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Molecular Imaging: The Application of Small Animal
Positron Emission Tomography
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Abstract The extraordinary advances in genomic technologies over the last decade have led to the establishment of
new animal models of disease. The use of molecular imaging techniques to examine these models, preferably with non-
destructive imaging procedures, such as those offered by positron emission tomography (PET), are especially valuable for
the timely advancement of research.With the use of small animal PET imaging it is possible to follow individual subjects of
a sample population over an extended time period by using highly specific molecular probes and radiopharmaceuticals.
In this Prospect small animal PET imaging will be described, specifically focusing on the current technologies, its
applications in molecular imaging and the logistics of performing small animal PET. J. Cell. Biochem. Suppl. 39:
110–115, 2002. � 2002 Wiley-Liss, Inc.
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The advent of new genomic technologies
has led directly to the recent advances in the
biomedical sciences and the establishment of
transgenic models, generally in mice. Research-
ers using animal models of disease face unique
challenges in the evaluation, analysis, and
characterization of these models. It is often
advantageous to follow individual subjects of a
sample population over an extended time period
during which various procedures are perfor-
med. Thus, invasive and/or destructive proce-
dures—especially those that require sacrifice of
the subject—are prohibitive. Under these cir-
cumstances non-destructive, economical imag-
ing procedures, such as those offered by

magnetic resonance imaging (MRI), optical
imaging, CT scans, and positron emission tomo-
graphy (PET) are especially valuable for the
timely advancement of research. The use of
these of imaging modalities modified specifi-
cally for use on small animals is particularly
attractive [Budinger et al., 1999; Weissleder,
2002].

The non-invasive diagnosis of human dis-
eases has been studied for decades. The advent
of PET imaging, an inherent molecular imaging
technique, has revolutionized the non-invasive
delineation of disease. PET imaging is uniquely
able to image the body’s basic biochemistry by
measuring cell and molecular activity or func-
tion. With the use of carefully designed radi-
olabeled molecularprobes PET isable to identify
tumor-specific antigens, or genes being express-
ed. It can also detect signal transductions in
neurological systems and diagnose and monitor
the development of cancer, for a survey see
[Bogdanov et al., 2000; Nichol and Kim, 2001;
Pomper, 2001; Chatziloannou, 2002; Lewis
et al., 2002; Phelps, 2002]. The design of
molecular probes that achieve high target speci-
ficity and, therefore, low noise is one of the
greatest challenges in PET imaging. PET
utilizes radionuclides that decay via positron
emission. The positron that is emitted even-
tually encounters an electron and the two
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annihilate. Due to the physical characteristics
of the annihilation, two 511 keV gamma rays
are emitted at 1808 with respect to each other.
A PET camera detects these gamma rays and
after a sufficient number of coincidence events
are detected, a three dimensional image can
be reconstructed showing where the activity
resides within the subject. The use of PET
has increased rapidly, and currently 1 million
clinical PET studies are being performed in the
United States per year (about 10% of the total
worldwide diagnostic imaging market). One of
the principal reasons for PET growth in the
United States is the increasing number of PET
applications being approved for payment by
Medicare (Centers for Medicare and Medicaid
Services, Baltimore, MD) (since July 1, 2001)
and private insurers, particularly in the onco-
logy field.

SMALL ANIMAL PET IMAGING

Although perfectly adequate for human
study, standard human PET cameras have in-
sufficient resolution for use with rodents. As a
consequence, the use of dedicated small animal
PET cameras with much higher resolution
allow the researcher to carefully evaluate both
new tracers and new animal models of disease in
an efficient and economic manner. Concur-
rently researchers continuously refine and re-
engineer new probe molecules to improve their
specificity for molecular imaging of animal
models of disease.

Human PET scanners have an inadequate
spatial resolution for the imaging of small
animals. This inadequacy stems from the nearly
three orders of magnitude difference in physical
size between rodents and humans. The typical
reconstructed image resolution of a full body
scan in a human scanner is approximately
10 mm (1 ml in volume). In order to achieve
a similar mass-to-image resolution ratio in
rodents the reconstructed image resolution
should be the order of 1 mm (1 ml in volume).
Therefore, with the increased use of small
animals—namely rodents—for the study of
human disease, much effort has gone into the
development of small animal PET cameras to
achieve the best possible resolution.

Due to the lack of commercial small animal
scanners until recent years, research utilizing
these high-resolution devices was limited to
research institutions where the human re-

sources and physical infrastructure to design
and build such devices were available. These
institutions are still advancing the current
limits of the technology for the improved imag-
ing of rodents. The engineering behind the
recent evolution of small animal PET cameras
has led to the development of a number of
systems of which two have recently been com-
mercialized. Two recent reviews describe the
research and commercial detectors in detail
[Chatziloannou, 2002; Lewis et al., 2002].

