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Morphological observations have driven the course of
biology ever since the first microscope was built in the
late sixteenth century. Molecular imaging is a rapidly
emerging biomedical research discipline that extends
such observations in living subjects to a more meaning-
ful dimension. It may be defined as the visual represen-
tation, characterization, and quantification of biological
processes at the cellular and subcellular levels within
intact living organisms. It is a novel multidisciplinary
field, in which the images produced reflect cellular and
molecular pathways and in vivo mechanisms of disease
present within the context of physiologically authentic
environments. The term “molecular imaging” implies
the convergence of multiple image-capture techniques,
basic cell/molecular biology, chemistry, medicine, phar-
macology, medical physics, biomathematics, and bioin-
formatics into a new imaging paradigm.

Present imaging technologies rely mostly on nonspe-
cific macroscopic physical, physiological, or metabolic
changes that differentiate pathological from normal tis-
sue rather than identifying specific molecular events
(e.g., gene expression) responsible for disease. Molecular
imaging usually exploits specific molecular probes as the
source of image contrast. This change in emphasis from
a nonspecific to a specific approach represents a signifi-
cant paradigm shift, the impact of which is that imaging
can now provide the potential for understanding of inte-
grative biology, earlier detection and characterization of
disease, and evaluation of treatment.

The emergence of molecular imaging strategies is
largely due to recent unprecedented advances in molecu-
lar and cell biology techniques, the use of transgenic ani-
mal models, availability of newer imaging drugs and
probes that are highly specific, and successful develop-
ment of small-animal imaging instrumentation. These
factors, along with continued expansion of scientific ho-
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rizons in the current postgenomic era, have been pivotal
in the drive toward a new standard that allows linking
established in vitro and cell culture experimental assays
to imaging studies within living subjects. This now cre-
ates the possibility of achieving several important goals
in biomedical research, namely, (1) to develop noninva-
sive in vivo imaging methods that reflect specific cellu-
lar and molecular processes, for example, gene expres-
sion, or more complex molecular interactions such as
protein—protein interactions; (2) to monitor multiple mo-
lecular events near-simultaneously; (3) to follow traffick-
ing and targeting of cells; (4) to optimize drug and gene
therapy; (5) to image drug effects at a molecular and cel-
lular level; (6) to assess disease progression at a molecu-
lar pathological level; and (7) to create the possibility of
achieving all of the above goals of imaging in a rapid,
reproducible, and quantitative manner, so as to be able to
monitor time-dependent experimental, developmental,
environmental, and therapeutic influences on gene prod-
ucts in the same animal or patient.

Molecular imaging has its roots in nuclear medicine
and in many ways is a direct extension of this existing
discipline. Nuclear medicine is a discipline focused on
the management of patients through the use of injected
radiolabeled tracers in conjunction with imaging tech-
nologies. The underlying principles of molecular imag-
ing can now be tailored to other imaging modalities such
as optical imaging and magnetic resonance imaging
(MRI). Molecular imaging probes can now also be devel-
oped by taking advantage of the rapidly increasing
knowledge of available cellular/molecular targets. The
merger of molecular biology and medical imaging is fa-
cilitating rapid growth of this new field by providing
methods to monitor cellular/molecular events adapted
from conventional molecular assays, for example, re-
porter gene assays. The present frenetic pace of advance-
ments in biotechnology and functional genomics (Subra-
manian et al. 2001) is resulting in parallel progress in
molecular imaging innovations and applications. The de-
velopment, validation, and application of these novel
imaging techniques in living subjects should further en-

GENES & DEVELOPMENT 17:545-580 © 2003 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/03 $5.00; www.genesdev.org 545


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Massoud and Gambhir

hance our understanding of disease mechanisms and go
hand in hand with the development of molecular medi-
cine (Phelps 2002).

Advantages of molecular imaging strategies

Molecular imaging in living subjects offers distinct ad-
vantages when compared with conventional in vitro and
cell culture research techniques in biology. Although in
vitro studies in basic biological research have been, and
remain, a mainstay for defining biochemical and gene
expression pathways, the in vitro approach has been less
successful in deciphering physiological whole-body con-
tributions of proteins, in which redundancies and differ-
ences in regulation can alter the outcome from that ini-
tially predicted (Livingston 1999). In contrast to cell and
tissue culture, in vivo animal models allow the assess-
ment of phenomena such as tolerances, complementa-
tion, and redundancy in biological pathways (Gassmann
and Hennet 1998). Molecular imaging permits both the
temporal and the spatial biodistribution of a molecular
probe and related biological processes to be determined
in a more meaningful manner throughout an intact liv-
ing subject. Visualization of functions and interactions
of a particular gene becomes easier in a more realistic
manner that respects the dynamics of complex biological
networks and of complete and holistic biological sys-
tems in the entire living subject.

Molecular imaging of living subjects offers another im-
portant benefit: it is likely to prove useful as a tool or
strategy for phenotype screening of transgenic and gene-
targeted animal models (Hoit 2001). The large-scale ap-
plication of random chemical mutagenesis and other
more targeted genetic techniques is expected to substan-
tially tax the ability of researchers to phenotype large
numbers of mutant mice. Phenotypic changes can occa-
sionally be detected on the basis of physical parameters;
for example, tumor development or physiological abnor-
malities. In these instances, when mutations cause de-
velopmental abnormalities that are easily identified by
external appearances, the problems involved in pheno-
typic screening are relatively straightforward. Difficul-
ties arise when subtle phenotypes exist or in attempting
to decipher phenotypes that may become apparent only
in the presence of physiological or nutritional stress. For
example, abnormalities that require molecular probes for
analysis, or mutations that produce complex metabolic
changes or affect immune cell populations and/or im-
mune function, are most often not readily identifiable on
gross examination. Present assays for evaluating re-
sponses to these induced complex changes are generally
labor-intensive and time-consuming, often requiring the
purification of individual cell populations, or analytical
tests of metabolism that are difficult or technically chal-
lenging in tiny animals. In many instances, thorough
phenotypic characterization would require volumes of
blood, serum, or tissue that could be obtained only by
killing genetically unique mice. As such, molecular im-
aging of living mice offers the following additional dis-
tinct advantages when investigating phenotypic abnor-
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malities: (1) it eliminates the need to kill such mice
as part of their phenotype determination; (2) by repeti-
tive imaging it is possible to investigate mutants
that are otherwise difficult to interpret with data taken
at a single time point; (3) it allows concomitant visual
and analytical biological phenotyping of animals; and (4)
it allows the researcher to exercise options of multiple
imaging strategies (e.g., by using different imaging
reporter probes or modalities) in cases in which simple
genetic manipulations could result in a very complex
phenotype involving a large number of pathways and
organs.

Molecular imaging assays in intact living animals
could be of further benefit in resolving biological ques-
tions raised by pharmaceutical scientists. Transgenic
animals are useful in guiding early drug discovery by
“validating” the target protein, evaluating test com-
pounds, determining whether the target is involved in
any toxicological effects of test compounds, and testing
the efficacy of compounds to ensure that the compounds
will act as expected in man (Livingston 1999). The
implementation of molecular imaging approaches in this
drug discovery process offers the strong advantage of be-
ing able to meaningfully study a potential drug labeled
for imaging in an animal model, often before phenotypic
changes become obvious, and then quickly move into
human studies. It is likely that preclinical trials can be
accelerated to rule out drugs with unfavorable biodistri-
bution and/or pharmacokinetics prior to human studies.

A further advantage over in vitro and cell culture ex-
perimentation may be achieved by repetitive study of the
same animal model, using identical or alternative bio-
logical imaging assays at different time points. This re-
veals a dynamic and more meaningful picture of the pro-
gressive changes in biological parameters under scrutiny,
as well as possible temporal assessment of therapeutic
responses, all in the same animal without recourse to its
death. This yields better quality results from far fewer
experimental animals.

Despite their success, conventional microscopy
methods (histopathological and cytological) suffer sig-
nificant limitations when used in biological experimen-
tation. They usually require chemical fixation of re-
moved tissues, involve the observation of biological
samples under nonphysiological conditions, can gener-
ally not resolve the dynamics of cellular processes, and
most importantly, it has been very difficult to generate
quantitative data using conventional microscopy (Phair
and Misteli 2001). Although the use of genetically en-
coded fluorescent tags has revolutionized the way mi-
croscopy is used in biology and to some extent addresses
these drawbacks, there nonetheless remains the problem
of having to invasively obtain tissue samples for analysis
and the inability to survey many/all tissues simulta-
neously. The impact of these relative drawbacks of mi-
croscopy may be lessened to some extent by the use of
noninvasive molecular imaging techniques in intact liv-
ing subjects. This feature also means that from a theo-
retical standpoint, once a molecular imaging experimen-
tal setup is fully established, functional, and efficient,
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results of these imaging assays are potentially attainable
quicker and less labor-intensively than with conven-
tional in vitro or cell culture study of biological materi-
als, perhaps facilitating achievement of a relatively
higher-throughput facet to many biological laboratory
investigations.

Another benefit of molecular imaging assays is their
quantitative nature. The images obtained are usually not
just subjective or qualitative, as is the case with standard
use of several conventional medical imaging modalities,
but instead, usually provide meaningful numerical mea-
sures of biological phenomena (exemplified below). Such
quantitative data could even be considered more useful
than similar data obtainable in vitro or ex vivo, on ac-
count of preserving the intactness and the physiology of
the experimental subject. However, one exception to
this can be made in cases in which general anesthesia of
the living subject results in alteration of the biological
function under investigation, as may occur; for example,
in brain molecular imaging studies.

The combined ability to perform tomographic imaging
assays in intact living subjects, followed by computa-
tional three-dimensional stacking/reconstruction of im-
ages after acquisition, and simultaneous quantification
of these biological measures also permits the extraction
of three-dimensional information regarding the spatial
distribution of biological phenomena within a particular
organ or throughout the entire body. Although ex vivo
techniques, such as recently developed rapid sampling
microscopy methods combined with the increased sta-
bility of fluorescent probes, now make it possible to rou-
tinely acquire three-dimensional microscopy data sets
over time (a method commonly referred to as four-di-
mensional microscopy), these types of experiments gen-
erate large data sets that often cannot be intuitively and
quantitatively interpreted (Phair and Misteli 2001). An
alternative is the laborious and often crude three-dimen-
sional reconstruction of information from many contigu-
ous histological slides. Instead, and with continued de-
velopments in this field, molecular imaging should be
capable of generating four-dimensional information (in-
cluding temporal changes) of biological phenomena
much quicker and easier than by more conventional in-
vasive means of investigation.

A further incentive for use of molecular imaging strat-
egies in basic biological research is the rising cost of
laboratory mice and the relative scarcity of some geneti-
cally engineered mice. This has provided a major impe-
tus for establishing in vivo mouse imaging as an alter-
native to killing many animals for histological process-
ing at different time points. With each transgenic mouse
valued in the $200-$300 range (and up to $30,000 for
certain breeder pairs), the overall costs of conventional
post mortem biological assays on many animals can
mount substantially. The use of fewer animals in bio-
logical assays with molecular imaging would also be
more appealing on ethical grounds. In theory, approval
for research projects requiring large numbers or many
separate cohorts of experimental animals could be ob-
tained more easily.

Molecular imaging in living subjects

Molecular imaging instrumentation and techniques

Biological discovery has moved at an accelerated pace in
recent years, with considerable focus on the transition
from in vitro to in vivo models. As such, there has been
a greater need to adapt clinical imaging methods for non-
invasive assays of biochemical processes. Considerable
efforts have been directed in recent years toward the de-
velopment of noninvasive, high-resolution, small animal
in vivo imaging technologies (Fig. 1). The widespread
availability and use of miniaturized imaging systems for
rodents are not the fanciful and futuristic concepts that
many researchers might imagine; these systems are gen-
erally cheaper than their clinical counterparts and can be
housed in shared resources of basic science laboratories.
Nonetheless, significant challenges remain to be over-
come when attempting to image a 30-g mouse as com-
pared with a 70-kg human, including the size of the sub-
ject, the total volume that must be evaluated, the spatial
resolution necessary for obtaining meaningful anatomi-
cal and/or functional data, and the total time spent on
acquiring a set of images (Weissleder and Mahmood
2001). In small animal research, the primary goal is to
obtain as high a signal as possible and to localize the
signal as accurately as possible with high temporal reso-
lution and with minimal amount of molecular probe.
The ultimate goal is to provide a single device that pro-
duces a final three-dimensional image of anatomical and
biological information fused together, an objective that
is likely to be achieved in the not too distant future.
The various existing imaging technologies differ in
five main aspects: spatial and temporal resolution, depth
penetration, energy expended for image generation (ion-
izing or nonionizing, depending on which component of
the electromagnetic radiation spectrum is exploited for
image generation), availability of injectable/biocompat-
ible molecular probes, and the respective detection
threshold of probes for a given technology. Collapsing
the volume of an animal or tumor into a single image,
known as planar imaging, is generally fast, the data sets
generated are small, and imaging can be done in high
throughput fashion, at the expense of internal resolu-
tion. Tomographic imaging allows a virtual slice of the
subject to be obtained and is usually quantitative and
capable of displaying internal anatomic structures and/
or functional information, but generally requires longer
acquisition times and higher energy expenditure. Volu-
metric image acquisition shows a volume of interest in
all three dimensions and results in the highest spatial
information content, although it can generate very large
data sets. Further reviews of issues centered on molecu-
lar imaging techniques can be found elsewhere (Cherry
and Gambhir 2001; Weissleder 2001, 2002; Weissleder
and Mahmood 2001; Chatziioannou 2002). Moreover, a
glossary of molecular imaging terminology has been pub-
lished recently to enhance collaborative efforts between
multiple disciplines (Wagenaar et al. 2001). Table 1 out-
lines some of the general characteristics of the imaging
modalities available, and serves also as a simplified guide
for biologists in choosing appropriate molecular imaging
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Figure 1. Multiple imaging modalities are
available for small-animal molecular imag-
ing. Shown are views of typical instruments
available, and illustrative examples of the
variety of images that can be obtained with
these modalities. (A) microPET whole-body
coronal image of a rat injected with '8 FDG,
showing uptake of tracer in tissues includ-
ing muscles, heart, brain, and accumulation
in bladder owing to renal clearance. (B) mi-
croCT coronal image of a mouse abdomen
after injection of intravenous iodinated
contrast medium. (C) microSPECT coronal
image of a mouse abdomen and pelvis re-
gions after injection of *™Tc¢ methylene di-
phosphonate, showing spine, pelvis, tail
vertebrae, femurs, and knee joints owing to
accumulation of tracer in bone. (D) Optical
reflectance fluorescence image of a mouse
showing GFP fluorescence from the liver,
abdomen, spine, and brain. The mouse con-
tains GFP-expressing tumor cells that have
spread to various sites. Images are courtesy
of Dr. Hoffman, Anticancer Inc. (E) mi-
croMRI coronal T2-weighted image of a
mouse brain. (F) Optical bioluminescence
image of a mouse with a subcutaneous xe-
nograft expressing Renilla luciferase in the
left shoulder region, after tail-vein injection
of the substrate coelenterazine. Images
were obtained using a cooled CCD camera.
The color image of visible light is superim-
posed on a photographic image of the
mouse with a scale in photons per second
per square centimeter per steradian (sr).

modalities and approaches. Further information on mo-
lecular imaging instrumentation and their features, as
well as commercial vendors, can be found at the Web site
http://www.mi-central.org, which serves as a useful In-
ternet resource for molecular imaging information.
(Please see additional useful links listed at the end of this
article.)

