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Diseases are biological processes, and molecular imaging with
positron emission tomography (PET) is sensitive to and informative of
these processes. This is illustrated by detection of biological abnor-
malities in neurological disorders with no computed tomography or
MRI anatomic changes, as well as even before symptoms are ex-
pressed. PET whole body imaging in cancer provides the means to (i)
identify early disease, (ii) differentiate benign from malignant lesions,
(iii) examine all organs for metastases, and (iv) determine therapeutic
effectiveness. Diagnostic accuracy of PET is 8–43% higher than
conventional procedures and changes treatment in 20–40% of the
patients, depending on the clinical question, in lung and colorectal
cancers, melanoma, and lymphoma, with similar findings in breast,
ovarian, head and neck, and renal cancers. A microPET scanner for
mice, in concert with human PET systems, provides a novel technol-
ogy for molecular imaging assays of metabolism and signal trans-
duction to gene expression, from mice to patients: e.g., PET reporter
gene assays are used to trace the location and temporal level of
expression of therapeutic and endogenous genes. PET probes and
drugs are being developed together—in low mass amounts, as
molecular imaging probes to image the function of targets without
disturbing them, and in mass amounts to modify the target’s function
as a drug. Molecular imaging by PET, optical technologies, magnetic
resonance imaging, single photon emission tomography, and other
technologies are assisting in moving research findings from in vitro
biology to in vivo integrative mammalian biology of disease.

Watson and Crick’s elucidation of DNA in 1958 initiated a
time in which biological and physical scientists would

strive to unravel the genetic code and its regulated expression
that is the basis of development and maintenance of phenotypic
function of all cells of an organism. At this time, there is an
intense exploration to determine patterns of gene expression
that encode for normal biological processes such as replication,
migration, signal transduction of cell communication, and many
other functions cells perform. There is also a growing basis for
diseases resulting from alterations in normal regulation of gene
expression that transition cells to phenotypes of disease. These
alterations in gene expression can result from interactions with
the environment, hereditary deficits, developmental errors, and
aging processes. As a result, physical, biological and medical
sciences are working together to identify fundamental errors of
disease and develop molecular corrections for them. The name
given to this broad field of endeavor is ‘‘Molecular Medicine.’’

As part of the evolving concept of molecular medicine, molecular
imaging technologies are being developed to examine the integra-
tive functions of molecules, cells, organ systems, and whole organ-
isms. The organisms range from viruses and bacteria to higher order
species, including humans, but in each case molecular imaging is
used to examine the structure and regulatory mechanisms of their
organized functions. The system studied may be a protein with
affector sites through which functions of the protein are altered by
interactions with other molecules, or an organ system such as liver
or brain, in which collections of cells function as an integrated
system based on molecular mechanisms through which intra- and
intercellular functions are performed.

Molecular imaging technologies use molecular probes or
interactions with molecules. Many different technologies have
been and continue to be developed to image the structure and
function of systems, such as x-ray diffraction, electron micros-
copy, autoradiography, optical imaging, positron emission to-
mography (PET), magnetic resonance imaging (MRI), x-ray
computed tomography (CT), and single photon emission com-
puted tomography, with unique applications, as well as advan-
tages and limitations to each.

This article focuses on one of these molecular imaging technol-
ogies, PET, and its role in imaging integrative mammalian biology
of organ systems and whole organisms from mouse to human in the
context of living, functioning systems. Normal biological processes
and their failure in disease are the targets of PET. An overview is
provided with examples to illustrate specific points.

Principles of PET. PET is an analytical imaging technology developed
(1–5) to use compounds labeled with positron emitting radioiso-
topes as molecular probes to image and measure biochemical
processes of mammalian biology in vivo (Fig. 1). The only radio-
isotopes of oxygen (14O, 15O), nitrogen (13N), and carbon (11C) that
can be administered to a subject and detected externally are all
positron emitters. There is no positron emitter of hydrogen, so
fluorine-18 is used as a hydrogen substitute. Positron emitters of
Cu, Zn, K, Br, Rb, I, P, Fe, Ga and others are also used.

Molecular probes for PET are developed by first identifying
a target process to be studied and then synthesizing a positron
labeled molecule through which an assay can be performed.
Because PET cannot provide direct chemical analysis of
reaction products in tissue, labeled molecules are used that
trace a small number of steps (i.e., one to four) of a biochem-
ical process so that kinetic analysis can be used to estimate the
concentration of reactants and products over time and, from
this, reaction rates. The fundamental principles of assays and
molecular probes used in them typically originate from bio-
chemical, biological, and pharmaceutical sciences. Biochem-
ists develop them to isolate and accurately measure a limited
number of steps in a biochemical pathway. Drugs are designed
to have limited interactions because the goal is to modify the
function of a key step in a biological process with minimal
interaction with other processes.

In a typical molecular assay, a positron-labeled probe is injected
intravenously, and PET scans provide measures of the tissue
concentration of the probe and labeled products over time. These
data are combined with a measure of the time course of the plasma
probe concentration, representing its delivery to tissue, and pro-
cessed with a compartmental model containing equations describ-
ing the transport and reaction processes the probe undergoes. The
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result is an image of the rate of the process under study. Probes are
synthesized in very low mass amounts so as not to exert mass effects
on the biological processes measured. Common tissue concentra-
tions of PET probes are in the range of pico- to femtomoles per
gram. Over 500 molecular imaging probes have been developed and
consist of various labeled enzyme and transporter substrates,
ligands for receptor systems, hormones, antibodies, peptides, drugs
(medical and illicit), and oligonucleotides.

