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Molecular imaging is revolutionizing the way we study the inner workings of the human
body, diagnose diseases, approach drug design, and assess therapies. The field as a
whole is making possible the visualization of complex biochemical processes involved in

normal physiology and disease states, in real time, in living cells, tissues, and intact subjects. In this
review, we focus specifically on molecular imaging of intact living subjects. We provide a basic
primer for those who are new to molecular imaging, and a resource for those involved in the field.
We begin by describing classical molecular imaging techniques together with their key strengths
and limitations, after which we introduce some of the latest emerging imaging modalities. We
provide an overview of the main classes of molecular imaging agents (i.e., small molecules,
peptides, aptamers, engineered proteins, and nanoparticles) and cite examples of how molecular
imaging is being applied in oncology, neuroscience, cardiology, gene therapy, cell tracking, and
theranostics (therapy combined with diagnostics). A step-by-step guide to answering biological
and/or clinical questions using the tools of molecular imaging is also provided. We conclude by
discussing the grand challenges of the field, its future directions, and enormous potential for
further impacting how we approach research and medicine.
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I. INTRODUCTION

Molecular imaging is greatly enhancing the way researchers
and clinicians visualize and investigate complex biochemi-
cal phenomena. One may define molecular imaging as the
noninvasive, real-time visualization of biochemical events
at the cellular and molecular level within living cells, tissues,
and/or intact subjects (276, 318, 451, 452). Generally
speaking, molecular imaging involves specialized instru-
mentation, used alone or in combination with targeted im-
aging agents, to visualize tissue characteristics and/or bio-
chemical markers. The data generated from molecular im-
aging studies can be used to help understand biological
phenomena, identify regions of pathology, and provide in-
sight regarding the mechanisms of disease. Although still in
its infancy, molecular imaging is showing enormous prom-
ise in the areas of diagnostics, therapy monitoring, drug
discovery and development, and understanding nanoscale
reactions such as protein-protein interactions and enzy-
matic conversion.

The words molecular imaging mean different things to var-
ious groups, and thus the areas of research and medicine
that fall under the umbrella of molecular imaging are in-
credibly vast and varied. Due to space constraints, this re-
view will focus on molecular imaging of intact living sub-
jects. We will only make very brief mention of microscopy-
based imaging techniques used to visualize biochemical
processes in live cells and tissues ex vivo (see sect. IIA5).

Molecular imaging in living subjects has strong ties to nu-
clear medicine (457). Since its advent, nuclear medicine has
aimed to facilitate the noninvasive diagnosis and manage-
ment of patients via imaging instrumentation and radionu-
clides (either alone or attached to molecules that specifically
interact with one or more molecular targets). In the early
days, researchers relied on hand-held Geiger Counters to
crudely measure the biodistribution of radioactivity in a
patient without forming an image. It was not until 1950
that the first instrument capable of imaging organs in the
body, known as the rectilinear scanner, was designed and
constructed by Benedict Cassen at the University of Califor-
nia Los Angeles (7, 48, 457). In 1956, a photographic com-
ponent was fitted to the rectilinear scanner, creating the
Photoscanner. While this modification improved the reso-
lution and sensitivity of the instrument, the scans them-
selves were time consuming and contained motion artifacts.
A few years later, the Photoscanner was superseded by the
Gamma Camera, also known as the Scintillation Camera
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(367). The Gamma Camera addressed many of the Photo-
scanner’s issues due to its novel design containing vacuum
photomultiplier tubes, enabling the spatial location of
gamma rays to be calculated by analyzing resulting voltage
signals. Later, the Gamma Camera was modified so that it
could act as a rotating detection system used in conjunction
with reconstruction algorithms and computers to generate
tomographic images, an application known as single pho-
ton emission computed tomography (SPECT) (206). The
first general purpose SPECT instrument was developed and
implemented by John Keyes in 1976.

The development of SPECT, and other highly sensitive im-
aging modalities including positron emission tomography
(PET), combined with the synthesis of novel radiolabeled
molecules specific for different biochemical targets,
launched the field of nuclear medicine into a new era of
imaging. Over the last decade, the principle of injecting
molecules into a living subject to target specific molecular
processes has been generalized so that the signaling from
such molecules is not restricted to only a radioactive atom.
Techniques, using optical signaling, as well as signaling us-
ing magnetic resonance imaging (MRI), ultrasound (US),
Raman, photoacoustics (PA), and computed tomography
(CT), have also been steadily increasing. So although mo-
lecular imaging of living subjects can trace its roots back to
nuclear medicine, many newer strategies are now possible
(see sect. II for details on available molecular imaging mo-
dalities).

The field of molecular imaging is highly multidisciplinary,
drawing from many areas of science, including, but not
limited to, molecular biology, biochemistry, physiology,
physics, engineering, genetics, mathematics, chemistry,
pharmacology, immunology, and medicine. The areas of
science currently driving the development and expansion of
this relatively new field include bioengineering, nanotech-
nology, radio/bioconjugate chemistry, protein engineering,
bioinformatics, systems biology, and the -omics (i.e.,
genomics, transcriptomics, metabolomics, and proteom-
ics).

One of the main motivations of molecular imaging is to
translate common in vitro bioassay strategies to an in vivo
setting in an attempt to overcome existing limitations.
While in vitro techniques have long provided valuable in-
formation and insight into the inner workings of cells and
the biochemistry of disease, they are limited by 1) the in-
ability to provide analyses of entire intact organisms over
time, making it difficult to appreciate the “full picture” of
disease states and/or biochemical process; 2) the required
removal of cell, organ, or tissue samples from their natural
environment and/or the need for preparing samples with
fixatives, rendering results not true of physiological condi-
tions; 3) the fact that samples (e.g., brain tissue slices) can
often only be analyzed by one or two in vitro techniques due

to the sample being destroyed or irreversibly altered, mean-
ing only limited information can be extracted from each
sample; and 4) the necessary euthanasia of animals, making
impossible the longitudinal study of the same animal, and
creating issues with regards to both costs and ethics.

For these reasons (among others), there has been a great
need for methods that allow one to visualize and study
biochemical processes in intact living subjects, noninva-
sively, over time. The marriage of traditional in vitro mo-
lecular biology with in vivo imaging has begun to bridge
many gaps across areas of science where in vitro and ex vivo
techniques have previously fallen short.

Compared with traditional in vitro methods, molecular im-
aging approaches have a number of advantages.

• Molecular imaging permits the noninvasive study of
cells in their natural microenvironment, without per-
turbing the system under investigation. Whereas tradi-
tional in vitro approaches require cells to be removed
from their native surroundings and hence can only at
best, provide information on a small part of the whole
picture.

• Via different molecular imaging techniques, one can
trace movement of cells and thus perceive dynamic bi-
ological processes [e.g., tracking the location of thera-
peutic cytolytic T cells in a patient with glioma using
PET and a reporter gene system (473); see sect. IV, D
and E]. Molecular imaging enables the researcher to
observe cellular processes in their natural environ-
ments in real time, thereby greatly enhancing the value
and veracity of research.

• Molecular imaging approaches enable investigation of
intact, signaling and transduction pathways in real
time, whereas in vitro studies provide a more static
picture and do not allow signaling to be interrogated.

• Rapid information concerning pharmaceuticals (phar-
macokinetics and pharmacodynamics) can be obtained,
thereby reducing the amount of time it takes to evaluate
the efficacy, metabolism, and safety profile of a poten-
tial therapeutic (462).

• Molecular imaging makes it possible to perform repeat
studies in the same animal. Thus the collection of lon-
gitudinal data is possible, resulting in the use of fewer
animals since each animal serves as its own control.

• Most available molecular imaging techniques may be
conducted with adequate temporal and spatial resolu-
tion for studying intricate biological and physiological
processes in living subjects (e.g., visualizing the forma-
tion of new neurons using optical imaging; Ref. 69).

Although the advantages associated with molecular imag-
ing techniques are many, they also have their limitations
(see sect. VIA). Subsequently at this stage, employing a com-
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bination of traditional in vitro methodologies and molecu-
lar imaging is necessary and extremely valuable.