Radionuclide imaging

Positron emission tomography (PET) records high-energy
y-rays emitted from within the subject. Natural biologi-
cal molecules can be labeled with a positron-emitting
isotope that is capable of producing two y-rays through
emission of a positron from its nucleus, which eventu-
ally annihilates with a nearby electron to produce two
511,000-eV v-rays at ~180° apart. Positron-emitting iso-
topes frequently used include 'O, '*N, ''C, and '®F, the
latter used as a substitute for hydrogen. Other less com-
monly used positron emitters include '*O, ®*Cu, **Cu,
1241 76Br, 82Rb, and *®Ga. Most of these isotopes are pro-
duced in a cyclotron (Strijckmans 2001), but some can be
produced using a generator (e.g., °®Ga, 82Rb). Labeled mo-
lecular probes (see below) or tracers can be introduced
into the subject, and then PET imaging can follow the
distribution and concentration of the injected molecules.
Many of the positron-emitting isotopes used have rela-
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tively short half-lives (e.g., '®F has t,;, = 110 min), so
that the chemical reactions leading to incorporation of
the isotope into the parent molecule and subsequent in-
troduction into the subject must take place relatively
quickly. PET radiopharmacies exist throughout the
world and are capable of providing commonly used PET
tracers on a daily basis (Gambhir 2002).

Isotopes that are B-emitters (e.g., °H, '*C) are not use-
ful for noninvasive imaging of living subjects because
B-particles (electrons) do not travel significant distances;
they are used instead in autoradiography (see below).
v-Emitting isotopes (e.g., *™Tc, ''In, 1221, 131) can also
be used for imaging living subjects but require different
types of scanners known as gamma cameras, which
when rotated around the subject (then known as single
photon emission computed tomography, SPECT), can re-
sult in production of tomographic images. A more de-
tailed review of SPECT imaging can be found elsewhere
(Rosenthal et al. 1995).

Detection of y-rays is achieved through scintigraphic
instrumentation, which consists of an array of scintilla-
tion crystals to convert y-ray energy into visible light,
suitable light sensors, readout electronics, and image
processing units (for review, see Ziegler 2000). The co-
incidence detection of both vy-rays in PET within nano-
seconds of each other defines the line of response in
space and thus the direction of flight. In contrast to
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SPECT, attenuation (quantifiable reduction in events
present at the face of the detector due to absorption or
scatter through tissues) of the emitted radiation in PET
can be corrected precisely because the total length
through the body determines the attenuation factor
along a coincidence line. By doing so, quantitative infor-
mation about the tracer distribution can be obtained.
The reconstruction software then takes the coincidence
events measured at all angular and linear positions to
reconstruct an image that depicts the localization and
concentration of the positron-emitting radioisotope
within a plane of the organ that was scanned. If single
photon emitters are used, the direction of flight has to be
determined by geometric collimation. Because the emis-
sion of y-rays from the subject is isotropic, such collima-
tion is needed to restrict data to vy-rays of certain pre-
defined directions. The main difference between SPECT
and PET measurements is the necessity of lead collima-
tors for the definition of the angle of incidence, com-
pared with electronic collimation in the case of PET.

The sensitivity of PET is relatively high in the range of
107*'-107'2 mole/L, and is independent of the location
depth of the reporter probe of interest. Typically, several
million cells accumulating reporter probe have to be in
relative close proximity for a PET scanner to record them
as a distinct entity relative to the background. In SPECT,
collimator design is always a compromise between spa-
tial resolution and sensitivity: reducing the size of the
holes or using longer septae improves spatial resolution
but reduces sensitivity at the same time. The use of col-
limators in SPECT results in a very low detection effi-
ciency of ~107* times the emitted number of y-rays. PET
is therefore at least a log order more sensitive than
SPECT. For example, even a triple-head SPECT system
designed to image “°™Tc-labeled tracers in the human
brain is 15 times less sensitive than a PET if a 1-cm
resolution is assumed in both systems (Budinger 1996).
One alternative to PET that attempts to overcome sen-
sitivity limitations, and that can also be adapted to avail-
able clinical systems, is “pinhole SPECT” for imaging
small animals, with a reported spatial resolution as high
as 1.7 mm. Even higher resolutions (200 pm) are possible
with micropinhole apertures and '>°I SPECT imaging
(Beekman et al. 2002).

Positron-emitting isotopes can usually be substituted
readily for naturally occurring atoms, and therefore PET
is a more robust technique than SPECT for imaging most
molecular events. An important principle to note is that
because all isotopes used result in two y-rays of the same
energy, if two molecular probes, each with a separate
isotope, are injected simultaneously, it would not be pos-
sible for the PET detectors to distinguish them. There-
fore, to investigate multiple molecular events, molecular
probes are usually injected separately, allowing for the
decay of one isotope prior to administration of the other.
SPECT, on the other hand, does allow simultaneous de-
tection of multiple events owing to the use of multiple
isotopes, each with different-energy y-rays. In practice,
the concurrent use of several SPECT isotopes, without
perturbation of the underlying parent molecules, would

Molecular imaging in living subjects

have to be possible before a clear advantage could be
achieved for SPECT over PET in multiple-event imaging.
The images from a PET scanner, although often shown
in color, reflect identical-energy v-ray events, and the
color scale usually reflects the concentration of isotope
in various locations of the body. The spatial resolution of
most clinical PET scanners is ~(6-8)> mm?, but higher-
resolution clinical brain scanners have been developed
approaching resolutions of ~3% mm?.

In recent years, small animal micro-PET scanners have
been developed. These systems typically have a spatial
resolution of ~22 mm?® (Cherry and Gambhir 2001), but
newer generation systems in final stages of development
will have a resolution of ~1° mm? (Chatziioannou et al.
2001). Development of molecular imaging assays with
PET is particularly advantageous because of the ability
to validate them in cell culture and small animal models
prior to using the same reporter probe in established
clinical PET centers around the world. The ability to
perform translational research from a cell culture setting
to preclinical animal models to clinical applications is
one of the most unique and powerful features of PET
technology. Further reviews of PET in small animals are
to be found in Cherry and Gambhir (2001), Luker and
Piwnica-Worms (2001), Price (2001), Reader and Zweit
(2001), and Chatziioannou (2002).

Optical imaging

Optical imaging techniques have already been developed
for in vitro and ex vivo applications in molecular and
cellular biology (e.g., fluorescence microscopy and in
benchtop luminometry using commercial substrate kits
for bioluminescence). An extension of this concept to-
ward noninvasive in vivo imaging with light photons
represents an interesting avenue for extracting relevant
biological information from living subjects. Progress in
optical molecular imaging strategies has come from the
recent development of targeted bioluminescence probes,
near-infrared fluorochromes, activatable near-infrared
fluorochromes, and red-shifted fluorescent proteins
(Weissleder 2001). A notable theoretical advantage of op-
tical techniques is the fact that multiple probes with
different spectral characteristics could potentially be
used for multichannel imaging, similar to in vivo karyo-
typing (Weissleder 1999). Optical imaging also allows for
a relatively low-cost alternative to studying reporter
gene expression in small animal models (see below).

A fundamental issue in optical imaging of living sub-
jects is how to detect light emitted from the body, this
being relevant to both bioluminescence and fluorescence
imaging. In this regard, several technical advances for
imaging very low levels of visible light have now
emerged, allowing the use of highly sensitive detectors
in living subjects, and not just restricted to cell cultures
and small transparent animals. Charged coupled device
(CCD) detectors are made of silicon crystals sliced into
thin sheets for fabrication into integrated circuits using
similar technologies to those used in making computer
silicon chips. For a detailed overview of CCD technol-
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Table 1. Characteristics of imaging modalities available and guide to finding the appropriate molecular imaging approach
Portion of EM
radiation
spectrum used Type of Amount of

Imaging in image Spatial Temporal molecular molecular

technique generation resolution® Depth resolution® Sensitivity® probe? probe used

Positron emission high-energy y 1-2 mm no limit 10 sec to 10711012 Radiolabeled, nanograms
tomography (PET) rays minutes mole/L direct or

indirect

Single photon lower-energy 1-2 mm no limit minutes 10-10-10-1! radiolabeled nanograms
emission computed vy rays mole/L direct or
tomography indirect
(SPECT)

Optical visible light 3-5 mm' 1-2 cm seconds to not well- activatable micrograms to
bioluminescence minutes characterized indirect! milligrams
imaging possibly

10715710717
mole/L

Optical fluorescence visible light or 2-3 mms# <1 cm? seconds to not well activatable, micrograms to
imaging near-infrared minutes characterized, direct or milligrams

likely indirect
1072-10"12
mole/L

Magnetic resonance radiowaves 25-100 pm no limit minutes to 103-107° activatable, micrograms to
imaging (MRI) hours mole/L direct or milligrams

indirect

Computed X-rays 50-200 pm no limit minutes not well may be not applicable
tomography (CT) characterized possible (see

text)
Ultrasound high-frequency  50-500 pm millimeters to seconds to not well limited micrograms to
sound centimeters minutes characterized activatable, milligrams
direct

ogy, please refer to Spibey et al. (2001). One of the prop-
erties of silicon-based detectors is their high sensitivity
to light, allowing them to detect light in the visible to
near-infrared range. CCD cameras operate by converting
light photons at wavelengths between 400 and 1000 nm
that strike a CCD pixel with an energy of just 2-3 eV (as
opposed to high-energy v-rays of 511 keV in PET that
would easily traverse a CCD chip) into electrons. A CCD
contains semiconductors that are connected so that the
output of one serves as the input of the next. In this way,
an electrical charge pattern, corresponding to the inten-
sity of incoming photons, is read out of the CCD into an
output register and amplifier at the edge of the CCD for
digitization. Older intensified CCD cameras had much
lower sensitivities than newer-generation cooled CCD
cameras. This is because thermal noise (termed “dark
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current”) from thermal energy within the silicon lattice
of a CCD chip resulted in constant release of electrons.
Thermal noise is dramatically reduced if the chip is
cooled; dark current falls by a factor of 10 for every 20°C
decrease in temperature (Spibey et al. 2001). For biolu-
minescence imaging, CCD cameras are usually mounted
in a light-tight specimen chamber, and are attached to a
cryogenic refrigeration unit (for camera cooling to
-120°C to -150°C). A camera controller, linked to a com-
puter system, is used for data acquisition and analysis. A
bioluminescence image is often shown as a color image
that is superimposed on a gray-scale photographic image
of the small animal using overlay and image analysis
software. Usually a region of interest is manually se-
lected over an area of signal intensity, and the maximum
or average intensity is recorded as photons per second per
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Table 1. Continued
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Ability to scale

Quantitative to human Perturbation of
degree imaging biological system Principal use Advantages Disadvantages Cost®
fa yes no metabolic, high sensitivity, PET cyclotron or $$$$
reporter/gene isotopes can generator needed,
expression, substitute naturally relatively low
receptor/ligand, occurring atoms, spatial resolution,
enzyme quantitative radiation to subject
targeting translational
research
4 yes no reporter/gene many molecular relatively low spatial $$$
expression, probes available, resolution because
receptor/ligand can image multiple of sensitivity,
probes collimation,
simultaneously, radiation
may be adapted to
clinical imaging
systems
+t0 ++ yes but limited yes if necessary to reporter/gene highest sensitivity, low spatial $$
give mass expression, cell quick, easy, resolution, current
quantity of trafficking low-cost, relative 2D imaging only,
molecular probe high-throughput relatively
surface-weighted,
limited
translational
research
+ 10 ++ yes but limited yes if necessary to reporter/gene high sensitivity, relatively low spatial $-$$
give mass expression, cell detects resolution,
quantity of trafficking fluorochrome in surface-weighted’
molecular probe live and dead cells
-+ yes yes if necessary to morphological highest spatial relatively low $$$$
give mass reporter/gene resolution, sensitivity, long
quantity of expression, combines scan and
molecular probe receptor/ligand morphological and postprocessing
if many functional imaging time, mass
receptors quantity of probe
may be needed
not yes as MRI, and also morphological bone and tumor limited “molecular” $$
applicable if excessive imaging, applications,
radiation dose anatomical imaging limited soft tissue
resolution,
radiation
+ yes no morphological real-time, low cost limited spatial $$

resolution, mostly
morphological

aSpatial resolution is a measure of the accuracy or detail of graphic display in the images expressed in millimeters. It is the minimum distance between
two independently measured objects that can be distinguished separately. It is a measure of how fine the image is.

PTemporal resolution is the frequency at which the final interpretable version of images can be recorded/captured from the subject once the imaging
process is initiated. This relates to the time required to collect enough events to form an image, and to the responsiveness of the imaging system to rates
of any change induced by the operator or in the biological system at hand.

“Sensitivity, the ability to detect a molecular probe when it is present, relative to the background, measured in moles per liter.

dType of molecular probe. See text.

¢This includes cost of equipment and cost per study. For details of instrumentation vendors, visit Web site www.mi-central.org.

fSpatial resolution of bioluminescence and reflectance fluorescence is depth-dependent. For bioluminescence, the resolution is slightly worse or equal to
the depth of the object, that is, an object 3-5 mm deep has an ~3-5-mm spatial resolution.

&Use of fluorescence tomography is likely to result in better spatial resolution.

hThis depth applies to reflectance fluorescence. Fluorescence tomography can likely image objects at greater depths (2-6 cm).

Bioluminescence may also offer direct means of imaging through the use of the Renilla luciferase protein. Feasibility studies are underway.

JExcept for fluorescence tomography, which has better spatial resolution and can image at greater depths.

strate) are kept identical, the measurements are highly
reproducible (in our laboratory to within 6%).

The main advantage of optical bioluminescence imag-
ing is that it can be used to detect very low levels of

centimeter squared per steradian (a steradian is a unit of
solid angle; Wu et al. 2001). Whenever the exposure con-
ditions (including time, f/stop, height of sample shelf,
binning ratio, and time after injection with optical sub-
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signal because the light emitted is virtually background-
free (see below). It is quick and easy to perform and al-
lows rapid testing of biological hypotheses and proofs of
principle in living experimental models. It is also
uniquely suited for high-throughput imaging because of
its ease of operation, short acquisition times (typically
10-60 sec), and the possibility of simultaneous measure-
ment of six or more anesthetized living mice (Vooijs et
al. 2002). However, the cooled CCD camera has three
main drawbacks (Wu et al. 2001): Firstly, the efficiency
of light transmission through an opaque animal can be
somewhat limited and depends on tissue type and tissue
scattering. Skin and muscle have the highest transmis-
sion and are fairly wavelength-dependent, whereas or-
gans with a high vascular content such as liver and
spleen have the lowest transmission because of absorp-
tion of light by oxyhemoglobin and deoxyhemoglobin.
Estimates from in vitro studies show that the net reduc-
tion of bioluminescence signal is ~10-fold for every cen-
timeter of tissue depth, varying with the exact tissue
type (Contag et al. 1995). Secondly, images obtained
from the cooled CCD camera are two-dimensional and
lack depth information. However, it is expected that fu-
ture bioluminescence image acquisition using rotating
CCD cameras or multiple views of the same animal with
a single CCD camera may allow volumetric imaging,
especially when combined with novel red-shifted lucif-
erases that have better tissue penetration. A third limi-
tation is the lack of an equivalent imaging modality ap-
plicable for human studies, thus preventing direct trans-
lation of developed methods for clinical use.