The commercial detectors are based on two
very different concepts. Concorde MicroSys-
tems, Inc. (Knoxville, TN) commercialized the
small animal design of a single ring camera
built by UCLA Crump Institute (Los Angeles,
CA) [Chatziioannou et al., 1999]. This camera
uses lutetium oxyorthosilicate (LSO) crystals
for the detection of the 511 keV gamma rays.
These crystals have the best characteristics
of the currently available technology for the
most efficient detection of positron annihilation.
The microPET design of Concorde MicroSys-
tems uses four rings of 24 detectors each for
the R4 rodent model. Each detector consists of
an 8� 8 array of 2� 2� 10 mm LSO crystals.
The ring diameter is 22 and 12 cm for the
primate and rodent designs, respectively.
The axial field of view (FOV) is 8 cm. The
absolute sensitivity of these detectors is 2.2 and
2.7% for the primate and rodent cameras,
respectively. The measured resolution in the
center of the FOV is 1.8 mm but increases
to about 2.5 mm at a radial distance of 1 cm
[Tai et al., 2001].

The Quad-HIDAC (Oxford Positron Systems,
Weston-on-the-Green, UK) is the other com-
mercially available small animal PET camera
[Jeavons et al., 1999]. This camera utilizes
Multi-Wire Proportional Chamber (MWPC)
technology with a High Density Avalanche
Chamber (HIDAC). This type of detector uses
interleaved lead and insulating sheets with a
dense matrix of 0.5-mm holes. Photons from the
positron annihilation result in ionization from
the interaction of the positron with electrons in
the lead plates. Ejected electrons are acceler-
ated in the holes and are collected at an array of
anode wires. The pitch of the holes determines
the resolution of this type of camera and the
interaction probability of the positron with
lead determines the sensitivity. The FOV is
17� 28 cm and the spatial resolution is reported
to be 1.8%.
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PROBES

In the design of PET radiopharmaceuticals,
important factors to consider include the half-
life of the radionuclide, the energy of the
radioactive emissions, and the cost and avail-
ability of the isotope. For imaging, the half-
life of the radionuclide must be long enough
to carry out the desired radiochemistry and
allow enough time for the radiopharmaceuti-
cal to localize in the target tissue following
administration. For example, heart or brain
perfusion-based radiopharmaceuticals necessi-
tate shorter half-lives, since they reach the
target quickly. In order to study the dynamics
on a short timescale, a short-lived nuclide is
necessary to gather enough statistics for a
meaningful image. In contrast tumor-targeted
radiopharmaceuticals areoften alloweda longer
time to reach the target for optimal target tissue
to background ratios to be obtained. In selecting
which radionuclide to use in PET imaging it is
essential to achieve adequate contrast between
the target tissue and normal tissue activity
levels in a time frame compatible with the
physical half-life of the radionuclide.

With small animal PET imaging considera-
tions of the resolution of the isotope also have
to be included. 18F is the most common PET
isotope and permits the highest resolution for
PET due to its low positron energy. 64Cu is
another low-energy positron emitter, which
gives a similar resolution and yields images
comparable to 18F. However, there is increasing
interest and need for other PET nuclides which
have less than perfect decay characteristics
for imaging (e.g., 13N, 15O, 60Cu, 66Ga, 76Br, 86Y,
94mTc, 124I). This raises several questions about
the ability of the small animal PET tomographs
to perform high quality imaging with these less
than perfect radionulclides [Laforest et al.,
2002]. In this respect, the detector size is not
necessarily the limiting factor on achieving high
resolution and contrast. These isotopes have
large positron energies that decrease the image
resolution. Some also have a high percentage of
prompt gamma rays that fall within the typical
energy window for data acquisition. This in-
creases the amount of random coincidence
events and thus increases the background;
therefore, leading to decreased image contrast.
Image resolution and contrast could be improv-
ed for these isotopes by refining the machine
hardware, the acceptance energy windows,

and reconstruction algorithms [Laforest et al.,
2002].

APPLICATIONS

In biological systems, the over-expression of
cell surface or nuclear receptors is the premise
for receptor-based PET radiopharmaceuticals.
Small animal PET technology has been used
to monitor and delineate a wide variety of bio-
logical processes and diseases such as glucose
metabolism in the rat brain [Barrio et al., 2000;
Kornblum et al., 2000; Moore et al., 2000] and
heart [Lapointe et al., 1999], the dopaminergic
system [Sargent et al., 1998; Qi et al., 2000],
epilepsy [Kornblum and Cherry, 2001], rheu-
matoid arthritis [Wipke et al., 2002], cell
trafficking [Adonai et al., 2002], and inflamma-
tory eye diseases [Wang et al., 2001]. Advances
in many areas of genomics, phage display, and
proteomics have led directly to progress in
hybridoma technology where genetically engi-
neered fragments of antibodies, with rapid
access and high retention in tumorous tissues
combined with excellent clearance properties,
have made the use of such biomolecules suitable
for employment in small animal PET imaging
[Wu et al., 2000]. Interest in peptides as agents
for the diagnosis of cancer has also led to the
development of small animal PET imaging as
a screening tool to determine optimal peptide
sequences for improving the target tissue
uptake of radiolabeled peptide analogues [Li
et al., 2002; Uger et al., 2002].

