
active efflux proteins. Active efflux mechanisms show variation
across different species and, similarly to metabolism, can be
difficult to control or predict when translating a radiotracer
from one species to another. In a study comparing three
PET radiotracers in different species, it was found pronounced
differences in the brain and brain-plasma concentrations of 11C-
Verapamil, 11C-GR205171 and 18F-altanserin with lower brain
distribution in rats and guinea pigs compared with humans,
monkeys and minipigs. One of the conclusions of that study
was that compounds found to be P-gp substrates in rodents are
also likely to be substrates in higher species, although this is
not a linear predictor of BBB permeability and the compound
might still be retained in human brain (Syvänen et al., 2009).
In general, the majority of the P-gp substrates are transported
to a lower extent by human P-gp compared with mouse or rat

P-gp (Yamazaki et al., 2001; Ohe et al., 2003; Katoh et al., 2006;
Baltes et al., 2007). However, there are exceptions, for example,
cyclosporin A (Katoh et al., 2006; Baltes et al., 2007).

When a radiotracer candidate displays good brain penetration
and retention, specific binding to the target can be demonstrated
by homologous blocking studies. During these measurements it
is important to consider potential blockade of the radiotracer
binding in peripheral tissues, resulting in increased free
radiotracer in plasma with consequent increase of total brain
uptake relative to control. This effect can be corrected by
normalizing the radiotracer uptake to metabolite-corrected
plasma radiotracer levels or by performing kinetic modeling
analysis of the acquired data. Furthermore, heterologous blocking
studies can be used to evaluate potential off-target binding
and knockout animals can be of value for confirming on-
target binding.

Analyzing the time-activity curves from in vivo preclinical
imaging experiments, can infer the suitability of a radiotracer
for human imaging. For example, if the measured time-activity
curve slope is near zero, this may be indicative of irreversible
binding or very slow kinetics, which is not ideal in vivo.
Conversely, decreases in binding potential during bolus or bolus
plus constant infusion experiments with injection of homologous
or heterologous blocking agents midscan represent measurable
adequate reversible kinetics (Van de Bittner et al., 2014).

Effective radiotracer design can limit potential problems
from troublesome radiometabolites, yet radiotracers resistant to
extensive metabolism over the duration of the PET or SPECT
imaging session are scarce (Pike, 2009). And as mentioned
before, the nature and degree of metabolism varies across
species. For example, the metabotropic glutamate receptor 5
(mGluR5) radiotracer 18F-SP203 (Siméon et al., 2007) is rapidly
defluorinated in the rat brain and blood as well as in monkey
blood, however, shows no defluorination in humans (Brown et al.,
2008). A similar trend has been observed with the serotonin
type 4 receptors (5HT4) radiotracer, 11C-SB207145, that was
successfully translated into humans (Gee et al., 2008; Marner
et al., 2009), yet displayed pronounced peripheral metabolism
in preclinical species. Therefore, it has been argued that the
determination of metabolites in rodents or larger animals (pigs
or monkeys) provides suitable data to inform clinical PET studies.
The argument is that due to the higher surface-to-volume ratio,
the influence of metabolism on the PET quantification of human
data is usually overestimated when investigated in experimental
animals (Brust et al., 2014). Due to the known species differences,
it has been argued that efforts should be made to progress to
first in human studies as quickly as possible and some have
argued that non-human primate preclinical imaging would be
more predictable of radiotracer performance in humans (Van de
Bittner et al., 2014), although this might not always represent
the truth. In fact, for certain complex CNS targets, it might
be that small animal models are more suitable to investigate a
novel radiotracer, despite the potential for a faster metabolism.
Genetically modified rodent models that express human disorder
phenotypes are readily available and produce information that
may not be so easily obtained from non-human primates.
For example, when developing a novel radiotracer targeting
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neuroinflammation or beta-amyloid deposition, conditions that
are not present in a healthy brain, it can be difficult to
judge the novel radiotracer candidate performance without the
use of adequate animal models. Weighing the pros and cons
of using different animal species for radiotracer development
demonstrates why radiotracer metabolism can be considered one
of the parameters most difficult to control during radiotracer
discovery, and the one potentially causing the most attrition
during this process.

Ideally the metabolism of a novel radiotracer would occur
outside the brain and produce less lipophilic radiometabolites,
than the parent radiotracer, with poor brain penetration.
However, this is not always the case. Thus, at times, the rate
at which troublesome radiometabolites cross the BBB into the
brain parenchyma and their affinity for the target determines the
performance of a radiotracer. For example, the presence of non-
troublesome radiometabolites in the brain has been reported for
several novel radiotracers developed to image phosphodiesterases
type 10A (PDE10A) (Celen et al., 2010; Tu et al., 2011; Celen et al.,
2013; Van Laere et al., 2013; Barret et al., 2014b). These studies
demonstrate a region-dependent metabolite fraction profile,
with the highest fraction in the cerebellum and lowest in the
caudate/putamen (the target region) (Celen et al., 2010; Celen
et al., 2013). This suggests that the radiometabolite entering the
brain does not bind to PDE10A and only gives non-specific
signal. Furthermore, signal in the brain from the radiometabolite
seems consistent, low and negligibly reflected in the in vivo
time-activity curves of regions with low densities of PDE10A.
These observations have allowed for the successful translation
of the novel PDE10A radiotracers from preclinical into clinical
research, even with the presence of radiometabolites in the brain
(Barret et al., 2014b).

As stated throughout this review, a multifactorial and
complex issue that causes attrition throughout the radiotracer
development pipeline is species differences. Several views on
this topic have been largely discussed in the literature. Some
defend moving the novel brain radiotracer directly into non-
human primate without small animal imaging, to minimize the
attrition rate when translating to humans. This view is supported
by data demonstrating a close homology between, for example,
amino acid content in P-gp in humans compared with non-
human primates (93% homology between humans and rhesus
monkey, vs. only 85% between human and rat) (Syvänen et al.,
2009). Furthermore, target density in brain might be significantly
different in rat compared with non-human primate and human.
For example, in the non-human primate brain, the density
of noradrenaline transporters (NAT) in the locus coeruleus is
around 220 fmol/mg, while in rodents the NAT density in the
same brain region is around 1500 fmol/mg (Tejani-Butt, 1992;
Smith et al., 2006). Thus, rat brain has seven times more NAT
binding sites than non-human primate brain. This has been
pointed out as one of the potential reasons underlying the
different imaging profile measured with 123I-NKJ64 (a SPECT
radiotracer candidate for imaging of NAT in brain) in rats
compared to baboons (Tavares et al., 2011; Tavares et al., 2012a).
It is worth noting that that the density of NATs in human
locus coereleus is similar to the one measure in non-human

primates (Ordway et al., 1997). Consequently, although rat data
demonstrated that 123I-NKJ64 held promise for imaging of NAT
in brain, data collected in baboons showed a lack of specific signal
in target regions and precluded the translation of this radiotracer
into humans (Figure 3, Case Study 2). Nonetheless, there might
be instances where the use of rodents may be preferred when
developing novel radiotracers. The mouse remains the premier
animal model for biomedical research because mice have a
short reproductive cycle, can be easily genetically modified and
are easy to maintain. Furthermore, there is high homology
between the human and the mouse genomes, which facilitates the
construction of animal models of human disease at a fast rate and
with high specificity (Niu and Chen, 2014). There are multiple
transgenic animals containing mutations for human disease for
with a specific gene has been identified, including for example,
Parkinson’s disease, Huntington’s disease, Alzheimer’s disease,
epilepsy and multiple sclerosis (Furlan et al., 2009; Casteels et al.,
2014). Also, the introduction of the “humanized mouse” models
may serve as a preclinical bridge for translating data from animal
models into humans (Niu and Chen, 2014). Rodent models may
be the best preclinical alternative available when developing novel
radiotracer targeting neuroinflammatory human brain disorders,
such as multiple sclerosis, or brain disorders that result from
abnormal protein accumulation that is not observed in the
healthy brain, given that rodent models are reliable and predictive
models of human disorders. This does not mean that non-
human primate models of brain disorders are not available,
however, they are often chemically- or vector-derived models and
come at a higher cost, which may add to an already expensive
development process. That being said, the use of small animals
in psychiatry is limited, especially when investigating pathways
without homology in rodents, e.g., the expanded prefrontal
cortex of the human brain (Casteels et al., 2014). Furthermore,
the metabolism in lower species such as rodents may not
directly forecast metabolism in humans, as shown on various
publications, because it tends to be faster in rodents compared
with humans. Species differences are unavoidable, however,
as outline above, preclinical radiometabolism studies can still
provide useful information during radiotracer development,
because preclinical studies enable organ collection for direct
quantification of radiometabolism in tissue – something that is
not feasible in humans. Importantly, preclinical rodent studies
often present the “worst case scenario” due to rapid metabolism
of these species and can enable comparative analysis of analog in
a compound library prior to translation to humans.