Two molecular probes will be used to illustrate PET assays.
The first is a F-18-labeled glucose analog, 2-[F-18]fluoro-2-
deoxy-D-glucose (FDG), to isolate facilitated transport and
hexokinase mediated phosphorylation of glucose (Fig. 2). The
end product FDG-6-PO4 is not a significant substrate for sub-
sequent reactions and is retained in the cell in proportion to rate
of glycolysis. The tracer kinetic model consists of an equation
reflecting forward and reverse transport between plasma and
tissue, and phosphorylation (6–9). The differences in transport
and phosphorylation between glucose and FDG are accounted
for by using the principles of competitive substrate kinetics in a
term referred to as the ‘‘lumped constant’’ (6). This method for
imaging glycolysis was originally developed by Sokoloff et al. (6)
by using 2-deoxy-D-[C-14]glucose (DG) and autoradiography.
FDG was first synthesized by Ido et al. (10). DG and FDG
analogs of glucose are formed by replacing the OH in the 2
position of glucose with a H or F, respectively.

Interestingly, DG was originally developed as a drug to block
accelerated rates of glycolysis in cancer through buildup of DG-6-
PO4 to inhibit phosphorylation of glucose (11). Although DG in
pharmacologic doses was effective in blocking glycolysis in cancer,
it was unsuccessful as a drug because it also blocked glycolysis in the
brain, an organ that cannot switch to alternative substrates, at least
not in adults. In imaging studies, the mass of FDG is far below levels

that produce pharmacologic effects. FDG is commonly used with
PET to image normal and altered metabolic states of disease
processes of brain and heart, as well as cancer and other disease
processes. Clinical studies employ qualitative studies based on what
has been learned from quantitative investigations.

The second example is a F-18 labeled deoxy analog of thymidine,
39-deoxy-39-[F-18]fluorothymidine (FLT) (12). This analog be-
haves in a similar manner to FDG (Fig. 2), except the processes
being examined are thymidine transport and phosphorylation, as an
estimate of DNA replication and, from this, cell proliferation. FLT
originated from pharmacological studies to develop drugs that
would inhibit DNA replication, such as in the case of another
thymidine analog, AZT, for treatment of AIDS.

Thus, FDG and FLT originated from pharmacologic agents
that had selective biochemical interactions. These properties
made them candidates as molecular imaging probes when used
in nonpharmacologic amounts.

Electronic Generators of PET Probes. Because the commonly used
positron radioisotopes have short half-lives, 15O (2 min), 13N (10
min), 11C (20 min), and 18F (1.8 h), a practical solution for their
production and labeling of molecular imaging probes had to be
invented. This was partially accomplished by the development of

Fig. 1. Principles of PET. A biologically active molecule is labeled with a positron
emitting radioisotope as in the example FDG. FDG is injected intravenously,
distributes throughout the body via bloodstream, and enters into organs, where
it traces transport and phosphorylation of glucose. Positrons emitted from the
nucleus of F-18 are antielectrons that travel a short distance and combine with an
electron, and annihilation occurs with their masses converted into their energy
equivalent (E 5 mc2) through emission of two 511-keV photons 180° apart. The
two 511-keV photons are electronically detected as a coincidence event when
they strike opposing detectors simultaneously. The figure illustrates one line of
coincidence detection, but in an actual tomograph, 6–70 million detector pair
combinations record events from many different angles around subject simulta-
neously. After correction for photon attenuation, tomographic images of tissue
concentration are reconstructed. ‘‘Blocks’’ of detectors are arranged around the
circumference, with each containing 32–64 detector elements, for a total of tens
of thousands of elements. PET scanners provide hundreds of tomographic image
planes of either selected organ or entire body. A single 6-mm-thick longitudinal
section is shown from a woman with metastasis bilaterally to lung (arrow) from
previously treated ovarian cancer. Black is highest metabolic rate in image.
Human PET scanner resolution is about 5–6 mm in all three dimensions. Re-
printed with permission from ref. 31.

Fig. 2. Tracer kinetic models for FDG and FLT. Arrows show forward and
reverse transport between plasma and tissue, phosphorylation and dephos-
phorylation. Both FDG and FLT phosphates are not significant substrates for
dephosphorylation or further metabolism at normal imaging times of 40–60
min after injection. Models taking dephosphorylation reaction into account at
much later imaging times have been developed (7, 9). Images are 6-mm-thick
longitudinal tomographic sections of a patient with a lung tumor (arrows),
with high glucose metabolism and DNA replication. The rest of the images
show normal distribution of glucose utilization and DNA replication, excep-
tions being clearance of both tracers to bladder (arrowhead) and, in the case
of FLT, the glucuronidation by hepatocytes (12) in liver.