In fluorescence imaging, an excitation light of one
wavelength (in the visible light range of 395-600 nm)
illuminates the living subject, and a CCD camera (usu-
ally a less-sensitive version than the cooled CCD re-
quired in bioluminescence detection, for technical rea-
sons discussed in Golden and Ligler 2002) collects an
emission light of shifted wavelength. Cells tagged with
fluorescently labeled antibodies or those in which ex-
pression of the green fluorescent protein (GFP) gene (or
its variants; Lippincott-Schwartz et al. 2001; Remington
2002) is introduced can be followed by this technique.
GFP is a protein from the jellyfish Aequorea victoria
that has become very popular over the last decade as a
reporter in fixed and cultured cells and tissues. Wild-type
GFP emits green (509-nm) light when excited by violet
(395-nm) light. The variant EGFP has a shifted excitation
spectrum to longer wavelengths and has increased (35-
fold) brightness. Between 1000 and 10,000 fluorescently-
labeled cells in the peritoneal cavity of a mouse can be
imaged on its external surface (Kaneko et al. 2001). It
may be necessary to expose internal organs surgically
prior to their imaging (Bouvet et al. 2002; Yang et al.
2002), although this is true of bioluminescence imaging
as well. The two main advantages of fluorescence imag-
ing are that it can be used as a reporter in both live and
fixed cells/tissues and no substrate is required for its
visualization (Spergel et al. 2001). This simple, reflec-
tance type of fluorescence imaging has been used exten-
sively in studies of feasibility and development of these
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approaches (Kamiyama et al. 2002; X. Li et al. 2002).
However, these systems are not quantitative, and the
image information is surface-weighted (anything closer
to the surface will appear brighter compared with deeper
structures; Weissleder 2001). Direct comparisons of bio-
luminescence and fluorescence imaging have not been
published to date, although these are presently underway
in our laboratory. One clear difference between the two
modalities is the observation of significantly more back-
ground signal owing to autofluorescence of tissues in
fluorescence imaging as compared with biolumines-
cence imaging.

In contrast to fluorescence imaging in the visible light
range, the use of the near-infrared (NIR) spectrum in the
700-900-nm range maximizes tissue penetration and
minimizes autofluorescence from nontarget tissue
(Weissleder 2002). This is because hemoglobin and wa-
ter, the major absorbers of visible and infrared light, re-
spectively, have their lowest absorption coefficients in
the NIR region. Several NIR fluorochromes have re-
cently become available (Lin et al. 2002) that can be
coupled to affinity molecules (peptides, antibodies) or
that are activatable. This type of NIR fluorescence re-
flectance imaging is still limited to targets that are fairly
near the illuminated surface.

A newer approach to fluorescence imaging of deeper
structures uses fluorescence-mediated tomography
(Ntziachristos and Weissleder 2002; Ntziachristos et al.
2002). The subject is exposed to continuous wave or
pulsed light from different sources, and detectors ar-
ranged in a spatially defined order in an imaging chamber
capture the emitted light. Mathematical processing of
this information results in a reconstructed tomographic
image. Resulting images have a resolution of 1-2 mm,
and the fluorochrome detection threshold is in the nano-
molar range. Recent attempts at constructing a CCD-
based scanner for tomography of fluorescent NIR probes
have also yielded encouraging results. Prototype instru-
ments attain better than 3-mm resolution, have linear
detection within more than two orders of magnitude of
fluorochrome concentration, and can detect fluorescent
objects at femtomolar quantities in small animal-like
geometries (Ntziachristos and Weissleder 2002). Fluores-
cence-mediated tomography is still in its infancy, requir-
ing extensive mathematical validation prior to practical
implementation.

Magnetic resonance imaging

The fundamental principle underlying MRI is that un-
paired nuclear spins, called magnetic dipoles (such as
hydrogen atoms in water and organic compounds), align
themselves when placed into a magnetic field. In an MRI
scanner, there is a strong magnet that produces a mag-
netic field surrounding the subject under investigation.
There are also “coils” within the magnet to produce a
gradient in this magnetic field in the X, Y, and Z direc-
tions. The magnet also contains a radiofrequency coil
that can produce a temporary radiofrequency pulse to
change the alignment of the spins. Following the pulse,
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the magnetic dipoles return to their baseline orientation,
which is detected (also by the radiofrequency coil) as a
change in electromagnetic flux (radiofrequency waves in
the range 1-100 MHz). An important function of the
scanner is to determine the rate at which these dipoles
relax to their baseline orientation; this measurement is
translated into an MR signal. Dipoles in different phys-
icochemical environments will have different relaxation
times and, thus, generate different MR signals (Jacobs
and Cherry 2001). For example, dipoles in a fat- or hy-
drocarbon-rich environment will have significantly
shorter (up to 20x) relaxation times than dipoles in an
aqueous environment (Hornack 2002). This is one of the
main ways by which image contrast is achieved in MRIL.
The timing parameters of pulse excitation and recording
can be altered by a central computer, resulting in images
with different types of magnetic contrast. The two most
frequently used timing parameters are known as T1 and
T2 weighting. MRI is exquisitely sensitive to soft-tissue
differences and abnormalities (Lewin et al. 1999; Shaha-
rabany et al. 2001; Song et al. 2002). The addition of
chemical agents that change the MR signal intensity
near these abnormalities may also be used to enhance
signal differences and to further highlight the abnormal-
ity. Specifically, paramagnetic metal cations such as che-
lated gadolinium or dysprosium, or superparamagnetic
nanoparticles (Moore et al. 1997, 2000; Weissleder et al.
1997a; Turetschek et al. 2001), can be used as compart-
mental, targeted, or smart probes with this technique
(see below). The development of novel contrast agents is
an active area in both clinical and basic research. A more
comprehensive account of the basic principles of MRI
signal creation and detection can be found elsewhere
(JTackson 2001; Hornack 2002), also with specific refer-
ence to animal research (Chatham and Blackband 2001).
MRI has two particular advantages over techniques
that involve the use of radionuclides or optical probes:
higher spatial resolution (micrometers rather than sev-
eral millimeters) and the fact that physiological/molecu-
lar and anatomical information can be extracted simul-
taneously. Micro-MRI in particular is expected to have a
substantial influence in developmental biology, in imag-
ing of transgenic animals, and in cell trafficking.
However, MRI is several magnitudes less sensitive
than radionuclide and optical techniques, which offer
higher levels of sensitivity for imaging relatively low lev-
els of reporter probe (see below): as low as 107'* mole/L
of radiolabeled substrate for PET (Phelps 1991), and prob-
ably in the femtomolar range for bioluminescence imag-
ing. This implies that much larger amounts of molecular
probe must be retained at the target site when using MRI
in comparison to radionuclide approaches, and therefore,
much larger amounts must be injected into the animal.
The physical limitation to the total amount of probe that
can be injected stems from the volume of the injectate.
Typically, in an animal model, the total amount that can
be safely injected intravenously is ~10% of the total
blood volume; that is, ~0.25 mL in a mouse. This inher-
ent low sensitivity of MRI arises because the percentage
of hydrogen magnetic dipoles that preferentially align
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themselves within an applied external magnetic field is
quite small: on the order of 10 in 1 million dipoles in an
applied field of 1.5 T (teslas) at room temperature. The
intrinsic poor signal-to-noise ratio of MRI is made worse
by the small volumes of water contained in each voxel
(volume pixel element) of a microscopic image, and the
amount of time available to acquire the image (Jacobs
and Cherry 2001). There are numerous ways of increas-
ing the signal-to-noise ratio in micro-MRI when imaging
small animals, and thus achieving near microscopic
resolution (see below). These include working at rela-
tively high magnetic fields (4.7-14 T), using hardware
and software customized to the small size of animals of
interest, and the relative flexibility of much longer ac-
quisition times during imaging. Manufacturers of MR
equipment are now offering dedicated animal imaging
systems to meet expected demands for phenotyping mu-
tant and transgenic mice.

An interesting new extension of MRI techniques to
imaging mice is that of magnetic resonance microscopy.
This will allow scientists to nondestructively image a
whole perfusion-fixed killed mouse (the “Visible
Mouse” atlas project; Johnson et al. 2002) with isotropic
three-dimensional spatial resolution as small as 110 um
(1 x 10~ mm?) and spatial resolution in isolated organs
as small as 25 um (1.6 x 10~°> mm?®). It is anticipated that
this atlas will provide a common morphological refer-
ence for the anatomy of the normal mouse and as a foun-
dation for morphological phenotyping of a growing num-
ber of transgenic and knockout mice (Johnson et al.
2002).

Variations on standard MRI techniques for greater
functional analysis include diffusion-weighted MR,
which exploits the translational mobility of water mol-
ecules to obtain information on the microscopic behav-
ior of tissues (presence of macromolecules, presence and
permeability of membranes, equilibrium of intracellu-
lar-extracellular water); and perfusion-weighted MRI,
which makes use of endogenous and exogenous reporter
probes for monitoring their hemodynamic status. In the
clinical context, the combination of both techniques is
extremely promising for the early detection and assess-
ment of stroke, for tumor characterization, and for the
evaluation of neurodegenerative diseases. There is likely
to be a future transition of these same useful techniques
into the molecular imaging arena for application to
small-animal imaging. Luypaert et al. (2001) provide a
review of the basic principles underlying these method-
ologies.

Another example of the use of magnetic resonance in
imaging applies to magnetic resonance spectroscopy
(MRS), in which characteristic imaging spectra, com-
posed of specific resonance frequencies absorbed by a
small volume of a sample or tissue, are obtained from the
tissue subjected to magnetic resonance. These spectra
depend on the chemical or “molecular” composition of
the sample or tissue. The most useful nuclei for MRS are
hydrogen, phosphorus, sodium, and, to a lesser extent,
carbon. Hydrogen MR spectroscopy has a greater signal-
to-noise ratio and better spatial resolution than phospho-
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rus spectroscopy. The most interesting MR spectral
components in living subjects are those of metabolites
and amino acids; for example, choline, creatine, N-acetyl
aspartate (NAA), lactate, myoinositol, glutamine and
glutamate, lipids, leucine, and alanine (Castillo et al.
1996). The concentration of most metabolites is typi-
cally orders of magnitude less than that of the water or
fat signal in tissues. Therefore, the 'H MRI signals from
water and fat must be suppressed when performing 'H
spectroscopy of metabolites. There are emerging appli-
cations for MRS in molecular imaging. For example,
Stegman et al. (1999) have used MRS in mice to demon-
strate the feasibility of monitoring expression of the cy-
tosine deaminase transgene in tumors. Noninvasive
measurement of gene expression in murine muscle using
MRS has also been developed to monitor gene therapy in
mouse models of neuromuscular diseases (Fraites et al.
2002).

Computed tomography imaging

Images in computed tomography (CT) are obtained when
component tissues differentially absorb X-rays as they
pass through the body (Dendy and Heaton 1999). A low-
energy X-ray source of 30-50 kVp (i.e., of considerably
lower energy than in clinical CT scanners) and a detector
rotate around the animal, acquiring volumetric data.
Most mouse CT images are collected with high-reso-
lution phosphor screen/CCD detectors to optimize
image quality. A scan of an entire mouse at 100-um
resolution takes ~15 min. Higher-resolution (50-um)
images are achievable with longer scanning times.
The system spatial resolution is primarily limited by
the pixel sampling rate, the X-ray source size, and
blurring in the phosphor screen. The radiation dose,
however, is not negligible (0.6 Gy per scan; 5% of the
LD, for mice), and this can limit repeated imaging of the
same animal. Unlike MRI, CT has relatively poor soft-
tissue contrast, often making it necessary to administer
iodinated contrast media to delineate organs or tumors.
In its present use, computed tomography is not a “mo-
lecular” imaging technique per se, but instead, dedicated
high-resolution micro-CT scanners are available for ana-
tomical imaging of small animals (Paulus et al. 2001;
Berger et al. 2002; Holdsworth and Thornton 2002), thus
complementing the functional information obtained by
other modalities discussed above. In theory, several ob-
stacles would have to be surmounted for CT to achieve
“molecular” imaging capabilities. Importantly, specific
CT-based “probes” to image biological processes would
have to be iodinated (or tagged with another high-
atomic-number atom that absorbs X-rays). Moreover,
site-specific accumulation of large quantities of such
probes would have to be possible in order to detect dif-
ferential attenuation of X-rays that reflect the biological
process in question. These approaches, along with devel-
opment of small-animal CT wusing monochromatic
X-rays (Dilmanian et al. 1997), are being evaluated at
present.
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Other imaging modalities

Ultrasonography is the most widely used clinical imag-
ing modality because of its low cost, availability, and
safety. Ultrasound images are obtained when high-fre-
quency (>20-kHz) sound waves are emitted from a trans-
ducer placed against the skin and the ultrasound is re-
flected back from the internal organs under examination.
Contrast in the images obtained depends on the imaging
algorithm used, backscatter, attenuation of the sound,
and sound speed. Ulrasound imaging using diagnostic
ultrasound instrumentation operating in the 7.5-15-
MHz frequency range has been successfully applied to a
variety of mouse models (Turnbull and Foster 2002),
yielding images with a spatial resolution of 300-500 pm.
The role of ultrasonography in the spectrum of modali-
ties available for mouse microimaging and phenotype
analysis closely parallels its present role in clinical im-
aging. The strengths of ultrasound in cardiac, obstetric,
vascular, and abdominal imaging appear most likely to
extend to the mouse when the technology is scaled down
to achieve high resolution and a level of practicality/
functionality similar to that available with present clini-
cal ultrasound systems. The real-time nature of ultra-
sound is also facilitating its application in image-guided
injection procedures, enabling mouse embryos to be di-
rectly manipulated in utero when studying normal and
diseased development. This visualization of small ana-
tomical structures at the embryonic and early postnatal
stages is possible using “ultrasound biomicroscopy”: a
high-frequency (20-100-MHz) pulse-echo ultrasound ap-
proach for imaging living biological tissues with near-
microscopic resolution (50-100 pm; Turnbull and Foster
2002). This technique also allows color Doppler imaging
for noninvasive blood velocity measurements and micro-
circulatory flow mapping.

Another recent emerging concept is that of using tar-
geted ultrasonic contrast agents for molecular imaging of
specific cell-surface receptors, especially within the vas-
cular compartment (Lanza and Wickline 2001). For ex-
ample, angioplasty-induced expression of tissue factor by
smooth muscle cells within the carotid arteries of pigs
can be identified with a ligand-targeted acoustic nano-
particle system. Tissue factor-targeted emulsions were
found to bind to overstretched smooth muscle cells and
increase their echogenicity and gray-scale levels (Lanza
et al. 2000).

Although not used in living subjects, whole-body au-
toradiography is a type of small-animal imaging men-
tioned here because of its important complementary role
to radionuclide tracer quantification and distribution
studies in rodent models following their being killed.
Autoradiography is the detection of radioactive isotopes
on X-ray film or digital plates, where the specimen is the
source of the radiation. The isotope emissions form a
latent image on the film that produces a final image
upon development. This is often performed at the end of
microPET studies to provide a standard against which
PET images and data can be compared (Gambhir et al.
1998). The killed animal is frozen in carboxymethyl cel-
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lulose (CMC), and whole-body sections (20-45 pm) are
obtained using a microtome. Sections are freeze-dried at
-20°C and placed on X-ray film for exposure. Different
radionuclides require different exposures because of
varying exposure efficiencies. Autoradiography has a
wide range of spatial resolutions; microautoradiography,
with resolution down to 0.05 um, is used to locate trac-
ers within or between cells. Macroautoradiography
(whole-body autoradiography), with a resolution of ~50
um, is used to determine tracer concentration within
tissues. Quantitative data can be obtained by densitom-
etry using an isotope scale as a reference.

