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Abstract

Positron emission tomography (PET) is well established as
an important research and clinical molecular imaging mo-
dality. Although the size differences between humans and
rodents create formidable challenges for the application of
PET imaging in small animals, advances in technology over
the past several years have enabled the translation of this
imaging modality to preclinical applications. In this article
we discuss the basic principles of PET instrumentation and
radiopharmaceuticals, and examine the key factors respon-
sible for the qualitative and quantitative imaging capabili-
ties of small animal PET systems. We describe the criteria
that PET imaging agents must meet, and provide examples
of small animal PET imaging to give the reader a broad
perspective on the capabilities and limitations of this evolv-
ing technology. A crucial driver for future advances in PET
imaging is the availability of molecular imaging probes la-
beled with positron-emitting radionuclides. The strong
translational science potential of small animal and human
PET holds great promise to dramatically advance our un-
derstanding of human disease. The assessment of molecular
and functional processes using imaging agents as either di-
rect or surrogate biomarkers will ultimately enable the char-
acterization of disease expression in individual patients and
thus facilitate tailored treatment plans that can be monitored
for their effectiveness in each subject.

Key Words: positron emission tomography; radiopharma-
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Introduction

ositron emission tomography (PET") is a noninvasive
molecular imaging modality that measures the in vivo
biodistribution of imaging agents labeled with posi-
tron-emitting radionuclides. The principal goal of PET im-
aging is to characterize biological processes in tissues and
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organs with minimally invasive procedures (Phelps 2000a).
This technology, originally developed and tested in the
1960s, has evolved into an invaluable research tool and in
recent years has developed into an important clinical imag-
ing modality as well (Cherry et al. 2003; Hoffman and
Phelps 1976; Muehllehner and Karp 2006; Phelps 2000b;
Wahl and Buchanan 2002).

The development of targeted positron-emitting molecu-
lar imaging agents enables both the qualitative and quanti-
tative assessment of numerous biological processes
including perfusion, metabolism, protein expression, and
enzyme activity. This diverse array of available molecular
imaging agents, coupled with advanced data analysis meth-
ods, supports the application of PET for the assessment of
normal biological processes, the assessment of changes in
biological processes associated with disease formation and
progression, and the ability to monitor the response of
healthy and diseased tissue to therapeutic intervention. PET
imaging is also utilized in the drug discovery process to
provide information about novel drug biodistribution, drug
occupancy at specific biological targets, and biological re-
sponse to drug exposure (Cherry 2001a,b; Paans and Vaal-
burg 2000; Vaalburg 1999).

PET imaging technology has advanced rapidly over the
past decade and now provides a previously unimagined ca-
pacity to visualize, quantify, and study the living function of
human and mammalian tissues and organs. Technological
advances in PET instrumentation have enabled the transla-
tion of human and large animal PET imaging capabilities to
the scale of small animals (Bloomfield et al. 1997; Cherry
2006; Cherry et al. 1997; Cutler et al. 1992; Del Guerra et
al. 1998; Jeavons et al. 1999; Lecomte et al. 1996; Marriott
et al. 1994; Rouze and Hutchins 2003, Rouze et al. 2003;
Seidel et al. 2003; Surti et al. 2005; Tai et al. 2001, 2003,
2005; Watanabe et al. 1992, 1997; Weber et al. 1997; Zieg-
ler et al. 2001). The current generation of small animal PET
imaging systems can achieve spatial resolution in the 1- to
2-mm full-width-at-half-maximum (FWHM') range with
point source detection sensitivities in the 1% to 15% range,
providing image quality in small animals that is beginning
to approach the qualitative and quantitative capabilities of
human PET imaging (Tai and Laforest 2005; Weber and
Bauer 2004).

! Abbreviations used in this article: FDG, 2-[F-18]fluoro-2-deoxy-D-
glucose; FWHM, full-width-at-half-maximum; keV, kiloelectron volt;
PET, positron emission tomography; RMSE, root mean square error
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The ability to adopt molecular and functional imaging
technologies for applications in both the preclinical and
clinical settings provides a bidirectional conduit for the
translation of knowledge and novel technologies between
these research settings. Many human PET imaging methods
have proved to be quantitative, highly sensitive (detection
down to picomolar and nanomolar concentration ranges),
useful in measuring tracer kinetics, repeatable and repro-
ducible, and minimally invasive, making them well suited
for clinical research applications (Wolbarst and Hendee
2006). Methods validated in the human and large animal
imaging setting are being translated to the small animal
setting. As a result, it is now possible to translate biological
knowledge gained in the small animal setting with these
technologies for application in clinical procedures with
analogous methods for the study of human biology and
biochemistry.