Fig. 3. PET studies of glucose metabolism to map human brain’s response in
performing different tasks. Subjects looking at a visual scene activated visual
cortex (arrow), listening to a mystery story with language and music activated
left and right auditory cortices (arrows), counting backwards from 100 by
sevens activated frontal cortex (arrows), recalling previously learned objects
activated hippocampus bilaterally (arrows), and touching thumb to fingers of
right hand activated left motor cortex and supplementary motor system
(arrows). Images are cross-sections with front of brain at top. Highest meta-
bolic rates are in red, with lower values from yellow to blue.
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miniaturized, self-shielded, low-energy (6–17 MeV) proton cyclo-
trons for PET. The second component was the development of
automated, unit operation (solvent and reagent addition, solution
transfer, column separation, etc.) chemical synthesizer technology
for producing labeled imaging probes. These unit operations can be
configured to meet the needs of a particular synthesis (13). This
automated labeling technology is similar to that used in DNA and
peptide synthesizers and combinatorial chemistry. The minicyclo-
tron and chemical synthesizer technologies were then integrated
into a single system concept under control of a PC (13). PET
radiopharmacies with these “electronic generators” exist through-
out America, Europe, and Asia.

PET Imaging Is Sensitive to the Biological Processes of Disease.
Because disease is a biological process, molecular imaging provides
a sensitive and informative means to identify, study, and diagnose
the biological nature of disease early in and throughout its evolu-
tion, as well as to provide biological information for development
and assessment of therapies. The use of FDG to identify and
characterize disease by alterations in glucose metabolism in Alz-
heimer’s and cardiovascular diseases, as well as cancer, will be used
to illustrate some of the clinical applications of PET.

Dementia. In the brain, glucose metabolism provides about
95% of ATP required for the brain to function properly (14).
Thus, FDG provides a good general molecular imaging probe to
assess the ATP-dependent functions of the brain. Fig. 3 illus-
trates this for normal functions (15, 16).

Early clinical diagnosis of organic dementias remains difficult,
as does differentiating specific dementias from each other and
from benign reductions in short-term memory and cognitive
decline in the elderly. Over 4 million Americans now have
Alzheimer’s disease, with healthcare costs of 50–70 billion
dollars per year (17). As ‘‘baby boomers’’ age, the incidence rate
for Alzheimer’s disease will rise to over 12 million. Although the
molecular errors that originate Alzheimer’s disease remain
unknown, effective treatments are now being developed, such as
cholinesterase inhibitors, that act as support therapies much like
L-dopa for Parkinson’s disease. These therapies are most effec-
tive early in the progressive disease course, the time at which the
clinical diagnosis is least accurate.

PET provides an early diagnosis of Alzheimer’s (Fig. 4) and
can differentiate it from other causes of dementia or benign
effects of aging (18–21). In longitudinal studies (22), PET
detected Alzheimer’s with an accuracy of 93%, three years
earlier than convention clinical diagnostic methods.

Detection of silent, asymptomatic disease. Many diseases exist in
silent, asymptomatic phases for considerable time. Biochemical
and transport reserves, as well as redundancies and compensa-
tory responses within biological processes of organ systems, keep
errors of disease from altering organ functions, up to a certain
limit. Although symptoms are not expressed, biological alter-
ations of disease are present and can be detected with molecular
imaging probes.

PET studies of two hereditary diseases, Huntington’s disease
and familial Alzheimer’s, illustrate detection of silent, asymp-
tomatic disease. Studying asymptomatic children of Hunting-
ton’s patients, Mazziotta et al. (23) identified metabolic deficits
in the caudate and putamen of the brain in the fraction of
patients predicted by Mendelian genetics to carry the Hunting-
ton gene. Additionally, all patients who went on to become
symptomatic had preceding metabolic abnormalities in their
asymptomatic stage. The longitudinal nature of this study dem-
onstrated these metabolic abnormalities to be detectable with
PET about 7 years before clinical symptoms were expressed.

Small et al. (24) and Reiman et al. (25) compared metabolic
findings with PET to the apolipoprotein E-4 (APOE-4) risk factor
for Alzheimer’s in asymptomatic subjects in families with familial
Alzheimer’s. They found metabolic deficits in the parietal cortex,

characteristic of Alzheimer’s, highly correlated with the presence of
APOE-4. Estimates of Small et al. (24) indicate that these deficits
were identified with PET about 5 years before symptoms occurred.

Metabolic viability of cardiac tissue. Distinguishing reversible
from irreversible damage to cardiac tissue in patients with coronary
artery disease is a challenging biological question. Schelbert (26)
developed a method with PET for detecting early coronary artery
disease and determining which patients with reduced blood flow
had retained glucose metabolism in affected areas of myocardium,
indicating tissue was alive and recoverable through revasculariza-
tion by bypass surgery or angioplasty. Patients with reduced flow
and metabolism were found to have irreversible damage. In con-
ventional assessments without PET, 25–35% of coronary artery
disease patients who undergo revascularization have no improve-
ment in cardiac function because of irreversible tissue damage.
Although demonstrated in patients, this PET method was based on
the biochemical principle that glucose is a protective substrate for
generating ATP in oxygen limited states to maintain the viability of
tissue, even though local cardiac work is limited or lost (27).