Small animal PET imaging is also able to
delineate the uptake of a tracer in tissue as a
direct measurement of a biological process. This
has led to an important application of small
animal PET tomographs in defining the kinetics
of an imaging agent as a marker to monitor
the effectiveness of conventional chemotherapy
regimes. One such example has been present-
ed by [Oyama et al., 2001] where they have
extrapolated this basic principle by monitoring
the effects of androgen therapy on prostate
tumors using microPET. They evaluated early
changes in tumor metabolism following andro-
gen ablation therapy and the results indicated
that changes in serum testosterone levels in-
fluence glucose metabolism in the prostate
gland within 24 h of treatment. Lewis et al.
have also employed the monitoring of therapeu-
tic efficacy. Small animal PET imaging in
conjunction with high resolution MRI imaging
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yielded information about the response of
animal tumors to therapeutic treatment that
would not normally be available with the use of
traditional caliper measurements [Lewis et al.,
2001, 2002].

The extraordinary advances in molecular
biology and the direct application of molecular
imaging to this field of science has led to the
careful design of radiolabeled molecular probes
that are targets for reporter gene expression
[Gambhir et al., 1999, 2000b; Shao et al., 2000].
Imaging gene expression involves monitoring
the expression of a gene product by a reporter
gene, which is linked to the gene of the product.
A positron-emitting radiolabeled probe will
specifically bind to a protein that is being
expressed as a result of a gene being adminis-
tered to an animal and that gene being differ-
entially expressed in target and non-target
tissues. Since the same promoter drives both
the gene and the reporter they are expressed
simultaneously and consequently the amount of
tracer retained by the expressed protein is
directly proportional to the amount of protein
expressed and hence the level of gene expres-
sion. With PET probes this allows the investi-
gator to non-invasively monitor and quantify
the levels of genes expressed, the time course of
expression, as well as the location of genes in
animals. For example, 8-[18F]fluoroganciclovir
(FGCV), a substrate for the herpes simplex
virus 1 thymidine kinase enzyme (HSV1-tk) has
been used to image gene expression in normal
mice and in transfected tumor cells [Gambhir
et al., 1998, 2000a; Iyer et al., 2001; Yaghoubi
et al., 2001].

AUTHOR PERSPECTIVES

As discussed by Chatziloannou [2002], there
are also practical considerations to the appli-
cation of small animal PET to the biological
sciences. The cost of a small animal scanner
is the preliminary consideration. At a cost of
greater than $300,000 per scanner, imaging
using this modality becomes prohibitive for
many laboratories. Another issue that must be
addressed with respect to small animal PET
technology is the availability of the required
radiopharmaceuticals.

What is the infrastructure needed to operate
a small animal PET scanner? If the scanner will
be run eight or more hours a day, full-time
veterinary technicians will be needed to per-

form anesthesia, microsurgeries, and injections
on the animals. Other personnel may also
include at least two people to run the scanner
and/or analyze and quantify the image data.
This also requires a large training/education
component for new staff. One final considera-
tion for the use of positron emitting isotopes
in research is the safety component. A team
of scientists that have not previously used
nuclides of this type needs to be educated in
the proper use and precautions necessary to
work with positron emitters. This includes
appropriate lab practices, i.e., shielding, dis-
posal of waste, decontamination of personnel,
and/or laboratories.

Concerning the procurement of radioisotopes,
two possible approaches may be taken. The
production of radioisotopes on site may be im-
plemented. This requires a great deal of infra-
structure such as the purchase of a cyclotron
and hiring cyclotron operators and radioche-
mists to produce the radiopharmaceuticals.
Alternatively, a laboratory could purchase
certain PET isotopes and/or radiopharmaceuti-
cals to perform the required studies. This option
would only be available for nuclides that are
being produced for shipment by central facilities
and that have half-lives that are compatible
with the shipping time. For example, one source
of 18F is P.E.T.Net Pharmaceuticals (Knoxville,
TN), where a network of 32 sites around the
country provides 18F-FDG and 18F to local
purchasers. Only its short half-life of 2 h limits
its shipment to distant sites. Other non-stan-
dard PET radionuclides are available through
alternative mechanisms. For example, the
Research Resource in Radionuclide Research
at Washington University in St. Louis has
been providing nuclides, such as 64Cu and
76Br to many institutions around the country
[McCarthy et al., 2001].

Although the installation of a small animal
PET imaging facility may seem daunting, both
academic institutions and industry across the
world have been purchasing and using small
animal PET tomographs. For example, Con-
corde Microsystems, has delivered 27 systems
(through Oct 2002) of which 60% have gone to
academic institutions, 30% to industry, and 11%
to government institutions. With the expanding
availability of small animal PET, researchers
without this imaging modality are often able to
contact a neighboring facility with the neces-
sary infrastructure to perform the small animal
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PET studies as a collaborative project. This is
perhaps the most reasonable solution for many
scientists interested in small animal PET for
molecular imaging who do not have the re-
sources to set up a complete PET laboratory.
These collaborating facilities can act both as an
extremely valuable resource in the design and
implementation of molecular probes but can
also supply alternative modalities such as high
resolution MRI and CT.
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