In addition to the pitfalls and challenges highlighted above, the
majority of the preclinical in vivo imaging studies are conducted
under anesthesia. The list of publications demonstrating the
impact of anesthetic agents on radiotracer uptake and kinetics
is vast [see for example: (Lee et al., 2005; Fueger et al., 2006;
Hildebrandt et al., 2008; Giron, 2009)], so this will not be
discussed in detail here, but it is worth to point out the need to
be aware of this potential confounder when interpreting in vivo
preclinical imaging data. Another important aspect that has
also been extensively reviewed is the need to accurately control
the levels of administered radiotracer mass. If the radiotracer
principle is key to PET or SPECT imaging in human subjects,
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in preclinical imaging it is imperative that radiotracer levels are
controlled owing to the smaller animal body sizes. An example
would be the setoronin type 4 receptor (5-HT4) radiotracers,
11C-SB207145 and 18F-MNI698, where microgram per kilogram
mass doses were sufficient to induce non-negligible receptor
occupancy (Madsen et al., 2011; Tavares A. et al., 2014). These
radiotracers were still useful for preclinical and clinical PET
imaging of 5-HT4 because the molar activity was sufficiently
high, thus respecting the radiotracer principle. However, these
cautionary mass-effect studies highlight the importance of
quantifying and respecting the molar activity limits to enable high
sensitivity PET imaging. With the recent development of total-
body PET human systems (Cherry et al., 2018), the molar activity
limits might be less restrictive owing to a gain in instrumentation
sensitivity, which would in turn require low injected doses of
the radiotracer. Notwithstanding, researchers should always be
mindful of the radiotracer principle, especially when developing
novel PET or SPECT brain radiotracers.

In summary, at this stage of radiotracer development,
controversies arise when discussing which animal species to
use and good arguments from each side of the fence suggest
that a case-by-case analysis is necessary when deciding how

to progress in the radiotracer development pipeline. The use
of non-human primates can provide the most insightful and
“predictive” information prior to human studies, however, there
are instances when investigating specific CNS targets where
the use of genetically engineering rodent models can be more
useful than non-human primates in assessing radiotracer
performance. There is, however, a growing consensual
view that moving straight to in vivo preclinical imaging
and skipping in vitro/ex vivo testing with the radiolabeled
compound is the most efficient way to proceed during
radiotracer development (Figures 1, 5). Importantly, the
process of developing radiotracers is iterative and failure at
some stage can lead back to an earlier stage, as illustrated in
Figure 5.

Proof-of-Concept in Humans
Once a novel radiotracer has passed through preclinical testing
and shows promising results, it will enter the final step
in radiotracer discovery/development, i.e., proof-of-concept in
humans with subsequent clinical trials. To successfully obtain
permission to move a radiotracer from preclinical to clinical use
it is important to transition from a research-grade radiochemical

FIGURE 5 | Flow chart illustrating suggested approach to radiotracer discovery and development. Decision points based on literature reviewed in this paper and
experience in brain radiotracer development. This illustrates the iterative nature of the process and provides guidance on strategies for successful translation of novel
compounds into humans. When possible, repurposing compounds from drug discovery pipelines as potential radiotracer candidates can be advantageous to rapidly
and successfully develop new PET and SPECT radiotracers for imaging the human brain. In case of de novo chemistry, all in vitro testing should be conducted with
the non-radioactive library of compounds. This could be done by employing high throughput screening methods for measuring novel compounds’ physicochemical
properties (e.g., Figure 4) and affinity for target. The removal of in vitro testing of the radiolabeled compound (as per Figure 1) will also further accelerate the process.

Frontiers in Neuroscience | www.frontiersin.org 13 October 2020 | Volume 14 | Article 871

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00871 October 1, 2020 Time: 12:14 # 14

Shaw et al. Rapidly Translating Radiotracers to Humans

to a radiopharmaceutical for which higher standards of product
quality must be met (Brust et al., 2014). The list of aspects to
consider during this translational process is long and has been
extensively reviewed elsewhere (Verbruggen et al., 2008; Agdeppa
and Spiker, 2009; Elsinga et al., 2010; VanBrocklin, 2010).
Radiation safety, toxicology issues, quality control, licensing and
regulatory control are some of the aspects to consider. The
regulatory control is often the major bottleneck in the translation
process from preclinical to clinical research and has become
increasingly restrictive over the last two decades. For example,
currently the typical time between the successful radiolabeling
of a novel radiotracer and first human use can vary between 5
and 10 years, while at the beginning of neuroreceptor imaging
with PET or SPECT this transition was much shorter, in the
range of 1–2 years (Brust et al., 2014). Typically the factors
contributing to the limited number of approved radiotracers
can be classified in three major categories: radiotracer discovery
and development, regulatory aspects and clinical development
(VanBrocklin, 2010). Another hurdle in transitioning from
animal research to human studies relies on the fact that the
radiotracer may fail and be deemed unsuitable for in vivo imaging
of the human brain. However, even if the radiotracer is not
further developed into a radiopharmaceutical, it may still find
widespread use in preclinical studies to investigate animal models
of diseases or new drugs. Thus, one should remain optimistic
when discovering and developing novel radiotracers for brain
imaging, as with persistence and ever-improving preclinical
assessment of radiotracers, the translation gap between animal
and human research is rapidly tightening.

Proposed Approach for Rapid
Translation of Radiotracers From Animal
to Human Research
Developing novel radiotracers for brain imaging is a challenging
process, requiring multidisciplinary teams, in order to gather
the knowledge from marketing and target identification, disease-
related biological mechanisms, chemical synthesis, radiolabeling,
and image acquisition and analysis. This process can be lengthy
and costly, and circumventing failure is difficult when translating
from animal research into clinical use. Several approaches and
philosophies have been suggested for improving efficiency of the
radiotracer discovery and development pipeline (Nunn, 2007;
Salvadori, 2008; Agdeppa and Spiker, 2009; Van de Bittner et al.,
2014). An alternative proposed based on the literature reviewed

in this paper as well as on current trends and previous experience
while developing novel radiotracers is presented as a flow chart in
Figure 5.

