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Summary. Significant technological advancements required for imaging phys-
iological function in small animals have been achieved in the last few years.
Dedicated small animals PET scanners are now achieving resolutions that
approach the one obtainable by autoradiographic methods, while still maintaining
enough detection sensitivity to reliably measure biologically relevant parameters
such as binding potentials or rate constants. Such developments have enabled
researchers to explore in-vivo rodent models of human disease. The future in
imaging now lies in the development of multi-modality imaging approaches,
while the big challenge in the next few years will be for the chemists to develop
tracers that are more specific and reflective of the functional condition under
investigation, while miniaturizing the chemical synthesis related instrumentation.
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Introduction

For years researchers have used small animal models of human disease to
address questions by using radiotracers and autoradiography. While providing
high spatial resolution, these techniques suffer from two major shortcomings:
data can only be collected post-mortem and might not provide a true represen-
tation of in-vivo processes. Likewise they do not allow for the performance of
longitudinal studies on the same subjects. The temporal progression of a pro-
cess under investigation is generally obtained by using a large group of animals,
supposedly treated in an identical fashion, and by sacrificing a subset at partic-
ular time points of interest. Such procedures are not only costly in terms of
animal life, but also introduce inter subject variability into the results. Positron
emission tomography (PET) is a functional imaging modality that overcomes
both these shortcomings: functional information can be obtained in-vivo, on live
animals. Repeated and thus longitudinal studies in the same animals (Nikolaus
et al., 2003; Umegaki et al., 2003) now become possible. PET is based on the
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administration of radiotracers labeled with positron emitting radioisotopes
where the chemical form of the radiotracer is designed to investigate a specific
biological site or process of interest, such as measuring glucose uptake rates or
specific receptor populations. From a mostly visually based imaging modality,
PET has over the course of the last two decades evolved into a fairly accurate
quantitative imaging tool where the strength of many processes can now be
measured and compared in terms of binding potentials or rate constants. Factors
contributing to this evolution include a many fold increase in the instrumenta-
tion spatial resolution and detection sensitivity, significant improvements in
data quantification and image reconstruction algorithms and development of
radiotracers that are both highly selective for the process of interest and can
reach the target of interest through a non-invasive route (Myers, 2001; Hume
and Myers, 2002; Cherry and Gambhir, 2001).

PET imaging has been in use for several decades for human brain and whole
body imaging, first only as a research tool, now gaining acceptance as a diag-
nostic imaging modality in selected applications such as oncology and, very
recently, as an aid in the diagnosis of Alzheimer’s disease. Compared to human
PET scanning, small animal PET presents new challenges, both of instrumenta-
tion and biological nature. However it also offers new exciting opportunities
such as the in-vivo testing of new pharmaceuticals while at the same time
allowing for the possibility of direct correlation between in-vivo and in-vitro
measurements thus indirectly providing a deeper understanding of the human
PET measurements. For the most part the use of small animal scanning has
been dominated by research in oncology because of the existing animal models
of tumor biology and the relative ease of placement of the tumor in a location
with low background. With the increased availability of animal models of dis-
ease, such as, for example, Parkinsons’s disease and dyskinesia, small animal
imaging has been steadily expanding into the areas of brain and neuroreceptor
imaging with a variety of different tracers. The discussion of the small animal im-
aging related challenges, some addressed, some as yet unresolved, together
with the description of the new opportunities will be the subject of the next
paragraphs.

Challenges in small animal PET imaging

a. Instrumentation related challenges

The biggest instrumentation challenge that needed to be overcome to success-
fully apply PET imaging to small animals was to increase spatial resolution,
while still maintaining high detection sensitivity. For example, the spatial reso-
lution of traditional human PET scanners ranges typically from (4 mm)3 to
(9 mm)3, while the size of a rat or mouse organ is orders of magnitude smaller
compared to the size of the corresponding human organ (Fig. 1).