This bidirectional translational science tool (Figure 1)
holds great promise to dramatically advance our under-
standing of human disease. The assessment of molecular
and functional processes using imaging agents as either di-
rect or surrogate biomarkers will ultimately enable the char-
acterization of disease expression in individual patients and
thus facilitate tailored treatment plans that can be monitored
for their effectiveness in each subject (McLarty and Reilly
2007).

In this short review of PET imaging technologies for
small animal imaging we provide an overview of the prin-
ciples of PET imaging, describe challenges and limitations
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Figure 1 Bidirectional translational science with human and small
animal PET imaging. Methods for human PET have been well
characterized and shown to have high detection sensitivity and to
be quantitative, minimally invasive, capable of measuring imaging
agent kinetics, and highly repeatable and reproducible. Recent ad-
vances in PET imaging technology have enabled the translation of
this technology for application in small animals. The combination
of human and small animal PET imaging technologies now per-
mits a bidirectional translational science approach, where advances
in technology and methodology help enhance understanding of
human biochemistry and biology.
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inherent in the application of PET imaging to small animals,
discuss the characteristics to consider in the selection of
radiopharmaceuticals, and offer examples of imaging appli-
cations from our laboratory. Our objective is to provide the
reader with an understanding of PET imaging and its appli-
cation in small animal models.

Principles of PET Imaging
Positron Decay

PET imaging systems detect the 511-kiloelectron volt
(keV') annihilation photons generated as a result of positron
decay by unstable proton-rich radionuclides (Phelps et al.
1975). Such nuclei achieve stability either by electron cap-
ture (in which the nucleus captures a nearby orbital elec-
tron) or by emission of a positron (a particle with the same
mass and spin as an electron but with a positive charge).
Positrons emitted in this decay process are released with
kinetic energy that follows a distribution that is character-
istic of each radionuclide. Once emitted from the nucleus
the positron loses its kinetic energy through electrostatic
interactions with neighboring charged particles (electrons
and protons) as it moves through the surrounding environ-
ment. As its kinetic energy transfers to the surrounding
material, the positron slows and eventually combines with a
nearby electron to form an ultrashort-lived entity called
positronium (Harpen 2004). The rapid annihilation of
positronium produces two 511-keV annihilation photons
that are emitted in opposite directions due to conservation of
energy and momentum. The annihilation process is depicted
graphically in Figure 2. The annihilation photons are
gamma rays that can be detected by numerous types of
radiation detectors. The distance traveled by the positron
before the formation and subsequent annihilation of positro-
nium is the positron range. Table 1 lists the average positron
energy and positron range in soft tissue for both common
and less commonly used positron-emitting radionuclides.

Detection of Annihilation Photons

Positron emission results in annihilation photons that are
nearly 180° opposed and travel at the speed of light (30
cm/ns). PET scanners use pairs of radiation detectors to
measure the nearly simultaneous, coincident interaction of
the 511-keV photons. Detector pairs are normally arranged
in geometric shapes that approximate a circle in 2D and a
cylinder in 3D (Figure 2). The line that connects any two
detectors in the PET scanner is called a line of response. In
a typical PET study the scanner measures on the order of 0
to 100 events in any one line of response.

Once the events are collected, mathematical tomo-
graphic image reconstruction algorithms transform them
into an image that represents a slice through the object in the
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Figure 2 PET scanner detector geometry and positron emission. (A) A PET scanner measures the signal that results from positron (e*)
emission, which occurs when an unstable nucleus decays by emitting a positron, converting a proton to a neutron. The emitted positron
combines with an electron to form the ultrashort-lived positronium. Positronium annihilation (mass is converted into energy) creates two
511-keV annihilation photons that are emitted approximately 180° opposed to one another. PET scanners consist of radiation detectors
arranged in a geometry that approximates a cylindrical shape. The most common detector type is a block detector, which consists of 50 or
more individual elements, or crystals, made of scintillation material, and electronics that determine which individual crystal was struck by
a photon. The individual detector elements in the PET scanner operate in coincidence to detect the 511-keV annihilation photons. The
detection of coincidence events identifies a line of response in which the decay occurred. This figure also shows a sample lutetium
oxyorthosilicate (LSO) inorganic scintillator block of crystals (B) and (C) a photomultiplier tube coupled to the detector block to collect

scintillation light for crystal identification.

plane of the detector ring. Many image reconstruction al-
gorithms are currently in use with PET scanners, including
(but not limited to) filtered backprojection, expectation
maximization (EM), ordered subset expectation maximiza-
tion (OSEM), and maximum a posteriori (MAP). There are
many tradeoffs to consider when selecting these algorithms
for use in imaging studies. A careful consideration of the
relative advantages of PET reconstruction algorithms is be-

yond the scope of this article; we refer the interested reader
to review articles by Defrise and Gullberg (2006), Lewitt
and Matej (2003), and Qi and Leahy (2006).