CONCLUDING REMARKS

Biomarkers can be classified into three classes: type 0 biomarkers
along the continuum of the natural history of the disorder; type
1 biomarkers for detecting therapeutic drug’s mechanisms of
action; and type 2 biomarkers that are equivalent to surrogate end
points (Frank and Hargreaves, 2003). PET and SPECT imaging
target all three types of biomarkers. Hence the potential of
these imaging modalities is phenomenal alongside concept of
personalized medicine, as well as and the key supportive role
they can have in the process of novel therapeutics discovery
and development. The development of novel radiotracers and
subsequent rapid and successful translation into humans is
pivotal to realize the potential of PET and SPECT imaging as
useful biomarkers. This translational process can be optimized
and efficiently shorten with the aim to move into clinical use
as soon as possible. A suggested approach to assist with these
goals has been proposed in this manuscript, essential aspects to
consider when developing novel radiotracers for brain imaging
were highlighted and proposed solutions or alternatives, when
available, were described.
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Alf, M. F., Martić-Kehl, M. I., Schibli, R., and Krämer, S. D. (2013). FDG kinetic
modeling in small rodent brain PET: optimization of data acquisition and
analysis. EJNMMI Res. 3:61. doi: 10.1186/2191-219X-3-61

Baltes, S., Gastens, A. M., Fedrowitz, M., Potschka, H., Kaever, V., and Löscher,
W. (2007). Differences in the transport of the antiepileptic drugs phenytoin,
levetiracetam and carbamazepine by human and mouse P-glycoprotein.
Neuropharmacology 52, 333–346. doi: 10.1016/j.neuropharm.2006.07.038

Barret, O., Hannestad, J., Vala, C., Alagille, D., Tavares, A., Laruelle, M., et al.
(2015). Characterization in humans of 18F-MNI-444, a PET radiotracer

Frontiers in Neuroscience | www.frontiersin.org 14 October 2020 | Volume 14 | Article 871

https://doi.org/10.1208/s12248-009-9104-5
https://doi.org/10.1007/s00259-008-0813-2
https://doi.org/10.1186/2191-219X-3-61
https://doi.org/10.1016/j.neuropharm.2006.07.038
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00871 October 1, 2020 Time: 12:14 # 15

Shaw et al. Rapidly Translating Radiotracers to Humans

for brain adenosine 2A receptors. J. Nuclear Med. 56, 586–591. doi:
10.2967/jnumed.114.152546

Barret, O., Hannestad, J., Alagille, D., Vala, C., Tavares, A., Papin, C., et al.
(2014a). Adenosine 2A receptor occupancy by tozadenant and preladenant in
rhesus monkeys. J. Nuclear Med. 55, 1712–1718. doi: 10.2967/jnumed.114.
142067

Barret, O., Thomae, D., Tavares, A., Alagille, D., Papin, C., Waterhouse, R.,
et al. (2014b). In Vivo Assessment and dosimetry of 2 novel PDE10A PET
radiotracers in humans: 18F-MNI-659 and 18F-MNI-654. J. Nuclear Med. 55,
1297–1304. doi: 10.2967/jnumed.113.122895

Barth, V., and Need, A. (2014). Identifying novel radiotracers for pet imaging of the
brain: application of LC-MS/MS to tracer identification. ACS Chem. Neurosci.
5, 1148–1153. doi: 10.1021/cn500072r

Berry, A. S., Shah, V. D., Furman, D. J., White, R. L., Baker, S. L., O’Neil, J. P.,
et al. (2018). Dopamine synthesis capacity is associated with D2/3 receptor
binding but not dopamine release. Neuropsychopharmacology 43, 1201–1211.
doi: 10.1038/npp.2017.180

Blair, A., Stevenson, L., Dewar, D., Pimlott, S. L., and Sutherland, A. (2013).
Structure-activity relationships of novel iodinated quinoline-2-carboxamides
for targeting the translocator protein. Med. Chem. Commun. 4, 1461–1466.
doi: 10.1039/c3md00249g

Booij, J., Habraken, J. B. A., Bergmans, P., Tissingh, G., Winogrodzka, A. C. H.,
Wolters, E., et al. (1998). Imaging of dopamine transporters with iodine-
123-FP-CIT SPECT in healthy controls and patients with Parkinson’s disease.
J. Nuclear Med. 39, 1879–1884.

Brandt, M., Cardinale, J., Aulsebrook, M. L., Gasser, G., and Mindt, T. L. (2018).
An overview of PET radiochemistry, Part 2: radiometals. J. Nuclear Med. 59,
1500–1506. doi: 10.2967/jnumed.117.190801

Brooks, D. (2005). Positron emission tomography and single-photon emission
computed tomography in central nervous system drug development. NeuroRx
2, 226–236. doi: 10.1602/neurorx.2.2.226

Brown, A. K., Kimura, Y., Zoghbi, S. S., Siméon, F. G., Liow, J.-S., Kreisl, W. C.,
et al. (2008). Metabotropic glutamate subtype 5 receptors are quantified in the
human brain with a novel radioligand for PET. J. Nuclear Med. 49, 2042–2048.
doi: 10.2967/jnumed.108.056291

Brust, P., van den Hoff, J., and Steinbach, J. (2014). Development of 18F-labelled
radiotracers for neuroreceptor imaging with positron emission tomography.
Neurosci. Bull. 30, 777–811. doi: 10.1007/s12264-014-1460-6

Casteels, C., Zaidi, H., and Laere, K. V. (2014). “Applications of small-animal
imaging in neurology and psychiatry,” in Molecular Imaging of Small Animals,
ed. H. Zaidi (New York, NY: Springer), 517–546. doi: 10.1007/978-1-4939-
0894-3_19

Catafau, A. M., Pérez, V., Penengo, M. M., Bullich, S., Danús, M., Puigdemont,
D., et al. (2005). SPECT of serotonin transporters using 123I-ADAM: optimal
imaging time after bolus injection and long-term test-retest in healthy
volunteers. J. Nuclear Med. 48, 1301–1309.

Celen, S., Koole, M., De Angelis, M., Sannen, I., Chitneni, S. K., Alcazar, J., et al.
(2010). Preclinical Evaluation of 18F-JNJ41510417 as a radioligand for PET
imaging of phosphodiesterase-10A in the Brain. J. Nuclear Med. 51, 1584–1591.
doi: 10.2967/jnumed.110.077040

Celen, S., Koole, M., Ooms, M., De Angelis, M., Sannen, I., Cornelis, J., et al.
(2013). Preclinical evaluation of [18F]JNJ42259152 as a PET tracer for PDE10A.
Neuroimage 82, 13–22. doi: 10.1016/j.neuroimage.2013.04.123

Cherry, S. R., Jones, T., Karp, J. S., Qi, J., Moses, W. W., and Badawi, R. D. (2018).
Total-Body PET: maximizing sensitivity to create new opportunities for clinical
research and patient care. J. Nuclear Med. 59, 3–12. doi: 10.2967/jnumed.116.
184028

Clark, D. E. (2003). In silico prediction of blood-brain barrier permeation. Drug
Discov. Today 8, 927–933. doi: 10.1016/s1359-6446(03)02827-7

Constantinescu, C. C., Tresse, C., Zheng, M., Gouasmat, A., Carroll, V. M., Mistico,
L., et al. (2019). Development and in vivo preclinical imaging of fluorine-18-
labeled synaptic vesicle protein 2A (SV2A) PET Tracers. Mol. Imaging Biol. 21,
509–518. doi: 10.1007/s11307-018-1260-5

Cook, N. (1996). Scintillation proximity assay: a versatile high-throughput
screening technology. Drug Discov. Today 1, 287–294. doi: 10.1016/1359-
6446(96)10026-x

de Kemp, R. A., Epstein, F. H., Catana, C., Tsui, B. M. W., and Ritman, E. L. (2010).
Small-animal molecular imaging methods. J. Nuclear Med. 51, 18S–32S.

De Picker, L., Ottoy, J., Verhaeghe, J., Deleye, S., Wyffels, L., Fransen, E., et al.
(2019). State-associated changes in longitudinal [18F]-PBR111 TSPO PET
imaging of psychosis patients: evidence for the accelerated ageing hypothesis?
Brain Behav. Immun. 77, 46–54. doi: 10.1016/j.bbi.2018.11.318

Dey, H. M., Seibyl, J. P., Stubbs, J. B., Zoghbi, S. S., Baldwin, R. M., Smith,
E. O., et al. (1994). Human biodistribution and dosimetry of the SPECT
benzodiazepine receptor radioligand Iodine-123-lomazenil. J. Nuclear Med. 35,
399–404.

