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Abstract: Innovation in basic and applied science has brought radiotracers to fruition as diagnostics. Non-invasive,
longitudinal, and quantifiable molecular imaging is the key to diagnosing and monitoring numerous illnesses, with
more to come from characterization of the clinical relevance of findings from genomics research. Radiotracers enable
real-time in vivo studies of the effects of drug candidates on receptors, pathways, pharmacodynamics, and clinically
relevant endpoints, thereby providing both early detection of pathophysiology to enable early intervention, and then
monitoring of treatment responses to enable individualization of treatment regimens. We review developments which
have translated imaging from ‘bench to bedside’, or ‘biomarkers to diagnostics’. Notable developments include (1)
synthesis methods for rapid ''C labeling of biomolecules to high specific radioactivity; (2) ligand-binding assays for
screening molecular imaging agents rather than drugs; (3) in vivo imaging of radiotracers in animals; (4) discovering
the imaging advantages of 9 Tc, ''C, and '®F; (5) co-registration and automated quantitative assessment of high
spatial resolution CT and MR images with molecular images from PET for longitudinal studies of treatment

effect. Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction

Only in the last decade have radiotracers come fully to
fruition as diagnostic imaging agents. Ventilation—
perfusion scans and hydroxy iminodiacetic acid (HIDA)
scans were early wins for ‘translational medicine’,
taking basic science tools into medical research as
‘biomarkers’ and then clinical practice as diagnostics
with clear implications for individualized therapeutic
intervention at early stages of disease. Since then there
have been many °*™Tc-based and other single photon
emission computed tomography (SPECT) tracers intro-
duced into clinical practice, enabling the expansion of
measurements from anatomic to physiologic para-
meters. But in order for the pioneering work on
['8FIFDG positron emission tomography (PET) in
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glucose metabolism, which began at the end of the
second World War, to directly contribute to patients’
health required the proverbial ‘Act of Congress.’ In the
Food and Drug Administration (FDA) Modernization
Act of 1997, Congress required the FDA to establish
GMP manufacturing guidelines and an approval pro-
cess for PET commercial diagnostic imaging agents.
This watershed event opened the door to clinical
scientific information on targets, and pathways in drug
development to be quantified by PET biomarkers.' PET
biomarkers dramatically enhanced applied research for
detecting pathophysiology and assessing mechanisms
of action and clinical benefits of experimental treat-
ments. Conversely, enabling real-time studies of re-
ceptors and pathways, especially in the living human
brain and tumors, enhanced development and valida-
tion of pre-clinical in vivo and in vitro models of human
disease using a range of imaging modalities. Molecular
imaging is particularly well suited to these applica-
tions. It is non-invasive, and therefore can be used in
longitudinal in vivo studies in similar disease models in
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animals and humans. Furthermore, ‘tracer’ doses
using ‘organic’ isotopes can quantitatively assess
pathophysiology with minimal perturbation of systems
being studied.

It took four decades for ™ Tc and three for '®F to
progress from basic research to clinical applications. A
‘best practices’ review of how we got here can reduce
the time required for the next generation of tracers to
improve patient outcomes by means of early detection
and hence early intervention in pathophysiology,
followed by individualization of therapy by imaging-
based monitoring of treatment benefit. Investments in
radiochemistry and imaging research tools for animal
and clinical models of disease have enabled studies of
novel therapeutics for previously untreated neurode-
generative and cardiovascular diseases and cancer.
These studies have confirmed pathophysiology and
mechanisms of action such as accumulation of beta-
amyloid in the brain and vulnerable plaque in the
vessels, and angiogenesis, migration, proliferation, and
apoptosis in tumors. These breakthroughs have re-
quired innovation in business decision-making for
portfolio management and regulatory review for pro-
duct approval, including the co-development of ther-
apeutics and diagnostics.

Information technology has also contributed innova-
tions, synthesizing information across platforms and
species. Information technology enables co-registration
of high spatial resolution images (CT, MR) with others
of high molecular information content (PET), and
unbiased, automated, and quantitative algorithmic
assessment of resulting images. Linking imaging data
across disparate platforms, including gene expression
profiling, will improve diagnoses and initial choices of
therapy, and individualize treatment regimens via
monitoring benefits after therapy has begun; that is
to say, converting information to insight.

These new diagnostic tools can optimize genomics as
a risk assessment tool via individualized screening
programs. Mammography in BRCA1/2 positive women
is an example. When early detection in high-risk
patients is followed by early intervention (rather than
prophylactic removal of healthy tissue) and then
monitoring of breast cancer treatment effects, regimens
can be tailored for individual patients to gain maximum
treatment benefit with minimum risk of adverse events.
This yields better outcomes and greater efficiency in the
delivery of health care.

""carbon in molecular imaging: future
perspectives

Claude Bernard, the great French physiologist (1813-
1878) said,? ‘Un jour nous saurons la physilogie
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lorsque nous pourrons suivre pas a pas une molecule
de carbone ou d’azote, faire son histoire, raconteur son
voyage dans le corps d'un chien.” ((One day we will
understand physiology when we can follow a molecule
of carbon or nitrogen step by step, to tell its story and
travels in the body of a dog.’) By enabling us to view life
processes using molecules labeled with positron-emit-
ting radionuclides ''C, '®N, and '°0, PET has brought
us a giant step closer to Bernard’s vision. In particular,
'1C has been of central importance to PET clinical
molecular imaging over the last almost 30 years.

One of the major advantages with ''C labeling is the
vast literature in carbon chemistry, which significantly
increases synthesis opportunities relative to other PET
radionuclides. Among these opportunities is differential
or position labeling with '!C for elucidating in vivo
biochemistry. As a key element of life, carbon is of special
interest for labeling compounds endogenous in man as
well as other naturally occurring biomolecules. Although
'8F Jabeled analogs of many endogenous compounds are
available and clinically useful as diagnostic imaging
tools, they have different biochemical properties and
kinetics in vivo compared with endogenous compounds
labeled with !'!'C. For example, L—[“C]dopa and L-6-
[*8F]fluoro-L-dopa have different in vivo decarboxylation
rates as determined by comparing L-[*!C]dopa labeled in
the carboxylic and f positions.>

Examples of endogenous compounds used as ''C-
labeled tracers are shown in Table 1.

There are several methods for 'C production. The
most common uses a nitrogen target and the
Y“N(p,#)''C nuclear reaction. The target products are
['!C]carbon dioxide or [''C]methane, obtained in high
specific radioactivity. Both of these one-carbon units
are useful starting materials for the labeling synthesis
of complex organic compounds. At present, ['!Clcarbon
dioxide is the dominant target-produced precursor. It is
also very useful to incorporate !'C into one-carbon
synthetic intermediates for use late in a preparation
sequence. These synthetic intermediates greatly in-
crease flexibility in planning synthesis strategy.
Scheme 1 presents some of the one-carbon reactive
intermediates used so far.

Of the ''C tracers found in the literature today, many
were synthesized using labeled methyl reactive inter-
mediates, including the majority of specific receptor
ligands and enzyme substrates. In recent years other
labeling strategies have been explored. Of these,
[*'C]carbon monoxide-based strategies have been the
most important because they make possible labeling of
many functional groups. ''C also figures importantly in
PET microdosing clinical studies, which may reduce
drug development costs. In drug development, ''C-
labeled one-carbon compounds allow formation of
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Table 1 Endogenous compounds labeled with ''C

Fatty acids Amino acids Peptides Miscellaneous

Acetic acid Methionine Enkephalin Thymidine

Palmitic acid Alanine Met-enkephalin Prostaglandine E2

Arachidonic acid Dopa Substance -P Acetylcarnitine

Octanoic acid Tyrosine Carnitine
Phenylalanine AcetylCoA
5-Hydroxytryptophan Glucose
Tryptophan Lactic acid
Valine Pyruvate
Ornithine Choline
Glutamic acid Acetylcholine
Aspartic acid Dopamine

1 -
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small subsets of labeled tracers for specific targets. 20

This is important for creating tracer libraries. Position
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are discussed later in this section.
Time and concentration in ''C-labeling chemistry

In syntheses using short-lived radionuclides, time is
more important than in conventional synthetic work.*
6 The ''C decay curve and the yield curves of Figure 1
indicate the importance of optimizing synthesis time in
relation to labeled product formation. Optimizing time
when developing methods to produce radioactive
products thus adds another strategic consideration to
those of chemical yield and purity.

When analyzing kinetic equations to include the decay
correction, it is clear that the concentration of the non-
labeled reactants and eventual catalysts can be used to
optimize radiochemical yield. In labeling chemistry it is
thus important to remember that the ''C-labeled
precursors are produced in very low amounts. Most
labeling syntheses formally follow second-order kinetics.
However, considering the very low concentration of the
labeled reactant, a pseudo first-order kinetics is ob-
tained and increasing the amount of the non-labeled
reactant can significantly speed up product formation.
The low mass of the product also explains why this
technique has unique properties with regard to sensi-
tivity (see PET microdosing).