In PET, radiotracer decay is measured by detecting in temporal coincidence
the two 511 keV g rays originating from positron decays. A PET scanner is thus
essentially a g detection device; small detectors with high g stopping efficiency
were thus needed to achieve the desired performance goals. A significant mile-
stone for the imaging community was achieved by the introduction of Lutetium

320 V. Sossi and T. J. Ruth



Orthosilicate (LSO) as the g detection material. Its high density (7.13 g=cm3

compared to 7.4 g=cm3 for BGO and 3.67 g=cm3 for Na(I), the other two com-
monly used scintillation materials in g detection in medical imaging) and high
light yield (75% of that of Na(I), typically used as reference in determining
light output – compared to 15% for BGO)) have allowed for the reduction in
the size of individual crystals to dimensions of the order of a couple of milli-
meters or less (Fig. 2) thus leading to spatial resolutions in the range of
(1 mm)3–(1.8 mm)3 while still maintaining absolute g detection sensitivities of
approximately 2% (Tai et al., 2003; Chatziannou, 2002; Knoess et al., 2003).
Although now the most commonly used detector material in small animal
scanners, LSO is by no means the only candidate: commercial and research
groups have been successful in designing other versions of animal scanners

Fig. 1. Relative size of a human, rat and mouse brain

Fig. 2. LSO crystals used and light-guides used in the Concorde microPET. Crystal size
2.1�2.1�10 mm3
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(Jeavons et al., 1999; del Guerra et al., 2002) and are still very actively
researching new g detection materials and scanner designs (Weber et al.,
1999; McElroy et al., 2003; Seidel et al., 2003). The remaining challenge is
to increase the detection sensitivity by an order of magnitude without decreas-
ing spatial resolution.

It is important to notice that hardware advances are being paralleled with
equally impressive steps in the development of software algorithms that provide
more accurate data quantification and image reconstruction. Figure 3, for exam-
ple, shows the improvement in image uniformity that can be achieved with a
more accurate detector calibration method (Camborde et al., 2004). Most of this
work is common to both small animal and human scanners and facilitated by
the continuously increasing computing power.

b. Biology related challenges

There are at least two features that are very clearly distinct in animal compared
to human scanning: the need to administer anesthetics and the small physical
size of the animals.

Both these distinctions have a direct impact on PET imaging. Several stud-
ies have shown that anesthesia affects ligand-receptor binding (Votaw et al.,
2003). Data from our centre also confirm that the effect of anesthesia affects
PET measures in an anesthetic, tracer and receptor type dependent manner as
shown in Fig. 4. This consideration is of extreme importance when multi-tracer
studies need to be performed on the animals to assess relative changes in
different receptor activity. This is the case, for example, when animal models
of disease are used to investigate disease or treatment induced compensatory
changes observed in Parkinson’s Disease human studies (Lee et al., 2000). An
instrumentation-related potential answer to this problem is the development of

Fig. 3. Radial profile of a cylindrical phantom with a non-optimized normalization (diamonds)
and an optimized normalization (þ) method. Ideally the profile should be completely uniform
(straight). A clear improvement is observed with the optimized detector normalization algorithm
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small PET cameras that can be fixed to the animal head so as to allow the
scanning of the animal in the awakened state (Woody et al., 2004).

The small size of the animals limits the amount of the tracer that can be
administered in a scanning session: PET is based on the tracer principle, that is,
the administered radiotracer must not influence the process under investigation.
In receptor imaging this is satisfied when the tracer does not occupy more than
1% of the available receptors (Hume et al., 1998). This requires tracers to be
produced at very high specific activities (generally >1 Ci=mmole) and limits the
amount of radioactivity that can be injected, thus rendering detection sensitivity
even more important.

The second complication due to the small physical size is the fact that the
size of the animal’s blood pool is very small. This has direct implications on the
applicability of biological models that are applied to the PET data to extract

Fig. 4. Binding potential obtained with isofluorane (y-axis) and ketamine=xylazine (x-axis)
for 11C-methylphenidate (MP), a dopamine membrane transporter marker (right), and
11C-dihydrotetrabenazine (DTBZ), a marker for the vesicular transporter VMAT2 (left). Each
point represents a striatum of each rat (total 4 rats). The relationship between the binding po-

tentials measured under the two anesthetic conditions varies as a function of tracer
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biologically relevant parameters such as binding potentials and process rate
constants. Many of this models in-fact relay on an input function derived from
the radiotracer concentration in plasma, measured by extraction of several
blood samples. Such blood sampling is often not possible with these small
animals, therefore analysis methods that utilize tissue input functions must be
used. Such methods require a region where there is no specific binding of the
tracer and appropriate regions must be accurately identified for each tracer.
Conversely, some research groups are looking into the possibility of measuring
the plasma input function from the image of an animal organ, such as the heart
(van der Weerdt, 2001). However this is in practice only feasible when the
radiotracer does not undergo significant metabolism: the PET scanner in-fact
only detects radioactivity and is not able to separate the chemical form of the
radioactively labeled substance.