Multimodality imaging

By computer software, high-resolution anatomical im-
ages from CT or MRI can be registered mathematically
onto physiologically/functionally informative PET im-
ages of the same subject to produce a bimodality image
(Townsend 2001; Townsend and Cherry 2001). However,
motion artifact and time-consuming and difficult re-
alignment and computation for fusion of independent
studies have until now limited the use of registration
techniques (Israel et al. 2001). Ongoing research seeks to
amalgamate two or more of the above-described power-
ful modalities. Future small-animal instrumentation
will be integrated, thus housing different modalities in
the same scanner, in the same mold as recently devel-
oped clinical CT/PET scanners (Townsend 2001}, one of
Time magazine’s “Inventions of the Year 2000” (Decem-
ber 4, 2000). For example, combined radionuclide and
magnetic probes should allow near-simultaneous MRI
and PET imaging. Other combinations of optical, radio-
nuclide, MRI, and CT techniques, and specifically de-
signed dual-purpose probes (Bogdanov et al. 1998; Joseph-
son et al. 2002) will be possible, producing truly multi-
modal images. Such multimodality systems may provide
a number of unique opportunities, including improving
the ability to quantify and locate biological processes
and events, characterization of new imaging probes, and
the ability to provide near perfectly registered images
(with minimal or no motion artifact) to improve inter-
pretation and quantification of data across many differ-
ent experimental systems (Jacobs and Cherry 2001).

General requirements for performing molecular
imaging in living subjects

The acquisition of ex vivo (i.e., in vitro, using test tubes
containing cell extracts, or cell culture, using intact liv-
ing cells) information in biomedical research has become
relatively easy, because a myriad of specialty reagents,
ligands, protocols, and devices have been commercially
developed over the past two decades. On the other hand,
molecular imaging in living subjects presents more theo-
retical and practical challenges than in vitro or cell cul-
ture detection, primarily because of the need for probes
to be biocompatible, the presence of additional delivery
barriers, and the necessity for developing special in vivo
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amplification strategies (Mahmood and Weissleder
2002). There are five general areas in which considerable
research efforts are ongoing (Weissleder 1999; Weissleder
and Mahmood 2001) and will also be necessary in the
future to perform in vivo molecular imaging (by seeking
answers to the questions in parenthesis): (1) selection of
appropriate cellular and subcellular targets to image
(what biological process is to be imaged?); (2) develop-
ment of suitable in vivo affinity ligands, that is, molecu-
lar imaging probes (what biocompatible chemical/bio-
chemical/molecular entity can be used in vivo to distin-
guish that particular biological process and help to
generate specific images of that target?); (3) delivery of
these probes in a manner that efficiently overcomes bio-
logical barriers (what are the pharmacokinetic attributes
of these probes contributing to successful imaging?); (4)
amplification strategies able to detect minimal target
concentrations, usually in the pico- to nanomolar range
(can the imaging signal be amplified?); and (5) develop-
ment of imaging systems with high spatial/temporal
resolution and sensitivity suitable for small laboratory
animals, and that ultimately can be translated to the
human patient (what are the imaging modalities and in-
strumentation available to achieve molecular imaging in
living subjects?), as discussed above.

Molecular imaging probes

Molecular imaging probes provide the imaging signal
(sometimes referred to as image contrast) in almost all
molecular imaging assays. The notable exception is
MRS, where the imaging signal often emanates from en-
dogenous molecules. Molecular imaging probes can in
many ways be compared with stains used in histological
analysis of tissue samples, but are instead injected into
living subjects to image specific biological/molecular
events. Molecular imaging probes are referred to by
many different names. These include but are not limited
to: (1) molecular probes, (2) molecular beacons, (3) re-
porter probes, (4) tracers, (5) smart probes, (6) activatable
probes, (7) nanoparticles, and (8) contrast agents. Mo-
lecular imaging probes typically are composed of an af-
finity component that interacts with the target and a
signaling component that is useful for imaging. In radio-
labeled approaches, the signaling component can be a
small isotopic substitution (e.g., replacing '>C for ''C), a
nonisotopic substitution (e.g., replacing 'H with '8F), or
larger chelating approaches using larger isotopes (e.g.,
64Cu, **™Tc). In optical approaches, the signaling com-
ponent can be a fluorochrome, and in MRI, it can be a
paramagnetic atom (e.g., gadolinium). One of the advan-
tages of PET is that drugs or existing molecules known
to interact with a specific target can be modified with a
radiolabel while minimally perturbing the parent mol-
ecule. For optical and MRI approaches, this is usually not
possible, because the signaling portion is itself a large
molecule (e.g., a fluorochrome) or a bulky atom (e.g.,
gadolinium).

Molecular probes can be categorized in many different
ways. One particularly useful way of categorizing them
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is either as radiolabeled or activatable probes (Fig. 2).
Radiolabeled probes (for PET and SPECT imaging) pro-
duce signal constantly through the decay of the radioiso-
tope, whereas activatable probes produce signal only
when they interact with their target(s) (e.g., near-infrared
fluorescent probes for optical imaging). Another way of
categorizing molecular imaging probes is if they directly
image a specific molecular process (e.g., a receptor target
imaged with a ligand molecular imaging probe), as op-
posed to indirect imaging (e.g., expression of an imaging
reporter gene indirectly measuring expression of an en-
dogenous gene). Most radiolabeled molecular imaging
probes are given in low doses (nonpharmacological nano-
gram levels) as compared with molecular imaging probes
for MRI and optical techniques that are usually given in
mass levels (typically micrograms to milligrams). A fur-
ther useful classification of molecular imaging probes is
whether they are nonspecific or specific. Nonspecific
probes do not have a distinct set of targets, as do specific
probes, but instead produce signal based on complex
set(s) of biological events, many of which are not always
fully known, such as **™Tc-sestamibi (Mariani 1996).
Molecular imaging probes can be small molecules,
such as receptor ligands or enzyme substrates, or higher-
molecular-weight affinity ligands, such as monoclonal
antibodies or recombinant proteins. In addition to those
probes discovered by chance, recent advances in the drug
discovery process will aid in future selection and/or ra-
tional design of newer probes through combinatorial
chemistry and high-throughput testing. It is anticipated
that increasing multidisciplinary interactions between
imaging research groups and the pharmaceutical indus-
try will have a significant impact on the design and de-
velopment of many more novel molecular imaging
probes. This is because drug development shares many
features in common with molecular imaging probe de-
velopment, and the two fields likely will continue to
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Figure 2. Two broad categories of mo- &= ~y
lecular imaging probes. Radiolabeled
probes (for PET and SPECT imaging and
autoradiography) produce signal continu-
ously, before and after interacting with
their target(s), through the decay of the ra-
dioisotope. A time delay between injec-
tion of the probe and imaging helps to
clear the untrapped probe. Activatable =
probes produce signal only when they in- ":@
teract with their target(s) (e.g., near-infra- '
red fluorescent probes for optical imaging).
A time delay between injection and imag-
ing helps to achieve sufficient levels of ac-
tivated probe at the target site.
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influence each other (Gambhir 2002). In the next few
paragraphs, various types of molecular imaging probes
are briefly described to highlight some of their important
features.

The simplest and commonest, but perhaps the least
informative from a cell biology and molecular imaging
standpoint, is the widely used class of nonspecific imag-
ing probes with vascular distributions (e.g., circulating
within blood vessels). These include most of the contrast
media in conventional medical imaging (Dawson 1999),
some nuclear medicine-based tracers (e.g., '°0O-H,O for
PET), and some fluorochrome reporters (e.g., indocya-
nine green). They can be used to image physiological
processes such as changes in blood volume, flow, and
perfusion, but cannot be targeted to specific biological
processes at the cellular or subcellular level (Weissleder
2002). These probes serve quite a useful role in monitor-
ing “downstream” changes in pathology, but do not gen-
erally serve to characterize changes early in a disease
process.

Conversely, molecular imaging probes with greater
specificity and targeting potential can be made by using
antibodies, ligands, or substrates that can specifically in-
teract with targets in particular cells or subcellular com-
partments. There are numerous examples in this cat-
egory of probes, mainly including those for radionuclide
imaging. Specific targeted probes include those used in
most of the conventional radiotracer imaging methods,
where the emphasis is on imaging the final products of
gene expression with radiolabeled substrates that inter-
act with a protein originating from a specific gene. These
interactions are based on either receptor-radioligand
binding (e.g., binding of ' C-carfentanil to the mu opiate
receptor; Frost et al. 1990) or enzyme-mediated trapping
of a radiolabeled substrate (e.g., '3F-2-fluoro-2-deoxyglu-
cose ['®F-FDG] phosphorylation by hexokinase). The
fundamental limitation of a majority of these conven-
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tional approaches using these types of targeted probes is
that a new substrate must be discovered and radiolabeled
to yield a different probe for each new protein to be tar-
geted (Gambhir 2000). Because of the difficulty, cost, and
effort of radiolabeling new substrates, and the require-
ment for in vivo characterization of every such substrate
under investigation, alternative methods would be desir-
able to develop new assays that are more generalizable;
that is, that are able to image gene product targets arising
from the expression of any gene of interest. Hence, there
have been concerted efforts in recent years by several
research groups to develop and validate molecular imag-
ing reporter gene/reporter probe systems for use in living
subjects (Gambhir et al. 1999a; Herschman et al. 2000;
Adams et al. 2002; Iyer et al. 2002; Liang et al. 2002b).
The underlying principles and ideal features of such re-
porter systems are discussed further in a section below.

Despite the specificity of the molecular probes exem-
plified above, background noise can be substantial with
this approach. This is because the scanner cannot distin-
guish the parent tracer from the bound or metabolized
tracer, and as such, time is required to allow the parent
tracer to clear. To circumvent this relative drawback,
another category of specific imaging probes consists of
activatable or “smart” probes (also referred to as sensors
or beacons). These can only be detected once they have
interacted with their target, and have been developed
mainly for optical and magnetic resonance imaging ap-
plications. They are relatively undetectable prior to in-
teraction with their target (Weissleder 2002). Because
they are only “switched on” at the target, they increase

Molecular imaging in living subjects

signal-to-noise ratio for imaging purposes. Molecular
beacons are now reasonably well-accepted means of see-
ing nucleic acid hybridization in living cells under mi-
croscopy. They are also being used for in vitro studies,
especially in PCR, and for nonspecific protein-DNA-
binding studies (J.J. Li et al. 2002). They have been
adapted recently as activatable smart probes for molecu-
lar imaging in living subjects. The conventional molecu-
lar beacon is a single DNA strand with a fluorophore
covalently attached to one end and a quencher to the
other. Unhybridized, the strand folds into a hairpin
shape so that the quencher is in close proximity to the
fluorophore and prevents it from fluorescing. When the
probe hybridizes to DNA or RNA, its stem unwinds,
separating the two ends and unquenching the fluoro-
phore, thus allowing it to transfer energy by fluorescence
resonance energy transfer (FRET) to an adjacent emitter
(Mitchell 2001; Weissleder 2001). The beacon “lights
up” only when the reaction of interest has occurred. A
variation of these probes worthy of note includes
quenched near-infrared fluorochromes that can be acti-
vated by proteases such as matrix metalloprotease 2
(MMP-2; Fig. 3; Bremer et al. 2001a,b). Such a molecular
probe consists of three structural elements: A quenched
NIR fluorochrome covalently coupled to a poly-L-lysine
backbone sterically protected by methoxy polyethylene
glycol (MPEG) side chains. Coupled to this backbone are
specific synthetic peptide substrates containing motifs
that can be cleaved by MMP-2. Owing to the proximity
of the fluorochromes, quenching occurs so that almost
no fluorescent signal can be detected in the nonactivated
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Figure 3. Imaging of matrix metalloprotease 2 (MMP-2) activity through the use of an activatable probe. Schematic shows design of

the MMP-2-sensitive fluorescent probe for in vivo NIRF imaging. Fluorochromes with excitation and emission wavelengths in the NIR
spectrum are covalently coupled to a poly-L-lysine backbone sterically protected by MPEG side chains by means of a synthetic MMP-2
peptide substrate (thick brown lines). Owing to the proximity of the fluorochromes, quenching (blue) occurs so that almost no
fluorescent signal can be detected in the nonactivated state. After MMP-2 cleavage of the peptide spacer, fluorochromes are released
from the carrier and become brightly fluorescent. Images show NIRF imaging of HT1080 tumor-bearing nude mice. The top row shows
raw image acquisition obtained at 700-nm emission. Mouse on Ieft was untreated, and on right was treated with an MMP-2 inhibitor
(prinomastat). The bottom row shows color-coded tumoral maps of MMP-2 activity superimposed onto white-light images. Bright
fluorescence is present in the absence of MMP-2 inhibitor. Color scale is an arbitrary one with yellow/white being the brightest
fluorescence, and blue being the dimmest. Reproduced with permission from Bremer et al. (2001b).

GENES & DEVELOPMENT 557


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Massoud and Gambhir

state. After MMP-2 cleavage of the peptide spacer, fluo-
rochromes are released from the carrier and become
brightly fluorescent. The same principle can be applied
to imaging the activities of other proteases, such as ca-
thepsins (Bogdanov et al. 2002), caspases, or other en-
zymes (Weissleder et al. 1999). Other examples include
magnetic nanosensors that can interact with DNA or
RNA sequences, activatable paramagnetic chelators, and
paramagnetic substrates that are polymerized by peroxi-
dases or tyrosinases (Weissleder 2002).

Of related interest, the use of aptamers for in vitro
specific protein-binding studies has drawn some atten-
tion recently. Aptamers are DNA or RNA oligonucleo-
tides isolated to bind to various biomolecules with high
specificity. These can be combined with the smart
probes described above to produce probes called molecu-
lar aptamer beacons (MAB), likely also to be exploited in
molecular imaging strategies in living subjects (J.J. Li et
al. 2002).

Optical reporters, such as the substrate D-luciferin for
the enzyme Firefly luciferase, are also examples of tar-
geted activatable molecular imaging reporter gene/re-
porter probe systems (Contag et al. 1998, 2000; Zhang et
al. 1999). The Firefly luciferase gene (Fluc) encodes Fire-
fly luciferase, an enzyme that oxidizes its substrate D-
luciferin to result in light emission (bioluminescence).
This chemiluminescent reaction can only take place un-
der physiological conditions within living cells express-
ing Fluc. Luciferases consist of a wide range of enzymes
that catalyze the oxidation of substrate luciferins to
yield nonreactive oxyluciferins and the release of pho-
tons of light that may be detected, collected, and quan-
tified externally. Some luciferins require the presence of
a cofactor to undergo oxidation, such as FMNH,"*, Ca*",
or ATP. Complexes that contain a luciferase, a luciferin,
and generally requiring O, are also called photoproteins.
The most common luciferin-luciferase system used in
molecular imaging is that derived from the Firefly Pho-
tinus, although the sea pansy Renilla luciferase, which
uses a different substrate (coelenterazine) and is not
ATP-dependent, has also been validated recently for ap-
plications in living subjects (Bhaumik and Gambhir
2002). Both colorimetric (e.g., thodamine red) and fluo-
rescent (e.g., GFP) reporter proteins require an external
source of light for excitation and emit light at a different
wavelength for detection, thus making them more sus-
ceptible to background noise (autofluorescence). In con-
trast, the bioluminescence luciferase enzyme and sub-
strate systems described above have several characteris-
tics that make them useful reporter proteins (Wu et al.
2001). For example, Firefly luciferase does not need ex-
ternal light excitation and self-emits light from yellow to
green wavelengths in the presence of D-luciferin, ATP,
magnesium, and oxygen. Secondly, the fast rate of en-
zyme turnover (T,,, =3 h) in the presence of substrate
D-luciferin allows for real-time measurements because
the enzyme does not accumulate intracellularly to the
extent of other reporters. Thirdly, the relationship be-
tween the enzyme concentration and the peak height of
emitted light in vitro is linear up to 7-8 orders of mag-
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nitude. Therefore, these properties potentially allow for
sensitive noninvasive imaging of Fluc reporter gene ex-
pression in living subjects.