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 1 Decay curve for ''C (dotted line), chemical yield in a
hypothetical chemical reaction involving only stable nuclides
(solid line), and decay-corrected radiochemical yield using the
same reaction but including ¢ (bold line).

Production of ''C and importance of specific
radioactivity

Particle accelerators produce all positron-emitting
radionuclides of interest for labeling and PET studies
except ®®Ga, which is generator-produced. To use PET
successfully, it is important to obtain these radio-
nuclides in very high specific radioactivity. High
specific radioactivity allows the tracer criteria formu-
lated by De Hevesy” nearly 100 years ago to be fulfilled
(i.e. the tracer itself has no measurable effect on the
biological process being studied) and partly accounts
for the successful implementation of PET in biomedical
and clinical research. Especially in receptor-ligand
interaction studies it is important to minimize the
amount of tracer in order to quantify the number of free
receptors (i.e. binding potential) following dosing with a
drug. If the tracer occupies less than 5% of the
available receptors the tracer concept is fulfilled. This
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implies that, depending on the regional concentration
of the receptor or enzyme to be quantified, tracers
require different specific radioactivities. PET studies
using highly potent tracer compounds such as the
opioid agonist ['!C]carfentanil,® is an example of
requiring high specific radioactivity in a tracer, in this
case to avoid unwanted pharmacologic effects of the
tracer itself. Isotopic dilution with the stable element is
thus of major concern.

The search for high specific radioactivity has been
pronounced in ''C chemistry due to omnipresent
stable '?C. The purest nitrogen/oxygen gas mixture
used for the production of ''C still contains enough
carbon to contribute substantial carbon mass and
reduce specific radioactivity by a factor of about 100
from the theoretical value 3.4 x 10° GBq/umol. Most
secondary reactive intermediates are obtained from
target-produced [''Clcarbon dioxide and these re-
agents, too, are potential sources of stable carbon
dioxide for isotopic dilution. Currently, much work is
devoted to reducing isotopic dilution from reagents by
designing reaction sequences that avoid using [*'C]car-
bon dioxide. Significant improvements have been
made. ''C-labeled cyanide and carbon monoxide are
examples of secondary precursors that can be obtained
with high specific radioactivity from [*'C]carbon diox-
ide without reagents contaminated with stable carbon
isotopes. The same applies for [''Clmethyl iodide
obtained via the gas-phase method, preferably from
target-produced [''Clmethane.’ Today, methylation
reactions with [*'C]methyl iodide or [*!C]methyl triflate
can deliver products with specific radioactivity in the
range of 200-350 GBq/umol. [''C]carbon monoxide
with specific radioactivity up to 1300 GBq/pmol has
been reported.'®

C-reactive intermediates

Tracer development was in the beginning of the PET era
hampered by the limited number of methods available
for labeling synthesis. [''C]carbon dioxide could either
be used directly in Grignard reactions or transformed
by on-line processes to [''C]cyanide, giving access to
carboxylic acids, alcohols, and primary amines.!' In
the mid-1970s, [*'Clmethyl iodide was introduced as a
labeling reactive intermediate.'?''® Further innovations
added ['!C]phosgene and [''C]formaldehyde as reac-
tive intermediates.'*!® [!!C]Methyl iodide, however,
has had the largest impact on PET. During the 1980s
['!Clmethyl iodide was used to label many receptor
ligands for PET studies. Labeling was mainly by
methylation on nitrogen and oxygen nucleophiles
followed by, to a lesser extent, reactions with carbon,
sulfur, and phosphor anions. Development of labeled
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Figure 2 Examples of reactive intermediates obtained from
['!Clmethyl iodide.

——> ROO''CCOOR
— Ar''CN

> Na''SCN

1
"CN" ——— H,N'ICNH,
—— BICH,(CH,)n''CN
——> RCH=CH''CN

—> "CNBr

——> KO''CN

Figure 3 Examples of reactive intermediates obtained from
& 1Clcyanide.

reactive intermediates has driven improvements in
labeling chemistry. Figure 2 presents examples of
labeled reactive intermediates based on [''C]methyl
iodide.

Many other useful compounds with various func-
tional groups can be obtained from ['!Clcyanide, as
shown in Figure 3.

[!C]carbon monoxide has a labeling potential that is
far from being fully exploited. Carbon monoxide gas
has very high vapor pressure and low solubility in most
organic solvents. When technology of controlling small
amounts of ['!C]carbon monoxide was introduced, a
new era of !'C-labeling opened and the number of 'C-
functional groups that may quickly be produced and
the number of new chemical intermediates based on
'1CO significantly increased. Figure 4 shows several
examples.'®

Today, numerous ''C-reactive intermediates are
available for a multitude of different reaction se-
quences. Synthetic opportunities with 'C significantly

J Label Compd Radiopharm 2007; 50: 746-769
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Figure 4 Examples of functional groups that can be produced using [*!C]carbon monoxide as a reactive intermediate.

outnumber those of any other positron-emitting radio-
nuclide. From a synthesis perspective, !'C is clearly the
most important PET radionuclide.

Methods for synthesis of ''C-compounds

[*!C]Methyl iodide has been the workhorse for labeling
''C-compounds for 25 years and still accounts for the
main labeling reactions. Figure 5 shows several methy-
lation reactions with different nucleophiles that pro-
duced PET tracers important in the development of PET
as a molecular imaging modality. R-[''C]PK11195,
[''Clnicotine, and S-[''C]Raclopride were developed
for studying peripheral benzodiazepine, nicotinic acet-
ylcholine and dopamine D, receptors, respectively.'”!°
L-[!!Clmethionine, one of the first labeling syntheses
published using [*'C]methyl iodide, has been used for
20 years to study brain tumors. ['!'C]Methylspiper-
one?® was the first ligand for visualizing and studying
dopamine D, receptors in vivo. Although [''C]methyl-
spiperone was later replaced by the more dopamine Doy
receptor-selective [''C]Raclopride, it is still a useful
PET tracer for studying 5-HT,, receptors.?!

The formation of carbon-carbon bonds is naturally a
key issue in '!'C-labeling. Nucleophilic substitution
reactions with ['!Clcyanide and Grignard reactions
with [!!C]carbon dioxide were the first successful
attempts, followed by [''Clmethyl iodide alkylations
on carbanions, to produce amino acids. The search for
other C-C formations that could be accomplished

Copyright © 2007 John Wiley & Sons, Ltd.

within the half-life time frame of ''C took advantage
of developments in metallo-organic chemistry. The
Stille and Suzuki couplings attracted special attention.
Scheme 2 shows examples of transition metal-
mediated reactions.?? The ketone synthesis in Scheme
2 points to a very important approach in molecular
imaging: labeling the same molecule in different
positions.?®

Endogenous tracers and position labeling

In tracers labeled for in vitro studies (e.g. frozen tissue
autoradiography), the position of the label is not critical
because tracer metabolism is not expected. In contrast,
tracer metabolism does occur in PET studies and
therefore the position of the label in the tracer is
important and may be critical for interpreting PET data.
A labeling position should be chosen that avoids
labeling tracer metabolites that confound PET images
with background radioactivity not associated with the
biological process under study. To achieve a good
image contrast, the labeled compound should be
metabolically stable during PET investigation, or,
alternately, the label should be positioned so that
labeled metabolites are hydrophilic and quickly elimi-
nated.

Dopamine and serotonin are two important neuro-
transmitters in the human brain. Neither penetrates the
blood-brain barrier (BBB). Thus, studying functional
aspects of dopaminergic and serotonergic neurons

J Label Compd Radiopharm 2007; 50: 746-769
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Figure 5 Examples of reactions using [''Clmethyl iodide on different nucleophiles.
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2. PhSn(CH,),

*CHyl + Pd(L),

RPhSN(CH,),

Scheme 2

requires labeling of other molecules, such as the
endogenous precursors for dopamine and serotonin,
L-dopa and 5-hydroxy-L-tryptophan (HTP), respec-
tively, which do pass through the BBB. L-[''Cldopa
and [''CJHTP provide tools to study neurological
disorders related to deficiencies in dopaminergic and
serotonergic neuronal activity. L-dopa is synthesized
from tyrosine, an aromatic amino acid. Tryptophan,
from which HTP derives, is also an aromatic amino
acid. Scheme 3 presents multi-step chemo-enzymatic
syntheses of ''C-labeled aromatic amino acids HTP at
the top and L-dopa at the bottom.?*2°

As presented in Scheme 3 the common synthon,
alanine, labeled either in the carboxylic or 3-position,
was synthesized from [''C]cyanide and ['!C]methyl

Copyright © 2007 John Wiley & Sons, Ltd.