Overall molecular imaging is an exciting field of research
with enormous potential and a wide range of applications,
including, diagnostics, drug discovery and development,
theranostics, and personalized medicine. It is emerging as
an important means of exploring the inner workings of the
body in both normal and disease states. This review aims to
serve as a “how to” guide for newcomers to molecular
imaging while simultaneously presenting some of the most
recent advances in the field. Please refer to FIGURE 1 for a
general scheme of a molecular imaging study. Specifically,
we focus on imaging intact living subjects and the available
tools for investigating biochemical processes in normal and
disease states. We provide an introduction to the classical
imaging modalities, including PET, SPECT, MRI, CT, op-
tical imaging, and US, by reference to their relative advan-
tages and limitations, and a description of newer emerging
technologies. We then present an analysis of the character-
istics, strengths, and limitations of different classes of im-
aging agents including small molecules, peptides, antibod-
ies, aptamers, and nanoparticles. Applications of molecular
imaging in the fields of oncology, neuroscience, gene ther-
apy, cell tracking, and theranostics are provided, followed
by a description of key steps and considerations involved in
performing a molecular imaging study. Lastly, we discuss
the likely future directions of molecular imaging, current
limitations, and suggestions for the continued development,
innovation, and progress of the discipline.

II. MOLECULAR IMAGING MODALITIES

There exist a range of different imaging modalities a researcher
or clinician may use for a particular study (FIGURE 2). The
selection of an appropriate imaging modality is dependent
on the biochemical process(es) one wishes to visualize and
the type of imaging data one wants to obtain. There are
numerous factors and questions a researcher or clinician
must consider to select an appropriate modality (or modal-
ities, if relevant) including the following:

• What spatial resolution is required?
• What level of sensitivity is required? Sensitivity refers

to the minimum concentration of imaging agent that
can be detected. The issue of sensitivity will depend on
the levels of your target(s).

• Is dynamic information needed?
• Is whole body/subject imaging required? Or only a

small region?
• What temporal resolution is required, i.e., how quickly

should the image be acquired?
• Is depth of penetration important?
• Is quantitative data needed?
• Will multiple, repeat studies be required?

• Are multiplexing capabilities needed/preferable? Mul-
tiplexing refers to the ability to image/visualize multi-
ple molecular targets simultaneously.

• Is clinical translation the end goal?

A. Overview of Classical Imaging Modalities

1. CT

CT is a technique that relies on differential levels of X-ray
attenuation by tissues within the body to produce images
reflecting anatomy.

A) BASIC PRINCIPLES OF CT. Unlike traditional X-ray examina-
tions, CT employs tomography (imaging by sections) and
thus results in a three-dimensional anatomic image of the
subject being scanned. FIGURE 3A depicts the basic geome-
try of a CT scanner. The X-ray source/tube typically pro-
duces a fanbeam spanning the entire subject width. This
X-ray source is linked to the detector array in such a way
that both are able to rotate together around the subject. A
large number of detectors are used to enable an adequate
number of measurements to be obtained across the entire
scan circle. Tissues or media that strongly absorb X-rays
(e.g., bone) appear white while others that absorb poorly
(e.g., air) appear black, creating a high-contrast image dis-
playing detailed morphological information, and enabling
delineation between various structures. Hounsfield units
(HU) are numerical values (introduced by Nobel laureate,
Godfrey N. Hounsfield) that reflect these differences in den-
sity and composition, and thus X-ray attenuation, between
various tissue types (e.g., HU for bone � 1,000, blood � 40,
cerebrospinal fluid � 15, water � 0, fat � �50 to �100,
and air � �1,000). Radiologists use software that automat-
ically assigns HUs (between �1,000 and 1,000) to every
voxel of a CT scan to enable efficient scan interpretation.

Often, an iodinated contrast agent will be used during CT
imaging to improve spatial resolution and soft tissue con-
trast. In the clinic, CT has proven invaluable in identifying
and assessing tumors (442), brain injury (94), ischemia
(269), pulmonary embolism (397), and a vast array of other
conditions. It is truly the workhorse for modern-day clinical
imaging.

In preclinical research, a miniaturized (small animal) ver-
sion of a clinical CT scanner is used. Small animal CT is
considered to be a cost effective, relatively rapid means of
investigating live animal models of disease (200), allowing
real-time assessment of certain pathologies (including can-
cer) and their associated response to therapies via the pro-
duction of high-resolution anatomical images (see FIGURE
3B and Ref 215). Moreover, small animal CT can also pro-
vide quantitative, anatomical information about the micro-
anatomy of various invertebrates in a fast and inexpensive
manner, whereas standard in vitro procedures for retrieving
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this kind of structural data are costly and time-consuming.
A recent study demonstrated the effective use of microCT to
image the anatomy of the honeybee brain (352).

B) KEY STRENGTHS AND LIMITATIONS. Some advantages of CT
include its fast acquisition time, high spatial resolution (pre-
clinical � 0.05–0.2 mm, clinical � 0.5–1.0 mm), cost-ef-

FIGURE 1. Schematic of some key steps involved in a molecular imaging study. The first step is to identify a
biochemical process or pathology of interest, and to assess the significance of visualizing this process/
pathology noninvasively via the tools of molecular imaging. The second step is to decide on a molecular target
that will enable direct or indirect visualization of the phenomena of interest. This is usually followed by selection
of an appropriate imaging modality (like those discussed in sect. II) and, if necessary, an imaging agent
(discussed in sect. III). Typically, some chemistry and labeling are required to synthesize the imaging agent (so
that it contains both a targeting and signaling component). A number of in vitro (molecular/cell biology-based)
and in vivo (animal model-based) tests are required to evaluate the specificity and selectivity of the imaging
method for visualizing the phenomena of interest. If clinical studies are the end goal, FDA approval is required,
and certain mathematical models/algorithms might need to be developed so that meaningful data can be
obtained from images. Please refer to section V for a step-by-step guide to performing a molecular imaging
study. PET, positron emission tomography; US, ultrasound; SPECT, single photon emission computed tomog-
raphy; MRI, magnetic resonance imaging; RAMAN, surface enhanced Raman spectroscopy.
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fectiveness, availability, clinical utility, and relative simplic-
ity. Depth of penetration is a non-issue with this modality
given the relatively high energy of X-rays and their ability to
penetrate through the body.

One of the main limitations of CT is the high exposure to
radiation, which often limits the number of scans that can

be performed in the same patient in a given time frame. It is
important to note, however, that advances in X-ray detec-
tor sensitivity made in the last 5 years (and ongoing) will in
the future afford significant dose reductions. Although the
maturity of these technologies is not yet sufficient for wide-
spread clinical translation, they are currently being em-
ployed in preclinical small animal systems. Another limita-

FIGURE 2. Key molecular imaging modalities used for preclinical and/or clinical applications. CT, computed
tomography; PET, positron emission tomography; SPECT, single photon emission computed tomography, MRI,
magnetic resonance imaging; MRS, magnetic resonance spectroscopy; IVM, intravital microscopy. Blue circle,
appropriate contrast agent or molecular imaging agent.

FIGURE 3. Small animal computed tomography (CT). A: schematic illustrating the principles of CT, i.e., first
a suitable contrast/imaging agent may or may not be administered to a subject (in this example, a mouse). The
X-ray source/tube typically produces a fanbeam spanning the entire subject width. The X-ray source is linked
to the detector array in such a way that both are able to rotate together around the subject. X-rays will be
differentially attenuated depending on the types of tissues or media with which they come in contact. Tissues
or media that strongly absorb X-rays (e.g., bone) appear white while others that absorb poorly (e.g., air) appear
black, creating a high-contrast image displaying detailed morphological information, and enabling delineation
between various structures. B: small animal CT axial images and 3D representation of tumor volumes in a
genetically engineered mouse model of non-small-cell lung cancer. The images on the left (axial and 3D) show
that lung tumors can be detected via CT (shown in red on 3D depiction). The axial images on the right
demonstrate the effects of treating one of these mice with radiation therapy. The tumors (highlighted by red
arrows) in untreated mice continue to grow rapidly over 1 month, whereas the tumors of treated mice grow
very slowly over the same time period (214). [From Kirsch et al. (214), with permission from Elsevier.]
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tion is the low-quality soft tissue contrast CT affords com-
pared with MRI, necessitating the use of iodinated contrast
agents to enable more accurate discrimination between nor-
mal and disease-containing regions (276). These simple io-
dine-based contrast agents, although useful, are typically
nonspecific and thus do not provide information on specific
biochemical targets (340). Moreover, in the clinic, contrast
agents can be problematic (due to renal toxicity) and cannot
be given to all patients; for example, it is not advisable to
administer contrast agents to elderly patients with high cre-
atinine levels or to pregnant women.

C) MULTISLICE CT. One of the most significant technological
advances for CT imaging was the introduction of helical
scanning (37, 152) and multi-detector CT (MDCT) (171,
343). As its name implies, MDCT has multiple detector
rows and is capable of acquiring numerous tomographic
slices within a single (sub)second. Early prototypes of
MDCT were capable of acquiring �4 slices of varying
widths per rotation (243) and were followed by the 8- and
16-slice detector row scanners (106). Most recently the
320-detector-row MDCT (320-MDCT) was introduced,
capable of performing four-dimensional morphological and
kinematic analyses of swallowing or cardiac function (114).