PET Detectors

The key factors that determine the performance of a PET
scanner include (Tai and Laforest 2005):

Table 1 Positron emitter average energy and positron range in soft tissue?

Radionuclide c BN e} 18 52Cu %4Cu 82Rb %4mTe 124
Energy.,,, (MeV) 0.386 0.492 0.735 0.250 1.315 0.278 1.475 1.072 0.818
Range,, (mm) 1.52 2.05 3.28 0.83 6.21 0.97 7.02 4.98 3.70

“Data from Tai YC, Laforest R. 2005. Instrumentation aspects of animal PET. Ann Rev Biomed Eng 7:255-285.
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e detection efficiency: probability that a 511-keV photon
will interact with the detector;

e gpatial resolution: ability to localize detected 511-keV
photons;

e resolving time: ability of the detector to accurately de-
termine the time of 511-keV photon arrival;

e energy resolution: ability to differentiate between pri-
mary 511-keV photons and lower-energy photons scat-
tered before detection; and

e count rate capabilities: ability of the detector to process
events in rapid succession.

Major research efforts over the past 20 years have
sought to identify the optimal detector materials for both
human and small animal PET scanners. The most prominent
choice of detector material for PET imaging has been inor-
ganic scintillators. As implied by their name these crystal-
line materials scintillate after a 511-keV photon interaction
(Knoll 1979), causing the formation of photoelectric and/or
Compton electrons, which in turn result in electrons in the
crystal lattice being left in excited states. The electrons in
the excited states move to lower energy levels in the crys-
talline structure and thus release energy in the form of fluo-
rescence, which can be detected by secondary photon
detectors (such as photomultiplier tubes and avalanche pho-
todiodes). The physical properties of many of the inorganic
scintillators that have been incorporated in PET scanner
designs are provided in Table 2. Figure 2 shows a photo-
graph of the lutetium oxyorthosilicate (LSO) inorganic
block scintillator and Hamamatsu photomultiplier tubes
used in a small animal PET scanner developed in our labo-
ratory (Rouze et al. 2003).

PET Image Spatial Resolution

Several factors govern the achievable spatial resolution in a
PET imaging system. Derenzo and Moses (1993) have de-

veloped a parameterized expression that relates the relative
contribution of each of these factors to the observed spatial
resolution. Spatial resolution in PET imaging systems is
typically characterized as the full-width-at-half-maximum
(FWHM) of a profile that runs through the center of a point
or perpendicular to a line source image. The parameterized
expression of PET spatial resolution is

N =

d 2
FWHM:a[<§> +b2+(0.0022D)2+r2] (1)

The first term inside the square brackets is related to the
geometry of the individual detector crystals, where d is the
dimension of the square face of a crystal. In most PET
scanners the size of the crystal is a dominant component of
the achievable spatial resolution. The second term inside the
brackets, parameterized by b, represents the uncertainty as-
sociated with identifying individual crystals with secondary
detection devices such as photomultiplier tubes. This factor
typically contributes only a fraction of a millimeter to the
spatial resolution. The third term inside the brackets
[(0.0022D)?] describes the noncolinearity of the 511-keV
photons (due to the small kinetic energy of the positronium,
the two photons are not emitted exactly back to back along
colinear paths but along noncolinear paths slightly less than
180° apart). The spatial resolution degradation caused by
noncolinearity is dependent on the spacing between the de-
tectors (D), which are operated in coincidence. For the im-
aging geometries used in small animal PET scanners this
factor typically is less than 0.5 mm FWHM. The last term in
this expression relates to the effective size of the object,
which includes the positron range factors discussed above
(see Table 1). Finally, the multiplicative factor o accounts
for resolution degradation that occurs in the image recon-
struction process; for conventional filtered backprojection
reconstruction algorithms this term is typically set to 1.2.

Table 2 Physical and optical properties of PET scintillation materials?