Dongen, G. A. M. S. V., Poot, A. J., and Vugts, D. J. (2012). PET
imaging with radiolabeled antibodies and tyrosine kinase inhibitors: immuno-
PET and TKI-PET. Tumour Biol. 33, 607–615. doi: 10.1007/s13277-012-
0316-4

Elsinga, P., Todde, S., Penuelas, I., Meyer, G., Farstad, B., Faivre-Chauvet, A.,
et al. (2010). Guidance on current good radiopharmacy practice (cGRPP) for
the small-scale preparation of radiopharmaceuticals. Eur. J. Nuclear Med. Mol.
Imag. 37, 1049–1062. doi: 10.1007/s00259-010-1407-3

Ferré, S., Casadó, V., Devi, L. A., Filizola, M., Jockers, R., Lohse, M. J., et al.
(2014). G Protein-coupled receptor oligomerization revisited: functional and
pharmacological perspectives. Pharmacol. Rev. 66, 413–434. doi: 10.1124/pr.
113.008052

Frank, R., and Hargreaves, R. (2003). Clinical biomarkers in drug discovery and
development. Nat. Rev. Drug Discov. 2, 566–580. doi: 10.1038/nrd1130

Frank, R., Langstrom, B., Antoni, G., Montalto, M., Agdeppa, E., Mendizabal,
M., et al. (2007). The imaging continuum: bench to biomarkers to diagnostics.
J. Lab. Compounds Radiopharm. 50, 746–769. doi: 10.1002/jlcr.1444

Fueger, B. J., Czernin, J., Hildebrandt, I., Tran, C., Halpern, B. S., Stout, D., et al.
(2006). Impact of animal handling on the results of 18F-FDG PET studies in
mice. J. Nuclear Med. 47, 999–1006.

Fujita, M., Ichise, M., van Dyck, C. H., Zoghbi, S. S., Tamagnan, G., Mukhin, A. G.,
et al. (2003). Quantification of nicotinic acetylcholine receptors in human brain
using [123I]5-I-A-85380 SPET. Eur. J. Nucl. Med. Mol. Imag. 30, 1620–1629.
doi: 10.1007/s00259-003-1320-0

Furlan, R., Cuomo, C., and Martino, G. (2009). “Animal models of multiple
sclerosis,” in Neural Cell Transplantation: Methods and Protocols, eds D. Gordon
and N. J. Scolding (Totowa, NJ: Humana Press), 157–173.

Gee, A. D., Martarello, L., Passchier, J., Wishart, M., Parker, C., Matthews, J., et al.
(2008). Synthesis and evaluation of [11C]SB207145 as the first in vivo serotonin
5-HT4 receptor radioligand for PET imaging in man. Curr. Radiopharm. 1,
110–114. doi: 10.2174/1874471010801020110

George, S. R., O’Dowd, B. F., and Lee, S. P. G. - (2002). Protein-coupled receptor
oligomerization and its potential for drug discovery. Nat. Rev. Drug Discov. 1,
808–820. doi: 10.1038/nrd913

Gilfillan, L., Blair, A., Morris, B. J., Pratt, J. A., Schweiger, L., Pimlott, S.,
et al. (2013). Synthesis and biological evaluation of novel 2,3-dihydro-
1H-1,5-benzodiazepin-2-ones; potential imaging agents of the metabotropic
glutamate 2 receptor. Med. Chem. Commun. 4, 1118–1123. doi: 10.1039/c3md
00110e

Ginovart, N., Wilson, A. A., Meyer, J. H., Hussey, D., and Houle, S. (2001). Positron
emission tomography quantification of [(11)C]-DASB binding to the human
serotonin transporter: modeling strategies. J. Cereb. Blood Flow Metab. 21,
1342–1353. doi: 10.1097/00004647-200111000-00010

Giron, M. (2009). Radiopharmaceutical pharmacokinetics in animals: critical
considerations. Q. J. Nuclear Med. Mol. Imag. 53, 359–364.

Haberkorn, U., and Eisenhurt, M. (2005). Molecular imaging and therapy - a
programme based on the development of new biomolecules. Eur. J. Nuclear
Med. Mol. Imag. 32, 1354–1359. doi: 10.1007/s00259-005-1924-7

Hildebrandt, I. J., Su, H., and Weber, W. A. (2008). Anesthesia and other
considerations for in vivo imaging of small animals. ILAR J. 49, 17–26. doi:
10.1093/ilar.49.1.17

Innis, R. B., Cunningham, V. J., Delforge, J., Fujita, M., Gjedde, A., Gunn, R. N.,
et al. (2007). Consensus nomenclature for in vivo imaging of reversibly binding
radioligands. J. Cereb. Blood Flow Metab. 27, 1533–1539. doi: 10.1038/sj.jcbfm.
9600493

Katoh, M., Suzuyama, N., Takeuchi, T., Yoshitomi, S., Asahi, S., and Tokoi, T.
(2006). Kinetic analyses for species differences in P-glycoprotein-mediated drug
transport. J. Pharm. Sci. 95, 2673–2683. doi: 10.1002/jps.20686

Kemp, R., Epstein, F., Catana, C., Tsui, B., and Ritman, E. (2010). Small-animal
molecular imaging methods. J. Nuclear Med. 51, 18S–32S.

Frontiers in Neuroscience | www.frontiersin.org 15 October 2020 | Volume 14 | Article 871

https://doi.org/10.2967/jnumed.114.152546
https://doi.org/10.2967/jnumed.114.152546
https://doi.org/10.2967/jnumed.114.142067
https://doi.org/10.2967/jnumed.114.142067
https://doi.org/10.2967/jnumed.113.122895
https://doi.org/10.1021/cn500072r
https://doi.org/10.1038/npp.2017.180
https://doi.org/10.1039/c3md00249g
https://doi.org/10.2967/jnumed.117.190801
https://doi.org/10.1602/neurorx.2.2.226
https://doi.org/10.2967/jnumed.108.056291
https://doi.org/10.1007/s12264-014-1460-6
https://doi.org/10.1007/978-1-4939-0894-3_19
https://doi.org/10.1007/978-1-4939-0894-3_19
https://doi.org/10.2967/jnumed.110.077040
https://doi.org/10.1016/j.neuroimage.2013.04.123
https://doi.org/10.2967/jnumed.116.184028
https://doi.org/10.2967/jnumed.116.184028
https://doi.org/10.1016/s1359-6446(03)02827-7
https://doi.org/10.1007/s11307-018-1260-5
https://doi.org/10.1016/1359-6446(96)10026-x
https://doi.org/10.1016/1359-6446(96)10026-x
https://doi.org/10.1016/j.bbi.2018.11.318
https://doi.org/10.1007/s13277-012-0316-4
https://doi.org/10.1007/s13277-012-0316-4
https://doi.org/10.1007/s00259-010-1407-3
https://doi.org/10.1124/pr.113.008052
https://doi.org/10.1124/pr.113.008052
https://doi.org/10.1038/nrd1130
https://doi.org/10.1002/jlcr.1444
https://doi.org/10.1007/s00259-003-1320-0
https://doi.org/10.2174/1874471010801020110
https://doi.org/10.1038/nrd913
https://doi.org/10.1039/c3md00110e
https://doi.org/10.1039/c3md00110e
https://doi.org/10.1097/00004647-200111000-00010
https://doi.org/10.1007/s00259-005-1924-7
https://doi.org/10.1093/ilar.49.1.17
https://doi.org/10.1093/ilar.49.1.17
https://doi.org/10.1038/sj.jcbfm.9600493
https://doi.org/10.1038/sj.jcbfm.9600493
https://doi.org/10.1002/jps.20686
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00871 October 1, 2020 Time: 12:14 # 16

Shaw et al. Rapidly Translating Radiotracers to Humans

Klunk, W. E., Engler, H., Nordberg, A., Wang, Y., Blomqvist, G., Holt, D. P.,
et al. (2004). Imaging Brain amyloid in Alzheimer’s disease with pittsburgh
compound-B. Ann. Neurol. 55, 306–319.