Compared with early CT, MDCT has the advantage of
providing high temporal and axial (along the length of the
body) spatial resolution. Since MDCT enables such rapid
acquisition, it eliminates a large proportion of motion arti-
facts observed with regular CT when imaging patients (and
regions of patients) prone to voluntary and/or involuntary
movement, e.g., pediatrics, geriatrics, and thoracic/cardiac
imaging studies. For this reason, and also due to the en-
hanced spatial resolution, MDCT has become the new stan-
dard for cardiac CT imaging. In fact, in many cases, MDCT
is more suitable than invasive coronary angiography for
locating and characterizing coronary plaques (403). MDCT
is also being successfully used to predict coronary events
and for long-term stent assessment (305). However, the
high radiation dose may limit its use for this application.

While MDCT offers more rapid acquisition and improved
axial resolution, it suffers from safety issues due to its high
radiation dose. Work is currently underway to reduce the
amount of radiation linked with this technique (403); how-
ever, caution needs to be taken due to concerns with radia-
tion-induced malignancies. When lower cost and nonioniz-
ing radiation strategies are available, they need to be ac-
tively investigated as alternatives.

D) DUAL-ENERGY CT. Another important recent advance in CT
technology is dual-energy CT (DECT), which has two sep-
arate X-ray tubes that can be operated at either the same
energy (a technique called “dual source CT”) or at two
different energies (in this case it is referred to as DECT).
DECT enables tissues to be delineated by their composition

as opposed to their attenuation only. This is possible due to
the fact that attenuation of a particular tissue varies depend-
ing on the energy of X-rays used. DECT discriminates ac-
cording to this difference in attenuation between two dif-
ferent energies. This technique is mainly used for discrimi-
nating between calcium and uric acid renal stones (342),
assessing renal malignancies (134), imaging gout (189), and
determining bone mineral density (70, 481).

E) MOLECULAR IMAGING WITH CT. Transforming CT into a mo-
dality capable of obtaining biochemical information is non-
trivial due to the low sensitivity of CT-compatible contrast
agents. Therefore, the primary limitation for CT in molec-
ular imaging applications is the mass of imaging agent that
needs to be injected in order for enough to reach the target
site(s) for a change in X-ray attenuation. However, multiple
examples of CT molecular imaging are beginning to
emerge. Fayad and colleagues (174) reported the use of
iodinated nanoparticles for cellular imaging of macrophage
infiltration in atherosclerotic plaques in rabbits using
MDCT. Also, a number of research groups have recently
reported the use of targeted gold nanoparticles (known to
induce strong X-ray attenuation) with CT for imaging can-
cer at the cellular and molecular levels (244, 340). For ex-
ample, one group reported the synthesis and evaluation of
CT-compatible gold nanoparticles functionalized with
prostate specific membrane antigen (PSMA) RNA aptamers
(210). The results demonstrated a fourfold higher uptake of
PSMA-aptamer conjugated gold nanoparticles in the Ln-
CaP (human prostate adenocarcinoma) cells overexpressing
PSMA compared with the PC3 (another type of prostate
epithelial) cells devoid of PSMA. In addition, a therapeutic
drug against prostate cancer (doxorubicin) was loaded into
the targeted nanoparticles, and it was shown that they were
significantly more effective against the LnCaP cells com-
pared with the negative control PC3 cells. While the results
from these preliminary molecular imaging CT studies are
promising, further work is needed to explore the possibili-
ties of CT molecular imaging and its applications.

Overall, CT is an important clinical and preclinical imaging
modality that is widely available, relatively cost effective,
and highly efficient. Although the molecular imaging capa-
bilities of CT are yet to be fully explored, it remains an
extremely useful morphological tool. When combined with
PET, SPECT, optical or MRI modalities, CT provides an
anatomical reference frame for the biochemical and physi-
ological findings that are afforded by these other imaging
instruments.

2. MRI

MRI is a highly versatile imaging modality (28) that uses a
powerful magnet and radiofrequency (RF) energy to visu-
alize the internal structure and soft tissue morphology of the
body. The underlying principles of MRI are similar to those
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for nuclear magnetic resonance (NMR) and allow imaging
of atomic nuclei within the body.

A) BASIC PRINCIPLES OF MRI. Nuclear particles (protons and
neutrons) are in constant motion and spin about their axes,
which gives rise to angular momentum. Atoms with an
equal number of protons and neutrons have a net angular
momentum of zero, whereas atoms with an unequal num-
ber possess a specific spin angular momentum. Along with
angular momentum, certain nuclei can also produce a small
magnetic field (due to the mass, spin, and charge of pro-
tons). This magnetic field is termed magnetic moment and,
like angular momentum, is a vector quantity. The ratio of
angular momentum to magnetic moment is known as the
gyromagnetic ratio and is unique for each magnetically ac-
tive nucleus (102).

During an MRI scan, a living subject is placed inside a
magnet (FIGURE 4A). As described above, certain atomic
nuclei (in the body or elsewhere) have special spin charac-
teristics and magnetic properties. When these nuclei are
placed in an external magnetic field, they behave like mag-
netic dipoles and align either parallel or anti-parallel to the
field. The MR signal is generated from the very small net
difference in the number of magnetic dipoles that align par-
allel versus those that align anti-parallel. For example, a
1.5-T external magnetic field gives rise to a net difference in

parallel versus anti-parallel spins, or “polarization” of only
1 part per million at 37°C. As a result, MRI has an ex-
tremely weak signal and very poor sensitivity (�10�3-10�5

M) (285), which is orders of magnitude lower than that of
radionuclide (10�10-10�12) and optical (�10�9-10�16) im-
aging (236). MRI signal is proportional to 1) concentration
of nuclei, 2) gyromagnetic ratio (or “gamma factor,” “g
factor”), and 3) polarization. Additionally, MRI signal is
dependent on the natural abundance of the “magnetically
active” isotope of the element. For example, all 1H nuclei
are magnetically active, but only 1% of carbon exists in the
form that is detectable by MRI (i.e., 13C). Therefore, imag-
ing of nuclei such as carbon often requires introduction of
an exogenous contrast agent that has been enriched to
100% abundance (see below). For this reason, the most
common nucleus for clinical MRI is 1H. Anatomical images
are formed using the hydrogen in tissue water, which is at a
concentration of 80 M in the body. Other nuclei that can be
imaged include 31P and 13C, and also 23Na, 19F, and 17O2.
Imaging of these nuclei (in particular 13C) is usually
achieved through magnetic resonance spectroscopy (MRS),
in which there have been significant advances over the past
decade with the advent of hyperpolarized MRS, described
below.

Some of the key components of an MRI scanner are de-
picted in FIGURE 4A. In general, an MRI scanner is com-

FIGURE 4. Small animal magnetic resonance imaging (MRI). A: schematic showing the basic principles of
this technique. In general, an MRI scanner is comprised of a set of embedded coils: one coil that generates the
main relatively homogenous magnetic field, “gradient coils” that produce variations in the magnetic field in the
X, Y, and Z directions that are used to localize the source of the MR signal, and finally “RF coils” that generate
an RF pulse responsible for altering the alignment of the magnetic dipoles. During an MRI scan, a living subject
is placed inside a magnet (in this example the subject is a mouse). Unpaired nuclear spins within the body,
known as magnetic dipoles, either align parallel or anti-parallel with the direction of the magnetic field. The MR
signal is generated from the very small net difference in the number of parallel versus anti-parallel spins (slight
majority of spins align parallel). B: MRI images from a study evaluating a novel MRI molecular imaging agent in
a mouse model of glioma (402a). The top image is a sagittal cross-section MRI of the mouse, whereby the
tumor is highlighted with an arrow. The bottom panel displays coronal MR images of the same mouse imaged
3 h postinjection of either nontargeting (left) or chlorotoxin-targeting (peptide found on surface of gliomas)
superparamagnetic iron oxide (SPIO) nanoparticles. The MR contrast enhancement of the tumor is significantly
greater for the mouse injected with targeted SPIO nanoparticles. These images demonstrate the advantage of
using targeted MRI imaging agents for visualizing biochemical targets in living subjects. [From Sun et al.
(402a), with permission form John Wiles and Sons.]
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prised of a set of embedded coils: one coil that generates the
main relatively homogenous magnetic field; “gradient
coils” that produce variations in the magnetic field in the X,
Y, and Z directions that are used to localize the source of the
MR signal; and finally “RF coils” that generate an RF pulse
responsible for altering the alignment of the magnetic di-
poles (FIGURE 4A). After every RF pulse, the magnetic di-
poles in the subject are “tipped” away from equilibrium and
subsequently undergo two forms of relaxation back to-
wards equilibrium known as spin-lattice (or longitudinal)
relaxation and spin-spin (or transverse) relaxation. The
contrast between different tissues in MR images is gener-
ated due to the different relaxation times of each tissue
[longitudinal (T1) and transverse (T2) relaxation times].
For instance, proton nuclei in fat and hydrocarbon-rich
environments have relatively short relaxation times com-
pared with those in aqueous environments (276). These
differences are exploited by modifying the timing parame-
ters of a set of RF pulses (collectively known as a pulse
sequence), thereby preferentially sensitizing image contrast
to differences in either T1 or T2. For example, when an
image is T1 weighted, a subacute hemorrhage will appear
brighter than normal brain tissue, since hemorrhage has a
shorter T1 than brain tissue. For an exhaustive description
of the general theory of MRI, please refer to References 39,
75, 242.