Attenuation
Emission coefficient
Scintillation = Density =~ Effective atomic ~ Primary decay = Emission intensity =~ wavelength  at 511 keV
material® (g/cm®  number (Z) constant (ns) (% relative to Nal)  (nm) (cm™)
Nal(TTl) 3.67 51 230 100 410 0.35
LSO 7.40 65 40 75 420 0.86
GSO 6.71 59 60 30 430 0.70
BGO 713 75 300 15 480 0.95
YAP 5.55 32 27 40 350 0.37
BaF, 4.88 53 2 12 220, 310 0.45
YSO 4.45 36 70 45 550 0.36
LuAP 8.34 64 17 30 365 0.87
“Data from Tai YC, Laforest R. 2005. Instrumentation aspects of animal PET. Ann Rev Biomed Eng 7:255-285.
5.S0 (Lu,SiOs:Ce), GSO (Gd,SiOs:Ce), BGO (Bi,Ges04,), YAP (YAIO4:Ce), YSO (Y,SiOg), LUAP (LUAIO4:Ce).
Volume 49, Number 1 2008 57



Spatial resolution affects the level of detail that can be
visualized in an image and limits the size of structures for
which accurate quantification of radionuclide concentra-
tions can be achieved (Hoffman et al. 1979). If an object is
smaller (in any dimension) than approximately 2.5 x
FWHM spatial resolution of the PET scanner, a distortion
called partial volume effect occurs. This term describes the
condition in which the cross-sectional area of the object
being imaged is smaller than that of the sensitive region of
the detector pairs used to detect the 511-keV annihilation
photons. Partial volume distortions lead to biased quantita-
tive estimates of tracer concentration in the tissue in an
object size—dependent fashion.

Figure 3 plots recovery coefficient (ratio of observed
tracer concentration to true) values versus volume of a
spherical object for multiple FWHM spatial resolution val-
ues encompassing the range of values observed in modern-
generation small animal PET systems. The plot includes an
indication of the size of major organs in rats and mice.
Figure 3 shows the feasibility of reliable assessments of
PET tracer concentrations in the whole organs of rats and
mice. The ability to produce unbiased quantitative PET im-
ages of tracer concentration in substructures of the major
organs or in situations in which the tracer concentration is
heterogeneous in the regional volume (e.g., in a tumor) is
strongly dependent on the spatial resolution of the PET
scanner and the geometrical distribution of the PET imaging
agent.
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Figure 3 PET image recovery coefficient vs. spherical object vol-
ume. The partial volume effect distorts the signal intensity of
small objects; in this figure the recovery coefficient represents the
resulting fractional distortion. Recovery coefficient values are
plotted for spherical objects as a function of imaging system full-
width-at-half maximum (FWHM) spatial resolution. Overlaid on
the plot are organ volumes in the mouse (stars) and rat (circles),
demonstrating that minimal partial volume effects are expected for
whole organ volumes assuming the radionuclide uptake is uniform
in the organ. Each overlaid point represents one of the organs in
the legend, ordered from largest to smallest volume. The four
curves in the plot represent imaging systems with FWHM spatial
resolution values of 1.0, 1.5, 1.75, and 2.25 mm.
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Sensitivity

The decay of positron-emitting radionuclides is a random
process. Consequently the lines of response measured by the
PET scanner represent one sample from a Poisson distribu-
tion with a mean value that represents the total quantity of
radionuclide between the pair of detectors. In order to mini-
mize the uncertainty in each line of response measurement
it is necessary to maximize the total number of coincidence
events detected. The system sensitivity is the efficiency with
which the PET scanner detects a coincidence event when a
radionuclide located in the field of view of the scanner emits
a positron. The sensitivity of PET scanners is often quoted
as the percentage of events detected from a small spherical
source placed at the geometric center of the sensitive vol-
ume of the PET scanner.

Quantification of Biological Processes

Human and small animal PET technologies, when properly
calibrated, provide quantitative images of radionuclide con-
centrations. There are a number of methods to convert these
quantitative image datasets into estimates of tissue biology
(such as perfusion and metabolic rate) or estimates of pro-
tein concentrations and ligand binding characteristics. Most
of these techniques require the acquisition of a temporal
sequence of images in order to characterize regional PET
tracer kinetics. Knowledge of the time course of the PET
tracer concentration in the arterial blood is often also nec-
essary as an input function to mathematical tracer kinetic
models that are fit to regional tissue time activity curves
providing estimates of biological parameters. Although be-
yond the scope of this article, the logistics of performing
these studies are more complex than in human studies due to
the size of the animal being studied.