Overcoming biological barriers in molecular imaging

A specific molecular imaging probe must possess reason-
able pharmacokinetic features such that it reaches its
intended target at sufficient concentration and remains
there sufficiently long to be detectable in living subjects.
In this respect, the probe becomes subject to all the phar-
macokinetic rules and constraints that govern the con-
centration of “drugs” in plasma, including absorption,
distribution, metabolism, excretion, and other factors
within the vascular compartment (e.g., plasma half-life,
first- or zero-order pattern of elimination, volume of dis-
tribution, protein binding, relation of blood levels to any
toxicity, and ultimately to the imaging signal itself; Fig.
4). Rapid excretion, nonspecific binding/trapping, me-
tabolism, and delivery barriers all are important ob-
stacles to be overcome (Huang and Phelps 1986; Weissl-
eder and Mahmood 2001; Gambhir 2003).

Delivery barriers are typically the most challenging to
deal with, particularly for larger probes. Even low-mo-
lecular-weight probes may not be easily internalized into
cells, a requirement for imaging of intracellular targets.
Several strategies have been developed to evade existing
delivery barriers, and research is ongoing in this area.
Examples include the use of peptide-mediated transloca-
tion signals (e.g., via the HIV-1 TAT peptide) that result
in active shuttling of imaging probes across the cell lipid
bilayer membrane into cells (Josephson et al. 1999; Bho-
rade et al. 2000; Lewin et al. 2000; Polyakov et al. 2000;
Dodd et al. 2001; Wunderbaldinger et al. 2002), conjugat-
ing biomolecules with polyethylene glycol (PEG) to de-
crease both immunogenicity and rapid recognition (PEG
is a polymer known to minimize molecular interactions
and improve colloidal solubilities; Molineux 2002), use
of long-circulating drugs to achieve a more homogeneous
distribution (this applies to smart probes, not most other
imaging probes, in which longer circulation times are
undesirable), and/or local delivery combined with phar-
macological or physical methods to improve targeting
(Weissleder and Mahmood 2001).

An important consideration in using targeted probes is
the fact that target-to-background ratios can be further
limited by receptor density and/or availability, binding
affinity, rapid efflux from cells, limited clearance kinet-
ics from the interstitial space, and/or nonspecific cellu-
lar uptake or adhesion of probes. In particular, it may be
difficult to differentiate specifically bound from un-
bound ligands. This frequent inability to eliminate un-
bound affinity ligands can be problematic, and at times
may markedly contribute to background noise. In in
vitro assays, this predicament is easily dealt with by
washing off unbound ligands and then recording specific
signals, with resultant high target-to-background ratios.
Unfortunately, in a living subject, options are limited to
optimization of pharmacokinetics, that is, waiting for
nonspecific circulating surplus probe to be eliminated.
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This may be aided by removing some of the ligand from
the circulation (into the reticuloendothelial system) by
means of the addition of specific “chase” compounds
shortly before imaging (Weissleder and Mahmood 2001},
and by use of smart probes that produce minimal signal
until they interact with targets.

Strategies for signal amplification

Signal amplification is a key issue for molecular imaging
strategies. Higher levels of imaging signal per unit level
of target and probe interaction lead to higher sensitivity
for any particular imaging assay. Unfortunately, the
numbers of DNA and mRNA targets per cell (1-2, and
about 10-1000, respectively) are limited, thus requiring
extreme levels of signal amplification for adequate image
visualization. The antisense imaging approach men-
tioned below therefore has the lowest concentration of
the target (MRNA) and is the most challenging of the
present molecular imaging methods under investigation.
On the other hand, imaging of proteins and/or protein
function is much more feasible, a process referred to as
downstream imaging because of the much larger number
of targets available, between 100 and 1 million per cell.
In particular, the strategy entailing interaction of an im-
aging probe with a receptor shows relatively greater in-
herent signal amplification, owing to the presence of
many receptors available for accepting these ligands. Bet-
ter still is when each enzyme molecule in turn traps a
large number of substrate probes, leading to the greatest
degree of signal amplification. These differences must be
borne in mind, depending on the biological process under
investigation and when optimizing the decision to select
a particular imaging assay over another.

The selection of an appropriate downstream target of
gene expression may be sufficient to produce signal am-
plification for imaging purposes. There are some further
strategies that can facilitate this process of protein im-
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Molecular imaging in living subjects

c Figure 4. Pharmacokinetics of molecular
imaging probes. Molecular imaging probes
need to overcome many biological barriers
when administered to living subjects.
These probes are subject to all the pharma-
cokinetic rules and constraints that gov-
ern the concentration of “drugs” in
plasma, including absorption/delivery (A),
distribution (B), metabolism (C), excre-
tion/reabsorption in the enterohepatic cir-
culation (D), urinary excretion (E), and
other factors within the vascular compart-
ment (B; e.g., plasma half-life, protein
binding). Rapid excretion, nonspecific
binding/trapping in nontarget tissues, me-
tabolism, and delivery barriers are all im-
portant obstacles to be overcome before
availability to target(s) for interaction (F).

aging, such as improving target concentration by avidin—
biotin amplification (Rosebrough 1996) or improved ki-
netics, trapping of converted ligands (as in the '3F-FPCV/
HSVI1-TK reporter system outlined below), and the
ability of probes to change their physical nature after
target interaction (e.g.,, fluorescence dequenching;
Bremer et al. 2001a), all of which serve to increase the
sensitivity of the imaging assay.

Specific applications of molecular imaging
in living subjects

The myriad of biological processes that could be targeted
for molecular imaging and the associated approaches for
developing technologies and reagents to make this pos-
sible may be conveniently grouped into two different
strategies, direct and indirect. This is an important prin-
ciple, mentioned above with regard to the types of im-
aging probes available, and bears further reiteration here.
The first strategy is a direct one that uses de novo syn-
thesis of unique molecular probes targeted to a specific
molecular marker(s)/target(s), such as a receptor, trans-
porter, or enzyme. For each novel target, iterative modi-
fications in the structure of existing compounds are
made, or new compounds are obtained, to develop a mo-
lecular probe specific to that target. Additionally, for
each such target, the sensitivity of detection and speci-
ficity of interaction, pharmacokinetics of delivery, and
signal-to-noise ratio for its molecular probe must be
characterized by appropriate in vitro and in vivo assays.
The development and validation of these specific imag-
ing agents is time-consuming and requires significant
effort. It is therefore important to select carefully a mo-
lecular marker for which a novel specific imaging agent
may require conception and creation.

The second general strategy to image specific molecu-
lar and cellular events is an indirect one entailing the use
of a pretargeting molecule that is subsequently activated
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upon occurrence of a specific molecular event. Following
this, a molecular probe specific for the activated pretar-
geting molecule is used to image its activation. Reporter
genes fall into this category and are described in greater
detail below. Although initial development of a reporter
system has similarities to the more direct de novo syn-
thesis paradigm described above, the final result of this
approach is to engineer a generalizable system that may
be used to image many different biological processes
with the same reporter probe and different pretargeting
molecules. This is an attractive means of indirectly vi-
sualizing transcriptional and posttranscriptional regula-
tion of gene expression, protein—protein interactions, or
trafficking of proteins or cells in living subjects. The
downside, however, is the necessity to introduce one or
more foreign proteins/genes into a cell, and the delivery
of the reporter gene may be a limitation of this strategy
in intact animals. Conceptually, the latter is less of an
issue in the context of gene therapy approaches or for
molecular imaging of transgenic animals expressing the
reporter gene. When adopting this strategy it is impor-
tant to determine how accurately the reporter protein
reproduces regulation and function of the corresponding
endogenous pathway, thus proving that the reporter does
not perturb the underlying biological process being ex-
amined (Luker 2002).

Having set the scene for how molecular and cellular
functions can be interrogated in living subjects using
molecular imaging strategies, what follows are some ex-
amples of specific applications in this field. This infor-
mation (other than the subject of reporter gene imaging
discussed in greater detail below) is presented in Table 2
and Figures 5-8, and although comprehensive, is by no
means exhaustive because of space limitations. For ease
of display and comprehension, these examples of imag-
ing biological processes presented in Table 2 are consid-
ered in a spatially represented manner with respect to a
cell, extending from those present outside the cell, to
those on the cell surface, those in the cytosol, to those
events taking place within the nucleus.

Reporter gene imaging

Intense exploration is taking place in the biological sci-
ences to determine the patterns of gene expression that
encode normal biological processes. There is also a grow-
ing belief that diseases result from alterations in normal
regulation of gene expression that transition cells to phe-
notypes of disease (Phelps 2000b). These alterations in
gene expression can result from interactions with the
environment, hereditary deficits, developmental errors,
and the aging process (Phelps 2000a). Imaging of gene
expression in living subjects can be directed either at
genes externally transferred into cells of organ systems
(transgenes) or at endogenous genes. Most present appli-
cations of reporter gene imaging are of the former vari-
ety. By adopting state-of-the-art molecular biology tech-
niques, it is now possible to better image cellular/mo-
lecular events. One can also engineer cells that will
accumulate imaging probes of choice, either to act as
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generic gene “markers” for localizing and tracking these
cells, or to target a specific biological process or pathway.
In the last few years, there has been a veritable explosion
in the field of reporter gene imaging, with the aim of
determining location, duration, and extent of gene ex-
pression within living subjects (Bogdanov and Weiss-
leder 1998; Gambhir et al. 1999b,c; Bremer and Weiss-
leder 2001; Hogemann and Basilion 2002; Jacobs and
Heiss 2002).

General features of reporter imaging systems

Reporter genes are used to study promoter/enhancer el-
ements involved in gene expression, inducible promoters
to look at the induction of gene expression, and endog-
enous gene expression through the use of transgenes con-
taining endogenous promoters fused to the reporter
(Gambhir 2000). In all these cases, transcription of the
reporter gene can be tracked, and therefore gene expres-
sion can be studied. Unlike most conventional reporter
gene methods (e.g., chloramphenicol acetyl transferase,
LacZ/B-galactosidase, alkaline phosphatase, Bla/B-lacta-
mase, etc.; Spergel et al. 2001), molecular imaging tech-
niques offer the possibility of monitoring the location,
magnitude, and persistence of reporter gene expression
in intact living animals or humans. The reporter gene
driven by a promoter of choice must first be introduced
into the cells of interest. This is a common feature for all
delivery vectors in a reporter gene-imaging paradigm;
that is, a complementary DNA expression cassette (an
imaging cassette) containing the reporter gene of interest
must be used. The promoter can be constitutive or in-
ducible; it can also be cell-specific. If the reporter gene is
transcribed, an enzyme or receptor product is made, thus
trapping the imaging reporter probe, which may be a sub-
strate for an enzyme or a ligand for a receptor. The trap-
ping of the probe leads to an imaging signal, be it from a
radioisotope, a photochemical reaction, or a magnetic
resonance metal cation, depending on the exact nature of
the probe itself.

The ideal reporter gene/probe would have the follow-
ing characteristics (Gambhir 2000): (1) To prevent an im-
mune response, the reporter gene should be present in
mammalian cells, but not expressed. (2) Specific reporter
probe should accumulate only where reporter gene is ex-
pressed. (3) No reporter probe should accumulate when
the reporter gene is not expressed. (4) The product of the
reporter gene should also be nonimmunogenic. (5) The
reporter probe should be stable in vivo and not be me-
tabolized before reaching its target. (6) The reporter
probe should rapidly clear from the circulation and not
interfere with detection of specific signal. (7) The re-
porter probe or its metabolites should not be cytotoxic.
(8) The size of the reporter gene and its driving promoter
should be small enough to fit into a delivery vehicle
(plasmids, viruses), except for transgenic applications. (9)
Natural biological barriers must not prevent the reporter
probe from reaching its destination. (10) The image sig-
nal should correlate well with levels of reporter gene
mRNA and protein in vivo. No single reporter gene/re-
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Table 2. Examples of specific applications of molecular imaging in living subjects

Imaging Category
modality Type of molecular of imaging
Molecular imaging application used probe used strategy?® Reference®
Extracellular protease imaging
Cathepsin B in artherosclerosis fluorescence smart NIR fluorochrome indirect Chen et al. 2002
Cathepsin B in breast cancer fluorescence smart NIR fluorochrome indirect Bremer et al. 2002
Cathepsin B in dysplastic fluorescence smart NIR fluorochrome indirect Marten et al. 2002
intestinal adenomata
Cathepsin B and H in breast fluorescence smart NIR fluorochrome indirect Mahmood et al. 1999
cancer
Cathepsin D in cancer fluorescence smart NIR fluorochrome indirect Tung et al. 1999
Cathepsin D in cancer fluorescence smart NIR fluorochrome indirect Tung et al. 2000
Thrombin fluorescence smart NIR fluorochrome indirect Tung et al. 2002
Matrix metalloproteinase-2 in fluorescence smart NIR fluorochrome indirect Bremer et al. 2001b
cancer
Receptor/ligand imaging
Neurotransmitters and neuroreceptors
Dopaminergic system
18E_fluoro-DOPA PET radiolabeled ligand direct Cumming and Gjedde 1998
C-nomifensine PET radiolabeled ligand direct *Lucignani and Frost 2000
18F-GBR13,119 PET radiolabeled ligand direct *Lucignani and Frost 2000
1C-cocaine PET radiolabeled ligand direct *Lucignani and Frost 2000
HNC.CFT PET radiolabeled ligand direct *Lucignani and Frost 2000
1 C-WIN35,428 PET radiolabeled ligand direct *Lucignani and Frost 2000
1231.8-CIT.WIN35,428 SPECT radiolabeled ligand direct *Lucignani and Frost 2000
123 1.8-CIT SPECT radiolabeled ligand direct *Lucignani and Frost 2000
11C-N-methyl-spiperone PET radiolabeled ligand direct Wagner et al. 1983
1 C-raclopride PET radiolabeled ligand direct Volkow et al. 1993
18F-haloperidol PET radiolabeled ligand direct Zanzonico et al. 1983
18F-fluoro-ethyl-spiperone PET radiolabeled ligand direct Coenen et al. 1987
1231 jodobenzamide SPECT radiolabeled ligand direct Kung et al. 1990
11C-SCH 23,390 PET radiolabeled ligand direct Halldin et al. 1991
C-SCH 39,166 PET radiolabeled ligand direct Halldin et al. 1991
Serotoninergic system
11C.ketanserin PET radiolabeled ligand direct Berridge et al. 1983
18F.setoperone PET radiolabeled ligand direct Crouzel et al. 1988
Central benzodiazepine binding sites
1 C-flumazenil PET radiolabeled ligand direct Shinotoh et al. 1986
123]iomazenil SPECT radiolabeled ligand direct Dey et al. 1994
Cholinergic presynaptic function
1C-N-methyl-piperydinil- PET radiolabeled ligand direct Kuhl et al. 1996
proprionate
Nicotinic receptor function
11C-labeled nicotine PET radiolabeled ligand direct Lucignani and Frost 2000
Muscarinic receptor function
123]_quinuclinidylbenzilate SPECT radiolabeled ligand direct Eckelman et al. 1984
C-tropanylbenzilate PET radiolabeled ligand direct Mulholland et al. 1995
1C-Nmethyl-piperydil-benzilate PET radiolabeled ligand direct Mulholland et al. 1995
Opiate receptor function
' C-carfentanil PET radiolabeled ligand direct Frost et al. 1990
C-diprenorphine PET radiolabeled ligand direct Jones et al. 1988
"C-methyl-naltrindole PET radiolabeled ligand direct Madar et al. 1996
Histamine receptor function
HC-pyrilamine PET radiolabeled ligand direct Villemagne et al. 1991
Mitochondrial enzyme monoamine oxidase B
H1C.L-deprenyl PET radiolabeled ligand direct Fowler et al. 1993
Tumor receptors
Somatostatin receptors
"n-octreotide SPECT radiolabeled ligand direct *Virgolini 2000
n-lanreotide SPECT radiolabeled ligand direct *Virgolini 2000
99mTc.vapreotide SPECT radiolabeled ligand direct *Virgolini 2000
Vasointestinal peptide receptors
123L.VIP SPECT radiolabeled ligand direct *Virgolini 2000
99mTe-VIP SPECT radiolabeled ligand direct *Virgolini 2000