B) DCE-MRI, DW-MRI, AND BOLD. Apart from providing detailed
anatomical information, MRI is capable of providing phys-
iological information via various specialized MRI tech-
niques. Most MRI techniques rely on different pulse se-
quences to generate different information about the tissues
being interrogated. A few examples of specialized MRI
techniques include dynamic contrast-enhanced MRI (DCE-
MRI), diffusion-weighted MRI (DW-MRI), and blood ox-
ygen level dependent MRI (BOLD-MRI). These techniques
are able to assess the physiological characteristics of the
vasculature (DCE-MRI), the degree of tissue cellularity
(DW-MRI), and the oxygen status of red blood cells in
perfused regions of tissue (BOLD-MRI).

DCE-MRI involves the dynamic acquisition of T1-weighted
MR images before, during, and after the administration of
an appropriate contrast agent. MRI contrast agents pro-
duce their contrast by disturbing the local magnetic field in
which they are placed. While low-molecular-weight para-
magnetic gadolinium (Gd) complexes are the most common
contrast agents for DCE-MRI, superparamagnetic iron ox-
ide (SPIO) nanoparticles can also be used (321) (see sect.
IIIE). Gd- and SPIO-based contrast agents shorten the T1 or
T2 relaxation times, respectively, of neighboring protons,
leading to measurable alterations in MR signal (positive
contrast for Gd and negative contrast for SPIOs) (416).
Some of the main applications of DCE-MRI include physi-
ological imaging of tumor microvascularization (321), lym-
phatics (421), and inflammation (158).

Diffusion-weighted imaging (DWI) is a promising tech-
nique (73) that is capable of detecting the apparent diffu-
sion coefficient of tissue water (ADC). Tissues with high
cellularity display low ADC as the movement of water mol-
ecules in the interstitial space is restricted, whereas tissues
with low cellularity, for example, necrotic tissue, have a
high ADC. Since the diffusion of water molecules is affected
in numerous pathological conditions, including tumor de-
velopment and ischemic stroke, DWI can play a major role
in diagnosis and clinical management of these conditions.
For example, in the case of ischemic stroke, DWI can be
used to identify regions containing salvageable tissue, and
thus determine whether thrombolysis may be effective. In
addition, DWI can provide accurate estimates of the time of
stroke onset and can discriminate between old versus new
strokes (366). DWI is also proving its use in other applica-
tions such as cancer imaging (54, 295, 408) in detecting
response to therapy.

BOLD imaging is an extremely useful functional MRI
(fMRI) technique, which is used extensively to study brain
function in normal and disease states (108). Instead of using
an exogenous contrast agent to image and gain insight
about in vivo physiology, BOLD works by measuring re-
gional alterations in endogenous deoxygenated hemoglo-
bin. Since deoxyhemoglobin is paramagnetic and oxyhemo-
globin is not, regions containing higher levels of oxygenated
blood will appear more intense on T2 weighted MRI im-
ages. In the context of imaging brain function, it is believed
that an increase in neuronal activity within a given brain
region leads to a net increase in the amount of oxygenated
blood flow in that region, and thus BOLD imaging can be
used to identify activated regions and hence obtain infor-
mation on brain function. BOLD has been used to study
many aspects of brain function (and dysfunction), including
memory (484), sensory perception (13), cognition (105),
and depression (387). It should be noted that BOLD is not
only used for imaging brain function but can also be used to
measure differences in deoxyhemoglobin levels in other tis-
sues (e.g., kidney), as well as to assess the oxygenation
status of red blood cells in perfused regions of tumors (55).

While these specialized MRI techniques are able to provide
important physiological information, they are limited by
the fact they are relatively nonspecific and are unable to
provide biochemical or receptor-related information. To
address this issue, responsive Gd-based molecular imaging
agents (79) were developed, and while they are capable of
sensing metabolite levels and bulk tissue alterations in pH,
redox, metal ions, and oxygenation, they too have their
limitations. Such limitations are mainly concerned with
quantitation and sensitivity, and only a handful of respon-
sive MRI agents have shown promise in living subjects to
date. More recently, chemical exchange saturation transfer
(CEST) and paramagnetic-CEST (PARACEST) contrast
agents have emerged as promising tools for probing specific
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molecular and physiological events (mainly pH sensing) us-
ing MR imaging (79, 482) (see TABLE 2 for examples).
These agents are still in their early stages of development,
and thus have their challenges (148), and most have not
been evaluated in living subjects.

C) TARGETED CONTRAST AGENTS. Another important advance
in MRI has been the development of “targeted” MRI con-
trast agents (targeted Gd-complexes or SPIOs) for visualiz-
ing molecular markers and their associated biochemical
events. Some specific examples of targeted MRI agents and
their molecular imaging applications include SPIO nano-
particles functionalized with specific peptides for detection
of early atherosclerotic events (199), glioma imaging using
SPIOs functionalized with peptides specific for matrix metal-
loproteinase-2 (402a) (FIGURE 4), and imaging �v�3 integrins
using Gd-containing liposomes (389). For further informa-
tion on targeted SPIOs and Gd-based imaging agents for
molecular MRI imaging, please see Reference 313.

D) KEY STRENGTHS AND LIMITATIONS. MRI has a number of
important advantages compared with other imaging mo-
dalities including 1) no need for ionizing radiation; 2) un-
limited depth of penetration; 3) high spatial resolution (clin-
ical: �1 mm compared with 5–7 mm for PET, preclinical:
micrometers, as opposed to millimeter resolution achiev-
able via optical and radionuclide imaging; TABLE 1);
4) unparalleled soft tissue contrast, superior to that attain-
able with CT; 5) concurrent collection of physiological or
metabolic data (using, e.g., DCE-MRI and MRS, respec-
tively) with high-resolution anatomical images, and even
molecular information when used in conjunction with tar-
geted MRI-compatible imaging agents; and 6) excellent
clinical utility.

A major limitation of MRI is its extremely poor sensitivity
compared with other molecular imaging modalities. This
low sensitivity can lead to relatively long acquisition times,
and in the case of physiological/molecular MRI, is the rea-
son why large amounts of imaging agents are often required
to obtain an adequate signal. These large amounts of imag-
ing agents (i.e., many log orders higher compared with that
needed for PET or SPECT) can be problematic due to the
likelihood of altering the biological system of interest
through pharmacological effects (generally proportional to
the mass of agent administered). Toxicity issues associated
with administrating large doses of MR imaging agents are
also an important consideration. For this reason, MRI mo-
lecular imaging is sometimes thought to be more suited for
targets within the vasculature, as then the imaging agent
does not have to reach an extravascular target which would
require a greater injected mass of imaging agent.

Overall, MRI is an extremely useful imaging modality. Al-
though it does not have the most favorable sensitivity, and
is relatively expensive, its ultra high spatial resolution has

revolutionized clinical medical diagnostics and has also
proven useful in the basic research setting, enabling the
interrogation of molecular processes in single cells, perfused
organs, and intact living rodent models of disease (53).

E) MRS. Since initial observations in 1946 and the simultane-
ous discovery of nuclear induction (29), NMR spectroscopy
has become an essential element of every chemist’s tool belt
(15). The fundamental principles of NMR spectroscopy in-
volve applying electromagnetic pulses to a sample in an
external magnetic field and using a probe to measure the
resulting RF signals produced (132, 299). These measure-
ments provide a spectrum of peaks, representing the chem-
ical composition of the sample. NMR is routinely used as a
nondestructive, analytical technique for probing and deci-
phering the molecular structure, purity, and chemical com-
ponents present in biological samples, synthesized com-
pounds, and/or natural products in a laboratory setting.