Challenges and Limitations of Small
Animal PET

Spatial Resolution

Relative volumetric differences in organs and tissues be-
tween humans and small animals create formidable chal-
lenges for PET imaging. The human/mouse and human/rat
mass scale factors typically fall in the range of 2,500 to
3,750 and 250 to 375 respectively. In addition, organ/whole
body mass ratios can vary dramatically across species by up
to a factor of 4. In comparison, the volumetric resolution
improvement factor for dedicated small animal PET scan-
ners relative to current state-of-the-art human PET scanners
falls in the range of 30 to 125. Consequently, under the
best-case scenario (i.e., larger small animals), the ratio of
the volumetric spatial resolution to animal mass is approxi-
mately a factor of 30 times lower for mice and 3 times lower
for rats than in human PET imaging.

ILAR Journal



To put the small animal imaging capabilities in perspec-
tive with human imaging, a plot of the equivalent spatial
resolution achievable in a human imaging study is con-
trasted with small animal PET spatial resolution in Figure 4.
This figure also provides simulation images to help assess
image quality relative to human imaging. The predominant
factors that determine small animal PET spatial resolution
are the detector element size (d in equation 1) and the posi-
tron range (r in equation 1; also see Table 2).

Sensitivity

The importance of maximizing system sensitivity and total
number of detected events can be demonstrated using an
empirically derived expression for the root mean square
error (RMSE') in a resolution cell of a tomographically
reconstructed image. The RMSE, the square root of the
mean squared difference between the known value and the
measured value, is a measure of the accuracy of an image:
the smaller the RMSE, the more accurately the image rep-
resents the object. Budinger and colleagues (1978) calcu-
lated the RMSE of a resolution cell of a tomographically
reconstructed image as
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In this equation, M, and M, are the number of resolution
cells in the target and background respectively, C is the ratio
of target-to-background tracer concentration (the contrast
ratio), and N is the total number of recorded 511-keV pho-
ton pairs from positron decays. A resolution cell is a cubic
volume that represents the PET system spatial resolution in
each dimension.

Figure 5 illustrates the relationship between RMSE in a
resolution cell and PET scanner FWHM resolution for a
mouse torso geometry with a 5-mm tumor that has a 5:1
tumor-to-background contrast ratio. Reduction of the
RMSE at high spatial resolution is possible only through an
increase in the number of detected coincidence events or
through the development of reconstruction algorithms that
are less sensitive to the noise in the measured data. Miller
and colleagues (2003) have shown that if one accounts for
the relative organ size differences across species (assuming
that PET tracer distribution across organs is similar between
humans and rodents), then it is possible to calculate a set of
scale factors to determine the radiotracer dose level needed
in a rat or mouse to achieve image signal-to-noise charac-
teristics similar to those observed in human PET studies.
Figure 6 plots the human/rodent dose scale factors versus
the concentration scale factor (labeled and nonlabeled
imaging agent) that occurs as a function of image spatial
resolution.

Mouse
Equivalent

2.25mm FWHM  1.5mm FWHM

1.0mm FWHM

Equivalent

Figure 4 Relative spatial resolution in humans. The plots
in this figure provide an estimate of the effective human
PET image resolution that would be achieved if the total
number of resolution elements in the rat (lower plot) and
mouse (upper plot) organs were achieved in human studies.
The image immediately to the right of the upper plot is a
brain image transaxial slice at 5 mm full-width-at-half
maximum (FWHM) in a human PET scanner. The remain-
der of the images on the right side of the figure show what
the human brain image would look like if it were scaled to
the rat or mouse brain size and imaged at 1, 1.5, or 2.25
mm FWHM resolution. These images show that, as the
small animal PET FWHM spatial resolution reaches 1.5
mm or better, the image quality begins to approach the
image quality observed in human PET imaging studies.
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Figure 5 Root mean square error (RMSE) in a resolution cell. The
plot represents the RMSE of a simulated tumor in a mouse torso.
The tumor was 5 mm in diameter and had a 5:1 contrast relative to
the surrounding background. Note the rapid increase in RMSE,
and decrease in FWHM resolution, as the spatial resolution im-
proves. To take advantage of this, the image data must be recon-
structed into smaller image elements (or voxels); smaller voxels
result in less PET tracer per voxel and therefore less signal and
more noise.

Radiation Exposure

The radiation exposure that results from a clinical
2-["®F]fluoro-2-deoxy-D-glucose (FDG') PET scan of a hu-
man is approximately 7 millisieverts (mSv), about half that
required for a whole body diagnostic x-ray CT image (Brix
et al. 2005). For a radioactivity concentration similar to that
used in human clinical studies, the radiation dose to a rat is
approximately 20% of the human radiation dose, or 1.4
mSyv. This radiation dose scale factor is approximately 10%
for a mouse, resulting in a radiation dose of 0.7 mSv. If the
tracer concentration scale factor shown in Figure 6 is taken
into account, these radiation doses increase by a factor of 1
to 100, leading to radiation doses of 0.7 to 140 mSv, de-
pending on the image quality and resolution. The dose for a
small animal imaging study is ultimately limited by the
count rate capabilities of the PET detectors, the radiation
exposure to the animal, and the specific activity of the PET
tracer.