H,COOC

iodide, respectively. The aromatic amino acids were
then obtained from labeled alanine via pyruvate by
multi-enzymatic procedures, and thus aromatic amino
acids can be labeled in either the carboxylic or
f position. Position labeling has been used to study
in vivo decarboxylation of HTP and r-dopa to the
corresponding neurotransmitters, serotonin, and do-
pamine. Figure 6 shows the rate of dopamine synthesis
in the brain of the same rhesus monkey within 3h, as
investigated using L-[-''Cldopa and L-[carboxy-''C]-
dopa. Figure 6(a), the upper image, shows ''C con-
centrated in the striatum, presumably as
['!Cldopamine. The lower image of Figure 6(b)
is different because the carboxylic label ends up as
[*!C]carbon dioxide. The assumed action of the aromatic

J Label Compd Radiopharm 2007; 50: 746-769
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Figure 6 In color are summation PET brain images using (a) L—[,B—“C]dopa (upper image), (b) L—[carboxy—“C]dopa (lower image).
Closed circles represent the time activity curve for L-[f- ''Cldopa and open circles represent the time activity curve for L-
[calrboxy—l IC]dopa. Vertical axis (CT/CR): ratio of radioactivity in tissue to radioactivity in reference region (cerebellum). This figure
is available in color online at www.interscience.wiley.com/journal/jlcr

amino acid decarboxylase on the two different labeling
positions is shown in Scheme 4.

!'C-labeled neurotransmitter precursors have
proved to be clinically useful. L-[''CJHTP is an excellent
imaging tool for studying neuroendocrine tumors.?”-28
L-dopa can also be applied to measure the in vivo
synthesis rate of dopamine and thus be used for
Parkinson’s disease diagnosis and measuring loss of
dopaminergic neuronal activity. [''C]Thymidine is an-
other example of an endogenous compound that can be
labeled in different positions. ['!C]Thymidine can be
used to measure tumor proliferation and has a long

Copyright © 2007 John Wiley & Sons, Ltd.

history as a PET tracer in oncology.?® Scheme 5 shows
three methods for [''C]thymidine synthesis.

PET microdosing

Costly failures3° of new chemical entities in three out of
four clinical trials and dramatically increased costs for
drug development (costs borne by patients and society)
have initiated proposals to make drug development more
effective. There are also demands to reduce preclinical
animal experiments. A number of scientifically valid

J Label Compd Radiopharm 2007; 50: 746-769
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proposals have been published recently to address
these problems.3!73%

Some of these proposals promote early screening of
new drug candidates in humans using PET imaging.®%"
38 Non-invasive PET imaging has the potential to
determine drug distribution and concentration in vivo
in man using labeled drugs.>® Rapid synthesis of
organic compounds labeled with positron emission
radionuclides now allows many new drug candidates
to be labeled for use as PET probes. Therefore, early
PET studies, performed with drug doses (microdoses)
far lower than therapeutic doses can be used to select
compounds for further clinical trials or terminate
clinical development based on in vivo performance in
man.

Since only very low drug doses are used in PET
microdosing studies, safety requirements should be
reduced in relation to the safety requirements for
therapeutic doses.?® In terms of assuring safety there
is no major difference between studying a new drug
candidate using PET microdosing and validating a new

Copyright © 2007 John Wiley & Sons, Ltd.
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PET tracer for biochemical and physiological studies.
PET microdosing has the additional benefit that far
lower amounts of compound need be manufactured.
Conventional Phase I clinical trials require synthesis of
several grams of a new compound, which takes
considerable resources and time. For PET microdosing
studies, the amount of compound needed would be of
the order of a few milligrams.

PET microdosing data can be used with drug
distribution data in monkeys to generate models for
the relationship between plasma and target tissue
concentration. Since biodistribution in humans may
differ from a tracer microdose as compared with a
pharmacologic dose, modeling data should include
biodistribution data from a bridge study using inter-
mediate doses in non-human primates. PET microdos-
ing studies can also evaluate drug interaction with a
target by utilizing a PET tracer specific for the target.
Drug interaction models can be further developed to
include aspects of receptor occupancy, backed up with
monkey dose escalation studies including observation
of receptor occupancy. For the final refinement of PK/
PD modeling, human receptor occupancy studies are
used. Combining a PK/PD-driven process with me-
chanistic information will help make drug development
more cost effective. Thus, PET microdosing can help
drug development become less empirical and more
mechanistic, predictive, and cost effective. These
advantages necessitate more rapid development of
PET methodology and its validation in humans.

Tracer libraries and fine-tuning molecular properties

Labeling methods using ''C now make it possible to
create small tracer libraries where molecular properties
can be fine-tuned by varying substrates and reactants.
Fine-tuning can be achieved by alkylations on heteroa-
toms with ''C-labeled alkyl and fluoroalkyl halides.

J Label Compd Radiopharm 2007; 50: 746-769
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The implementation of carbonylation reactions with
[*!C]carbon monoxide further increases the ease with
which tracer libraries can be created. In preclinical
screening using in vitro and in vivo techniques,
biological properties of tracer candidates can be
investigated very quickly. If a compound exhibits
suitable tracer characteristics in screening assays,
validation of important parameters such as binding
properties, metabolism, and distribution is performed.
When tracer libraries are combined with microdosing,
the time to achieve proof of concept in man can be very
short.

There are also other methods to fine-tune tracers; for
example, Kkinetic isotopic effects (KIEs). A number of
reaction mechanism studies have shown that primary
KIEs from '!C/'?C are negligible in connection with
biological studies. However, in mechanistic chemistry
KIEs have become an important tool.*°~*2 The sub-
stitution of hydrogen with deuterium may significantly
change the rate of a reaction by primary or even
secondary KIEs, and can be a tool for fine-tuning
molecular properties in biological applications. For
example, replacing the hydrogen atoms in the propar-
gyl group in the mono-amino oxidase B inhibitor L-
['!C]ldeprenyl with deuterium reduced the reaction rate
and changed the rate-limiting step from distribution
(flow dependent) to the irreversible reaction between
enzyme and substrate.*® The induced KIE thus gave
the opportunity to measure the regional distribution
and concentration of mono-amino oxidase B in the
brain. Another example of double-isotope labeling is
the use of deuterium, via a KIE, to reduce metabolic
loss of '8F in the norepinehrine transporter antagonist
(S,S)-['8FIFMeNER-D,.**

Technological aspects

PET chemistry is associated with high amounts of
radioactivity. Successful development of labeling
synthesis methods goes hand in hand with improve-
ments in technology to increase safety. Remote-con-
trolled synthesis devices are a natural consequence.
Most PET laboratories have developed their own
automated synthesis equipment. In addition, several
automated synthesis systems are commercially avail-
able; for example, FDG synthesizers, gas-phase methyl
iodide systems and systems for loop synthesis of
acetate. Automated synthesis systems add reproduci-
bility and may reduce synthesis time. These systems
are also beneficial for quality assurance. PET radio-
pharmaceuticals for human use must be Good manu-
facturing practice (GMP) produced, and here especially
remote-controlled automated procedures are to be
preferred (Table 2).

Copyright © 2007 John Wiley & Sons, Ltd.

Table 2 Table of medical and pharmaceutical terms and
abbreviations

CMS The Centers for Medicare and Medicaid Ser-
vices (CMS) measure quality and costs for the
Medicare and Medicaid health service systems
in the United States

GMP Good manufacturing practice regulations, pro-

mulgated by the FDA, strictly govern the

manufacture of pharmaceuticals and are in-

tended to assure that medicines are effective,

safe, and free of contaminants

A Hydroxy Iminodiacetic Acid scan (also called

a gall bladder scan or cholescintigraphy) uses

[®®™Tc]HIDA to evaluate cystic duct obstruc-

tion, a disorder associated with diseases

including gall bladder infection, gallstones,

hepatobiliary cancer, and rejection of liver

transplants

NICE The National Institute for Health and Clinical
Excellence (NICE) is an office within the British
National Health Service. NICE recommends
treatments for adoption by the NHS, based on
evidence of treatment outcomes weighed
against economic costs

Ventilation- A combination of blood flow and airflow scans

perfusion scan of the lungs used to detect blood clots. After a
patient breathes an aerosol of a **™Tc-labeled
compound, the ventilation scan monitors
evenness of °*™Tc distribution in the lungs. A
perfusion scan monitors pulmonary blood flow
by detecting a °°™Tc-labeled compound in-
jected into a vein. A mismatch between lung
images of the injected and inhaled compounds
may indicate a pulmonary embolus

HIDA scan

Future perspectives

PET techniques as tools in drug development are
becoming more recognized, especially due to the
development of new labeling methods and techni-
ques.*® Although !!'C-labeling has reached a level
where very high percentages of biomolecules and drugs
can be labeled, there still exist unexplored areas of ''C-
labeling chemistry and structures that cannot be
labeled with present reactions. We also anticipate that
developments in PET technology will continue to have a
major impact on the clinical PET studies. In particular,
we foresee combining a particle accelerator and synth-
esis equipment to create the ‘radiopharmaceutical
coffee machine,” where the operator selects the radio-
nuclide and tracer from a menu and the apparatus
produces the tracer automatically by running a GMP
protocol. While new synthetic methods and techniques
are essential, it is perhaps even more important to
continue to develop tracers of relevance for biological
targets and defined clinical needs.
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We foresee more opportunities to combine radio-
tracers using the same or different radionuclides. This
is an area where the short half-life of ''C (20.4 min)
actually turns into an advantage by allowing repetitive
administration of tracers in the same individual during
a single day of PET examinations. We also foresee more
dual tracer combinations in the future. For example, a
recent study46 combined ['!C]PIB and [*®F]JFDG in a
longitudinal study of Alzheimer’s disease patients in
order to improve the detection of stabilized cerebral
metabolism in response to therapy. [''C]PIB showed
the senile plaque load. [*®F]FDG showed the reduction
in energy consumption. The combined information
proved to be synergistic for the interpretation of
Alzheimer’s disease status.