In the clinical setting, NMR is referred to as MRS due to the
negative connotations surrounding the word “nuclear.”
The key difference between MRI and MRS is the inclusion
of gradients to allow acquisition of position data during
MRI (299). MRS, on the other hand, generates a spectrum
of peaks with different “chemical shifts” indicative of mo-
lecular building blocks, mainly lipids and metabolites, in a
particular voxel of interest.

Due to the sensitivity constraints described above, MRS
measurements of metabolite protons suffer a reduction in
signal of �1,000-fold due to the lower concentration of
these molecules relative to water. As a result, the spatial
resolution of this information is killed; MRS is often per-
formed with single voxels of 1–8 cm3, and MRSI with a
resolution of around 1 cm3. However, MRS can easily be
incorporated into existing MRI examinations, meaning the
biochemical information obtained using MRS can be com-
bined with the usual high-resolution anatomical images ac-
quired with MRI. Furthermore, MRS of endogenous me-
tabolites is often limited to applications in brain, breast, and
prostate, where good magnetic field homogeneity and the
use of local acquisition coils means high signal-to-noise ra-
tio can be achieved.

Despite these limitations, MRS can be used to detect spec-
tral properties of highly abundant endogenous molecules
such as choline, creatine, lactate, glutamate (and glu-
tamine), lipids, and alanine to identify regions of abnormal-
ity/disease. For example, choline (a marker of membrane
phospholipid metabolism) and choline-containing metabo-
lites are notably increased in nearly all types of cancer
(132), and thus MRS of these molecules can be used as a
detection method for in vivo (where subjects are placed in
an MRI scanner equipped with MRS software) or ex vivo
(where biopsies are taken) applications. Recently, it was
shown that the levels of choline and choline-containing
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compounds reflect tumor grade in gliomas with greater ac-
curacy than regular contrast enhancement using MRI alone
(376). Senaratne et al. (375) found that MRS of choline in
living subjects might also be useful for studying and detect-
ing central nervous system (CNS) conditions such as bipolar
disorder. Their studies demonstrated that choline-contain-
ing compounds were dramatically elevated in the hip-
pocampus and orbitofrontal cortex in bipolar patients com-
pared with that of age- and sex-matched healthy control
subjects (375).

Although both of these examples (and many of the applica-
tions of MRS) do not require the use of an exogenous im-
aging agent to visualize molecular processes in living sub-
jects, one can implement the use of an external imaging
agent with this technique. This is commonly employed for
MRS of non-proton nuclei, which in addition to the low
concentration of metabolites in the body, may also suffer
from low natural abundance (e.g., 1% of carbon exists as
13C) and low gyromagnetic ratio (e.g., 13C has a ratio one-
fourth that of 1H). A specific example is the administration
of [1-13C]glucose, in which the carbon at the 1 position in
glucose has been enriched to make 100% 13C, to enable in
vivo observation and evaluation of glycolysis (a pathway
that is significantly altered in cancer and certain brain dis-
eases) (116, 132, 298). Even with these infusions, long ac-
quisition times and low spatial resolution mean that to date,
MRS of non-proton MRI has found limited clinical appli-
cation. Recently, a method to overcome these profound
sensitivity limitations has emerged, namely, hyperpolarized
MRS, which is now entering clinical trials and will be dis-
cussed below.

F) HYPERPOLARIZED MRS. Efforts aimed at improving the sen-
sitivity of MRS with non-proton nuclei have recently given
rise to a technique called hyperpolarized MRS, capable of
enhancing the signal to noise of MRS by over 10,000-fold
(11, 271). Hyperpolarization involves forcing nuclei into
artificially produced nonequilibrium distributions in an ex-
ternal system to the MRI magnet (355), creating a much
larger net difference in the population of spins in the paral-
lel versus anti-parallel states. This dramatically increases
the polarization of the spins relative to that in the thermal
equilibrium state to over 100,000 parts per million, and
enables rapid acquisition and dynamic mapping of biolog-
ical processes in vivo. There are several ways in which hy-
perpolarization can be achieved, including 1) optical pump-
ing, 2) dynamic nuclear polarization (DNP), and 3) para-
hydrogen-induced polarization (PHIP). DNP, however, is
the only method that has been demonstrated in a practical
situation for in vivo and clinical imaging applications. Once
the sample has been produced in a DNP system, the “hy-
perpolarization” decays away due to longitudinal relax-
ation, and thus must be used within the timeframe of �5T1

(5 times the longitudinal relaxation time T1; this is usually
accepted as the point at which the SNR becomes too low to

be usable). While this places a strict limitation on the useful
imaging window, it creates a significant benefit for visual-
izing fast biological processes, such as glycolytic flux and
redox state in tumors.

Thus far, hyperpolarized MRS has mostly been performed
with endogenous compounds that have been labeled with
13C, the most successful being [1-13C]pyruvate, a key inter-
mediate in glycolysis. [1-13C]pyruvate satisfies the criteria
for a successful hyperpolarized substrate due to its long T1
relaxation time (up to 60s) and rapid metabolism in vivo.
[1-13C]pyruvate has been extensively tested in animal mod-
els and has been shown to: correlate with tumor grade in
prostate cancer (5), detect early development of hepatocel-
lular carcinoma before anatomical manifestation (172), as
well as detect response to both cytotoxic (71) and vascular
targeted (33) agents as early as 6 h after drug administra-
tion. Recently, the first clinical study of a hyperpolarized
small molecule, [1-13C]pyruvate, was performed to detect
prostate cancer (5).

A wide range of hyperpolarized 13C MRS probes have now
been demonstrated in preclinical models, including [1-
13C]urea for perfusion imaging (11); [1,4-13C2]fumarate,
as an early marker of cellular necrosis (120); [13C]bicarbon-
ate, as a measure of extracellular pH (119); [1-13C]dehy-
droascorbic acid, to detect tumor redox status (32); and
[2-13C]-fructose, sensitive to both glycolytic and pentose
phosphate pathway flux (205). For further details on the
range of imaging probes available and their current status,
consult the aforementioned reviews, as well as References
118, 233.

G) KEY STRENGTHS AND LIMITATIONS OF MRS AND HYPERPOLARIZED

MRS. MRS is a highly valuable technique as it enables mo-
lecular imaging of biochemical processes, either using pro-
ton MRS, which does not require an exogenous agent, or
using hyperpolarization to achieve adequate signals with
non-proton MRS. The advantages of not needing an exter-
nal imaging agent are 1) there is no risk of perturbing the
processes you want to study, and 2) time and resources do
not need to be spent on designing, synthesizing, and evalu-
ating an imaging agent. Most of the contrast agents for
MRS and hyperpolarization are endogenous molecules
whereby particular carbon positions have been enriched for
the “magnetically active” 13C isotope. This reduces the risk
of toxic or immunogenic responses, but they are often in-
troduced at supraphysiological concentrations so toxicity
effects should still be evaluated. Another advantage of pro-
ton MRS is that it does not require any new instrumenta-
tion, but instead can be performed at the same time as a
regular MRI study using a modern MRI scanner (after cer-
tain MRS software has been installed). Since MRI and MRS
are complimentary techniques (the former provides ana-
tomical and physiological data and the latter provides bio-
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chemical information), combining the two is extremely ad-
vantageous.

The limitations of proton MRS include the fact that any
arbitrary process cannot be imaged. Endogenous molecules
and/or administered exogenous agents need to be present in
very high concentrations to be detectable using proton
MRS. The poor sensitivity of MRS can be partly resolved by
increasing the magnetic field strength and also through the
use of hyperpolarization techniques to image non-proton
nuclei. The advantages of hyperpolarized MRS include its
enhanced sensitivity (although still not better than that at-
tainable using PET or SPECT), and its lack of background
signal, which enable dynamic imaging of metabolic pro-
cesses. The use of hyperpolarized MRS, however, is limited
by the need for additional hardware including an additional
“hyperpolarizer” magnet and the strict criteria for selecting
contrast agents that satisfy the demands of a successful
hyperpolarized probe, including the need for rapid delivery
and metabolism within the window of the relaxation time.

While still in its early stages of development, hyperpolarized
MRS is showing great potential in the imaging arena and
has recently been demonstrated in the clinic. With contin-
ued efforts geared toward generating a range of new hyper-

polarized imaging agents, and by addressing limitations of
this technique (which is already in progress), hyperpolar-
ized MRS is predicted to evolve as a field in and of itself, and
will more than likely play an important role in molecular
imaging in the near future.