Klunk, W. E., and Mathis, C. A. (2008). The future of amyloid-beta imaging: a
tale of radionuclides and tracer proliferation. Curr. Opin. Neurol. 21, 683–687.
doi: 10.1097/wco.0b013e3283168e1a

Knešaurek, K., Warnock, G., Kostakoglu, L., and Burger, C. (2018). Comparison
of standardized uptake value ratio calculations in amyloid positron emission
tomography brain imaging. World J. Nuclear Med. 17, 21–26. doi: 10.4103/
wjnm.wjnm_5_17

Koba, W., Jelicks, L. A., and Fine, E. J. (2013). MicroPET/SPECT/CT imaging of
small animal models of disease. Am. J. Pathol. 182, 320–324.

Kropholler, M. A., Boellaard, R., Schuitemaker, A., van Berckel, B. N., Luurtsema,
G., Windhorst, A. D., et al. (2005). Development of a tracer kinetic plasma
input model for (R)-[11C]PK11195 brain studies. J. Cereb. Blood Flow Metab.
25, 842–851. doi: 10.1038/sj.jcbfm.9600092

Kumakura, Y., Vernaleken, I., Gründer, G., Bartenstein, P., Gjedde, A., and
Cumming, P. (2005). PET studies of net blood-brain clearance of FDOPA
to human brain: age-dependent decline of [18F]fluorodopamine storage
capacity. J. Cereb. Blood Flow Metab. 25, 807–819. doi: 10.1038/sj.jcbfm.
9600079

Kyono, K., Takashima, T., Katayama, Y., Kawasaki, T., Zochi, R., Gouda, M.,
et al. (2011). Use of [18F]FDOPA-PET for in vivo evaluation of dopaminergic
dysfunction in unilaterally 6-OHDA-lesioned rats. EJNMMI Res. 1:25. doi: 10.
1186/2191-219X-1-25

Laere, K. V., Ahmad, R. U., Hudyana, H., Dubois, K., Schmidt, M. E., Celen, S., et al.
(2013). Quantification of 18F-JNJ-42259152, a novel phosphodiesterase 10A
PET tracer: kinetic modeling and test-retest study in human brain. J. Nuclear
Med. 54, 1285–1293. doi: 10.2967/jnumed.112.118679

Larsson, E., Strand, S., Ljungberg, M., and Jönsson, B. (2007). Mouse S-factors
based on Monte Carlo simulations in the anatomical realistic Moby phantom
for internal dosimetry. Cancer Biother. Radiopharm. 22, 438–442. doi: 10.1089/
cbr.2006.320

Laruelle, M., Wallace, E., Seibyl, J. P., Baldwin, R. M., Zea-Ponce, Y., Zoghbi, S. S.,
et al. (1994). Graphical, kinetic, and equilibrium analyses of in vivo [123I] beta-
CIT binding to dopamine transporters in healthy human subjects. J. Cereb.
Blood Flow Metab. 14, 982–994. doi: 10.1038/jcbfm.1994.131

Lazareno, S. (2001). Quantification of receptor interactions using binding methods.
J. Recept. Signal Transd. Res. 21, 139–165. doi: 10.1081/rrs-100107426

Lee, K.-H., Ko, B.-H., Paik, J.-Y., Jung, K.-H., Choe, Y. S., Choi, Y., et al. (2005).
Effects of anesthetic agents and fasting duration on 18F-fdg biodistribution and
insulin levels in tumor-bearing mice. J. Nuclear Med. 46, 1531–1536.

Lipinski, C., Lombardo, F., Dominy, B., and Feeney, P. (2001). Experimental
and computational approaches to estimate solubility and permeability in drug
discovery and development settings. Adv. Drug Deliv. Rev. 46, 3–26. doi:
10.1016/s0169-409x(96)00423-1

Lu, J.-Q., Ichise, M., Liow, J.-S., Ghose, S., Vines, D., and Innis, R. B. (2004).
Biodistribution and radiation dosimetry of the serotonin transporter ligand11C-
DASB determined from human whole-body PET. J. Nuclear Med. 45, 1555–
1559.

MacAskill, M. G., Walton, T., Williams, L., Morgan, T. E. F., Alcaide-Corral, C. J.,
Dweck, M. R., et al. (2019). Kinetic modelling and quantification bias in small
animal PET studies with [18F]AB5186, a novel 18 kDa translocator protein
radiotracer. PLoS One 14:e0217515. doi: 10.1371/journal.pone.0217515

Madsen, K., Marner, L., Haahr, M., Gillings, N., and Knudsen, G. M. (2011). Mass
dose effects and in vivo affinity in brain PET receptor studies - a study of
cerebral 5-HT4 receptor binding with [11C]SB207145. Nuclear Med. Biol. 38,
1085–1091.

Mariani, G., Bruselli, L., and Duatti, A. (2008). Is PET always an advantage versus
planar and SPECT imaging? Eur. J. Nuclear Med. Mol. Imag. 35, 1560–1565.
doi: 10.1007/s00259-008-0814-1

Mark, C., Bornatowicz, B., Mitterhauser, M., Hendl, M., Nics, L., Haeusler, D.,
et al. (2013). Development and automation of a novel NET-PET tracer:
[11C]Me@APPI. Nuclear Med. Biol. 40, 295–303.

Marner, L., Gillings, N., Comley, R. A., Baaré, W. F. C., Rabiner, E. A., Wilson, A. A.,
et al. (2009). Kinetic Modeling of 11C-SB207145 binding to 5-HT4 receptors in
the human brain in vivo. J. Nuclear Med. 50, 900–908. doi: 10.2967/jnumed.
108.058552

McLean, D., Cooke, M. J., Wang, Y., Green, D., Fraser, P. E., George-Hyslop, P. S.,
et al. (2012). Anti-Amyloid-b-mediated positron emission tomography imaging
in Alzheimer’s disease mouse brains. PLoS One 7:e51958. doi: 10.1371/journal.
pone.0051958

Mercier, J., Provins, L., and Valade, A. (2017). Discovery and development of SV2A
PET tracers: potential for imaging synaptic density and clinical applications.
Drug Discov. Today Technol. 25, 45–52. doi: 10.1016/j.ddtec.2017.11.003

Meyer, P. T., Sattler, B., Winz, O. H., Fundke, R., Oehlwein, C., Kendziorra,
K., et al. (2008). Kinetic analyses of [123I]IBZM SPECT for quantification of
striatal dopamine D2 receptor binding: a critical evaluation of the single-scan
approach. Neuroimage 42, 548–558. doi: 10.1016/j.neuroimage.2008.05.023

Niu, G., and Chen, X. (2014). “Applications of small-animal molecular imaging
in drug development,” in Molecular Imaging of Small Animals, ed. H. Zaidi
(New York, NY: Springer), 715–752. doi: 10.1007/978-1-4939-0894-3_24

Norbury, R., Travis, M. J., Erlandsson, K., Waddington, W., Owens, J., Ell, P. J.,
et al. (2004). SPET imaging of central muscarinic receptors with (R,R)[123I]-
I-QNB: methodological considerations. Nuclear Med. Biol. 31, 583–590. doi:
10.1016/j.nucmedbio.2004.01.003

Nordberg, A. (2014). “PET tracers for Beta-Amyloid and other proteinpathies,” in
PET and SPECT in Neurobiological Systems, eds R. A. J. O. Dierckx, A. Otte,
E. F. Vries, A. V. Waarde, and P. G. M. Luiten (Berlin: Springer), 199–212.
doi: 10.1007/978-3-642-42014-6_8

Nunn, A. D. (2006a). From clinical trials to prescriptions. J. Nuclear Med. 47,
36N–37N.