New opportunities

In order to graphically illustrate the potential of PET imaging, a side to side
figure of a PET image and an autoradiographic image of rat striata obtained
with the monoamine vesicular transporter VMAT2 marker 11C-dihydrotetra-
benazine (DTBZ – Vander Borght et al., 1995a, b; Chan et al., 1999) is shown in
Fig. 5. In this case the PET image was obtained microPET+ R4 scanner
(Knoess et al., 2003). Although the superior resolution obtained with the phos-
phor imager is still visible, it is also noticeable that the resolution achievable
with PET is rapidly approaching that available with postmortem measures.

a. Use of rat models to investigate disease – possibility
of interventions

With all methodological concerns properly addressed, small animal PET can be
successfully used to quantitatively investigate functional changes occurring as a
consequence of disease or specific interventions. For example, a commonly
used rat model of Parkinson’s disease is striatal lesioning using 6-hydroxy-
dopamine (6HODA). Recent studies in our laboratory have demonstrated the
ability to quantify differences in the DTBZ binding potential (Logan et al.,

Fig. 5. A phosphor imager (right) and a microPET+ image (left) of rat striata
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1996) between a healthy, a moderately and a severely lesioned rat (Fig. 6).
Since longitudinal studies on the same animals are possible with PET, it now
becomes feasible to perform more complex studies, such as, for instance, inves-
tigate chronic vs. acute effects of treatment, or simply effects of disease as
approximated by the particular animal model. Another exciting example is
the use of 18F-EF5 (Dolbier et al., 2001) PET imaging in Shionogi tumor
models in mice to investigate hypoxia levels and related androgen dependence
in prostate cancer (Fig. 7) (Miyake et al., 1999).

Fig. 6. Example of a Logan plots used to determine the DTBZ binding potential for a healthy, a
moderately and severely rat striatum, together with a microPET image obtained from a DTBZ

scan of a healthy rat brain

Fig. 7. 18F-EF5 Scan of mice with an androgen independent tumor (left) and an androgen
dependent tumor (right). The first type is supposed to be more hypoxic as confirmed by a higher
18F-EF5 uptake (see arrow) compared to the same area on the mouse imaged on the right side.

Courtesy of Dr. D. Yapp, BC Cancer Agency
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b. Testing of new drugs and their efficacy

Small animal PET imaging is an ideal tool in the process of new drug development
and evaluation of treatment efficacy (Campbell, 1995). PET imaging can be used
to either follow a drug distribution and metabolism via the use of the labeled drug
or to measure efficacy of action through the use other PET tracers as surrogate
markers of the drug role in altering function (Langstrom, 1995). While labeling the
drug directly may present some challenges, the labeled drug is seen as an impor-
tant tool for those compounds directed at brain function since an estimate of degree
(and even whether) a drug penetrates the blood-brain-barrier is required before
further drug assessment. In addition the concentration at which a drug has affective
action is often associated with plasma concentrations when in fact this relationship
may not really be measuring the effect of the drug in the brain. The true effect can
be measured via PET, either with labeled drug or with surrogate molecules.

In drug design a particular neuronal system is to be altered through blocking
enzymes, intercepting transmitters or occupying receptors. Using tracers that
are sensitive to these changes can provide the needed information in a time
frame measured in minutes to hours as opposed to waiting for a pharmacolog-
ical effect which may take days if not weeks. As mentioned in the introduc-
tion, the ability to assess the effects of an intervention longitudinally, on the
same animals, significantly reduces the variability of the final results and makes
better, more efficient use of the animals themselves.

c. Comparison with post-mortem measures

A unique advantage presented by small animal PET scanning is the ability
to investigate correlations between imaging data and more traditional, fairly
invasive procedures such as in situ microdialysis: Fig. 8 shows an example of

Fig. 8. Strategy for combined microPET=microdialysis studies of DA transmission. Courtesy
of W. Shiffer, Brokhaven National Laboratory
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the time course of the D2 dopamine receptor antagonist 11C-raclopride in the rat
striata overlaid on the time course of extracellular dopamine concentration
release as a consequence of methamphetamine infusion. Such comparative
approaches will contribute to a better understanding of the information provided
by each technique itself and will lay the groundwork for a more comprehensive,
possibly multi-modal investigation of disease induced functional changes.