3. PET and SPECT

PET and SPECT are radionuclide molecular imaging tech-
niques that enable evaluation of biochemical changes and
levels of molecular targets within a living subject. Both tech-
niques have limitless depth of penetration and enable whole
body imaging of molecular targets/processes with high sen-
sitivity (TABLE 1).

A) BASIC PRINCIPLES OF PET. To image a certain molecular target
using PET, one needs to first identify and synthesize a
radiolabeled imaging agent that is specific and selective
for the target of interest. Following this, a nanomolar
amount of the chosen radiolabeled agent is administered
to the patient/subject, typically via an intravenous injec-
tion (see FIGURE 5B). The radioactivity is then traced
through the body and its distribution determined from
scans obtained with a PET camera.

FIGURE 5. Small animal positron emission tomography (PET). A: schematic illustrating the basic principles
of PET. First, a targeted imaging agent (e.g., small molecule, peptide, engineered protein, aptamer, nanopar-
ticle) containing a positron emitting radioisotope is administered to the subject. Positrons are emitted from
each imaging agent only once; these positrons travel short distances and collide with electrons in the
surrounding tissues, an event known as annihilation, resulting in the production of two gamma rays, each with
energy of 511 keV, traveling at opposite directions to one another (180° apart). Following the detection of
gamma rays by the PET detector, the location of annihilation events are calculated by observing multiple events.
The resulting electrical signals are converted into sinograms that are reconstructed into tomographic images.
These images reflect the distribution of the imaging agent in the subject, and hence provide information on the
biochemical event the agent was targeting. B: images demonstrating the noninvasive visualization of an
orthotopic brain tumor (2.5 mm in diameter) in a rat via the use of [18F]-2-fluoro-2-deoxy-glucose ([18F]FDG),
as early as 10 days (D10) after implantation. Pinks arrows show tumor, and red arrow shows wound due to
intracerebral implantation of tumor cells (249). [From Lin et al. (249).]
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PET requires the use of a cyclotron to generate short-lived
radionuclides such as 18F (t1/2 � 109.8 min), 64Cu (t1/2 �
12.7 h), and 76Br (t1/2 � 16.2 h), or ultra short-lived radio-
nuclides such as 11C (t1/2 � 20.3 min), 13N (t1/2 � 10 min),
and 15O (t1/2 � 2.04 min) (143). PET takes advantage of the
unique properties of radioactive isotopes (like those men-
tioned above) that decay via positron emission, otherwise
known as beta-plus decay. Nuclei that decay in this manner
have an excess of protons, making them unstable. This in-
stability is rectified by transforming a proton into a neutron,
a positron, and a neutrino. The newly formed short-lived
positron is ejected from the nucleus, and due to inelastic
interactions with electrons in surrounding tissue, rapidly
loses kinetic energy causing it to slow down and collide with
an electron, an event known as annihilation. Due to the
conservation laws of energy and momentum, the combined
mass of the positron and electron is converted into two
photons, each with energy of 511 keV, traveling at opposite
directions to one another, 180° apart (333) (FIGURE 5A).
These high-energy photons lie within the gamma-ray region
of the electromagnetic spectrum and thus display energy
10-fold higher than X-rays, increasing their chance of leav-
ing the body to ensure external detection.

PET detectors take the form of a closed ring, or set of rings,
surrounding the subject to be imaged. These rings are de-
signed to detect annihilation events (gamma-rays) and con-
vert the resulting electrical signals into sinograms that are
ultimately reconstructed into tomographic images (FIGURE 5B),
following dead time correction, detector normalization,
subtraction of random coincidences, attenuation correc-
tion, and scatter correction (455).

In the clinic, PET is mainly used to image cancer through the
use of the 18F-labeled imaging agent [18F]-2-fluoro-2-de-
oxy-glucose ([18F]FDG) (see sect. IVA). Whole body clinical
PET [18F]FDG scans are routinely performed to locate,
stage, and monitor cancer. [18F]FDG, first synthesized by
Ido et al. in 1978 (176), is an analog of glucose whereby the
2-carbon hydroxyl group of glucose has been substituted
for a radioactive fluorine atom (18F). The extent of
[18F]FDG accumulation is thought to reflect glucose trans-
porter activity, hexokinase II activity, and more generally,
the metabolic requirements of cells (see FIGURE 13 for
mechanism of [18F]FDG). Since the metabolic demands of
cancer cells are usually very different from most normal
cells, and hence [18F]FDG accumulation in cancer cells is
significantly higher than that observed in most normal cells,
it can serve as an effective marker of cancer (FIGURE 5B).

In addition to its clinical utility, PET has a wide range of
applications in the basic research and preclinical arenas. For
example, PET can be used to investigate basic physiological
and molecular mechanisms of human disease through the
use of appropriate radiolabeled imaging agents and rodent
models (339, 358, 396). Furthermore, PET can be used to

evaluate novel radiolabeled PET imaging agents, effective-
ness of new therapies, and biodistribution of novel pharma-
ceuticals in suitable animal models. When imaging rodents,
or other small animals with PET, a dedicated small animal
PET scanner is required. These miniaturized PET scanners
typically have spatial resolutions of �1–2 mm and sensitiv-
ities of �10�11-10�12 M.

B) BASIC PRINCIPLES OF SPECT. SPECT uses nuclides such as
99mTc (t1/2 � 6 h), 123I (t1/2 � 13.3 h), and 111In (t1/2 � 2.8
days), which decay via the emission of single gamma rays
with differing energies (FIGURE 6). As the nuclides used in
SPECT differ from those used in PET, a completely unique
set-up is required to collect and reconstruct the data. SPECT
employs the use of a gamma camera that rotates around the
subject to capture data from numerous positions to obtain a
tomographic reconstruction. Since position detection of
photons in SPECT does not convey adequate information
concerning the origin of the photon, it is not possible to
define a “line of response,” as done with PET. To address
this issue, a lead or tungsten collimator is added to the
modality so as to exclude any diagonally incident photons.
The disadvantage of this is that the collimator rejects most
of the photons that are not traveling at right angles to the
crystal, so the sensitivity of SPECT is several orders of mag-
nitude lower than PET. However, recent advances in micro-
pinhole apertures have meant that high-resolution SPECT
images are possible (19) with reasonable tradeoff between
sensitivity, field of view (FOV), and spatial resolution.

Although the majority of clinically available SPECT com-
pounds do not provide specific biochemical information,
SPECT remains the most commonly used nuclear medicine
modality in the clinic (236). Some examples of clinical
SPECT imaging agents that target molecular processes in-
clude the radiolabeled small molecule [99mTc]TRODAT-1
for dopamine transporter (DAT) imaging (173), peptide
[111In]-DPTA-octreotide for imaging the somatostatin re-
ceptor [intimately associated with small cell lung cancers
(SCLC)] (423), and [99mTc]-Annexin V for imaging apopto-
sis (22). In the last few years, hand-held devices for both
PET and SPECT have been developed and used for intraop-
erative applications (137, 433), and in both cases have
proven successful in guiding excisions of various tumors.
Van Haren and Fitzgerald (433) reported that [111In]-
DPTA-octreotide in combination with an intraoperative
hand-held gamma camera device helped identify a nonfunc-
tional neuroendocrine tumor that other techniques, includ-
ing a CT scan and intraoperative investigation, failed to
locate.

Like PET, SPECT also has its own miniaturized instrumen-
tation, known as small animal SPECT, specifically designed
for imaging small animals (288) (FIGURE 6A). Small animal
SPECT has been used for many preclinical investigations (2)
including visualizing dopamine transporters in the rat brain
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with [123I]-FP-CIT (307), imaging mice bearing glioma
(U87MG) xenografts with [125I]-c-Met binding peptide
(211), assessing cell death in ischemic-reperfused rat hearts
using 99mTc-C2A-glutathione-S-transferase (GST) (254),
and imaging GRPR in mice bearing human prostate xeno-
grafts using [99mTc]-HABN (10a) (see FIGURE 6B), to name
a few. In 2005, Beekman et al. (19) reported the develop-
ment of a new rodent SPECT instrument, called the U-
SPECT-I, enabling imaging at submillimeter spatial resolu-
tions. Four years later, the same research group published
work on a second generation U-SPECT, called the
U-SPECT-II, allowing imaging at resolutions less than half a
millimeter (431).