Cancer. Cancer biologists have known for decades that neoplastic
degeneration is associated with increases in glycolysis (Fig. 5)
caused by progressive loss of the tricarboxylic acid cycle and also
activation of the hexose monophosphate shunt to provide carbon
backbone for synthesis of DNA and RNA required for high cell
proliferation rates of tumors (28). As previously mentioned, this led
to development of DG as a potential drug for cancer. A complete
loss of the tricarboxylic acid cycle can amplify glucose consumption
19-fold per ATP because only two ATPs are generated by metab-
olism of a molecule of glucose to lactate versus 38 ATPs with its
complete oxidation to CO2 and H2O (29). This, and activation of
the hexose monophosphate shunt, leads to progressive increases in
glucose consumption with increasing neoplastic degeneration and
provides high levels of signal in FDG imaging of tumors for
delineating them from surrounding tissue and detecting small
lesions.

Although cancer begins within an organ system, the critical factor
in treatment and prognosis of patients is metastases to other organ
systems. The development of PET whole body imaging (30) pro-
vided an accurate way to examine all organ systems of the body for
the presence of primary and metastatic disease in a single study.

Metabolic information from PET provides advantages over

Fig. 4. PET study of glucose metabolism in Alzheimer’s disease. The ‘‘early
Alzheimer’s’’ is at stage of ‘‘questionable Alzheimer’s disease’’ and illustrates
characteristic metabolic deficits in parietal cortex (arrows) of the brain. In
‘‘late Alzheimer’s,’’ metabolic deficit has spread throughout areas of cortex
(arrows), sparing subcortical (e.g., internal) structures (bottom image), and
primary motor and sensory areas, such as visual (bottom image) and motor
cortices (top image). At late stage disease, metabolic function in Alzheimer’s
is similar to that of newborn, shown to the far right, which underlies their
similar behavior and functional capacity. MRI studies were normal. Reprinted
with permission from ref. 31.
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anatomic information from x-ray films, ultrasound, CT, and
MRI because PET can:

1. Differentiate benign from malignant lesions. For example,
60–80% of breast and 20–40% of lung biopsies are benign
because x-ray mammography, CT, and MRI have limited
accuracy in separating benign from malignant processes.

2. Identify the biological changes of cancer early in its course.
3. Image all organ systems of the body to detect the primary

tumor and determine whether metastases are present and, if
so, their extent throughout the body. Because the whole body
is imaged with PET, symptoms to direct an imaging procedure
to a particular organ system are not required. Thus, asymp-
tomatic disease is routinely detected.

4. Differentiate malignant tissue from necrosis, edema (tissue
swelling), and scarring, for accurate, early assessment of
therapeutic response to continue, stop, or change therapy.

In multicenter trials for lung and colorectal cancers, mela-
noma and lymphoma, PET has been shown to have an 8–43%
higher accuracy for detection of primary and metastatic disease
vs. conventional workups in head-on comparisons and to change
the choice of therapy selected by conventional evaluations in
20–40% of cases, depending on the specific clinical question
(31). About 65% of therapy changes occur because PET showed
there was more extensive disease than originally determined by
conventional tests whereas, in about 35% of patients, PET
showed that previously diagnosed metastases were benign le-
sions, resulting in changes to simpler therapies, improved prog-
nosis, and lower costs. Similar results are reported for other
cancers such as breast, ovarian, head, neck, and renal.

Creating a New Experimental Paradigm. Biology and imaging are
merging into laboratory settings familiar to biologist. Biologists
have established rodent models, for studying mammalian biology
of disease by ‘‘knocking in’’ and ‘‘knocking out’’ genes, trans-
ferring human cells of disease and various trophic factors to the
rodent. These models are used to study the genotypic basis of
normal biological processes and those of disease, as well as to
develop new therapies, including gene therapies. These activities
will be continually refining the genetic engineering approach to
modeling human disease.

Biologists and physical scientists have established a line of
investigation from the genome, gene expression, protein struc-

ture and function, cell and tissue culture, and simple animal
systems to in vitro studies in rodents. In experiments involving
rodents, it is important to have technologies that can perform the
same types of biological assays in vivo as those used in vitro. In
vivo studies allow biological investigations to assess progressive
developmental and degenerative changes over time within the
functioning organism, as well as assessment of therapeutic
responses, all in the same animal. This produces more accurate
results from fewer animals. To meet this requirement, imaging
scientists using various technologies, such as PET, optical im-
aging, and MRI, are developing in vivo assays important and
familiar to biologists, such as ones for imaging and measuring
transcription and translation of gene expression from endoge-
nous and transplanted genes, as well as transport, metabolism,
and synthesis of substrates, and ligandyreceptor interactions of
cell communication within organ systems. Molecular imaging is
providing the means to link in vitro experimental paradigms to
in vivo studies.

MicroPET. PET imaging systems designed for rodents focus on a
new experimental paradigm of in vivo integrative mammalian
biology. The goal is to provide a similar in vivo molecular imaging
capability in mouse, rat, monkey, and human. This is a very
challenging exercise, considering the 2,000-fold reduction in size
from human to mouse.

The microPET scanner will be used to illustrate the development
of a system designed for small animal imaging. MicroPET I,
developed by Cherry and colleagues (32, 33), has an image reso-
lution of 1.5 mm in all three dimensions. Because the axial field of
view of the scanner is only 1.8 cm, total body studies in mice and rats
are performed by computer-controlled movement of the bed
through the scanner gantry, as is done with patients in clinical PET
scanners. Fig. 6 illustrates image quality in local organ and total
body tomographic images with microPET studies in mice, rats, and
monkeys. Cherry et al. (34) are building a microPET II with a
volumetric resolution of about 1 ml or less (six times better than
images in Fig. 6), increasing efficiency about eight times microPET
I, and increasing the axial field of view to 8 cm.