Nunn, A. D. (2006b). The cost of developing imaging agents for routine clinical
use. Investig. Radiol. 41, 206–212. doi: 10.1097/01.rli.0000191370.52737.75

Nunn, A. D. (2007). Molecular imaging and personalized medicine: an uncertain
future. Cancer Biother. Radiopharm. 22, 722–739. doi: 10.1089/cbr.2007.
0417

Ohe, T., Sato, M., Tanaka, S., Fujino, N., Hata, M., Shibata, Y., et al. (2003). Effect
of P-glycoprotein-mediated efflux on cerebrospinal fluid/plasma concentration
ratio. Drug Metab. Disposit. 31, 1251–1254. doi: 10.1124/dmd.31.10.1251

Ordway, G. A., Stockmeier, C. A., Cason, G. W., and Klimek, V. (1997).
Pharmacology and distribution of norepinephrine transporters in the human
Locus coeruleus and Raphe Nuclei. J. Neurosci. 17, 1710–1719. doi: 10.1523/
jneurosci.17-05-01710.1997

Ottobrini, L., Ciana, P., Biserni, A., Lucignani, G., and Maggi, A. (2006). Molecular
imaging: a new way to study molecular processes in vivo. Mol. Cell. Endocrinol.
246, 69–75. doi: 10.1016/j.mce.2005.11.013

Owen, D. R., Howell, O. W., Tang, S.-P., Wells, L. A., Bennacef, I., Bergstrom, M.,
et al. (2010). Two binding sites for [3H]PBR28 in human brain: implications
for TSPO PET imaging of neuroinflammation. J. Cereb. Blood Flow Metab. 30,
1608–1618. doi: 10.1038/jcbfm.2010.63

Owen, D. R., Yeo, A. J., Gunn, R. N., Song, K., Wadsworth, G., Lewis, A.,
et al. (2012). An 18-kDa Translocator Protein (TSPO) polymorphism explains
differences in binding affinity of the PET radioligand PBR28. J. Cereb. Blood
Flow Metab. 32, 1–5. doi: 10.1038/jcbfm.2011.147

Owen, D. R. J., Gunn, R. N., Rabiner, E. A., Bennacef, I., Fujita, M., Kreisl,
W. C., et al. (2011). Mixed-affinity binding in humans with 18-kDa translocator
protein ligands. Journal of Nuclear Medicine. 52, 24–32. doi: 10.2967/jnumed.
110.079459

Patel, S., and Gibson, R. (2008). In vivo site-directed radiotracers: a mini-review.
Nuclear Med. Biol. 35, 805–815. doi: 10.1016/j.nucmedbio.2008.10.002

Patel, S., Hamill, T., Hostetler, E., Burns, H. D., and Gibson, R. E. (2003). An In
Vitro assay for predicting successful imaging radiotracers. Mol. Imag. Biol. 5,
65–71. doi: 10.1016/s1536-1632(03)00041-6

Philippe, C., Nics, L., Zeilinger, M., Kuntner, C., Wanek, T., Mairinger, S., et al.
(2013a). Preclinical in vitro & in vivo evaluation of [11C]SNAP-7941 - the first
PET tracer for the melanin concentrating hormone receptor 1. Nuclear Med.
Biol. 40, 919–925.

Philippe, C., Nics, L., Zeilinger, M., Schirmer, E., Spreitzer, H., Karanikas, G.,
et al. (2013b). Preparation and first preclinical evaluation of [18F]FE@SNAP:
a potential PET tracer for the melanin-concentrating hormone receptor-1
(MCHR1). Sci. Pharm. 81, 625–639. doi: 10.3797/scipharm.1306-02

Pichler, V., Berroterán-infante, N., Philippe, C., Vraka, C., Klebermass, E. M.,
Balber, T., et al. (2018). An Overview of PET radiochemistry, Part 1: the covalent
labels (18)F, (11)C, and (13)N. J. Nuclear Med. 59, 1350–1354. doi: 10.2967/
jnumed.117.190793

Frontiers in Neuroscience | www.frontiersin.org 16 October 2020 | Volume 14 | Article 871

https://doi.org/10.1097/wco.0b013e3283168e1a
https://doi.org/10.4103/wjnm.wjnm_5_17
https://doi.org/10.4103/wjnm.wjnm_5_17
https://doi.org/10.1038/sj.jcbfm.9600092
https://doi.org/10.1038/sj.jcbfm.9600079
https://doi.org/10.1038/sj.jcbfm.9600079
https://doi.org/10.1186/2191-219X-1-25
https://doi.org/10.1186/2191-219X-1-25
https://doi.org/10.2967/jnumed.112.118679
https://doi.org/10.1089/cbr.2006.320
https://doi.org/10.1089/cbr.2006.320
https://doi.org/10.1038/jcbfm.1994.131
https://doi.org/10.1081/rrs-100107426
https://doi.org/10.1016/s0169-409x(96)00423-1
https://doi.org/10.1016/s0169-409x(96)00423-1
https://doi.org/10.1371/journal.pone.0217515
https://doi.org/10.1007/s00259-008-0814-1
https://doi.org/10.2967/jnumed.108.058552
https://doi.org/10.2967/jnumed.108.058552
https://doi.org/10.1371/journal.pone.0051958
https://doi.org/10.1371/journal.pone.0051958
https://doi.org/10.1016/j.ddtec.2017.11.003
https://doi.org/10.1016/j.neuroimage.2008.05.023
https://doi.org/10.1007/978-1-4939-0894-3_24
https://doi.org/10.1016/j.nucmedbio.2004.01.003
https://doi.org/10.1016/j.nucmedbio.2004.01.003
https://doi.org/10.1007/978-3-642-42014-6_8
https://doi.org/10.1097/01.rli.0000191370.52737.75
https://doi.org/10.1089/cbr.2007.0417
https://doi.org/10.1089/cbr.2007.0417
https://doi.org/10.1124/dmd.31.10.1251
https://doi.org/10.1523/jneurosci.17-05-01710.1997
https://doi.org/10.1523/jneurosci.17-05-01710.1997
https://doi.org/10.1016/j.mce.2005.11.013
https://doi.org/10.1038/jcbfm.2010.63
https://doi.org/10.1038/jcbfm.2011.147
https://doi.org/10.2967/jnumed.110.079459
https://doi.org/10.2967/jnumed.110.079459
https://doi.org/10.1016/j.nucmedbio.2008.10.002
https://doi.org/10.1016/s1536-1632(03)00041-6
https://doi.org/10.3797/scipharm.1306-02
https://doi.org/10.2967/jnumed.117.190793
https://doi.org/10.2967/jnumed.117.190793
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00871 October 1, 2020 Time: 12:14 # 17

Shaw et al. Rapidly Translating Radiotracers to Humans

Pike, V. W. (2009). PET radiotracers: crossing the blood-brain barrier and
surviving metabolism. Trends Pharmacol. Sci. 30, 431–440. doi: 10.1016/j.tips.
2009.05.005

Pritchard, J., Jurima-Romet, M., Reimer, M., Mortimer, E., Rolfe, B., and Cayen, M.
(2003). Making better drugs: decision gates in non-clinical drug development.
Nat. Rev. Drug Discov. 2, 542–553. doi: 10.1038/nrd1131

Qume, M. (1999). “Overview of ligand-receptor binding techniques,” in Receptor
Binding Techniques. 106, ed. M. Keen (Totowa, NJ: Humana Press).

Rami-Mark, C., Bornatowicz, B., Fink, C., Otter, P., Ungersboeck, J., Vraka, C.,
et al. (2013). Synthesis, radiosynthesis and first in vitro evaluation of novel
PET-tracers for the dopamine transporter: [11C]IPCIT and [18F]FE@IPCIT.
Bioorgan. Med. Chem. 21, 7562–7569. doi: 10.1016/j.bmc.2013.10.046

Ruth, T. (2009). The uses of radiotracers in the life sciences. Rep. Prog. Phys.
72, 1–23.