PET Radiopharmaceuticals

The feasibility of small animal PET imaging is critically
dependent on instrumentation that can produce images with
both the spatial resolution and detection sensitivity consis-
tent with the size of the animal and the organ or tissues
being studied. However, the success of human and small
animal PET is also contingent on positron-emitting imaging
agents that have the appropriate pharmacokinetic properties
to enable characterization of specific biological processes.

There are multiple types of mechanisms that lead to the
uptake and retention of PET imaging agents. In general
terms, these mechanisms can be characterized as either satu-
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Figure 6 Dose vs. concentration scale factors associated with
achieving small animal PET imaging quality equivalent to human
PET image quality. The ordinate of this plot represents the ap-
proximate fraction of a human PET dose necessary to achieve
equivalent image root mean square error (RMSE) as a 5 mm full-
width-at-half maximum (FWHM) human PET image. The abscissa
of this plot is the scale factor for the in vivo imaging agent con-
centration (labeled and nonlabeled) that occurs when going from a
human administration to a rodent administration. The individual
data points on each curve represent a specific small animal PET
FWHM spatial resolution (from 0.25 mm to 2.5 mm FWHM in
0.25-mm increments). The shaded region on the plot represents
approximate limits for achievable spatial resolution when taking
multiple imaging factors into consideration (i.e., radionuclide con-
centration limits for PET scanners, nonlabeled imaging agent con-
centration limits, and practical image acquisition durations). The
radiopharmaceutical dose used in human studies is agent specific
and typically falls in the range of 185 to 1850 MBq; typical rodent
radiopharmaceutical doses are in the range of 3.7 to 37 MBq. In
these dose ranges the total imaging agent concentration (labeled
and nonlabeled) can approach 100 times the concentration ob-
served in human tissues during PET studies. This plot can be used
to estimate the tracer dose required to image small animals with
image quality similar to that achieved in clinical human imaging.
For example, to image a rat in a system with 1.5 mm FWHM
resolution and achieve RMSE characteristics similar to those ob-
served in human images, the total dose required would be 0.1 times
the clinical dose and would result in about 50 times the imaging
agent concentration.

rable or nonsaturable. A PET imaging agent that provides
desired information about a biological process must meet
the following general criteria, contingent on whether the
uptake and retention mechanisms are saturable or nonsatu-
rable (Elsinga et al. 1998; van Waarde et al. 1995):

e Tracer: The PET imaging agent should be present in a
very low concentration so that it does not perturb the
biological process under study.

* Saturability: The protein target site of the PET imaging
agent can be saturated with a large mass of unlabeled
agent or with an agonist or antagonist that interacts with
the target. If saturability cannot be demonstrated, the
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accumulation of tracer is unlikely to reflect interaction
with the protein target.

e Specificity: Ideally the PET imaging agent will interact
only with a specific protein site. If interaction with
multiple sites occurs, isolation of the specific site of
interest from competing interactions becomes extremely
difficult.

e Stereoselectivity: Interaction of the PET imaging agent
with the target site depends on the conformational ori-
entation of the molecule. Nonspecific binding of the
tracer tends to occur independent of the conformational
orientation of the molecule.

e Affinity: High affinity for the target site is typically
necessary in order to generate good contrast between
the target and nonspecific sites of PET imaging agent
accumulation.

e Biodistribution: The regional distribution of the imaging
agent must permit the delineation of the target organ or
tissue from the surrounding tissues.

e Correlation with biologic effect: The accumulation, re-
tention, and/or binding of the PET imaging agent should
correlate with biological responses specific to the sys-
tem under study.

e Resistance to metabolism: PET imaging systems mea-
sure the distribution of the positron-emitting radionu-
clide. If the administered imaging agent is metabolized
by the body the PET signal is derived from multiple
molecules, confounding the ability to assess the biology
of the specific process of interest. Thus tracers that are
not metabolized, or those with metabolic products that
are sequestered in the cell where the original physiologi-
cal process under study occurred, are desirable.

e Pharmacokinetics: Successful PET imaging agents have
in vivo kinetic properties that are rate limited by key
steps in the biological process of interest. If the rate-
limiting step in the in vivo kinetics of the PET imaging
agent is not associated with the biological process of
interest then it becomes very difficult and often impos-
sible to obtain useful information about the process of
interest.

e Toxicity: PET imaging agents (including nonradiola-
beled parent compound) should not be toxic at the low
levels typically administered for imaging studies (10>
pm to 10% nm).