Corresponding Study Paradigms in Humans and Animals. The follow-
ing studies are used to illustrate how similar types of study
paradigms can be carried out in human, monkey, rat, and mouse.

Mapping of stimulation responses in the brain. In vivo ‘‘brain
mapping’’ studies with tomographic imaging in humans began
with PET using FDG (refs. 15 and 16; Fig. 3) in a similar way to
those carried out by autoradiography in animals with [C-14]DG
(6). This led to the development of the field of brain mapping
with PET using FDG for metabolism and O-15 labeled H2O for
rapid ('40 sec) measures of blood flow (35) and functional MRI
for imaging changes related to blood flow (36).

Fig. 7 illustrates a study using microPET I and FDG to map
the response to stroking a rat’s whiskers with a rod (37). The
images illustrate the metabolic response in the barrel regions of
cortex that receive sensory inputs from the whiskers.

Parkinson’s disease. Parkinson’s disease and its syndromes are
the largest category of movement disorders. It is estimated that
1 in 200 people over age of 50 and 1 in 50 over age of 60 have
this disease or syndromes. Animal models for these disorders
often employ one of two chemicals, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) or 6 hydroxydopamine, to lesion the
presynaptic dopaminergic system, that is known to degenerate in
Parkinson’s.

Fig. 8 illustrates multiple imaging studies of a patient with mild
Parkinson’s disease. MRI shows there are no structural abnormal-
ities whereas there is a mild abnormality of increased glucose
metabolism in the putamen caused by loss of regulated function in
the dopaminergic neurotransmitter pathway. The change in me-
tabolism is modest because only 15% of neurons in the putamen are
dopaminergic. A more direct measure of the disease process is

Fig. 5. PET images of glucose metabolism in various types of cancers. Study
illustrates that increased glycolysis is a common property of cancer, indepen-
dent of organ of origin. In breast example, a 6-mm lesion is just behind a
10-mm one. Mammogram was normal, and tumor had high expression of
HER-2yneu oncogene. Arrows point to some tumors (32). Reprinted with
permission from ref. 31.
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revealed by severe loss of presynaptic dopamine synthesis in the
putamen and compensatory up-regulation of postsynaptic D2 re-
ceptors in an attempt to compensate for loss of dopamine.

The study by Rubins et al. (38), in a rat model of Parkinson’s
with microPET, illustrates similar findings to those of the patient
in Fig. 8. In the rat, the putamen and caudate are one structure,
the striatum. Despite a striatum weight of only 25 mg, the
presynaptic dopamine lesion and compensatory up-regulation of
postsynaptic receptors are well visualized. The brain sizes in
patients and rats are about 1,400 g and 1 g, yet the integrity of
the experiment was reasonably well maintained by the use of
PET systems designed for each species.

Fig. 9 illustrates PET imaging to assess viability of gene
therapy for restoring dopamine synthesis in a monkey with a
MPTP lesion in the striatum on one side of the brain (K.
Bankiewicz, J. Eberling, J. Bringas, et al., personal communica-
tion). An adeno-associated virus containing the aromatic amino
acid decarboxylase gene to produce the corresponding enzyme
for synthesizing dopamine from L-dopa was stereotactically
injected into MPTP-lesioned striatum. The PET study of dopa-
mine synthesis demonstrates the virus has transferred the de-

carboxylase gene and that the enzyme has been transcribed and
translated into an active state.

Imaging Gene Expression in Vivo. In vivo imaging of gene expression
can be directed either at genes externally transferred into cells
of organ systems (transgenes) or at endogenous genes. Imaging
of transgenes is used to monitor the expression of genes trans-
ferred into cells to study the normal regulation of gene expres-
sion or that of gene therapy. Imaging endogenous gene expres-
sion can be used to study the expression of genes during
development, aging, responses to environmental stimuli, alter-
ations in gene expression that transition normal phenotypes of
cells to those of disease, or responses of endogenous gene
expression to therapy. One approach to imaging endogenous
gene expression with PET being developed (39–41) employs
F-18-labeled oligodeoxynucleotides consisting of short (#15)
single stands of nucleotides. This is aimed at converting in situ
hybridization to in vivo hybridization.

Fig. 6. Image quality of microPET I. (A) Two 1.5-mm-thick longitudinal whole
body sections of a 25-g mouse using [F-18]fluoride ion to image skeletal system
of prostate cancer mouse model with bone metastases (arrows). (B) Longitudinal
whole body FDG images of glucose metabolism in normal 250-g rat. (C Upper)
Cross sections through chest of rat showing glucose metabolism in left (arrow)
and right ventricles. Left ventricle is 9 mm in diameter, with 1-mm wall thickness.
Right ventricle is thinner, and metabolic rate is 1y3 left. (Lower) Coronal sections
of glucose metabolism in rat brain weighing 1 g, showing cortex well separated
from internal structure of striatum. (D) Images of mouse brain with [C-11]WIN
35,428thatbindstodopaminereuptaketransporters showingclear separationof
leftandright striatum(arrow)thateachweighabout12mg. (E) FDGbrain images
of two-month-old Vervet monkey with good delineation of cortical and subcor-
tical structures. Dimension across brain is 2 cm. Cortical convolutions of brain are
not seen because the young monkey has few of them. Reprinted with permission
from ref. 31.