Table 2 continued on next page
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Table 2. Continued

Molecular imaging application

Imaging
modality
used

Type of molecular

probe used

Category
of imaging
strategy®

Reference®

Antibody/antigen imaging
Cancer antigens

1311.]abeled anticarcinoembryonic (CEA)
monoclonal antibodies

86Y-labeled anti-Lewis Y monoclonal
antibodies

n.-satumomab pendetide
antiglycoprotein-72 (TAG-72)
monoclonal antibodies

99mTc-labeled anti-CEA murine FAB'
fragment monoclonal antibodies

In-labeled capromab pendetide
anticytoplasmic membrane-rich fraction
of LNCaP (prostate cancer) cells
monoclonal antibodies

29mTc labeled nofetumomab merpentan
anti-cell surface antigen murine Fab’
fragment of the pancarcinoma
monoclonal antibodies

%4Cu, or **I-labeled anti-CEA monoclonal
antibody fragments (diabodies/
minibodies see Fig. 5)

Monocrystalline iron oxide nanoparticles
conjugated to L6 anticarcinoma
monoclonal antibodies

Neovascular antigens
]n-]labeled anti-endoglin antibodies
Endothelial proinflammatory antigens

Monocrystalline iron oxide nanoparticles
conjugated to anti-human E-selectin
F(ab’), fragments

Fibrin (thrombus antigens)
Gadolinium-DTPA nanoparticles conjugated
to MRI anti-fibrin F(ab’) fragments

Imaging other cell membrane components
Multidrug resistance transporters
99mTc_tetrofosmin targeting multiple
members of the ATP-binding-cassette
superfamily of membrane transporters
%’Ga complexes targeting MDR1
P-glycoprotein
99mTc.MIBI (sestamibi) targeting
P-glycoprotein
Membrane phospholipids
99mTc labeled annexin V, which binds to
phosphatidylserine in apoptosis
Monocrystalline iron oxide nanoparticles
conjugated to the first C, domain of
synaptotagmin I, which binds to
phosphatidylserine in apoptosis

Imaging intracellular proteins and receptors
Intracellular enzymes or enzyme inhibitors
18F-2-fluoro-2-deoxyglucose ['*F-FDG]
phosphorylation by hexokinase
1C-N,N-dimethylphenylethylamine
("'C-DMPEA) deamination by
monoamine oxidase
18F_fluorothymidine targeting mammalian
thymidine kinase and DNA replication
18F-SC63217 and '®F-SC58125 inhibition
of cyclo-oxygenases COX-1 and COX-2

SPECT

SPECT

SPECT

SPECT

SPECT

SPECT

PET

MRI

SPECT

MRI

MRI

SPECT

PET

SPECT

SPECT

MRI

PET

PET

PET

PET

radiolabeled antibody
radiolabeled antibody

radiolabeled antibody

radiolabeled antibody

radiolabeled antibody

radiolabeled antibody

radiolabeled antibody

MIONSs + antibody

radiolabeled antibody

MIONSs + antibody

Gd-DTPA + antibody

radiolabeled substrate

radiolabeled substrate

radiolabeled substrate

radiolabeled protein

MION + protein

radiolabeled substrate

radiolabeled substrate

radiolabeled thymidine analog

radiolabeled enzyme inhibitors

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

Oriuchi and Yang 2001
Lovqvist et al. 2001

*Kim 2001

*Kim 2001

*Kim 2001

*Kim 2001

Wu et al. 2000

Remsen et al. 1996

Bredow et al. 2000

Kang et al. 2002

Flacke et al. 2001

Chen et al. 2000

Sharma et al. 2000

Del Vecchio et al. 2000

Blankenberg et al. 1998

Zhao et al. 2001

Gambhir 2002

Shinotoh et al. 1987

Shields et al. 1998

McCarthy et al. 2002
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Table 2. Continued

Molecular imaging in living subjects

Imaging Category
modality Type of molecular of imaging
Molecular imaging application used probe used strategy?® Reference”
Intracellular receptors
18F.labeled estrogen analogs and androgen PET radiolabeled hormone direct Downer et al. 2001
receptors analogs
Imaging reporter genes
See text
Imaging messenger RNA
1n-labeled oligodeoxynucleotides SPECT radiolabeled direct Dewanjee et al. 1994

antisense to the amplified c-myc
oncogene

oligodeoxynucleotides

?For definition of category of imaging strategy, please see text.

PReferences marked with an asterisk are review articles with reference to this subject.

porter probe system meets all these criteria at present.
Therefore, the development of multiple systems pro-
vides a choice based on the application of interest. The
availability of multiple reporter gene/reporter probes
also allows monitoring the expression of more than one
reporter gene in the same living animal. Ray et al. (2001)
have reviewed the many examples of these imaging re-
porter systems.

Categories of reporter imaging systems

A Dbroad classification of reporter systems consists of
those in which the gene product is intracellular

- HO o
OH
— *
FDG
LS174T — -+— (6
t_‘ I124
Anti-GEA Minibody .

Figure 5. Direct imaging of carcinoembryonic antigen (CEA)
in a living mouse using FDG and anti-CEA '2*I minibody. Mi-
croPET imaging of a mouse 1 h after tail-vein injection of FDG
(gray scale) superimposed on microPET imaging of the same
mouse imaged 18 h after injection of an '2*I-labeled minibody
(color scale) targeted against CEA. The mouse carries two tumor
xenografts: a C6 rat glioma as a negative control and an LS174T
line that expresses CEA. The minibody signal is seen almost
exclusively from the LS174T tumor only, because most back-
ground activity has already cleared 18 h after tracer injection.
Reproduced with permission from Gambhir (2002). Note the
actual size of the FDG molecule is much smaller than anti-CEA
minibody.

(Fig. 6A,B), or is associated with the cell membrane
(Fig. 6C,D). Examples of intracellular reporters include
thymidine kinase, GFP, luciferase (Benaron et al. 1997,
Contag et al. 1997), cytosine deaminase, and tyrosinase
(Weissleder et al. 1997b), to name a few. Examples of
reporters on or in the cell surface in the form of receptors
include the dopamine 2 receptor (D2R) and receptors for
somatostatin, transferrin (Moore et al. 1998; Hogemann
et al. 2000), or the sodium iodide symporter (Boland et al.
2000; Haberkorn et al. 2001; Shen et al. 2001; Cho et al.
2002). Bogdanov et al. (2000) have also constructed fu-
sion proteins that act as “artificial receptors,” consisting
of a binding domain such as a peptide-based chelator that
binds **™Tc oxotechnetate and a membrane-anchoring
domain. A variety of fusion proteins have been tested,
and this approach may evolve into a useful strategy to
“tag” transfected cells with *™Tc, thus assessing effi-
ciency of gene delivery and expression. The major advan-
tages of intracellular protein expression are the relatively
uncomplicated expression strategy and lack of recogni-
tion of the expression product by the immune system.
The major advantages of surface-expressed receptors and
acceptors are favorable kinetics (sometimes avoiding the
need for the tracer to penetrate into a cell) and the fact
that synthetic reporters can be engineered to recognize
already approved imaging drugs (Weissleder and Mah-
mood 2001).

A well-studied isotope-based imaging reporter gene/
reporter probe system is the reporter probe '®F-fluoro-
penciclovir (*8F-FPCV) for the herpes simplex virus type
1 thymidine kinase (HSV1-TK) enzyme, adapted for PET
imaging (Iyer et al. 2001a), and first developed in 1996
using '3'I-labeled 2'fluoro-2’-deoxy-1-B-D-arabinofura-
nosyl-5-iodo-uracil (FIAU) for SPECT imaging (Tjuvajev
et al. 1996). Two main categories of substrates, uracil
nucleoside derivatives labeled with radioactive iodine
(e.g., FIAU; Tjuvajev et al. 1995) and acycloguanosine
derivatives labeled with radioactive '®F-fluorine (e.g.,
I8E.FPCV, '8F-FHBG), have been investigated in the last
few years as reporter probes for imaging HSV1-tk re-
porter gene expression (Namavari et al. 2000). These ra-
diolabeled reporter probes are transported into cells, and
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are trapped as a result of phosphorylation by HSV1-TK.
When used in nonpharmacological tracer doses, these
substrates can serve as PET or SPECT targeted reporter
probes by their accumulation in just the cells expressing
the HSV1-tk gene. More recently, a mutant version of
this gene, HSV1-sr39tk, was derived using site-directed
mutagenesis to obtain an enzyme more effective at phos-
phorylating ganciclovir (and also less efficient at phos-
phorylating thymidine) with consequent gain in imaging
signal (Gambhir et al. 2000a).

The D2R reporter gene has also been validated for PET
imaging of reporter gene expression while using '®F-fluo-
roethylspiperone (FESP) as the reporter probe ligand (Mac-
Laren et al. 1999). More recently, a mutant D2R that
uncouples signal transduction while maintaining affin-
ity for FESP has also been reported (Liang et al. 2001).

Two general types of reporter systems are applicable to
MRI-based molecular imaging, and have been reviewed
by Louie et al. (2002). One imaging system relies on mo-
lecular probes that are sensitive to the activity of p-ga-
lactosidase, the product of the classic marker gene LacZ.
The synthesis of a molecular probe in which gadolinium
is protected by a carbohydrate “cap” that is B-galactosi-
dase-cleavable would result in a probe with variable wa-
ter access. This would provide a molecular probe of vari-
able relaxivity because the interaction between water
protons and paramagnetic metal centers of probes results
in signal enhancement on T1-weighted images. If an ex-
ternal physiological process regulates water access, then
the probe would be a reporter of the physiological pro-
cess itself. Using the Xenopus embryo, Louie et al. (2000)
have demonstrated the ability of these probes and MRI to
detect gene expression in living subjects. Unfortunately,
present enzyme-cleavable probes do not freely cross cell
membranes (thus requiring direct intracellular injec-
tion), and the kinetics of cleavage are quite slow. How-
ever, these probes are useful for specific applications in
tissues that are amenable to direct injection, for ex-
ample, in developmental biology research.

An alternative to this conditional reporter probe is to
couple MRI probes to targeting moieties. Weissleder et
al. (2000) have highlighted the use of the transferrin re-
ceptor as a potential intracellular transporter of iron ox-
ide nanoparticles (Fig. 6D). The transferrin receptor is
found in most cells and is part of the iron regulatory
system. The receptor binds to transferrin, an iron-carry-
ing protein, and transports it into the cell. Normal ex-
pression of the receptor is under feedback regulation to
prevent excessive cellular iron uptake. However, cells
can be engineered to overexpress transferrin and, there-
fore, accumulate monocrystalline iron oxide nanopar-
ticles intracellulary. This increased iron content results
in differential MRI signal from these cells on a type of
T2-weighted images called gradient-echo images, which
are particularly sensitive to the presence of paramagnetic
ions. Additional studies are required to assess this sys-
tem further, including measurement of the effect of over-
expressing the receptor on normal cellular function, and
how well normal systems tolerate increased levels of
freely circulating and intracellular iron.

Molecular imaging in living subjects

Four broad categories of applications for reporter gene
imaging are as follows: gene marking of cells with imag-
ing genes, imaging of gene therapies, imaging of trans-
genic animals, and imaging of molecular interactions
such as protein—protein interactions (Figs. 7, 8).

Applications of reporter gene imaging: gene marking
of cells

Gene marking may be used to track the in vivo behavior
of almost any tissue (Brenner 1996). It is necessary to
stably transfect cells with the imaging marker gene if
they and their progeny are to be followed for their entire
lifespan within the living subject. In practice, however,
transient transfection of cells suffices if these marked
cells are to be imaged in a living subject for no more than
~7-10 d, depending on the cells in question and other
parameters as well. In principle, gene marker studies
may be used to follow the behavior of almost any cell
type in living subjects. In clinical practice, this has been
mostly used with hematopoietic cells (Brenner 1996).
However, in molecular imaging research, a variety of
cells have been engineered to incorporate reporter genes.
Usually, gene marking of cells that are static in one lo-
cation, for example, subcutaneous tumor xenografts, is
used for first assessment and continued validation of re-
porter genes and their probes, or for studying the behav-
ior of the cells themselves within living subjects. This
can be accomplished in two ways: one is ex vivo trans-
fection of the cells in question with a vector containing
an imaging cassette, followed by placement of these cells
in a living subject as a xenograft or an orthotopic trans-
plant. The second approach entails direct in vivo place-
ment, usually via injection, of the vectors carrying the
reporter gene as part of the recombinant genome of vi-
ruses, into the cells of interest within the body.

There are numerous examples of molecular imaging of
cells that are mostly destined to remain static in the
body, after their ex vivo gene marking with imaging re-
porters and subsequent placement in living rodents (Fig.
7A,B). Examples of radionuclide applications include the
assessment by Iyer et al. (2001a) of the HSV1-tk reporter
gene system, which showed '®F-fluoropenciclovir to be
an improved probe over '8F-fluoroganciclovir for micro-
PET imaging in C6 cell mouse xenografts, and other
studies of the human somatostatin receptor subtype 2 in
ovarian cancer cell xenografts of immunodeficient mice
(Hemminki et al. 2002; Zinn and Chaudhuri 2002).
Weissleder et al. (2000) and Moore et al. (2001) have also
assessed the transferrin receptor as an MRI reporter in rat
gliosarcoma 9L cell xenografts (Fig. 6D). Other studies in
which gene-marked xenografts were used in evaluation
of optical imaging reporters include those of Bhaumik
and Gambhir (2002) for Renilla luciferase, and those of
Edinger et al. (1999) and Sweeney et al. (1999) for Firefly
luciferase. Orthotopic mouse brain implants of rat 9L
gliosarcoma cells gene-marked with Fluc have also been
attempted (Rehemtulla et al. 2000), as well as orthotopic
implantation of Fluc-marked human prostate cells into
the prostate glands of mice (Honigman et al. 2001). Ex-
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Figure 7. Different applications of imaging reporter gene/probe systems in small animals. (A) Bioluminescence imaging of subcuta-
neous tumor xenografts (in both shoulder regions). C6 cells expressing Firefly luciferase (A), C6 cells expressing Renilla luciferase (B),
and control C6 cells (C). Injection of D-luciferin via tail-vein in the left mouse shows bioluminescence from site A and minimal signal
from B and C. Injection of coelenterazine via tail-vein in the right mouse produces bioluminescence from site B but minimal signal
from sites A or C. Reproduced with permission from Bhaumik and Gambhir (2002). (B) Bioluminescence imaging of N2a cells
expressing Firefly luciferase or Renilla luciferase orthotopically implanted in brains of living mice. Images were obtained after tail-vein
injection of the substrates D-luciferin and coelenterazine, respectively. (C) PET and bioluminescence imaging after direct intramyo-
cardial injection of adenoviral vectors carrying the HSV1-tk or Fluc genes. The figure on the right shows a projection bioluminescence
image of the mouse with light emanating from the heart. The figure on the left shows microPET transverse cross-sectional imaging
through the heart after tail-vein injection of '*N-ammonia (gray scale) superimposed on microPET imaging of the same mouse imaged
later after injection *F-FHBG for HSV1-tk (color scale; see Wu et al. 2002a,b). (D) Trafficking of adenovirus carrying the HSV1-tk gene
to the liver. Swiss-Webster mice were injected via the tail vein with 1.5 x 10° PFU of control virus (left mouse) or 1.5 x 10° PFU of
AdCMV-HSV1-TK virus (right mouse). For each mouse, a whole-body mean coronal projection image of the fluorine-18 activity
distribution is displayed. The liver outline is in white. The color scale represents the FGCV %ID/g. Reproduced with permission from
Gambhir et al. (1999c). (E) Trafficking to the lungs of C6 rat glioma cells transiently expressing Renilla luciferase. Reproduced with
permission from Bhaumik and Gambhir (2002). (F) Imaging endogenous albumin gene expression in the liver of transgenic mice with
the HSV1-tk reporter gene driven by the albumin promoter. Nonspecific activity in the intestines is caused by hepato-biliary excretion
of molecular probes. Reproduced with permission from Green et al. (2002).

amples of nonneoplastic cells that have been used in this
way include myoblasts gene-marked with Fluc and in-
jected directly into rat myocardium (Koransky et al.
2001), and several Fluc-gene-marked bacterial strains
used for evaluation of mouse infection models (Francis et
al. 2000, 2001; Burns et al. 2001; Rocchetta et al. 2001;
Hamblin et al. 2002). Examples in which viral vectors
containing the imaging reporter gene were placed di-
rectly into the living subject include HSV1-tk or HSV1-
sr39tk vector injected into subcutaneous tumor xeno-
grafts (Tjuvajev et al. 1996, 1998, 1999a; Blasberg and
Tjuvajev 1999; Bennett et al. 2001) or into the myocar-
dium (Fig. 7C; Wu et al. 2002b) and Fluc vectors injected
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directly into thigh muscles of mice (Wu et al. 2001) or
into the myocardium of rats (Fig. 7C; Wu et al. 2002a).