C) KEY STRENGTHS AND LIMITATIONS OF PET AND SPECT. Since
biochemical changes generally occur before anatomical
changes in disease, PET and SPECT have a clear diagnostic
advantage over anatomical techniques such as classical CT
and MRI. However, PET and SPECT have a key disadvan-
tage, namely, the lack of an anatomical reference frame.
This shortcoming has recently been addressed by combin-
ing these instruments with either CT or MRI, producing a
single scanner capable of accurately identifying molecular
events with precise correlation to anatomical findings
(334). This type of approach is known as “multimodality
imaging,” whereby two or more modalities are used in com-
bination to compensate for the weaknesses of each imaging
system whilst exploiting their individual strengths.

Another limitation of radionuclide imaging techniques is
their safety profile. Since PET and SPECT both require the
use of ionizing radiation, there is a limit to how many scans
a subject can have per year. For the general public, the
maximum exposure is 5 mSv (millisieverts) per year,

whereas radiation workers can be exposed up to 50 mSv
over the same period. This needs to be considered when
planning clinical studies.

The key strengths of PET include its excellent sensitivity
(10�11-10�12 M), limitless depth of penetration, and quan-
titation capabilities (TABLE 1). While it is a relatively costly
technique and its spatial resolution is limited compared
with MRI, it is extremely flexible in terms of the types of
imaging agents that can be used to bind specific molecular
targets. Imaging multiple different targets simultaneously
(“multiplexing”) is not yet possible with PET because iso-
topes that are positron emitters result in the production of
two gamma rays with energies of 511 keV. On the other
hand, SPECT has some multiplexing capabilities due to dif-
ferent nuclides giving rise to gamma rays with differing
energies. This is advantageous when one wishes to image
multiple biochemical targets simultaneously.

Other advantages of SPECT (like PET) are its high sensitiv-
ity (10�10-10�11 M) and limitless depth of penetration.
While SPECT is less expensive and more widely available
than PET, it is generally less sensitive and has a lower spatial
resolution (8–10 mm, compared with 5–7 mm seen with
clinical PET) (27). PET scans have a higher count rate and
hence generate images containing less noise that are ulti-
mately easier to interpret. In addition, PET provides the
opportunity of attenuation correction, affording quantita-
tive data, whereas this is not possible with SPECT (117,
429).

Unlike MRI and optical imaging techniques, both PET and
SPECT only require small mass amounts of imaging agent
(nanogram to milligram range), and for this reason radio-

FIGURE 6. Small animal single photon emission computed tomography (SPECT). A: diagram illustrating the
principles of SPECT, i.e., a targeted SPECT imaging agent (containing a gamma emitting radioisotope) is
administered to the subject and the gamma rays are detected via a gamma camera (rotated around the
subject). The detected gamma rays are then reconstructed into tomographic images, providing information on
the location of the imaging agent in the subject. B: SPECT images demonstrating the utility of visualizing
gastrin-releasing peptide receptor (GRPR), a receptor often found in high levels in prostate cancer, via the
administration of [99mTc]-HABN in mice bearing human prostate xenografts. Arrows point to tumor; clear
visualization of tumor is possible at 4 h postinjection (p.i.). [From Ananias et al. (10a). Copyright 2011,
American Chemical Society.]
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nuclide-based imaging agents used in PET/SPECT studies
are usually nontoxic and are unlikely to exert pharmaco-
logical effects.

Overall, PET and SPECT are extremely valuable imaging
modalites for investigating molecular processes in living
intact subjects/patients. Currently both PET and SPECT are
being used clinically, and as a research tool, to image a vast
range of biological processes and disease states (109, 333).

4. US

Medical US is an imaging tool that exploits the properties
and behavior of high-frequency sound waves as they travel
through biological tissue. US is a unique modality in the
sense that it can be used both for diagnostic imaging and as
a therapeutic tool.

A) BASIC PRINCIPLES OF US. Clinical diagnostic US scanners
typically use sound frequencies between 1 and 20 MHz
(245). During an US study, a transducer (also called a
probe) sends and receives sound waves (FIGURE 7A). In sim-
ple terms, the transducer converts electrical signals to US
waves, the US waves enter the body, and some sound waves
are reflected back to the transducer where they are detected
and converted into electrical signals. These signals are then
processed by a computer and displayed as an image.

A basic overview of a typical US study is outlined below.

1) Short pulses of high-frequency sound are transmitted
into the subject at recorded time intervals by a transducer.

2) Sound waves travel through the body and reflect or pro-
duce echoes when faced with different tissue interfaces.

3) Reflected “sound signature” is analyzed. The distance
and direction of any given reflection, with respect to the
transducer, can be calculated by using the speed of sound in
tissue (5,005 ft./s or 1,540 m/s), the time of arrival and the
axis of the sound wave. Amplitude and frequency of the
reflections also need to be recorded and assessed. This is
important when constructing the two-dimensional image.
All of these properties depict information on the internal
structures being imaged.

4) Analyzed data (distances and intensities of reflections)
are used to produce a two-dimensional image

Resolution of US improves significantly with higher fre-
quencies, but at the cost of depth of penetration. This de-
crease in depth of penetration is due to the fact that high-
frequency sound waves possess shorter wavelengths, mean-
ing they are more likely to interact with matter and slow
down, thus reducing their traveling distance. Depending on
the subject and on the required data, the imager needs to
consider resolution versus depth.

B) US USING TARGETED MICROBUBBLES. US, like MRI and CT, has
historically been used as a morphological imaging modal-
ity. Contrast agents, in the form of gas-filled microbubbles
typically coated with lipids or biopolymers, and a few mi-
crometers in diameter, are available for enhancing the re-
flection signal-to-noise ratio for blood. These microbubbles

FIGURE 7. Small animal ultrasound (US). A: schematic illustrating the general principles of molecular imaging
using US. After administration of a targeted US imaging agent (e.g., targeted microbubbles), high-frequency sound
waves are transmitted into the subject at recorded time intervals by a transducer. The sound wave reflections
produced due to traveling through the subject are recorded, converted into electrical signals, analyzed, and
constructed (using a computer) into an image representative of the subject’s internal structures and the location
of targeted imaging agents. The instrument needs to be coupled to the subject via an appropriate coupling medium.
B: US images demonstrating the significant advantage of using microbubbles targeted to vascular endothelial
growth factor receptor type 2 (VEGFR2) compared with nontargeted microbubbles for visualizing tumor angiogen-
esis in mice (437). [From Willmann et al. (461), Copyright Radiological Society of North America.]
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are several orders of magnitude more reflective than normal
blood, predominately due to their ability to resonate within
the US field (246). Although these contrast agents have
provided useful imaging data, they do not enable imaging of
specific molecular events. However, by attaching certain
peptides, antibodies, or other targeting moieties to the sur-
face of microbubbles (effectively functionalizing them)
these particles can be used to target specific biochemical
processes, thus enabling US to be used for molecular imag-
ing purposes (84, 85, 462).

The superior acoustic backscatter response of microbubbles
can improve the sensitivity of US significantly, allowing
detection of single micron-sized particles (218). Because of
their size and inability to escape the vasculature, micro-
bubbles developed for molecular imaging are predomi-
nately targeted towards intravascular markers such as an-
tigens like endothelial cell receptors, blood cell markers, or
the blood protein fibrin (21).

Targeted microbubbles are currently being used in pre-
clinical investigations of both inflammation and angio-
genesis. For example, endothelial cell adhesion molecules
have been attached to microbubble shells for visualiza-
tion of P-selectin, providing insight on molecular aspects
of inflammation (250). In addition, moieties targeted to-
ward specific angiogenic markers, including monoclonal
antibodies against murine alpha V integrins, have been
conjugated to microbubbles for observation of angiogen-
esis (239). Willmann et al. (461) attached anti-vascular
endothelial growth factor receptor-2 (VEGFR2) antibod-
ies to microbubbles, for targeting VEGFR2, an angio-
genic marker upregulated on endothelial cells of tumor
blood vessels. US imaging studies were conducted using
either targeted microbubbles or control microbubbles in
tumor-bearing nude mice. Imaging results demonstrated
a significantly higher average intensity in images from
studies using targeted microbubbles compared with stud-
ies using only control microbubbles (461) (see FIGURE 7B). Fol-
lowing these results, Willmann et al. (460) investigated
the use of a dual-targeted microbubble for visualization
of angiogenesis by conjugating two different antibodies
known to bind different markers of angiogenesis,
VEGFR2 and �v�3 integrin, to the shell of perfluorocar-
bon-filled microbubbles. Results from these US imaging
studies, using human ovarian cancer xenograft tumor
model in mice, showed that dual-targeted microbubbles
provided superior images compared with that of micro-
bubbles targeted at one or the other angiogenic marker
(either VEGFR2 and �v�3 integrin) (460).