Fig. 7. microPET study of whisker stimulation in rat. Whiskers on right side
of face were stroked after i.v. injection of FDG. Image shows increased
metabolic response (arrow) in areas of cortex receiving inputs from whiskers.
Modified from ref. 31.

Fig. 8. Images of patient with early Parkinson’s disease and rat model of
Parkinson’s. (Upper) MRI shows there is no structural abnormality in the brain of
patient. PET image of glucose metabolism shows hypermetabolic abnormality of
putamen (arrows) with 10% increase over normal value. Image of presynaptic
synthesis of dopamine with [F-18]fluorodopa shows a 70% reduction (arrows)
whereas image of postsynaptic D2 receptors with the ligand, [F-18]fluoroethyl-
spiperone, shows 15% elevation (up-regulation) of receptors in putamen, in an
attempt to compensate for loss of presynaptic dopamine. (Lower) MicroPET
images of 6-hydroxydopamine unilateral lesion in rat model of Parkinson’s.
Image of presynaptic dopamine transporter with [C-11]WIN 35425 shows 60%
reduction on lesioned side (arrow) whereas postsynaptic D2 receptors imaged
with ligand [C-11]raclopride show compensatory up-regulation of receptors
(arrow) in the striatum. Opposite striatum is a control. Modified from ref. 31.

Fig. 9. Imaging gene therapy with PET in unilateral MPTP monkey model of
Parkinson’s. Dopamine synthesis was imaged with aromatic amino acid de-
carboxylase substrate, meta-[F-18]fluorotyrosine. (Left) Image of normal do-
pamine synthesis in caudate and putamen. (Center) Image shows unilateral
dopamine MPTP-induced deficit (arrow) before gene therapy. (Right) Image
shows restoration of dopamine synthesis (arrow) after gene therapy. Figure
courtesy of K. Baukiewicz.
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Imaging transgene expression. Genes are transferred into a
subject via a transfer vehicle such as an adenovirus, adeno-
associated virus, retrovirus, liposome, or as naked DNA. The
imaging objective is to trace the location and temporal changes in
the magnitude of expression of the transferred gene. Examples to
illustrate this approach employ an adenovirus as the vehicle with the
objective of tracking a therapy gene. The approach involves the
conversion of techniques developed in biological sciences, in the use
of a ‘‘reporter gene’’ to a PET reporter gene (PRG) and PET
reporter probe (PRP) approach (Fig. 10). The PRG is linked to a
therapeutic gene by a common promoter, in the examples used, the
cytomegalovirus promoter. Promoters initiate transcription of
genes. Thus, when promotion of gene expression to transcription of
mRNA occurs for the therapy gene, it also occurs for the PRG. The
mRNA of PRG is then translated to a protein product that is the
target of the PRP used to image expression of the PRG.

Two PRGyPRP approaches are used to illustrate the concept.
In the first, the protein product of PRG expression is an enzyme,
herpes simplex virus thymidine kinase (HSV1-TK†), and PRP is
a F-18-labeled analog of ganciclovir, a drug used to treat HSV,
8-[F-18]fluoroganciclovir (FGCV), or [F-18]fluoropenciclovir.
In the second, the PRG protein product is a receptor, the
dopamine D2 receptor, and the PRP is a F-18 ligand that binds
to this receptor, [F-18]fluoroethylspiperone (FESP), previously
developed by Satyamurthy et al. (42) for receptor studies in brain.

In both approaches, the PRG is incorporated into the genome
of an adenovirus, which, after tail vein injection in the mouse,
localizes greater than 90% to liver. Subsequently, the PRP is
injected intravenously at various points in time to localize and
estimate the degree of expression of the PRG (Fig. 10).

In the case in which HSV1-tk is used as the PRG, FGCV is
injected intravenously, diffuses into cells, and, if there is no gene
expression, diffuses out and is cleared to bladder. If HSV1-tk
gene expression is present, FGCV will be phosphorylated by the
HSV1-TK enzyme to the monophosphate, and then by cellular
kinases to di- and triphosphates. The phosphorylated FGCV is
then trapped in the cell as a record of gene expression. The same
process occurs with [F-18]fluoropenciclovir (FPCV). One mol-
ecule of HSV1-TK can phosphorylate many molecules of FGCV
or FPCV, so there is an amplifying effect in this enzyme
mediated approach. Several different substrates for HSV1-TK
have been developed, such as I-131- and I-124-labeled 29-f luoro-
29-deoxy-1-b-D-arabinofuranosyl-5-iodouracil (44, 45), FGCV
(41, 43, 46, 47), and penciclovir labeled with F-18 in the 8
position (48, 49), as well as on the side chain (50, 51).

In the D2 receptoryFESP approach (52), gene expression is
assayed by a ligandyreceptor interaction, with accumulation of
ligand dependent on the amount of D2 receptor produced from
expression of this PRG. In the D2yFESP approach, a single ligand
molecule is bound to a single receptor; there is no amplifying factor,
as with HSV1-TK. No significant dissociation of this ligand from the
receptor occurs during the experimental period (42).