Early-stage discovery of molecular imaging
agents

Discovering molecular imaging agents shares much
with standard drug discovery practices. For example,
target validation, identification of suitable candidate
compounds with high affinity and uptake at the target
site, adequate clearance and low-potential toxicity are
key considerations for both therapeutic and imaging
compounds.*” There are similar standard stages such
as hit identification and lead generation. However,
there are also differences in early-stage imaging agent
discovery practices that can be critical to the ultimate
success of an imaging agent.

Standard drug discovery often begins target valida-
tion. This means that there is evidence that the drug
target plays an important mechanistic role in the
disease process such that inhibiting the target may
modify the disease.*® Therefore, the drug will have a
functional impact. A validated target serves as the
basis for early-stage screening of potential drug
compounds. Typical functional screens target kinases
or receptors.*” An important distinction between
screening for drugs and imaging agents is this:
Although imaging agents should be aimed at targets
that play critical roles in disease, they do not necessa-
rily need to affect target functions. Instead, imaging
agents are also valuable for quantitation of receptor
distribution and density/overexpression in disease
states. There are several instances where non-func-
tional targets manifest as biomarkers of the disease
process, such as extracellular matrix proteins, mem-
brane lipids, structural proteins, or extracellular
deposited peptides.*®>2 Thus, for discovering imaging
agents, identifying direct binding interaction is often
preferred and a more relevant screening assay is a
ligand-binding assay.
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The ligand-binding assays of choice are scintillation
proximity assays (SPAs).?*°* Their definite advantage
is the ability to measure binding interactions without
the need for mechanical separation of free from bound
probe. SPAs enable measurement of saturation bind-
ing, binding constants (K4) and the amount of binding
sites (Bmax)- Bmax 1S a critical measure because image
quality can be affected by the ratio of By,,x divided by
the binding constant (Ky). In general B,.x should
exceed K4.5°

Although SPAs are the gold standards for measuring
binding affinity of imaging agents, a potential draw-
back is the necessity to radiolabel compounds, which
may be cumbersome and costly if several different
compounds are to be analyzed. Further, radiolabeling
may be particularly problematic for macromolecular
imaging agents such as antibodies or antibody frag-
ments. Labeling conditions for proteins or peptides can
be harsh and caution is needed to not adversely affect
their natural secondary or tertiary structures. Further,
non-site-specific radiolabeling chemistries such as
NHS-amine chemistry can often react within the
binding site and thus negatively affect affinity. It would
be advantageous to evaluate all of these possible
complications prior to radiolabeling so that an optimal
approach can be employed. Recently, advanced non-
labeled approaches to measure binding and affinity
such as surface plasmon resonance (SPR; Biacore, GE
Healthcare) have gained in popularity, particularly
because such techniques can also generate real-time
kinetics.?-57 Additionally, SPR can measure the affects
of a variety of different labeling chemistries performing
under cold conditions, thereby determining the optimal
approach prior to radiolabeling. As with SPA, SPR can
be used to screen for direct target-ligand interactions
and measure binding affinity. Although SPR is most
robust for protein-protein interactions, it can be used
to measure small molecule or peptide interactions
using either affinity solution techniques or direct
binding,56-55-60

Another aspect of target validation is determining the
amount of target accessible so as to provide high
imaging signal to noise. The absolute amount of
accessible target in vivo is therefore important. With a
highly specific imaging agent, saturation binding con-
ditions can be used to calculate By,,x empirically. This
has been particularly useful for well-understood re-
ceptor-ligand interactions. However, as stated above,
complex non-receptor targets are sometimes examined.
For example, imaging beta-amyloid plaques requires
ligand binding to a complex heterogeneous target with
multiple independent binding sites.*®-%*-6? In addition
to the complexity of the target binding sites, some
imaging targets, such as beta-amyloid, have a complex
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Figure 7 PET and tracer simulation model for mouse brain. (a) Segmented brain regions of an MRI phantom, within which regions
of interest were manually drawn (1 = cortex; 2 = cerebellum; 3 = CSF; 4 = hippocampus). Images simulate intensity at differing
binding strengths of ‘virtual’ tracer. Image rendering was held constant to illustrate the differences in raw binding uptake. (b)
Comparison of quantitation derived from the simulated images with input time-activity curves for a virtual tracer. The points show
the computed integrated activity from the image (n = 5 for each affinity) at the indicated time of acquisition. [With kind permission

of Springer Science and Business Media.]

trafficking pattern in vivo.?®-¢* In such cases, computa-
tional and systems biology may provide useful gui-
dance. This approach was recently applied to
understand the relationship between the hetero-
geneous microenvironment of plaque and imaging
kinetics.®®%® Further, recent data by our group®’
indicate that combining models of pharmacokinetics
with physiological models of beta-amyloid production
and clearance has value in understanding the relation-
ship between target concentrations, affinity, and image
quality (Figure 7).

Target concentrations are often determined with
simple biochemical methods such as Western blotting
or ELISA. Recently, such an approach was used to
correlate PET image quality to receptor density.%®
Although useful, such approaches do not consider the
complex cellular biology of the target and should be
evaluated cautiously. For example, it was recently
demonstrated that the receptor tyrosine kinase c-met,
which is upregulated in many cancers (and presumed
to be membrane spanning), can have altered proteolytic
processing that leads to accumulation in the cytoplasm
and nucleus.®® Thus, target concentration as mea-
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sured by western blot or ELISA may not always
accurately represent the amount of target accessible
to an imaging ligand. Recently, fully quantitative
immunohistochemistry approaches that consider sub-
cellular compartmental expression have been devel-
oped.”®”! Such techniques may improve the
understanding of relationships between membrane
accessibility and image quality.

Another critical consideration is the potential effects of
background binding, a key determinant of imaging signal
to noise. Typically, imaging agent background is deter-
mined by in vivo pharmacokinetic measures using either
reference regions or target regions within naive animals.
In standard drug discovery practice, predictive in vitro
assays such as Caco-2 permeability assays have achieved
large time and cost savings.”? It is possible that in vitro
assays may predict in vivo tracer binding. Recently, Patel
et al. developed an in vitro ‘wipe assay’ that predicts the
background binding of tracers to brain tissue in vivo with
high accuracy.”® In vitro assays that predict brain uptake,
tumor penetration, vascular leakage, interstitial reten-
tion, and clearance would all improve cost-effectiveness
of imaging agent discovery practices.
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In conclusion, early-stage discovery of molecular
imaging agents differs notably with standard drug
discovery by the importance placed on direct binding
assays and Kkinetic analysis of ligand-target interac-
tions. Looking forward, imaging agent target validation
should assess complex target microenvironments,
sub-cellular localization, and trafficking, which is
increasingly possible through novel systems biology
approaches and advances in automated and quantita-
tive tissue analysis.

The evolution of radiolabeled molecules for
pre-clinical imaging

Pre-clinical imaging of radiolabeled molecules bridges
in vitro determinations of binding properties in early-
stage discovery of radiolabeled molecules and in vivo
imaging of radiotracers in humans. Radiotracer speci-
ficity, selectivity, binding capacity, and localization in
complex biological milieu have been determined
in vitro, ex vivo, and in vivo in animals for decades.
The last four decades of imaging radiolabeled mole-
cules in animals began with static methods of imaging
using autoradiography. These methods dictated the
types of radionuclides (e.g. °H, '*C) for labeling as well
as the classes of molecules to be labeled (e.g. endogen-
ous biomolecules and drugs). Later, adoption of clinical
SPECT and PET scanners enabled researchers to image
large animals in order to visualize drug derivatives and
biomolecules labeled with gamma- or positron-emitting
radionuclides. The imaging modality again dictated the
type of label (e.g. *°™Tc, '®F, etc.) used to image specific
biochemical and physiological changes in vivo, such as
chemically lesioned non-human primate models of
human disease. As biomedical research focused on
molecular markers of disease, the role of mouse models
with genetically modified cells led to adapting in vitro
gene expression reporters into in vivo imaging repor-
ters. Mouse models of disease in fact motivated the
development of high-resolution, high-sensitivity pre-
clinical scanners.