Many PET tracers meet these criteria for human imag-
ing applications, and most of them are labeled with ''C and
'8F. As these agents are employed in small animal imaging
studies, it is essential to consider the specific activity (posi-
tron-emitting radionuclide quantity per mass of imaging
agent, labeled and nonlabeled) (Hume and Myers 2002;
Jagoda et al. 2004; Kung and Kung 2005; Sossi and Ruth
2005). Hume and his colleagues estimate that a specific
activity on the order of 37 MBg/wmol is required when
studying saturable protein sites in small animals. Figure 7
shows this consideration for imaging studies of D2 receptor
sites in rats using the D2 receptor antagonist [''C]raclopride
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Figure 7 Specific activity considerations in [''CJraclopride small
animal PET studies. The solid lines represent models of the ap-
parent binding potential versus raclopride mass that one would
expect to observe in PET studies. The squares are measured bind-
ing potentials observed in control animals studied in our labora-
tory. The two arrows represent the expected observation with an
18.5 MBq injection (at a specific activity of 37 MBqg/pwmol) in rats
and the binding potential that would be observed with the admin-
istration of a human dose (approx 74 MBq). These data nicely
demonstrate that a specific activity of 37 MBg/pmol and a rela-
tively small injected dose of ["'C]raclopride is necessary to obtain
accurate estimates of available dopamine D2 receptors (binding
potential).

(G.H. personal communication with Evan Morris, Assistant
Professor, Indiana University—Purdue University India-
napolis, July 19, 2007).

Current efforts to develop PET tracers fall into two gen-
eral areas: those in which tracers serve as surrogates for
invasive or histological measurements of biological pro-
cesses (such as perfusion, metabolism, or reporter probe
expression) and those in which tracers target specific as-
pects of a biological process (such as enzyme activity, re-
ceptor concentration, uptake transporter concentration, or
protein synthesis) (Sossi and Ruth 2005). The complex re-
search required to identify candidate compounds, develop
synthetic labeling methods, and demonstrate that the candi-
date imaging agent meets the criteria defined above is a
major impediment to the rapid implementation of PET
methods for the study of specific biological processes.

Applications

Small animal imaging can be applied to study any organ or
tissue whose physical dimensions are consistent with the
spatial resolution of the PET scanner. We provide examples
from studies performed on the small animal PET system at
Indiana University (IU). This system has a spatial resolution
of approximately 1.1 mm FWHM in the center of the field
of view and a point source detection sensitivity approaching
6%. All imaging examples were acquired with IU Animal
Care and Use Committee approval. In each example the
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images were reconstructed using an in-house-developed fil-
tered backprojection reconstruction algorithm.

Figure 8 shows the whole body distribution of FDG in a
20-g mouse. FDG is a PET tracer that is retained in rela-
tionship to the rate at which glucose is transported into the
cell, enters the glycolytic pathway, and is phosphorylated by
hexokinase. After phosphorylation by hexokinase, FDG is
trapped in most cells. Therefore, accumulation and retention
of FDG are high in tissue with high glucose metabolic rates
(e.g., the brain and myocardium).

The FDG tracer administration for the images in Figure
8 was performed while the animal was awake. The animal
remained awake for 45 minutes after injection to permit the
tracer to be delivered throughout the body and trapped via
the glycolytic pathway. At 45 minutes the animal was anes-
thetized with isoflurane and placed in the PET scanner for
imaging. The whole body images shown in Figure 8 (C, D)
were acquired for 15 minutes and reconstructed with an
in-house image reconstruction algorithm.

Figure 9 shows [F-18]fluoride retention in the skeleton
of a 200-g Sprague-Dawley rat that received the bone-
seeking agent Na'®F. Images were acquired 15 minutes after
the injection of the PET tracer. The images in this figure are
maximum intensity projection images in the coronal and
sagittal views, providing a 3-dimensional context to the im-
ages. Maximum intensity projections (MIPs) are projections
of a 3-dimensional dataset onto an image plane. Each pixel
of a MIP represents the maximum intensity of the image
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Figure 8 FDG accumulation in a 20-gram mouse. Approximately
0.5 mCi of FDG was administered via a tail-vein injection while
the animal was awake. After a 45-minute uptake period the animal
was anesthetized with isoflurane and a 15-minute PET image was
acquired. Panels C and D are coronal and sagittal views of the
whole body. Panel A shows a zoomed image through the heart.
Panels B and E are zoomed orthogonal slices through the brain.
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Figure 9 [F-18]fluoride uptake in the bone of a rat. The images
are coronal (A) and sagittal (B) maximum intensity projection
images of [F-18]fluoride retention in a 200-g rat. These images
demonstrate the ability of state-of-the-art small animal PET sys-
tems to image small structures in the body. The [F-18]fluoride
retention reflects bone perfusion and incorporation of F-18 into the
bone matrix.