Studies in mice demonstrate location and degree of reporter
gene expression can be repeatedly imaged over time. Examples
alternate between HSV1-tkyFGCV or FPCV and D2yFESP, but,
in each case, the same result has been obtained for both PRGs.

MacLaren et al. (52) performed studies in which either a control
virus without the D2 PRG (D2

2) or a virus containing the D2
receptor gene (D2

1) was injected in the tail vein of mice. Two days
later, the control animal or D2

1 animal were injected with FESP to
image gene expression with PET, followed by imaging with auto-
radiography. Excellent correspondence was found in the amount of
F-18 activity in liver in comparable longitudinal sections between
the two imaging techniques (Fig. 11). Some activity also appears in

the gastrointestinal tract and bladder, as route of elimination of
FESP, as well as diffusely throughout the body.

Gambhir et al. (43) compared in vivo microPET measures of gene
expression in mice to in vitro measurements of reporter gene
expression in the same animals, when the amount of virus was
varied. The HSV1-tkyFGCV reporter system was used in these
studies. In vitro measurements consisted of assays of mRNA
expression by Northern blot analysis and biochemical measures of
HSV1-TK enzyme activity in liver tissue. Results show a linear
relationship between in vivo measure of gene expression with PET
and in vitro measurements of HSV1-tk mRNA and enzyme (Fig. 12)
over range investigated. The same type of result was found for the
D2yFESP PRGyPRP system between in vivo PET comparisons to
in vitro Scatchard analysis of D2 receptors (52). It is interesting to
note that there was no correlation between amount of virus injected
and amount of expression measured by any of the approaches (43),
indicating that external measures of the amount of virus given are
not a good measure of dosing at the tissue site within the target
organ. This is a common finding in external drug delivery, caused
by a plethora of systemic effects on drugs, and exemplifies another
important use of PET to directly assess drug dosing at the target site
within an organ system in vivo, be they conventional drugs or gene
therapies.

Fig. 13 illustrates monitoring gene expression in the same
mouse over time in a wild type versus a nude mouse with an
immature immune system. In the wild-type mouse, gene expres-
sion increases from day 1 to day 2, post-viral administration, then
decreases at day 10 because of destruction of the virus and
HSV-tk enzyme by the immune system. In the nude mouse, gene
expression increases from day 1 to 2 and remains high because
of lack of a mature immune system.

The PRG approach is also used to image endogenous gene
expression by transferring a PRG with the same promoter as an
endogenous gene of interest into cells. This can be accomplished by
incorporating a PRG into an embryonic stem cell and producing a
transgenic animal in which the PRG is in all cells or by transferring
the PRG selectively to cells in the animal with a virus. The use of
multiple PRGs with different promoters allows the use of this
approach to examine multigene interactions in vivo.

Combining the Design of Molecular Imaging Probes and Drugs.
Relationships have been built to couple diagnostic radiopharma-
ceuticals (i.e., molecular imaging probes) and therapeutic pharma-
ceuticals together by combining the goals of molecular diagnostics
and molecular therapeutics. These relationships involve PET, bio-
logical and physical sciences in the academic setting, and pharma-†By convention, tk and TK refer to the thymidine gene and enzyme, respectively.

Fig. 10. Illustration of PRGyPRP for imaging gene expression. Viruses con-
taining reporter and therapy genes are intravenously injected and localize
gene transfer to liver. PRG is transcribed to mRNA and translated to a protein
product that is the target of the PRP after injected into a tail vein.
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ceutical, radiopharmaceutical, and imaging industries in the com-
mercial one. The approaches focus on development and use of
common molecules or analogs of one another: molecular imaging
probes in low mass to image and measure the target function, and
then the mass of the molecule is increased to pharmacologic levels
to modify the target function. The desired properties of molecular
imaging probes and drugs common to both are: small molecule;
high affinity for target and low affinity for nontargets; sufficient
lipophilicity or carrier system to cross cell membranes; low periph-
eral metabolism. Differences are that the target to background
must be greater than one for imaging probes but not drugs, and,
although plasma clearance times of minutes to hours are desired for
imaging, drug clearance times of hours to days are preferred.

The pharmaceutical industry is providing both conventional and
automated ways to rapidly synthesize thousands of different com-
pounds by using such approaches as combinatorial and parallel
chemistry and in vitro screening to smaller numbers of different
compounds with specific properties. Merging the goals of molecular
imaging probes and drugs together at the beginning of this process
is allowing molecules to be produced and screened for both
purposes.

Molecular imaging probes and drugs are then further screened
and evaluated with approaches, like that in Fig. 14, using mouse
models of human disease evaluated with microPET, along with

traditional pharmacological, biochemical, and behavioral mea-
sures. After a small number of studies in mice, initial studies in
patients are performed with molecular imaging probes and labeled
drugs to assess whether the findings in mice, to a first approxima-
tion, are similar to those in patients, or how they differ. When there
is sufficient concordance, more detailed experiments are per-
formed in an expanded population of mice, and then in an
expanded number of patients. In this approach, PET is used in mice
and patients to:

1. Provide in vivo biological characterization of disease (Figs. 2,
4, 5, and 8).

2. Titrate drug to disease target in tissue for accurate dosing,
using a labeled form of the drug (Fig. 12).

3. Provide pharmacodynamic and pharmacokinetic character-
ization of drugs and probes.

4. Determine whether the drug properly modified the biological
process of disease or restored a normal process affected by
disease (Fig. 9).