Static imaging of radiolabeled biomolecules and
drugs

Autoradiography was the gold standard for visualizing
radiolabeled molecules in human and animal tissue
prior to the advent of in vivo nuclear imaging scanners.
The simplicity of in vitro and ex vivo autoradiography
stems from the fact that tritiated or ['*C]labeled nucleic
acids, amino acids and other molecules, including
[*H]thymidine, [*H]uridine, [*HJleucine, and [*H]cyti-
dine, are chemically the same as the endogenous
biomolecules. Autoradiographic localization of labeled
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biomolecules therefore reflects the behavior of corre-
sponding non-radioactive biomolecules. Early on,
labeled biomolecules proved useful for localizing
RNA, DNA, and proteins in microorganisms.”*7®
More complicated quantitative measurements of local
glucose metabolism in the rat brain were performed
by Sokoloff et al., who developed a seminal tracer
kinetic method using 2-deoxy-p-['*Clglucose autora-
diography.”” Tissue-specific autoradiography of ani-
mals also increased understanding of neuronal
development and cell migration in mice and rats.”®%°
The imaging of analogs to “H- and '“C-radiolabeled
molecules has come full circle with the invention of
PET and SPECT scanners. For instance, quantitation
of local cerebral metabolic rates for glucose using
['8FIFDG PET adapted Sokoloff methodology for
autoradiography to in vivo imaging, without perturbing
endogenous glucose metabolism.8'%? Using ®F-radi-
olabeling, sub-cellular, cellular, and tissue distribu-
tions of biomolecules have been revisited in the
last decade with non-invasive small animal PET
imaging, focusing particularly on gene and protein
expression.

Autoradiography is still useful in early drug discov-
ery. Biodistribution of a drug is traditionally deter-
mined by measuring the radioactivity of *H- or *C-
labeled drugs in necropsied organs. The same radi-
olabeled lead compounds are also used in imaging
large tissue sections, from mice to non-human pri-
mates. These studies provide drug information related
to tissue distribution, site-specific drug localization
and retention, penetration into specific targets, tissue
binding, and interspecies kinetics.®®> For instance,
whole body autoradiography of rats aid selection of
lead candidates by screening tissue pharmacokinetics
of ®H drug entities, including brain penetration, tissue
retention, and routes of elimination.®* Examples below
demonstrate how autoradiography with beta- and
positron-emitting radionuclides is also a key in the
evaluation and validation of new PET tracers.25:5¢

However, °H and '*C autoradiography is still labor
intensive, requires one animal per time point for kinetic
studies, and takes days to image drugs. While qualita-
tive interpretation of autoradiographs is straightfor-
ward with molecules labeled with beta-emitting
radioisotopes, quantitative autoradiography is achiev-
able®*8¢ but most reliable as a relative measure of
radioactivity in a tissue section.”® Nevertheless, radi-
olabeled compounds for autoradiography laid the
foundation for PET and SPECT imaging of animals to
visualize molecular, biochemical, and cellular pro-
cesses in animals. Indeed, autoradiography with *H
and '*C act as high-resolution anatomic correlates for
lower resolution PET and SPECT imaging.87
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Imaging animals using clinically relevant radionu-
clides and clinical PET and SPECT scanners

Unlike in vitro, ex vivo, and living slice autoradiogra-
phy,®® clinical PET and SPECT scanners provided tools
to dynamically quantitate radioactivity in vivo and
tomographically visualize tracers in animals. Once
again, however, clinical hardware dictated what radio-
chemistry and animal models were compatible with
clinical imaging scanners. Pre-clinical imaging with
clinical scanners also saw the development and
validation of new tracers that were chemically distinct
from parent drugs or endogenous molecules.

Imaging of animals with clinical PET scanners offers
the opportunity to study pharmacokinetics, pharma-
codynamics, and metabolism of ''C- or '®F-labeled
drugs. Pharmaceutical companies requiring pre-clin-
ical biodistribution studies of novel drug entities in
non-human primates may use ''C- or '®F-labeled
analogs of drugs to investigate non-invasively and
efficiently the delivery of drug to the site of interest or
to determine receptor occupancy for PK/PD modeling,
as described earlier. As will be discussed later in this
section, the mass effects encountered with rodent
imaging of PET probes for neuroreceptors may be less
of an issue with large monkeys than with mice.%°
Imaging of labeled small molecule drugs in animals
using clinical SPECT scanners is restricted by the
inclusion of chelating moieties for radiometals, which
drastically alters the drug.®°

Clinical nuclear imaging cameras have opened the
door to non-invasive in vivo examination of biochemical
pathways in animals. Only trace amounts of radiola-
beled molecules are required, so pharmacological
effects in animals are avoided. However, the limited
spatial resolution of clinical PET and SPECT scanners
leads to partial volume effects where a measured
concentration of radioactivity is lower than the actual
concentration in objects of similar size to the scanner’s
spatial resolution.®! Illustrations of pre-clinical tracer
development are the imaging probes for the dopami-
nergic system in large animal models of Parkinson’s
disease. The animal model that was large enough to
overcome partial volume effects of clinical PET and
SPECT scanners was the MPTP-treated monkey.9293
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)
is used as a chemical treatment to cause the hallmarks
of Parkinson’s due to lesioning of the putamen.®*

Commonly used radiolabels for PET and SPECT
imaging of MPTP-treated monkeys are radiohalogens
(e.g. 18F) and radiometals (e.g. 99mT0)  Unlike radiola-
beling with ®*H and '*C, radiolabeling with halogens
and metals may alter the biochemistry of labeled
compounds, and therefore radiohalogen and radio-
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metal probes must be validated. For instance, '®F was
incorporated into 6-['®F]fluoro-L-DOPA, which is an
analog of the DOPA substrate found in dopaminergic
neurons. Biochemical comparisons between the PET
tracer and ®H-labeled L-DOPA®® were one of the many
steps to validate 6-['8F]fluoro-L-DOPA as a tracer for
imaging aromatic L-amino acid decarboxylase activity
in Parkinson’s disease.

The work with large animal models of Parkinson’s
disease not only involves imaging biochemistry but also
evaluating new therapies. For instance, [°°™Tc]TRO-
DAT-1 used to image dopamine transporters in the
brain can also diagnose Parkinson’s disease. Recently,
(°®™Tc]TRODAT-1 and ['?®Ilnortropane were used
in vivo and ex vivo, respectively, to evaluate the
protective properties of Rotigotine.95 Although the
partial protection of nerve terminals by Rotigotine was
demonstrated by ex vivo methods, the clinical SPECT
scanner lacked resolution and sensitivity to show
therapeutic efficacy.

These examples demonstrate the development of
radiolabeled molecules to non-invasively probe biolo-
gical processes in vivo using clinical systems. However,
they also reveal the need for biology — not scanner
specifications — to dictate what molecules are radi-
olabeled to understand the molecular basis for disease
and drug properties in vivo.

Radiolabeled probes specifically designed for pre-
clinical imaging

The last decade has seen development of radiolabeled
molecules specifically for pre-clinical assays. Dedicated
small animal (e.g. mouse and rat) PET scanners
improved imaging resolution and sensitivity to match
the small volumes and radioactivity injected in rodents.
Although the impact of small animal SPECT and PET
imaging in drug development has yet to be fully
realized, dedicated rodent scanners have already been
used for pre-clinical determinations of biodistribution
and pharmacokinetics of experimental radiopharma-
ceuticals. One example of small animal imaging is the
non-invasive monitoring of targeting kinetics and
dosimetry using a PET analog of the radiotherapeutic
monoclonal antibody (mAb).°¢ PET imaging of [*°Y]tras-
tuzumab ([®®Y]Herceptin) showed mAb uptake in hu-
man ovarian carcinoma tumors with minimal organ
uptake in mice. In turn, the distribution and specific
targeting of the radiotherapeutic [*°Y]Herceptin is
known because the [56Y] and [*°YlmAbs are chemically
identical. The relative ease of creating the mouse model
and using a clinically exotic positron emitter in the lab
suggests the emergence of small animal imaging as a
flexible tool in radiotracer development. Furthermore,
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adapting molecular biology techniques for mouse
models led to pre-clinical reporter probes for PET.
Transgenic mice and mouse models with genetically
engineered cell lines allow for reporter genes (e.g.
HSV1-tk) to monitor gene expression with molecular
imaging.®”~1°! In vivo reporter probes based on HSV1-
tk are unique to small animal imaging.