In vivo imaging of cell trafficking is presently per-
formed in clinical practice (e.g., using '''In-oxine for
SPECT imaging of infection and inflammation; Becker
and Meller 2001) and is the objective of many immuno-
logical and oncological studies. Several cell-trafficking
approaches have been developed for MRI (Dodd et al.
2001) and PET imaging, including the ex vivo labeling of
cells with E-FDG, ''CH,], and recently studied ®*Cu-
pyruvaldehyde-bis(N*-methylthiosemicarbazone) (**Cu-
PTSM; Adonai et al. 2002). Gene marking may also be
used to study trafficking of cells (Fig. 7E) or viral vectors
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(Fig. 7D) in living subjects. For instance, Le et al. (2002)
assessed the role of the BCR-ABL oncogene in lymphoid
leukemogenesis using bone marrow cells gene-marked
with HSV1-tk. CD4" T cells marked with Fluc have been
used in an adoptive immunotherapy protocol whereby
lymphocytes deliver a cytokine antagonist to the brains
of mice with experimental autoimmune encephalomy-
elitis (Costa et al. 2001; Hardy et al. 2001). CD4* T cells
marked with Fluc were also used as vehicles to deliver an
immunoregulatory protein for treatment of collagen-in-
duced arthritis in a mouse model of rheumatoid arthritis
(Nakajima et al. 2001). Tjuvajev et al. (2001) used engi-
neered nonvirulent Salmonella bacteria marked with
HSVI1-tk when studying their role as tumor-specific
agents for tumor therapy; and found that these geneti-
cally engineered bacteria accumulated 30-fold higher in
tumors than in muscle. Salmonella marked with Fluc
has also been used to understand the systemic spread of
pathogens and to monitor their antibiotic therapy (Con-
tag et al. 1995). Recently, cancer cells marked with Fluc
and injected into the left ventricle have helped in the
study of micrometastatic spread to bone marrow (Wet-
terwald et al. 2002).

The trafficking of a viral vector itself carrying the im-
aging cassette can also be monitored to some extent after
intravenous injection. In these approaches, it is usually
only possible to image sites of viral infectivity and de-
livery of the imaging gene, although studies are under-
way at present in which labeling the virus itself provides
information on its true trafficking after delivery. When
replication-deficient adenovirus expressing the HSV1-tk
or the D2R PET reporter genes is injected into mice, the
great majority (>95%) home to and infect the liver owing
to the presence of the coxsackie-adenovirus receptors on
hepatocytes (Gambhir et al. 1998, 1999¢, 2000a; Mac-
Laren et al. 1998). Administration of radiolabeled re-
porter probes for these genes shows accumulation of PET
signal only in the livers expressing HSV1-tk or D2R.
Honigman et al. (2001) have performed similar systemic
tracking of viral particles carrying the Fluc gene in
BALB/c mice. In a different application, recombinant ad-
eno-associated viruses carrying the Fluc gene were deliv-
ered in utero to the peritoneum of mouse fetuses. Track-
ing of the reporter gene expression in the neonates was
shown to provide a sensitive whole-body assay useful for
marking tissues for subsequent analysis when consider-
ing in utero gene transfer therapies to ameliorate genetic
diseases with perinatal morbidity (Lipshutz et al. 2001).

Applications of reporter gene imaging: imaging
of gene therapies

Although various methods of gene therapy have met
with limited success, it is probable that eventually many
diseases will be successfully treated with the delivery of
one or more transgenes to target tissue(s). A concern in
applying gene therapy is achievement of controlled and
effective delivery of genes to target cells and avoidance of
ectopic expression. Molecular imaging of reporters on
particular therapeutic genes could be critical in optimiz-

Molecular imaging in living subjects

ing gene therapy. The aim of these approaches is to quan-
titatively image reporter gene expression, and from this
to infer levels, location, and duration of therapeutic gene
expression (Gambhir et al. 2000b; MacLaren et al. 2000;
Weissleder et al. 2000; Wunderbaldinger et al. 2000; All-
port and Weissleder 2001; Berger and Gambhir 2001; Ni-
chol and Kim 2001; Vries et al. 2002). There are several
strategies to achieve linkage of expression of the thera-
peutic transgene and the imaging reporter gene (Ray et
al. 2001; Sundaresan and Gambhir 2002). A fusion ap-
proach can be used in which two or more different genes
are joined in such a way that their coding sequences are
in the same reading frame, and thus a single protein with
properties of both the original proteins is produced. This
approach has been validated with fusion reporters such
as HSVITK-GFP (Jacobs et al. 1999; Doubrovin et al.
2001; Ponomarev et al. 2001}, DHFR- HSVITK (Banerjee
et al. 2002; Mayer-Kuckuk et al. 2002), HSVITK-LacZ
(Jacobs et al. 2001), and DHFR-GFP (Banerjee et al. 2002).
Another approach is to insert an internal ribosomal entry
site (IRES) sequence between the two genes so that they
are transcribed into a single mRNA from the same pro-
moter but translated into two separate proteins. Yu et al.
(2000) and Liang et al. (2002a) have recently reported on
such a bicistronic vector, in which both D2R and HSV1-
sr39tk genes were coexpressed from a common promoter
with the aid of an encephalomyocarditis virus IRES and
were imaged by microPET in multiple, stably transfected
tumors in living mice. Similarly, LacZ and HSVI-tk
genes were coexpressed in mice and imaged with SPECT
(Tjuvajev et al. 1999b). A third approach uses two differ-
ent genes expressed from distinct promoters within a
single vector. A fourth approach entails coadministering
both genes cloned in two different vectors but driven by
the same promoter type (Yaghoubi et al. 2001).
Examples in which the molecular imaging approach
was used in experimental gene therapy protocols include
a recent study investigating the effect of HSVI-TK en-
zyme active-site variants on suicide gene therapy of pros-
tate cancer cell xenografts (gene marked with GFP) in
SCID mice (Pantuck et al. 2002). Another study by Weng
et al. (2000) aimed at somatic cell gene transfer of the
heme oxygenase-1 (HO-1) gene to the lung alveoli of neo-
natal mice via transpulmonary injection. The transgene
was linked to Fluc for real-time monitoring of its gene
expression. It was found that the transpulmonary ap-
proach might prove useful in targeting gene expression
to cells of the alveolar epithelium or to circumscribed
areas of the lung. Hemminki et al. (2002) have also used
the somatostatin receptor subtype 2 reporter gene to im-
age gene therapy in a mouse model of ovarian cancer, in
which cancer cells were engineered to bypass their de-
pendence on coxsackie-adenovirus receptors for infectiv-
ity, and thus, improve their transduction efficiency by
adenoviral vectors. A recent study used the HSVI-tk
gene marker to monitor for the first time the replication
and spread of replication-conditional HSV-1 vector in tu-
mor xenografts (Jacobs et al. 2001). Tumor areas of '**I-
FIAU-derived radioactivity identified viable parts of in-
fected tumor tissue. In addition to providing further in-
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sights into cancer biology, potential clinical applications
of this include the ability to image the location, spread,
and persistence of the viral vector in patients undergoing
gene therapy.

Applications of reporter gene imaging: imaging
of transgenic animals

The merits of molecular imaging of transgenic animals
have been outlined above. To date, several research
groups have used this in their assessment of transgenic
mice. Green at al. (2002) have repetitively imaged endog-
enous albumin gene expression in transgenic mice with
the HSV1-tk reporter gene driven by the albumin pro-
moter (Fig. 7F). This demonstrated that the HSVI-tk
gene could be used to monitor the modulated expression
of transgenes in living animals. Most other examples to
date have used bioluminescence imaging to monitor
transgenic mice. To identify regions of the lactase gene
involved in mediating its spatiotemporal expression pat-
tern in the proximal and middle small intestine of de-
veloping transgenic mice, different fragments of this
gene were cloned upstream of the Fluc reporter gene (Lee
et al. 2002). It was found that a distinct 5'-region of the
lactase promoter directed intestine-specific expression of
the lactase gene and that bioluminescence imaging can
be used for assessment of this intestinal expression. Two
other examples by the same group (Zhang et al. 2001)
consisted of transgenic approaches to study the mecha-
nisms controlling bone morphogenetic protein 4 (Bmp4)
expression during primordial and mature tissue develop-
ment (Zhang et al. 2002a), and to study the effects of
metalloporphyrins on the transcription of the HO-1 gene
in an attempt to target production of neonatal bilirubin.
Carlsen et al. (2002) have developed transgenic mice that
express Fluc under the control of the nuclear factor kB
(NF-«kB) promoter, enabling real-time imaging of NF-kB
activity and its modulation in living mice. Another re-
cent example by Vooijs et al. (2002) involved the use of a
conditional mouse model for retinoblastoma suppressor
gene-dependent pituitary cancer development with co-
expression of the Fluc gene, enabling long-term biolumi-
nescence imaging, quantification of tumor burden, and
assessment of chemotherapeutic response.

The potential to monitor/image the pharmacologic in-
duction of gene expression in transgenic animals and to
image time-dependent variation of gene expression from
vectors with inducible promoters has been established
by Sun et al. (2001). They described a bidirectional, tet-
racycline-inducible system that can be used to pharma-
cologically induce target gene expression and to quanti-
tatively image induced expression by using a PET re-
porter gene. They demonstrated the potential of this
system in transient and stable cell transfection assays by
repetitive and quantitative imaging of tetracycline and
tetracycline-analog induction of gene expression in liv-
ing animals. They used the D2R and the HSV1-sr39tk
reporter genes to validate this system and found a high
correlation (1 = 0.98) between “target” and reporter gene
expression. Weng et al. (2000) have used a similar ap-
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proach for modulating expression of the HO-1 and Fluc
genes in a gene therapy model targeting the alveolar epi-
thelium.

Applications of reporter gene imaging: imaging
of molecular interactions

Some interesting variations on standard reporter gene
assays described above have also been adapted recently
for imaging of molecular interactions in living subjects.
A two-step transcriptional amplification (TSTA) method
for imaging gene expression using weak promoters (i.e.,
most tissue-specific ones) has been described by Iyer et
al. (2001b) and in a follow-up study by Zhang et al.
(2002b). The TSTA system was used to amplify expres-
sion of Fluc and HSV1-sr39tk in a prostate cancer cell
line using a duplicated variant of the prostate specific
antigen gene enhancer to express GAL4 derivatives fused
to one, two, or four VP16 activation domains. The re-
sulting activators were targeted to cells with reporter
templates bearing one, two, or five GAL4-binding sites
upstream of the reporter gene. It was found, for example,
that the expression of Fluc could be varied over an 800-
fold range. A similar approach for tumor-specific tran-
scriptional targeting of suicide gene therapy by Qiao et
al. (2002) used a recombinant adenovirus containing a
binary promoter system with a tumor-specific promoter
(CEA) driving a transcription transactivator, which then
activates a minimal promoter to express an HSV1-tk sui-
cide gene. It remains to be determined when these ap-
proaches are adapted for amplifying endogenous promot-
ers in transgenic models if use of the TSTA system could
have any undesirable toxicity.

To image protein—protein interactions in living mice,
Ray et al. (2002) have used the well-studied yeast two-
hybrid system adapted for mammalian cells and modi-
fied it to be inducible (Fig. 8A). They used the NF-xB
promoter to drive expression of two fusion proteins
(VP16-MyoD and GAL4-1d), and modulated the NF-«xB
promoter through TNF-a. Fluc reporter gene expression
was driven by the interaction of MyoD and Id through a
transcriptional activation strategy. They demonstrated
the ability to detect this induced protein—protein inter-
action in cell culture and image it in living mice by using
transiently transfected cells. A similar strategy by Luker
et al. (2002) involved interactions between the p53 tu-
mor suppressor and the large T antigen of simian virus
40. This initiated the visualization of tumor xenografts
of HeLa cells stably transfected with the imaging con-
structs. More recently, Paulmurugan et al. (2002) have
also validated the use of split reporter technology to
show that both complementation and intein-mediated
reconstitution of Firefly luciferase can be used to also
image protein—protein interactions in living mice (Fig. 9).
This approach has the advantage of potentially imaging
interactions anywhere in the cell, whereas the yeast two-
hybrid approaches are limited to interactions in the
nucleus. Imaging interacting protein partners in living
subjects could pave the way to functional proteomics in
whole animals and provide a tool for evaluation of new
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Figure 8. Imaging protein—protein interactions in living mice. (Left) Schematic diagram of the system for imaging the interaction of
proteins X and Y. The first step involves the vectors pA-gal4-x and pB-vp16-y, which are used to drive transcription of gal4-x and vp16-y
through use of promoters A and B. In the second step, the two fusion proteins GAL4-X and VP16-Y interact because of the specificity
of protein X for protein Y. Subsequently, GAL4-X-Y-VP16 binds to GAL4-binding sites [five GAL4-binding sites (bs) are available] on
a reporter template. This leads to VP16-mediated transactivation of Firefly luciferase reporter gene expression under the control of
GALA4 response elements in a minimal promoter. Transcription of the Firefly luciferase reporter gene leads to Firefly luciferase protein,
which, in turn, leads to a detectable visible light signal in the presence of the appropriate substrate (D-luciferin), ATP, Mg>*, and
oxygen. The NF-«B promoter was used for either pA or pB and TNF-a-mediated induction. (Right) In vivo optical CCD imaging of mice
carrying transiently transfected 293T cells for induction of the yeast two-hybrid system. All images shown are the visible light image
superimposed on the optical CCD bioluminescence image with a scale in photons per second per square centimeter per steradian. The
mice in the top row (A) were imaged after injection of D-luciferin but with no TNF-a-mediated induction. The mice in the bottom row
(B) were imaged after injection of D-luciferin after TNF-a-mediated induction, showing a marked gain in signal from the peritoneum

over 30 h. For further details, please see Ray et al. (2002). Reproduced with permission from Ray et al. (2002).

pharmaceuticals targeted to modulate protein—protein
interactions.