This paradigm is benefiting from the rapid evolution of mouse
models of disease by using transgenes, chimerics, and human
tissue transplants. This approach enhances the manner in which
biological scientists and physicians in academia and those in the
pharmaceutical industry can work together in moving knowledge
and applications from the basic level to patients with a better
scientific foundation and to more rapidly eliminate ineffective
compounds (i.e., overwhelming majority) and at a lower cost.

Merging PET and CT into a Single Device. A new class of imaging
technologies fusing two into one is now being developed. The
goal is to merge anatomical and biological information into one
device, procedure and image. Although PET and MRI fusion is
being investigated (53), the major emphasis is on PET and x-ray
CT scanners at both patient and small animal levels. Clinical
PETyCT systems have been developed by Beyer et al. (54) and
CTIySiemens and by Patten et al. (55) and GE.

In small animal research, the goal is to provide a single device
that produces a final three-dimensional image of anatomical and
biological information fused together. These devices are being
designed to provide high throughput in vivo differential screen-
ing of biological responses in transgenics, chimerics, cell trans-
plants, and drug evaluations. Algorithms are being developed to
analyze these three-dimensional whole animal images to auto-
mate differential screening. A system being developed by Cherry
and colleagues is illustrated in Fig. 15.

Conclusions
This is a time of explosive change in biology, biotechnologies,
and medicine. Technology and research in biology are acceler-

Fig. 11. microPET and autoradiography studies of PRGyPRP imaging of gene
expression in the same mouse. PRG is D2 receptor, and PRP is FESP. (Left) MicroPET
image of a single 1.5-mm-thick longitudinal section of living control mouse
negative for D2 receptor (D2

2) PRG, showing no significant retention of PRP in
liver (dashed lines). In animal carrying dopamine receptor reporter gene (D2

1),
there is retention of FESP PET reporter probe in liver reflecting gene expression.
Images were taken 50 min after injection of FESP and 2 days after virus admin-
istration. (Right) After microPET imaging, animals were killed, sectioned, and
imaged with autoradiography. Photograph of section is at far right. Color scales
represent percent injected dose of PRP per gram (% IDyg) of tissue, with red the
highest value (51). Reprinted with permission from ref. 31.

Fig. 12. Comparison of gene expression measured in vivo with microPET to
direct in vitro measures of HSV1-tk mRNA and HSV1-TK enzyme activity in liver
tissue (42).

Fig. 13. Repeated imaging of gene expression in the same mouse. The PRG
is a point-mutated HSV1-tk optimized for ganciclovir and penciclovir. PRG is
FPCV. The combination of the point mutation and FPCV provides a signal-to-
noise improvement of 6 over HSV1-tk and FGCV. The SwissyWebster mouse is
a wild type, and the nude mouse has immature immune system. % ID is percent
injected dose of FPCV per gram of tissue.

9232 u www.pnas.org Phelps

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
20

, 2
02

1 



www.manaraa.com

ating the emergence of molecular medicine to identify molecular
errors of disease and develop novel molecular therapies.

PET is by its very nature a molecular imaging technology; it uses
labeled molecules to produce images of their interactions with the
molecular basis of biological processes throughout body much like
pharmaceutical sciences use molecules to produce therapeutic
modifications of them. Disease is a biological process in which
molecular errors have occurred that cause normal well regulated
function of cells to be altered or to fail. Although hereditary errors
can be identified by sampling convenient cells of the body, the
majority of diseases occur from alterations induced within specific
organ systems. Even in hereditary diseases, although genetic errors
exist in all cells, the disease-based expression is typically organ-
specific.

PET, biological, and pharmaceutical sciences are joining to-
gether with common goals of building molecules that can be used
to image and measure biological functions within organ systems in
the living subject, and as drugs to modify the malfunction of disease.
Combining these goals accelerates and improves the discovery,
approval, and clinical application processes for both. In vivo mi-
croimaging laboratories for studying the integrative mammalian

biology of disease are taking advantage of biology’s use of genet-
ically engineered rodents to study processes that transform cells
from normal phenotypes to those of disease. Biologists benefit from
this by being able to more effectively move from in vitro settings of
molecules, cells, and tissue to the in vivo environment in which
cellular functions are directed and constrained by requirements
imposed by an organ system and whole organism. Molecular
imaging provides a means to search throughout the subject in vivo
to identify and study the outcomes of genetic, cell transplant, and
protein manipulations by using molecular assays familiar to biolo-
gists. In patient care, great benefit is accrued from molecular
imaging by providing more direct pathways from biology to the
patient and by links between PET and pharmaceutical sciences in
molecular diagnostics and molecular therapeutics.
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Fig. 14. Model approach for discovery and evaluation process for molecular
imaging probes and drugs. Modified from ref. 31. Fig. 15. Design concept of small animal scanner with PET and x-ray CT

combined into a single device. A stereotactic injector is attached to device for
local organ injections of cells, viruses, and drugs, as well as tissue sampling for
direct biochemical analysis. Reprinted with permission from ref. 31.
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