Radiolabeled nucleosides represent a family of pre-
clinical in vivo reporter probes for PET and SPECT that
are taken up by cells but intracellularly trapped in the
cells expressing gene reporters. Retention of these PET
reporter probes in genetically engineered cells is due to
phosphorylation of the positron-labeled substrate by
HSV1-tk inside the cell. Uracil and acycloguanosine
analogs are examples of HSV1-tk substrates used as
PET reporter probes. The uracil analog, 2'-fluoro-2’'-
deoxy-1-beta-p-arabinofuranosyl-5-iodouracil (FIAU),
has been radiolabeled with multiple radiolabels for
autoradiography, SPECT, and PET.!°°'%% Even multi-
modality optical-PET imaging is possible with novel
fusion reporter proteins (e.g. HSV1-tk/GFP fusion) in
animals. Serganova and colleagues'®* showed that

{a) Ceontrol Virus
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PET (whole body) PET (section)
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reporter cells entrapped another FIAU derivative called
['8F]2'-fluoro-2’-deoxy- 1-beta-p-arabinofuranosyl-5-
ethyl-uracil ([*|FIFEAU) and activated the optical
reporter gene TKGFP, enabling facile imaging of trans-
duced cells in vitro and in situ with fluorescence
microscopy and PET imaging.

Two notable acycloguanosine reporter probes are 8-
[18F]ﬂu0r0—9—[[2—hydroxy— 1-(hydroxymethyl)ethoxylmethyl]
guanine (['|®FIFGCV) and 9-[4-[*®Flfluoro-3-(hydroxy-
methyl)butyllguanine ([*®F]JFHBG).%%-1%° ['8FJFGCV
was initially developed using autoradiography with
4C and optimized using '®F analogs for conversion
from ex vivo imaging to in vivo imaging using small
animal PET®® (Figure 8). Optimized biodistribution,
cellular uptake, and clearance resulted in a low back-
ground reporter probe called ['®FIFHBG for use in
human dosimetry studies!®® (Figure 9).

PET reporter probes have brought pre-clinical ima-
ging full circle. Before, ®H and '*C labeling for
autoradiography traced biomolecules and localized
them in tissues. Today, novel PET probes non-inva-
sively image not only labeled molecules in vivo in
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%hiDig

32
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Figure 8 Pre-clinical PET imaging and autoradiography of ['®FJFGCV reporter in mice. A control virus was administered to mice
(@), and an Ad-CMV-HSV1-tk virus, which was injected into experimental animals (b), was retained in the liver. Subsequent
[*8F]FGCV biodistribution to the liver in Ad-HSV1-tk mice quantitatively shows HSV1-tk reporter gene expression in the liver (b).
Details of imaging experiments are found in Reference 86. This figure is available in color online at www.interscience.wiley.com/

journal/jler
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Figure 9 Biodistribution of ['®F[FHBG reporter probe in a
human subject. A 167.6 MBq administration of [*8FIFHBG
reporter probe to the healthy human volunteer demonstrated
rapid blood clearance, low background signal, and acceptable
radiation dosimetry. The desirable pharmacokinetics of
['8FIFHBG in humans may allow for imaging HSV1-tk gene
expression in human subjects. Details of imaging experiments
are found in References 105.

animals, but also image-related molecular processes
including gene expression, receptor density, pharma-
cokinetics, metabolism, and clearance.

As reductionism, miniaturization, and specialization
in imaging continue, a challenge in the future may be to
improve the clinical relevance of pre-clinical nuclear
imaging. Perhaps overlooked in the past is the clinical
relevance of radiopharmaceuticals for veterinary med-
icine. Hyperthyroidism, lameness, and hepatic scinti-
graphy of dogs and horses are common gamma camera
or SPECT imaging procedures in the veterinary set-
ting. '°® However, the clinical impact could be improved
by utilizing radiotracers for other indications and
radiolabeled drugs. A major challenge pre-clinical
imaging faces is reducing or accounting for the mass
effect encountered in rodent imaging.®° The mass effect
is the higher mCi/kg dose administered to rodents
compared with humans in order to increase the count
rate in small animal imaging. In neuroreceptor ima-
ging, for instance, the consequence of mass effect may
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be percentage receptor occupancy in the rodent reach-
ing pharmacologically significant levels.

The future prospect of facile labeling of experimental
therapeutics with high specific activity could reduce
mass effects in pre-clinical imaging and accelerate
screening of new chemical entities in animals and
humans. As new biomarkers are discovered, and with
them new radiolabeled drugs and probes, an added
challenge is to incorporate disparate information (i.e.
species differences, multiple tracers, imaging of differ-
ent markers) into a single model to quickly understand
the interplay between mechanism, target, and efficacy
biomarkers.5”

Imaging diagnostics in nuclear cardiology

The advent of myocardial perfusion imaging 30 years
ago was a major landmark, heralding the emergence of
nuclear cardiology into clinical practice. Since then the
power of nuclear cardiology has increased tremen-
dously with the discovery and development of new
nuclear tracers, particularly cationic technetium com-
plexes, and advances in instrumentation, especially
the transformation from image acquisition with planar
gamma cameras to tomographic imaging with single
photon emission computed tomography (SPECT) tech-
nology.

One of the first radionuclides used for imaging in
patients was potassium 43 (**K). Unfortunately, its
rather high-energy photons (373-keV peak) made
imaging with gamma cameras somewhat proble-
matic.’®” *°K also had a 22.4-h half-life, so that
imaging studies had to be separated by a minimum of
4 days to reduce residual activity (e.g. resting imaging)
from the first procedure.'%®

The next radionuclide monovalent cation evaluated
was rubidium 81 (8'Rb), which had myocardial uptake
and clearance characteristics similar to those of *°K.
This imaging agent was also successful for non-
invasive detection of inducible myocardial ischemia in
patients with coronary artery disease (CAD).!%° Its
limitation was difficulty with image interpretation with
pinhole collimation, particularly if the heart was not
well centered within the camera’s field of view. Both *°K
and 8'Rb virtually disappeared from further clinical
evaluation with the emergence of another potassium
analog, thallium 201 (2°'T1).°®

Technetium-based perfusion agents

201T] became the mainstay of myocardial perfusion
from the mid-1970s until the introduction of techne-
tium-based perfusion agents, firstly with [*°™Tc|Sesta-
mibi (Cardiolite) in 1991, followed by [*®™Tc]
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Tetrofosmin (Myoview) in 1996. Research and develop-
ment of °*™Tc cations for myocardial perfusion imaging
was driven by an interest in exploiting the superior
imaging characteristics of °*™Tc over 2°'T1.!!? 99™Tc.-
labeled myocardial perfusion agents provide better
image quality because the 140-keV photon energy peak
of 9“™Tc is optimal for gamma camera imaging. Its
relatively short half-life (6h) provides favourable pa-
tient dosimetry and makes it possible to administer a
radiopharmaceutical dose 10-15 times greater than
20171, Higher count rates for *™Tc easily permit gated
acquisition for the assessment of regional wall motion
or regional thickening.'!!

The first documented 9°™Tc cation was based on
nitrogen macrocyle. But the pioneering studies apply-
ing 99™Tc cations to heart imaging were largely based
on the work by Drs Edward A. Deutsch and Kenneth A.
Glavan (University of Cincinnati) on phosphine com-
plexes, and to a lesser extent, on arsines. Their aim was
to develop complexes of °™Tc that were positively
charged and strongly attracted to mitochondria, cellu-
lar organelles that are abundant in functional heart
tissue. 12

These early attempts to obtain clinically useful
myocardial imaging agents were frustrated by the
inadequacy of animal models to predict behavior of
lipophilic cations in man. Early Tc(v) diphosphine
analogs showed poor heart uptake in animal models
and suffered from interspecies variability.'’® The
limitations encountered with °*™Tc complexes of sim-
ple alkyl or aryl diphosphines were overcome when
Amersham International (now owned by GE Health-
care, Inc.) introduced hetero-atomic functions to mod-
ify non-target uptake. This innovation led to the
development of the cationic ligand Tetrofosmin (Myo-
view).! 14

Other research groups have exploited alternative
99mTe Jigand combinations, especially Tc(I) complexes
including isonitriles, arenes, and phosphites. The
initial work on isonitrile compounds by Len Holman
and Alun Jones at Harvard Medical School was
subsequently developed by DuPont Pharma (now
owned by Bristol-Myers Squibb Medical Imaging, Inc.)
to give rise to a new cation [°°™TcIMIBI, which is
marketed as Cardiolite.!'® The development and com-
mercialization of cationic technetium agents are still
characteristics of the synergy between academic and
commercial institutions, where fundamental research
in chemistry and biology can be used to address
problems in applied nuclear medicine. To succeed in
future developments of new molecular imaging tracers
these relationships must continue.