d. Radiotracer and chemistry development

Tracer development is an extremely important component of PET imaging. The
PET scanner only measures radioactive decays and cannot by itself identify a
biological process of interest. This is accomplished by careful radiotracer
design and development to make it as specific as possible for the relevant
biological sites and processes, while minimizing its binding to other tissue
types (Kawamura et al., 2003; Okarvi, 2001). As the imaging instrumentation
becomes more powerful, there is an increasing demand for new tracers as more
sites and processes become potentially observable in-vivo. In addition to under-
going in-vitro validation however, the new tracers must undergo a rigorous
validation of their behavior in-vivo and, where necessary, new imaging proto-
cols and analysis methods must be developed. Presently there is a number of
small molecules that have been used in human PET scanning for years as well
as in small animal autoradiographic studies using the 3H and 14C labeled ver-
sions. In order to have sufficient signal for the PET scanner the tracers have to
be of sufficiently high specific activity (radioactivity units per mass) to provide
a high-count rate while not violating the tracer principle. The specific activity
required to maintain this principle is on the order of 1 Ci=mmole (Hume et al.,
1998). Such specific activities would thus result in the injection of tens of
picomoles of tracer. In addition to the need for high specific activity there is
a need for high radioactivity concentration (radioactivity units per volume of
solution). This requirement stems form the fact that the volume that can be
injected is on the order of 0.5 mL, maximum. While there are no requirements
to produce the tracers under regulatory conditions, it is obvious that the tracer
must be of the highest purity in order to preserve the integrity of the study.

The development and use of PET tracers can be viewed as covering two
major areas, 1) tracers that can be used as surrogate markers for biological
processes and 2) those tracers that are specific for a particular process, whether
it is intended to measure enzyme activity or receptor concentration or the
expression protein synthesis. A major hindrance in tracer development is the
complex nature of the synthesis process itself. While major steps have been
made to simplify the syntheses steps (Wilson et al., 2000; Studenov et al., 2003,
2004) there are still areas in need of improvement such as miniaturization of the
synthesis instrumentation. Miniaturization provides the opportunity to use small
amounts of starting materials and radioactivity that would make the purification
simpler and easier. Simple solid phase columns could be used instead of cum-
bersome high performance liquid chromatography. In addition if the miniatur-
ization can be realized it is conceivable that multiple compounds could be
prepared in parallel for testing with a single supply of radioisotope. This can
be viewed as the radiochemist’s attempt at screening compounds.
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Future directions in small animal imaging

There is presently a strong trend towards the development of PET scanners with
even higher sensitivity and resolution and towards an integrated, multi-imaging-
modality approach to the investigation of biochemistry in small animals. Com-
bined PET and MRI or CTI scanners are being investigated (Mackewn, 2004;
Lecomte, 2004) as well as methods to combine information from optical and
functional imaging (Tsyganov, 2004).

In terms of PET, ultimately the true power of this functional imaging relies
on the availability of tracers that are specific to the biological question pursued
(Rowland et al., 2002). At present most tracers measure receptors or enzymatic
function which may be altered in disease or through pharmacological interven-
tion. However, most of these changes are in response to the intervention and do
not reflect the underlying process itself, the changes in gene expression. The
ability to visualize these processes is the Holy Grail for functional imaging. A
step in this direction has been achieved with the development and use of report-
er genes whereby easily recognized regions of gene are linked to the regulatory
regions of genes of interest. Then a tracer specific for the recognizable region is
used to probe the time distribution of the reporter (Herschman, 2004).

Thus the major research efforts over the next several years will be towards
finding molecular systems that are able to measure these changes. The use of
large molecules such as peptides or oligonucleotides may provide the vehicle.

Conclusion

In order to provide insights into the fundamental biochemistry underlying func-
tion and disease mechanisms it is important to understand the biochemical
processes at several different levels, from in-vitro biochemistry to the in-vivo
interaction between the fundamental process and its surroundings. This is a
profound endeavor that can only be accomplished with a synergistic approach
that fully exploits recent advances in many different fields ranging from nano-
chemistry and nanobiology, through various techniques of in-vivo molecular
imaging to human scale functional imaging. In this scenario small animal
PET together with various animal disease models provides an essential step
from the laboratory based molecular research to the understanding of the
corresponding function in the human body. Equally important is also the appli-
cation of small animal PET imaging to drug development and testing (Cherry,
2001; Herschman, 2003; Hume, 2002), where it can provide the link between
in-vitro drug evaluation and its first application in human trials.
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