Salvadori, P. (2008). Radiopharmaceuticals, drugs development and
pharmaceutical regulations in Europe. Curr. Radiopharm. 1, 7–11.
doi: 10.2174/1874471010801010007

Sandiego, C. M., Gallezot, J. D., Pittman, B., Nabulsi, N., Lim, K., Lin, S. F.,
et al. (2015). Imaging robust microglial activation after lipopolysaccharide
administration in humans with PET. Proc. Natl. Acad. Sci. U.S.A. 112, 12468–
12473. doi: 10.1073/pnas.1511003112

Schuck, P. (1997). Reliable determination of binding affinity and kinetics using
surface plasmon resonace biosensors. Curr. Opin. Biotechnol. 8, 498–502. doi:
10.1016/s0958-1669(97)80074-2

Seibyl, J. P., Laruelle, M., Dyck, C. H. V., Wallace, E., Baldwin, R. M., Zoghbi, S.,
et al. (1996). Reproducibility of Iodine-123-β-CIT SPECT brain measurement
of dopamine transporters. J. Nuclear Med. 37, 222–228.

Seo, Y., Aparici, C. M., and Hasegawa, B. H. (2008). Technological development
and advances in SPECT/CT. Semin. Nuclear Med. 38, 177–198.

Seo, Y. J., Kang, Y., Muench, L., Reid, A., Caesar, S., Jean, L., et al. (2014).
Image-guided synthesis reveals potent blood-brain barrier permeable histone
deacetylase inhibitors. ACS Chem. Neurosci. 5, 588–596. doi: 10.1021/
cn500021p

Siméon, F., Brown, A., Zoghbi, S., Patterson, V., Innis, R., and Pike, V. (2007).
Synthesis and simple 18F-labeling of 3-fluoro-5-(2-(2-(fluoromethyl)thiazol-
4-yl)ethynyl)benzonitrile as a high affinity radioligand for imaging monkey
brain metabotropic glutamate subtype-5 receptors with positron emission
tomography. J. Med. Chem. 50, 3256–3266. doi: 10.1021/jm0701268

Smith, H. R., Beveridge, T. J. R., and Porrino, L. J. (2006). Distribution of
norepinephrine transporters in the non-human primate brain. Neuroscience
138, 703–714. doi: 10.1016/j.neuroscience.2005.11.033

Stevenson, L., Tavares, A. A. S., Brunet, A., McGonagle, F. I., Dewar, D., Pimlott,
S. L., et al. (2010). New iodinated quinoline-2-carboxamides for SPECT imaging
of the translocator protein. Bioorgan. Med. Chem. Lett. 20, 954–957. doi:
10.1016/j.bmcl.2009.12.061

Syvänen, S., Lindhe, Ö, Palner, M., Kornum, B. R., Rahman, O., Långström, B., et al.
(2009). Species differences in blood-brain barrier transport of three positron
emission tomography radioligands with emphasis on P-glycoprotein transport.
Drug Metab. Disposit. 37, 635–643. doi: 10.1124/dmd.108.024745

Takebe, T., Imai, R., and Ono, S. (2018). The current status of drug discovery and
development as originated in united states academia: the influence of industrial
and academic collaboration on drug discovery and development. Clin. Transl.
Sci. 11, 597–606. doi: 10.1111/cts.12577

Tavares, A., Becker, G., Barret, O., Morley, T., Alagille, D., Vacher, B., et al. (2013).
Initial evaluation of [18F]F13714, a novel 5-HT1A receptor agonist in non-
human primates. Eur. J. Nuclear Med. Mol. Imag. 40:56. doi: 10.1007/s00259-
013-2535-3

Tavares, A. A. S., Caillé, F., Barret, O., Papin, C., Lee, H., Morley, T. J., et al. (2014).
In Vivo evaluation of 18F-MNI698: an 18F-labeled radiotracer for imaging of
serotonin 4 receptors in Brain. J. Nuclear Med. 55, 858–864. doi: 10.2967/
jnumed.113.132712

Tavares, A., Barret, O., Alagille, D., Morley, T., Papin, C., Maguire, R., et al. (2014).
Brain Distribution of MS565, an imaging analogue of siponimod (BAF312), in
non-human primates (P1.168). Neurology 82(10 Suppl.):P1.168.

Tavares, A. A. S., Jobson, N. K., Dewar, D., Sutherland, A., and Pimlott, S. L. (2011).
123I-NKJ64: a novel single photon emission computed tomography radiotracer
for imaging the noradrenaline transporter in brain. Synapse 65, 658–667. doi:
10.1002/syn.20895

Tavares, A. A. S., Jobson, N. K., Dewar, D., Sutherland, A., Pimlott, S. L., Batis,
J., et al. (2012a). Iodine-123 labeled reboxetine analogues for imaging of
noradrenaline transporter in brain using single photon emission computed
tomography. Synapse 66, 923–930. doi: 10.1002/syn.21585

Tavares, A. A. S., Lewsey, J., Dewar, D., and Pimlott, S. L. (2012b). Radiotracer
properties determined by high performance liquid chromatography: a potential
tool for brain radiotracer discovery. Nuclear Med. Biol. 39, 127–135. doi:
10.1016/j.nucmedbio.2011.06.011

Tejani-Butt, S. M. (1992). [3H]Nisoxetine: a radioligand for quantitation of
norepinephrine uptake sites by autoradiography or by homogenate binding.
J. Pharmacol. Exper. Therapeut. 260, 427–436.

Tolboom, N., Yaqub, M., van der Flier, W. M., Boellaard, R., Luurtsema, G.,
Windhorst, A. D., et al. (2009). Detection of Alzheimer pathology in vivo
using both 11C-PIB and 18F-FDDNP PET. J. Nuclear Med. 50, 191–197. doi:
10.2967/jnumed.108.056499

Torstenson, R., Tedroff, J., Hartvig, P., Fasth, K.-J., and Umgstrom, B. A.
(1999). Comparison of 11C-Labeled L-DOPA and L-fluorodopa as positron
emission tomography tracers for the presynaptic dopaminergic system.
J. Cereb. Blood Flow Metab. 19, 1142–1149. doi: 10.1097/00004647-199910000-
00011

Tu, Z., Fan, J., Li, S., Jones, L. A., Cui, J., Padakanti, P. K., et al. (2011).
Radiosynthesis and in vivo evaluation of [11C]MP-10 as a PET probe for
imaging PDE10A in rodent and nonhuman primate brain. Bioorgan. Med.
Chem. 19, 1666–1673. doi: 10.1016/j.bmc.2011.01.032

Udenfriend, S., Gerber, L., and Nelson, N. (1987). Scintillation proximity assay: a
sensitive and continuous isotopic method for monitoring Ligand/Receptor and
antigen/antibody interactions. Analyt. Biochem. 161, 494–500. doi: 10.1016/
0003-2697(87)90479-9

Van de Bittner, G. C., Ricq, E. L., and Hooker, J. M. A. (2014). Philosophy for CNS
radiotracer design. Acc. Chem. Res. 47, 3127–3134. doi: 10.1021/ar500233s

Van Laere, K., Ahmad, R., Hudyana, H., Dubois, K., Schmidt, M., Celen, S., et al.
(2013). Quantification of 18F-JNJ-42259152, a novel phosphodiesterase 10A
PET tracer: kinetic modeling and test-retest study in human brain. J. Nuclear
Med. 54, 1285–1293. doi: 10.2967/jnumed.112.118679

VanBrocklin, H. F. (2010). The radiotracer approcal bottleneck: improving the flow
through the pipeline. Pathways SNM Clin. Trials Netw. Newslett. 1:7.

Varrone, A., Fujita, M., Verhoeff, N. P. L. G., Zoghbi, S. S., Baldwin, R. M.,
Rajeevan, N., et al. (2000). Test-retest reproducibility of extrastriatal dopamine
D2 receptor imaging with [123I]Epidepride SPECT in Humans. J. Nuclear Med.
41, 1343–1351.