Myoview and Cardiolite have been used with SPECT
imaging technologies for non-invasive evaluation of
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regional myocardial blood flow, which has enhanced
our ability to diagnose CAD, assess prognosis, detect
viable myocardium, and evaluate the efficacy of thera-
pies aimed at improving myocardial blood flow. The
clear superiority of technetium agents has caused 2°'Tl
use to steadily decline. According to Arlington Medical
Resources, a hospital market data firm, in 2006 there
were more than 7.75 million myocardial perfusion
imaging procedures, of which 95% of patients received
a single dose of a technetium agent and only 5%
received thallium 201.'6

Imaging diagnostics: from bench to bedside

Bringing radiolabeled imaging molecules into clinical
practice takes a great deal of time, first with demon-
strations of proof of concept in animals, and then with
clinical trials and regulatory submission. Pharmacoe-
conomic benefits must also be demonstrated to health-
care payors. In addition, the short half-lives of
radiolabeled imaging molecules require radiopharma-
cies for on-site or nearby dose production. Operating
under exacting regulatory standards, radiopharmacies
employ ‘just in time’ manufacturing to deliver imaging
molecules on demand, ready for use.

Bringing imaging diagnostics to the bedside is an
immensely exciting story of scientific achievement and
technological development. The discoveries of ''C and
18F more than 60 years ago are essential to the story,
intertwined with development of cyclotron technology
during the same era. Although Ernest O. Lawrence won
a Nobel Prize in 1939 for inventing the cyclotron,
cyclotrons were exceedingly rare before the 1950s.
Eventually, cyclotrons became commercial nuclear
medicine instruments. In the early 1970s, ''C and
'8F were given medical applications when they were
chemically incorporated into amino acids and other
basic biomolecules for use as radiotracers.!!”'!?
Without radiotracers, the clinical feasibility and value
of these isotopes could never be realized. Nor could it
happen without sophisticated imaging equipment,
beginning with the first PET instruments in the
1970s. By localizing radioisotopes with spatial resolu-
tion, PET converted autoradiography into in vivo his-
tology. 1207122

Advances in imaging instrumentation and computing
for kinetics and reconstruction continue to push back
the limits for using PET to diagnose new diseases and
quantitate functional parameters. In the future, there
is hope that motion correction and time-of-flight
analysis may increase PET sensitivity to the point that,
together with highly specific imaging agents, the cubic
millimeter resolution barrier will at last be broken. If
this long-sought advance comes to fruition, PET will be
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more useful for ruling out disease and periodic screen-
ing of asymptomatic patients.'?3712°

Early years of FDG PET diagnostics

Establishing ['®F]FDG in PET diagnostics was a halting
process. It was initially used for cardiac and brain
metabolism studies and found application in tumor
imaging as early as the 1980s.'267'29 With the avail-
ability of cyclotrons and streamlined methods for
[*®FIFDG cGMP (pharmaceutical grade) production,
the compound seemed poised for adoption into clinical
diagnostics. However, a long FDA-imposed moratorium
kept it within the domain of research until clinical
safety regulations could be provided. In addition,
another problem became apparent: Because ['®FIFDG
never went through the rigors of commercial product
development, its imaging techniques were never stan-
dardized. Consequently, there was confusion in mak-
ing accurate measurements and interpreting results.
For example, there were difficulties in extrapolating
quantification for clinical evaluation of anti-cancer
agents. Another consequence of lack of standards was
that insurers were reluctant to reimburse for FDG PET
services.3°

Today these difficulties have been resolved and '®F
imaging technology has resumed development. High-
performance chemistry with dedicated equipment has
firmly established ['®F]JFDG as a PET diagnostics
mainstay’®! and more '®F-based molecules are being
developed.'3? ['8F]FDG production also continues to
simplify. The next advance is software-controlled
synthesis using versatile chemistry platforms com-
posed of pre-loaded cGMP cassettes.

'1C is capable of interrogating a multitude of meta-
bolic pathways. But commercializing ''C and other
shorter-lived isotopes will require much faster technol-
ogies for producing unit doses in ready-to-inject
form.'®® As always for imaging products, quality
control for chemistry, manufacturing and control
(CMC) will be critical. The amount of time that
quality control requires must also diminish in order
to be compatible with shorter-lived isotopes. Miniatur-
ization and microfluidics are part of the answer. In
particular, biosensors, nanosensors, SPR spectro-
scopy, and capillary electrophoresis may reduce
electrophoresis and binding assays to a few seconds.
These technologies are vital for spreading molecular
imaging.

Technetium to the bedside

Compared with ['®F]JFDG, molybdenum-99 and iodine-
131, both by-products of uranium fission, were more
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rapidly converted to bedside products. Before satisfac-
tory methods for imaging were developed, '*'I was
already being used to treat thyroid cancer.'** Techne-
tium (°°™Tc), the most widely used radioisotope for
diagnostics imaging (employed in 85% of all diagnostic
imaging procedures),!®® is generated from ®°Mo. %°™Tc
has near ideal nuclear characteristics: 140 keV gamma
ray emission for low-radiation doses to the patient and
a 6-h half-life that allows same-day transport from
radiopharmacies to hospitals. Technetium-based ima-
ging was originally developed at Brookhaven National
Laboratory in the 1960s.

It is unfortunate that lack of intellectual property
protection covering the discovery of technetium-based
imaging impeded investment in its development. For-
tunately, this was compensated by the remarkably
flexible chemistry of this transition metal. Techne-
tium’s facile chemistry allows preparation of small
molecules for medical imaging of many organ-specific
functions, including functions of metabolic bone, liver,
kidney, heart, and brain. **™Tc has also been success-
fully used to ‘tag’ proteins, peptides, and mAb frag-
ments.'®® Although the medical benefits of %9™Tc
agents were apparent to researchers early on,!37:138
widespread clinical usage did not occur until industry
produced pharmaceutical grade °°™Tc and packaged
99mTe reagents into practical ‘kits.” Another reason
99mTe flourishes in clinical practice is that industry
succeeded in reducing product costs to 10% or less of
the total cost of the procedure (when one includes
imaging and image interpretation).

Advancing clinical imaging technologies

In the 1970s, cyclotrons were explored for producing
longer-lived SPECT (single photon emission tomogra-
phy) isotopes such as '2°I, 2°!'Tl, and '''In, now
mainstays of nuclear medicine.'3°7'*! However, if these
isotopes are prepared at a central production/manu-
facturing site with the intent of many days shelf-life,
recently strengthened pharmaceutical regulations re-
quire that these radiopharmaceuticals be autoclaved,
which greatly limits the type of products available.
Radiopharmacies frequently finalize the preparation of
SPECT agents, perform quality control, and provide
unit doses to hospitals.

In the 1950s, imaging with rectilinear scanning
improved with the introduction of multiple crystals
and photomultiplier tubes.!#?'43 The next great im-
provement was revolutionary: Multiple-head cameras
and CT allowed tomography and the ability to visualize
the localization of radioisotopes in a semi-quantitative
manner. Today, researchers are optimistic that new
solid-state materials from semi-conductor research
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such as cadmium telluride and zinc telluride will
improve SPECT/CT images by significantly increasing
detection sensitivity.!**

Diagnostics imaging and therapeutics use and
development

Image acquisition parameters remain critically impor-
tant, and as imaging capabilities evolve the route to
commercialization becomes more complex when it is
intimately linked with the development of a radio-
pharmaceutical. An example is a recently approved
automated analysis program that helps clinicians to
detect abnormal brain activity. Every time improve-
ments are made to the imaging software, regulatory
approval is required. The program checks for abnorm-
alities by comparing a patient’s FDG PET brain scan to
images in a database of age-matched normal subjects.
To help the physician visualize patterns of abnormal-
ities and their severity, the program presents its
analysis using 3D stereotactic surface projection maps
of the brain.'*® The technology may be particularly
attractive for drug-disease combinations with other
molecular tracers targeting neurodegenerative pro-
cesses. 46

Diagnostic imaging agents are sometimes integrated
with a therapeutic development process. Two mAb
regimens for relapsed or refractory non-Hodgkin lym-
phoma offer examples. In the first example, ['3']Tosi-
tumomab (Bexxar; GlaxoSmithKline) is both the
imaging and therapeutic agent. In the dosimetric step,
the patient receives a relatively low dose of intra-
venous ['*!]Tositumomab. Following the dose, gamma
camera and whole-body imaging are used to assess
biodistribution of target cells (CD20-positive B lym-
phocytes) and calculate clearance kinetics. Provided
that the biodistribution is acceptable, in the thera-
peutic step the patient receives an individualized
dose of ['¥'Tositumomab. The dose is calcu-
lated based on the patient’s total body clearance to
provide a specified high level of '3 total body
irradiation.'*”