volume along the projection direction. In PET this high-
lights regions and structures of high tracer retention. The
ability of state-of-the-art small animal PET imaging systems
to capture fine structural detail is evident in these images.
Figure 10 provides an example of cardiac imaging with
small animal PET. The images in this figure demonstrate the
ability to acquire cardiac-gated image data that facilitate an
assessment of cardiac function along with cardiac biochem-
istry or biology. The image sets in Figure 10 used
[C-11]carbon monoxide for blood pool imaging and FDG
for assessment of glucose utilization by the myocardium.

Future Directions

Future efforts in small animal PET imaging technology will
continue to push the limits of both spatial resolution and
detection sensitivity. The anticipated benefits of high spatial
resolution will not be achievable without significant ad-
vances in detection sensitivity. As shown in Figure 5 the
RMSE increases dramatically as one pushes the spatial reso-
lution limits of small animal PET. Overcoming the sensi-
tivity limitation of very high spatial resolution in small
animal PET will require novel detector designs (new scin-
tillators and/or new geometrical designs) and advanced im-
age reconstruction algorithms with a reduced sensitivity to
the noise in the raw data collected by these systems. Ad-
vances in radiochemistry to optimize imaging agent—
specific activity will also be a key factor in enabling the
maximization of administered PET tracer doses for high-
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Figure 10 Gated cardiac images. The images on the left were created after the administration of [C-11]carbon monoxide, which binds to
hemoglobin and produces an image of the body’s red blood cell distribution. The images show changes in the volume of the chambers of
the rat heart between systole and diastole. On the right are FDG uptake images during systole and diastole. These figures show the ability
of small animal PET imaging to assess both the function of the heart as well as the underlying biology (metabolism in this example).

resolution applications. As with human PET imaging, there
are ongoing efforts to integrate small animal PET with
complementary imaging modalities, including optical and
bioluminescence imaging, high-resolution CT imaging, and
magnetic resonance imaging (MRI).

The ultimate utility of small animal and human PET
imaging will depend on the availability of molecular imag-
ing agents that target specific biological processes. Most
PET tracers available today measure receptor expression or
enzyme activity. While it is important to assess the alter-
ations in receptors and enzyme function in disease, these are
not typically the underlying processes that lead to disease.
Therefore, one of the important future directions for PET
imaging is targeting gene expression. Early efforts in this
area include imaging of reporter genes (Blasberg 2002;
Gambhir et al. 2000; Herschman et al. 2000), in which
genes that express uniquely identified proteins or enzymes
are incorporated into regulatory regions of genes of interest.
A PET tracer specific to the reporter proteins is then used to
examine the expression of the reporter over time. The long-
range goal is to identify approaches that enable the assess-
ment of gene expression without the need to transfect cells
with reporter genes.

Summary
Small animal PET imaging is an evolving technology that

makes it possible to probe biological processes in vivo using
minimally invasive procedures. The size differences be-
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tween humans and small animals present a formidable chal-
lenge in efforts to translate this technology from the human
to preclinical imaging applications. Although the animals
under study are much smaller than humans, the imaging
systems are as complex as or more complex than clinical
systems. There has been great progress in overcoming these
limitations, and small animal PET imaging quality and
quantitative imaging capabilities are now approaching those
of human PET imaging.

A key driver for future advances in both human and
small animal PET is the development of molecular imaging
probes labeled with positron-emitting radionuclides that are
specific to key biological processes associated with human
diseases and disorders. It is likely that small animal PET,
coupled with human PET imaging capabilities, will even-
tually provide an outstanding platform for translational
science. Because the small animal and human PET tech-
nologies and methodologies provide essentially the same
information, and because PET imaging studies of both hu-
mans and small animals are based on the same molecular
imaging agents, knowledge gained in one area can rapidly
be employed in the other.

The strong translational science potential of small ani-
mal and human PET holds great promise to dramatically
advance our understanding of human disease. The assess-
ment of molecular and functional processes using imaging
agents as either direct or surrogate biomarkers will ulti-
mately enable the characterization of disease expression in
individual patients, facilitating tailored treatment plans
whose effectiveness can be monitored in each subject.
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