Several recent studies have successfully validated
methods to indirectly monitor endogenous gene expres-
sion by reporter gene imaging in living subjects. Green et
al. (2002) have measured correlated changes in the albu-
min gene (alb) and HSV1-tk expression in transgenic
mice with the reporter gene driven by the alb promoter.
A reduced protein diet was used to down-regulate alb
expression. It was found that endogenous gene expres-
sion of albumin could be indirectly imaged using this
approach. Doubrovin et al. (2001) developed and assessed
a similar method for monitoring the transcriptional
activation of endogenous genes. The HSVI-tk/GFP
(TKGFP) dual reporter gene was used to monitor tran-
scriptional activation of p53-dependent genes. They
demonstrated that DNA-damage-induced up-regulation
of p53 transcriptional activity correlated with the ex-
pression of p53-dependent downstream genes, such as
p21. PET imaging was sufficiently sensitive to image the
transcriptional regulation of genes in the p53 signal
transduction pathway. Ponomarev et al. (2001) used the
same fusion reporter in the development and assessment
of a novel method for monitoring the T-cell receptor
(TCR)-dependent nuclear factor of activated T cells
(NFAT)-mediated activation of T cells. The fusion re-
porter was used to monitor NFAT-mediated transcrip-
tional activation in human Jurkat cells, and the NFAT-

TKGEFP reporter system was sufficiently sensitive to de-
tect T-cell activation in vivo. PET imaging of TCR-
induced NFAT-dependent transcriptional activity could
be useful in the assessment of T-cell responses, T-cell-
based adoptive therapies, vaccination strategies, and im-
munosuppressive drugs.

An important likely future possibility is the ability to
image multiple molecular events in one population of
cells. This may be attainable by combining two or more
of the above-described strategies for gene marking and
imaging the trafficking of cells with those entailing
linked expression of an imaging gene to an endogenous
promoter, or to an exogenous therapeutic gene. As such,
in these experiments it is foreseeable that one reporter
may reveal the spatial distribution of cells and whether
they have reached a specific target, and another reporter
may indicate whether a certain gene becomes up-regu-
lated at this site or if a more complex interaction occurs.
Efforts are underway to demonstrate the feasibility of
this concept of simultaneous multiplexing of molecular
imaging strategies, with a view to a better understanding
the complexities of molecular pathways and networks.

Future outlook

Present advancements in molecular imaging appear
analogous to recent development of methods to visualize
gene expression by hybridization to arrays of DNA car-
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Figure 9. Schematic diagram of two strategies for
using split reporters to monitor protein-protein in-
teractions. (A, top panel) Complementation-medi-
ated restoration of Firefly luciferase activity. The
N-terminal half of Firefly luciferase is attached to
protein X through a short peptide FFAGYC, and the
C-terminal half of Firefly luciferase is connected to
protein Y through the peptide CLKS. Interaction of
proteins X and Y recovers Fluc activity through pro-
tein complementation. (B, top panel) Split Intein
(DnaE)-mediated protein splicing leads to Firefly lu-
ciferase reconstitution. The N-terminal half of Fire-
fly luciferase is connected to the N-terminal half of
DnaFE (DnaE-n) with peptide FFAGYC. The N-ter-
minal half of DnaE, in turn, is connected to protein
X. Similarly, the C-terminal half of Firefly lucifer-
ase is connected to the C-terminal half of DnaE
(DnaE-c) with peptide CLKS, and the C-terminal
half of intein is, in turn, connected to protein Y.
The interaction of proteins X and Y mediates recon-
stitution through splicing of the N and C halves of
DnaE. In vivo optical CCD imaging of mice carry-
ing transiently transfected 293T cells for induction
of the complementation-based (A) and intein-medi-
ated reconstitution (B) of split luciferase system.
All images shown are the visible light image super-
imposed on the optical CCD bioluminescence im-
age with a scale in photons per second per square
centimeter per steradian. Mice were imaged in a
supine position after IP injection of D-luciferin. (4,
Iower panel) A set of nude mice was repetitively
imaged after SC implantation of 293T cells tran-
siently transfected with various plasmids as de-
scribed in Paulmurugan et al. (2002). One group of
mice was induced with TNF-q, and the other group
was not induced. The images are from one repre-
sentative mouse from each group immediately after
implanting cells (0 h) and 18 and 36 h after TNF-a
induction. The induced mouse showed higher Fluc
signal at site D (where interacting proteins result in
reporter complementation) when compared with
the mouse not receiving TNF-a. The Fluc signal
significantly increases after receiving TNF-a. (B,
lower panel) A set of nude mice was repetitively
imaged after subcutaneous implantation of 293T
cells transiently transfected with various plasmids
as described in Paulmurugan et al. (2002) to test the
reconstitution-based split-luciferase system. One
group of mice was induced with TNF-«, and the
other group was not induced. The images are from
one representative mouse from each group imme-
diately after implanting cells (0 h) and 18 h and 36
h after TNF-a induction. The induced mouse
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showed significantly higher Fluc signal at site D (where interacting proteins result in intein-mediated reconstitution of the reporter)
when compared with the mouse not receiving TNF-a. Reproduced with permission from Paulmurugan et al. (2002).

ried on chips; both promise to enable observation of the
previously unobservable. Just as development of the tel-
escope and microscope was followed by periods during
which science was mostly done by observation rather
than experiment, it is possible that the development of
molecular imaging methods of gene expression monitor-
ing along with other functional genomic methods may
portend a new phase in which biology once again be-
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comes, in part, observational (Brent 1999). This “not so
hypothesis-driven” approach constitutes something of a
departure from the mainstream biology that has devel-
oped during the past 30 years, but it has sound roots.
After all, biology started with individuals looking, see-
ing, describing, and making simple inferences from what
they saw (Brent 1999). We can expect this process to
speed up and progress to be made in many aspects of
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molecular imaging so that it integrates further with
functional genomic and proteomic endeavors. The initial
methodological/technological descriptions and valida-
tions are being made in molecular imaging, and soon it is
anticipated that the second generation of experiments
will face the interesting task of applying these tech-
niques to help answer specific hypothesis-driven ques-
tions in many areas of biological study.

Innovation and accurate validation of biotechnologies
are a critical necessity when bringing together and fully
integrating molecular and cellular biology concepts with
imaging in living subjects. Many developments in mo-
lecular imaging are anticipated over the next decade.
Starting in the near future, many high-resolution, fast-
imaging systems for mice will become commercially
available, and miniaturized imaging technologies will
begin to appear in core facilities of basic science labora-
tories. This trend will likely expand significantly in the
future as more research groups acquire these technolo-
gies. Improved instrumentation will make use of ad-
vances in detector technology, including the exploita-
tion of solid-state detector technology and better image-
reconstruction techniques. This should help to produce
newer generations of scanners with better resolution,
sensitivity, and significantly higher-throughput time,
which will aid substantially in the screening of mice
(Kudo et al. 2002). Given the inherent advantages of op-
tical imaging, these approaches are likely to be used in-
creasingly in bridging imaging studies from small ani-
mals to larger ones and humans. For limited applications
(e.g., in endoscopic or breast imaging), optical imaging
may even have the potential to be directly translated to
human investigations in the future, assuming that the
mass amounts of substrate that have to be given to pa-
tients are proven to be safe. In addition, newer multimo-
dality imaging systems for small animals will provide
anatomical and functional image registration. Several
microPET/CT scanners are in development at present, as
are attempts at building instruments that combine MRI
or optical imaging with PET.

Linked to the development of better reporter probes
(Hadjantonakis and Nagy 2001; Remington 2002) is the
need to develop tomographic three-dimensional imaging
systems that can accurately quantify fluorescence and
bioluminescence in deep heterogeneous media in vivo
(Weissleder 2001; Ntziachristos et al. 2002). Ultimately,
scanner performance, overall cost, access to multiple im-
aging probes, and simplicity of operation will dictate the
extent of small-animal imaging participation in the era
of postgenomic biology (Chatziioannou 2002). Rapid
progress is being made to advance and refine the tech-
nologies to maximize their use and value.

For microPET imaging, small radiopharmacies with
cyclotrons should continue to grow, providing for the
routine availability of various more commonly used re-
porter probes. At present, no comprehensive databases
exist of all the available molecular imaging probes, but
such a database (MOLI) for all of the major imaging mo-
dalities is being compiled by the National Cancer Insti-
tute. Many existing reporter probes should eventually
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give way to newer generations of probes that are more
sensitive and specific. PET assays will need to move to-
ward generalized reporter probes where the chemistry
behind radioisotope labeling remains relatively similar,
but the underlying molecular structure can be easily
modified to image a new molecular target. These gen-
eralizable reporter probes will facilitate the easier use
of customized imaging approaches. To this aim, a greater
investment in chemistry research and the develop-
ment of a larger number of smart molecular imaging
probes will be necessary. It is also anticipated that closer
ties between molecular biologists and imaging re-
searchers will produce imaging assays that are more sen-
sitive to low-level biological events. This need for en-
hancing the sensitivity of imaging will dictate to some
extent a future greater exploitation and use of optical
imaging, which at present has the highest inherent sen-
sitivity for target detection at limited depths. As optical
technologies have changed biotechnology, they could
also change in vivo imaging and provide more sophisti-
cated methods for imaging molecular events (Weissleder
2002).

Adoption of molecular imaging approaches and estab-
lishment of a molecular imaging facility within a basic
biological research setup is likely to be cost-effective in
the long term. Although substantial start-up expenses
are necessary to lay the foundation for this research
methodology, it is anticipated that the cost of small-
animal imaging instrumentation and the required core
facilities will continue to fall with continued future de-
velopments and demands. Ongoing proliferation of small
radiopharmacies with cyclotrons will also facilitate the
spread of cheaper PET-based molecular imaging tech-
nologies to the biological research communities. More-
over, the costs of present optical and some small-animal
magnetic resonance and computed tomography imaging
technologies are not prohibitive, and will likely continue
to drop in the future.

An intriguing future prospect is the integration of liv-
ing cells with microdevices to provide a foundation for
the development of new microassays of biological pro-
cesses (LaVan et al. 2002). This could enable hybrid liv-
ing/electronic systems to be developed for imaging in
living subjects. Nanoparticles are among the most prom-
ising emerging fluorescent labels for cellular imaging in
vivo (Mitchell 2001; Akerman et al. 2002; Chan et al.
2002). Nanocrystals (also called quantum dots or nano-
dots) are crystalline clumps as few as several dozen at-
oms and <10 nm in diameter. They absorb light at a wide
range of wavelengths, but emit almost monochromatic
light of a specific wavelength (and therefore color) that
depends on the size of the crystal only. It may be possible
to conjugate larger peptides or proteins to quantum dots
to confer specificity as a molecular probe. Multiplexing
with differently colored quantum dots could allow si-
multaneous imaging of many molecular targets (Chan et
al. 2002). However, many challenges still exist in imple-
menting these approaches, for example, developments
are required in the chemical processes necessary to link
these dots to biological molecules without altering tar-
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geting affinity and pharmacological properties of the bio-
logical molecule of interest.

How will the practice of molecular imaging in the
laboratory link with other developing disciplines in bio-
logical research? It is likely that the present budding en-
deavors in functional genomics will increasingly assimi-
late and make use of molecular imaging methodologies
in the future. Functional genomics is a systematic effort
to understand the function of genes and gene products by
high-throughput analysis of gene products (transcripts,
proteins) and biological systems (cell, tissue, organism)
using automated procedures allowing us to scale up ex-
periments classically performed for single genes (e.g.,
generation of mutants, analysis of transcript and protein
expression on a genome-wide basis, analysis of protein
structure and protein—protein interactions; Yaspo 2001).
In many respects, the most interesting aspect of the
function of a gene is its function in the organism as a
whole, requiring the mutations of specific genes fol-
lowed by the analysis of the complex molecular path-
ways resulting in the phenotype of the organism carrying
this mutation (gene-driven paradigm), as opposed to
identification of organisms with an interesting pheno-
type followed by the mapping of mutated genes (pheno-
type-driven paradigm; Yaspo 2001). The analysis of
gene expression patterns using molecular imaging ap-
proaches—hitherto performed mainly by in-frame fu-
sions of open reading frames of interest and their pro-
moters to the coding sequence of reporters, for example,
GFP or B-galactosidase, and subsequent in vitro localiza-
tion of the reporter (Walhout and Vidal 2001)—is likely
to contribute to a greater extent and more meaningfully to
the understanding of such complex molecular pathways.

Comparative genomics allows us to integrate different
types of information derived from various animal models
to generate a synergistic platform for understanding
complex disease mechanisms (Jacob and Kwitek 2002).
In this way, information gained from each organism can
guide the study of human disease phenotypes. We are
entering an era in which comparative genomic data can
be used to develop animal models that better recapitu-
late human disease at both the phenotypic and the ge-
nomic levels. The contribution of molecular imaging ap-
proaches to studying small animal models and to inte-
grative mammalian biology will undoubtedly trickle
onto the field of comparative mapping. A more signifi-
cant contribution to comparative genomic endeavors
will critically depend on future availability of higher-
throughput molecular imaging assays (and the ability to
multiplex them) that can be implemented on a practical
level. Through molecular imaging of intact living sub-
jects in this manner, it will be possible to accelerate the
conversion of comparative genomics to sequence-based
biology—the ability to assign variation in function to
particular alleles. Such comparative genomics studies
are likely to provide data for annotating the human ge-
nome sequence, for building better animal models, for
assisting in the development of new therapeutic agents,
and for understanding gene regulation (Jacob and Kwitek
2002).
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Another discipline that is likely to cross paths in the
future with molecular imaging is that of computational
cell biology. Just as the ability to visualize protein dy-
namics and biological processes by in vivo microscopy is
revolutionizing many areas of biology, so will the case be
as well for molecular imaging techniques in intact living
subjects. Although the general aim of molecular imaging
researchers would be to continue to enhance the user-
friendly aspect of imaging small animal models, never-
theless, with future greater capabilities and sophistica-
tion in noninvasive imaging of biological processes in
living subjects, these methods may generate large, ki-
netically complex data sets that may not be possible to
interpret in an intuitive manner. The combination of
dynamic imaging and computational modeling will
emerge as a powerful tool for the quantification of bio-
physical properties of molecules and processes (Phair and
Misteli 2001). A fruitful interchange between molecular
imaging and the emerging new discipline of computa-
tional cell biology will be essential in uncovering the
pathways, mechanisms, and controls of biological pro-
cesses and systems as they occur in vivo.

We predict that greater implementation of molecular
imaging techniques in the study of living experimental
animal models is likely to contribute significantly to re-
search in many facets of biology. Approaches that relate
gene expression to phenotyping outcome will also be
well served by molecular imaging strategies. There is a
marked increase in interest in these approaches, and sev-
eral technologies are being developed to achieve this end,
namely, genomics, transcriptomics, proteomics, me-
tabolomics (which investigates metabolic regulation and
fluxes in individual cells or cell types), and metabonom-
ics (the determination of systemic biochemical profiles
and regulation of function in whole organisms by ana-
lyzing biofluids and tissues; Nicholson et al. 2002). Ul-
timately, we foresee innovative molecular imaging tools
helping to some extent to satisfy the postgenomic era
need for display of entire biological pathway systems and
accelerating significantly the achievement of a “systems
biology” understanding of biological complexity (Kitano
2002). Even though molecular imaging is in its formative
years, recent studies clearly reflect the first fruits of pow-
erful, and possibly ultimately transformative, technolo-
gies. With luck and perseverance, insights made from
these methods may be as useful as those made from tele-
scopes turned on the skies and microscopes focused on
cells and tissues. This potential power of molecular im-
aging to see fundamental biological processes in a new
light will not only help to enhance our knowledge and
understanding but should also accelerate considerably
the rate of discovery in the biological sciences.

Additional useful Internet links

In addition to http://www.mi-central.org: The Crump Institute
for Molecular Imaging at University of California at Los Ange-
les: http://www.crump.ucla.edu. The Academy of Molecular
Imaging: http://www.ami-imaging.org. The Society for Molecu-
lar Imaging: http://www.molecularimaging.org. Society of
Nuclear Medicine: http://www.snm.org.
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