Verbruggen, A., Coenen, H. H., Deverre, J.-R., Guilloteau, D., Langstrom, B.,
Salvadori, P. A., et al. (2008). Guideline to regulations for radiopharmaceuticals
in early phase clinical trials in the EU. Eur. J. Nuclear Med. Mol. Imag. 35,
2144–2151. doi: 10.1007/s00259-008-0853-7

Versijpt, J., Dumont, F., Thierens, H., Jansen, H., Vos, F. D., Slegers, G., et al.
(2000). Biodistribution and dosimetry of [123I]iodo-PK 11195: a potential agent
for SPET imaging of the peripheral benzodiazepine receptor. Eur. J. Nuclear
Med. Mol. Imag. 27, 1326–1333. doi: 10.1007/s002590000295

von Schulthess, G., and Burger, C. (2010). Integrating imaging modalities: what
makes sense from a workflow perspective? Eur. J. Nuclear Med. Mol. Imag. 35,
980–990. doi: 10.1007/s00259-009-1378-4

Walker, M. D., Dinelle, K., Kornelsen, R., McCormick, S., Mah, C., Holden, J. E.,
et al. (2013). In-vivo measurement of LDOPA uptake, dopamine reserve and
turnover in the rat brain using [18F]FDOPA PET. J. Cereb. Blood Flow Metab.
33, 59–66. doi: 10.1038/jcbfm.2012.120

Wang, C., Schroeder, F. A., and Hooker, J. M. (2014). Visualizing epigenetics:
current advances and advantages in HDAC PET imaging techniques.
Neuroscience 264, 186–197. doi: 10.1016/j.neuroscience.2013.09.018

Warnock, G. I., Aerts, J., Bahri, M. A., Bretin, F., Lemaire, C., Giacomelli, F., et al.
(2014). Evaluation of 18F-UCB-H as a novel PET tracer for synaptic vesicle
protein 2A in the brain. J. Nuclear Med. 55, 1336–1341. doi: 10.2967/jnumed.
113.136143

Waterhouse, R. N. (2003). Determination of lipophilicity and its use as a predictor
of blood-brain barrier penetration of molecular imaging agents. Mol. Imag. Biol.
5, 376–389. doi: 10.1016/j.mibio.2003.09.014

Willmann, J. K., Bruggen, N. V., Dinkelborg, L. M., and Gambhir, S. S.
(2008). Molecular imaging in drug development. Nat. Rev. Drug Discov. 7,
591–607.

Frontiers in Neuroscience | www.frontiersin.org 17 October 2020 | Volume 14 | Article 871

https://doi.org/10.1016/j.tips.2009.05.005
https://doi.org/10.1016/j.tips.2009.05.005
https://doi.org/10.1038/nrd1131
https://doi.org/10.1016/j.bmc.2013.10.046
https://doi.org/10.2174/1874471010801010007
https://doi.org/10.1073/pnas.1511003112
https://doi.org/10.1016/s0958-1669(97)80074-2
https://doi.org/10.1016/s0958-1669(97)80074-2
https://doi.org/10.1021/cn500021p
https://doi.org/10.1021/cn500021p
https://doi.org/10.1021/jm0701268
https://doi.org/10.1016/j.neuroscience.2005.11.033
https://doi.org/10.1016/j.bmcl.2009.12.061
https://doi.org/10.1016/j.bmcl.2009.12.061
https://doi.org/10.1124/dmd.108.024745
https://doi.org/10.1111/cts.12577
https://doi.org/10.1007/s00259-013-2535-3
https://doi.org/10.1007/s00259-013-2535-3
https://doi.org/10.2967/jnumed.113.132712
https://doi.org/10.2967/jnumed.113.132712
https://doi.org/10.1002/syn.20895
https://doi.org/10.1002/syn.20895
https://doi.org/10.1002/syn.21585
https://doi.org/10.1016/j.nucmedbio.2011.06.011
https://doi.org/10.1016/j.nucmedbio.2011.06.011
https://doi.org/10.2967/jnumed.108.056499
https://doi.org/10.2967/jnumed.108.056499
https://doi.org/10.1097/00004647-199910000-00011
https://doi.org/10.1097/00004647-199910000-00011
https://doi.org/10.1016/j.bmc.2011.01.032
https://doi.org/10.1016/0003-2697(87)90479-9
https://doi.org/10.1016/0003-2697(87)90479-9
https://doi.org/10.1021/ar500233s
https://doi.org/10.2967/jnumed.112.118679
https://doi.org/10.1007/s00259-008-0853-7
https://doi.org/10.1007/s002590000295
https://doi.org/10.1007/s00259-009-1378-4
https://doi.org/10.1038/jcbfm.2012.120
https://doi.org/10.1016/j.neuroscience.2013.09.018
https://doi.org/10.2967/jnumed.113.136143
https://doi.org/10.2967/jnumed.113.136143
https://doi.org/10.1016/j.mibio.2003.09.014
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00871 October 1, 2020 Time: 12:14 # 18

Shaw et al. Rapidly Translating Radiotracers to Humans

Wong, D. F., and Pomper, M. G. (2003). Predicting the success of a
radiopharmaceutical for in vivo imaging of central nervous system
neuroreceptor systems. Mol. Imag. Biol. 5, 350–362. doi: 10.1016/j.mibio.2003.
09.011

Wouters, O. J., McKee, M., and Luyten, J. (2020). Estimated research
and development investment needed to bring a new medicine to
market, 2009–2018. JAMA 323, 844–853. doi: 10.1001/jama.2020.
1166

Yamazaki, M., Neway, W. E., Ohe, T., Chen, I.-W., Rowe, J. F., Hochman, J. H., et al.
(2001). In Vitro substrate identification studies for P-glycoprotein-mediated
transport: species difference and predictability of in vivo results. J. Pharmacol.
Exper. Therapeut. 296, 723–735.

Yang, B. H., Wang, S. J., Chou, Y. H., Su, T. P., Chen, S. P., Lee,
J. S., et al. (2008). Evaluation of reference tissue model and tissue
ratio method for 5-HTT using [(123)I] ADAM tracer. Comput.
Methods Prog. Biomed. 92, 294–298. doi: 10.1016/j.cmpb.2008.
02.011

Yokoyama, C., Mawatari, A., Kawasaki, A., Takeda, C., Onoe, K., Doi, H., et al.
(2016). Marmoset Serotonin 5-HT1A receptor mapping with a biased agonist

PET probe 18F-F13714: comparison with an antagonist tracer 18F-mppf in
awake and anesthetized states. Intern. J. Neuropsychopharmacol. 19:yw079.

Zimmermann, R. G. (2013). Why are investors not interested in my
radiotracer? The industrial and regulatory constraints in the development
of radiopharmaceuticals. Nuclear Med. Biol. 40, 155–166. doi:
10.1016/j.nucmedbio.2012.10.012

Conflict of Interest: GT is the CEO of XingImaging, LLC, United States.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Shaw, Tamagnan and Tavares. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 18 October 2020 | Volume 14 | Article 871

https://doi.org/10.1016/j.mibio.2003.09.011
https://doi.org/10.1016/j.mibio.2003.09.011
https://doi.org/10.1001/jama.2020.1166
https://doi.org/10.1001/jama.2020.1166
https://doi.org/10.1016/j.cmpb.2008.02.011
https://doi.org/10.1016/j.cmpb.2008.02.011
https://doi.org/10.1016/j.nucmedbio.2012.10.012
https://doi.org/10.1016/j.nucmedbio.2012.10.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Rapidly (and Successfully) Translating Novel Brain Radiotracers From Animal Research Into Clinical Use
	Introduction
	The Process of Radiotracer Discovery and Development
	Evaluation of Market Opportunities and Prioritization of Research Questions to Target
	Target Identification
	Design and Selection of Lead Radiotracer Candidate
	Preclinical Studies to Evaluate Novel Radiotracer Candidates
	Proof-of-Concept in Humans
	Proposed Approach for Rapid Translation of Radiotracers From Animal to Human Research

	Concluding Remarks
	Author Contributions
	Funding
	References