In the second example, Ibritumomab tiuxetan (Zeva-
lin, Biogen Idec) also binds CD20 antigen. This mAb is
radiolabeled with '''In for imaging and °°Y for cyto-
toxicity. Before the patient is administered [*°Y]Ibritu-
momab tiuxetan, the patient must first receive
[*!'In]Ibritumomab tiuxetan so that gamma imaging
can be used to assess the biodistribution of the target
cells. Only if the biodistribution meets defined criteria
is it permissible to administer [*°Y]Ibritumomab tiux-
etan, which kills cells by beta-emission and antibody-
related cytotoxic mechanisms. 48
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Trends for the future

With the new wave of biotherapeutics being developed
by pharmaceutical and biotechnology companies, ima-
ging biomarkers are increasingly in demand. The
success of dual-energy X-ray absorptiometry in mea-
suring bone mineral density in menopausal women and
monitoring biphosphonate therapy for osteoporosis’*®
suggests that imaging biomarkers for therapeutic
response have huge potential. FDG PET/CT imaging
has already contributed significantly in cancer radia-
tion therapy planning and treatment monitoring. 150.151
Numerous imaging agents to detect proliferation,
apoptosis, angiogenesis, hypoxia, and other diagnostic
characteristics are being developed as biomarkers in
cardiology, oncology, and neurology.?®-'5271%% By en-
abling patient stratification and quantification of drug
benefits, they will lead to more efficient clinical trials
and quicker approval of innovative new drugs. Another
benefit of using biomarker diagnostic agents in tandem
with therapeutics is providing better guidance in
choosing therapies. For example, a biomarker to stage
tumors by angiogenesis might be used to decide
between anticancer regimens. Detecting high-risk in-
dividuals earlier may lead to earlier interventions and
better outcomes. The time, cost, distress, and unne-
cessary adverse drug events associated with inaccurate
diagnoses would be lessened.

The hurdles for these new molecular imaging agents
to gain widespread clinical use are significant. For
example, radiolabeled Annexin V was considered one of
the most promising agents for imaging apoptosis in
many diseases (oncology, cardiology, autoimmune
disease) where large numbers of cells die.'®® Theseus
Imaging Corporation (a wholly owned subsidiary of
North American Scientific, Inc., Chatsworth, CA) in-
vested a significant amount of effort in developing a
99mTe based apoptosis imaging agent for oncology
applications. A Phase II study with the agent combined
broad cytotoxic agents, steroids, and apoptosis imaging
all within a 24-h period. In a very complex tumor
environment, the imaging results were difficult to
interpret, and further development was cancelled. In
this instance, the cost of developing an imaging agent
in combination with complex biology and pressures
related to time-to-market and regulatory hurdles pre-
vented this promising imaging candidate from forging
ahead in the commercial arena.'®®

Using molecular imaging early in health care requires
demonstrating better therapy and healthcare economic
value. The recent report of imaging patients with
amnestic mild cognitive impairment with [''CJPIB, a
beta-amyloid-specific tracer, provides just such evi-
dence.*® These patients convert to Alzheimer’s disease
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at the rate of 10-15% per year; a five-year delay of onset
is estimated to decrease by 50% the prevalence of the
disease.'5” As treatment options increase, with multi-
ple therapeutics targeting different molecules involved
in Alzheimer’s pathophysiology, molecular imaging
could guide physicians in which drugs to try first,
based on their benefits and risks.

In the future we will have amassed numerous
advanced technologies to combat the scourge of
chronic disease. Advances in genomics and proteomics
will be embedded in new in vitro diagnostics and
combined with family history and other epidemiological
data within our electronic patient records to stratify
populations into ‘risk groups’. Risk group stratification
will help identify asymptomatic patients at high risk of
disease. Molecular imaging may then be pursued for
earlier diagnoses and earlier interventions, locating
lesions, measuring their characteristics, and monitor-
ing responses to treatment. Other imaging modalities
such as optical imaging with fluorescent markers and
MRI with hyperpolarized agents will also help, with
each modality having specific advantages. We may also
expect more multi-modality imaging; the convergence
of PET/CT may be followed by Optical/MRI or PET/
MRI convergence.'%% !5 We may also see in the future
an acceptance of reporter gene imaging in patients for
cell tracking or monitoring stem cell treatment.

Summary

In 1988, Sir James Black won the Nobel Prize for
Physiology and Medicine for realizing the pharma-
cotherapeutic potential of receptor-blocking drugs. He
developed the first clinically useful beta-adrenergic
receptor antagonist, propranolol, and the first clinically
useful Hs-receptor antagonist, cimetidine. Sir James
shared the award with Gertrude Elion and George
Hitchings, who demonstrated differences in nucleic
acid metabolism between normal human and cancer
cells. On the basis of these differences a series of drugs
were developed that blocked nucleic acid synthesis in
cancer cells.

Molecular imaging builds on the work of these giants
in our field. Molecular imaging enables us to measure
in living humans receptor distribution and occupancy
by exogenous therapeutics, and also downstream
effects on molecular processes such as tumor metabo-
lism and replication. Indeed, imaging has become the
method of choice for longitudinal in vivo assessment of
even the most novel therapeutic approaches, including
gene, stem cell, and RNAi therapy. Tracers being used
today not only characterize pathophysiology, but also
inform choice of treatment and help in assessing the
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adequacy of therapy in terms of anatomic distribution,
viability, replication, molecular effect, and systems bio-
logy. In other words, tracers can lead to optimized therapy
on an individual basis. From basic research at the bench
to biomarkers in applied pharmaceutical development to
commercial diagnostics, imaging offers hope.

Real-time studies of receptors and pathways in the
brain, tumors, and other tissues enhance development
and validation of pre-clinical in vivo and in vitro models
of human disease. Molecular imaging is particularly
well suited to these applications. It is non-invasive, and
therefore can be used in longitudinal in vivo studies in
similar disease models in both animals and humans.
Furthermore, ‘tracer’ doses using ‘organic’ isotopes can
quantitatively assess pathophysiology with minimal
perturbation of systems being studied. Molecular
imaging, and particularly PET-CT, has taken us to
quantitation of sub-nanomolar molecular events in a
clinically relevant milieu in vivo. We have come far since
Hevesy’s tracer principle of 1923 of a radioactive atom
as ‘representative of stable atoms of the same element,’
and Michaelis—-Menten concepts of enzyme velocity as a
function of substrate concentration.

In cardiology, molecular imaging agents are respon-
sible for major advances. The most important agents
are based on %°™Tc complexes, such as the cationic
ligand [gngc]MyovieW, which after eight years in
development by Amersham International (now owned
by GE Healthcare) was approved by the FDA in 1996.
With a photon energy peak optimal for gamma camera
imaging and a short half-life favorable for patient
dosimetry, 9°™Tc-labeled myocardial perfusion agents
overcome limitations of earlier agents based on *°K,
81Rb, and 2°'TI. Coupled with SPECT imaging technol-
ogies, Myoview and Cardiolite (°°™Tc]MIBI; Bristol-
Myers Squibb Medical Imaging) make non-invasive
evaluation of regional myocardial blood flow possible
for millions of people each year. *™Tc-based molecular
imaging has remarkably enhanced our ability to
diagnose CAD, assess prognosis, detect viable myocar-
dium, and evaluate therapies aimed at improving
myocardial blood flow.

Dramatic developments in labeling strategies have
removed the major limitations to applications for PET
tracers. The multiplicity of reactive intermediates for
incorporation of ''C into organic molecules allows
almost any molecule to be labeled within the constraint
of its short half-life. Development of low-energy cyclo-
tron methods for generating a full range of positron
emitters enables labeling strategies independent of ''C,
and with a wider range of half-lives. The feasibility of
PET studies in clinical research and diagnostics is
dramatically improved. In drug development, tracers
enable the enrichment of patient populations with
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likely responders, confirmation of penetration to site of
action, and quantitation of mechanistic effects. As
diagnostics, the same tracers can identify candidates
for therapy, confirm ADMET (absorption, distribution,
metabolism, excretion, and transport), and define
magnitude of treatment benefit as a basis for adjust-
ment of regimen.

Information technology has synthesized molecular
imaging information across platforms and species.
Imaging technology enables co-registration of images
of high spatial resolution (CT, MR) with images of high
molecular information content (PET), and unbiased,
automated, and quantitative algorithmic assessment of
resulting images. Linking imaging data across dispa-
rate platforms, including gene expression profiling, will
inform diagnoses and initial choices of therapy, and
individualize treatment regimens via monitoring of the
magnitude of benefit after therapy has begun; that is to
say, converting information to insight. Using Electronic
Medical Records for post-marketing studies of new
drugs will incorporate the results of imaging studies of
drug effect to link biomarkers in FDA-mandated
efficacy studies to community-based effectiveness
studies more relevant to the payor community, such
as NICE and CMS.

Standing on the shoulders of the great thinkers and
doers like Hevesy, Anger, Wolf, and Black, we are on the
verge of great leaps forward in health care, if only we
will allow ourselves to achieve it.
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