The specific in vivo binding of targeted microbubbles,
and their whole body biodistribution can be evaluated by
techniques like intravital microscopy (IVM) and PET,
respectively (459). In the near future molecular imaging
using US is expected to transition from a preclinical mo-

dality to a fully clinically useful technique through the
use of different clinically translatable instrumentation,
such as endoscopes (345, 459), and novel US-compatible
imaging agents that are able to extravasate (e.g., silica
nanoparticles) (190).

C) KEY STRENGTHS AND LIMITATIONS. The main strengths of
US include its relative cost effectiveness, wide availabil-
ity, portable nature, good temporal resolution, good
safety profile (no ionizing radiation), and excellent sen-
sitivity (picogram level) when microbubbles are used. On
the other hand, US is limited by its difficulty in imaging
structures that contain bone or air, due to the tendency of
air and bone not to transmit sound waves and also by its
limited depth of penetration (see TABLE 1). Other limita-
tions of US include the fact that 1) the instrument needs
to be coupled to the subject via a coupling gel, 2) it
primarily affords anatomical information, and 3) multi-
plexing is not currently possible. Furthermore, micro-
bubbles are very large and are limited to intravasculature
molecular targets, and at high US frequencies (still within
the allowable limits) numerous microbubbles are dam-
aged, in effect destroying the tool required for visualizing
molecular events of interest (246).

Of all the molecular imaging agent-based techniques, tar-
geted US imaging is one of the more recent, and due to being
in its infancy will most likely see an enormous expansion in
the near future.

5. Optical fluorescence and bioluminescence imaging

The visualization of cells and tissues using light has long
been one of the most informative and facile approaches in
basic research and medical diagnostic imaging. Since the
construction of the first microscope in 1674 by Anton
van Leeuwenhoek, much progress has been made (370).
Useful microscopy techniques have been developed, in-
cluding bright field, dark field, and differential interfer-
ence contrast, the latter of which provides notable depth
of resolution and three-dimensional optical effects. Over
the past two decades, the introduction of fluorescence
microscopy has revolutionized the field of cellular biol-
ogy. Fluorescence microscopy typically involves the use
of genetically encoded fluorescent reporters, or fluores-
cent-tagged molecules, either of which can be used to
facilitate the visualization of molecular events in living
cells and other ex vivo tissue samples, in real time.
Through the use of fluorescent microscopy, researchers
have been able to observe intracellular protein-protein
interactions and other micro-scale events (such as gene
delivery and RNAi knockdown) in live intact cells. Please
see the following references for detailed information on
live cell fluorescence microscopy (65, 104, 301, 330, 399,
476).
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Alongside the developments in live cell fluorescent micros-
copy, a number of macroscopic optical imaging modalities
have emerged. These macroscopic imaging techniques en-
able noninvasive, repetitive, whole body imaging of living
small animals using sizable fields of view (ranging from
several millimeters to several centimeters). Two examples
of such macroscopic optical techniques are fluorescence and
bioluminescence imaging.

The required infrastructure for optical fluorescence and
bioluminescence imaging, namely, a charge-coupled de-
vice (CCD) camera and a source of filtered light, is rela-
tively inexpensive and easy to setup. For increasing sen-
sitivity, a cooled CCD camera is also often used. Imaging
sensitivities achievable with these techniques are typi-
cally very good (as low as picomolar to femtomolar con-
centrations; TABLE 1), and since they involve the detec-
tion of low-energy photons, as opposed to high-energy
gamma rays detected by PET and SPECT, they are con-
sidered relatively safe. However, the use of low-energy
photons means that the depth of penetration is limited to
only a few centimeters, which makes it virtually impos-
sible to study deep tissues in large animals or human
subjects, unless one uses endoscopes or their equivalent
to get closer to the tissue(s) of interest. This limitation
cannot be overcome by using a higher intensity laser due
to the risk of overheating the tissue/system being studied
(80). Depth of penetration is not so much of a problem in
mice and small animals (no bigger than a rabbit) due to
their size. In fact, many of the commonly used fluorescent
and bioluminescent imaging agents can be visualized in
internal organ structures of small animals (80), making
these optical imaging techniques suitable for preclinical
research.

The following definitions for absorption, attenuation, scat-
ter, and transmission apply in this section, unless the con-
text otherwise requires.

Absorption is the process by which energy of light is trans-
ferred to a medium through which it is moving.

Attenuation is the progressive loss of intensity (of a signal,
electric current, or other oscillation) through a particular
medium.

Scatter is the diversion of (light, sound, or other) particles
from a straight path due to variabilities in the medium they
are traveling in.

Transmission is the process by which particles (light, sound,
or other) pass through a medium without being scattered or
absorbed.

A) FLUORESCENCE IMAGING. One of the most exciting and im-
portant developments in the field of imaging over the past

decade has been the introduction and use of fluorescent
proteins. Please refer to the following reference (65), pub-
lished in 2010 in Physiological Reviews, for a detailed dis-
cussion regarding fluorescent proteins and their applica-
tions in imaging. In addition, please see our supplementary
section for a brief summary of fluorescent proteins, their
different spectral classes, ideal characteristics, and some key
references concerning their use in molecular imaging. It is
important to note that in addition to fluorescent proteins,
fluorescent dyes, and other materials with fluorescent prop-
erties can also be used in fluorescent molecular imaging
studies. We will now describe some of the key steps and
considerations involved in conducting a fluorescence imag-
ing experiment.

I) Fluorescence imaging experiment. When attempting to
pass light through biological tissues there is one major chal-
lenge: overcoming attenuation and scattering of light. Ab-
sorption of light by hemoglobin and other molecules (such
as water) may reduce fluorescent signals by a factor of �10,
per centimeter of tissue (67). Organs with high vascular
content, such as the liver and spleen, have the lowest trans-
mission, due to absorption of light by oxy- and deoxyhe-
moglobin. Skin and muscle, on the other hand, have high
transmission of light. By taking advantage of the near-in-
frared (NIR) part of the electromagnetic spectrum, one can
overcome the problem of scattering and attenuation to a
certain extent. For example, by choosing fluorescent-based
imaging agents with emission wavelengths between 650
and 900 nm, absorption of light by cytochromes, hemoglo-
bin, and water within living organisms is lowest. Fluores-
cent imaging agents that emit light in this region can be
imaged at greater depths and can increase the sensitivity of
the technique by significantly decreasing the extent of tissue
autofluorescence (fluorescent signal from tissues where no
imaging agent is present) (80, 261).

A general molecular imaging study using fluorescence im-
aging in living intact subjects involves the following steps:

1) Selection of a fluorescent entity (e.g., a protein, chemical,
dye, or other molecular entity possessing fluorescent prop-
erties) with suitable properties (e.g., emission wavelength,
photostability) for the particular imaging study. In the case
of using a fluorescent protein, such as GFP, one must either
A) transfect the GFP reporter gene into a cell-line of interest,
B) purchase a transgenic animal already expressing the re-
porter gene of interest, or C) fuse the cDNA of GFP to the
gene for a target protein of interest. If, on the other hand,
the fluorescent entity is a dye, it typically needs to be con-
jugated to a peptide/aptamer/antibody/nanoparticle de-
signed to specifically target the protein or molecular path-
way of interest prior to conducting the study. One also
needs to decide whether an activatable imaging agent is
better suited for the study (i.e., an imaging agent that only
fluoresces or “switches on” after it interacts with its target)
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(see sect. III for more information on activatable/smart im-
aging agents).

2) Identification of an external light of appropriate wave-
length for excitation of the chosen fluorescent molecule/
protein/entity.

3) Injection of subject with suitable amount of the fluores-
cent imaging agent. If, however, a genetically encoded re-
porter protein is used for fluorescence, there is no need to
administer an exogenous fluorescent imaging agent.

4) Application of external light source. This will trigger an
immediate emission of light that will be lower in energy and
longer in wavelength than the excitation light from places
that the fluorescent imaging agent has accumulated in the
subject. The emitted light then travels back out of the sub-
ject and is detected by a CCD camera (276). Additionally, it
is important to allow sufficient time for unbound imaging
agent to clear from the tissues of interest prior to imaging,
to improve the signal to background ratio (the timing of this
will vary depending on the pharmacokinetics of the imaging
agent used).

5) Conversion of recorded light photons into electrons, and
subsequent formation of an electric charge pattern that par-
allels the intensity of emitted photons through the use of
semi-conductors.

6) Collection of received data (charge pattern) from the
CCD, which is then fed into an output register and ampli-
fier, whereby it is collated and analyzed by a camera con-

troller that is connected to a computer system. A final image
is usually formed showing number of photons from differ-
ent regions of the subject.

As far as types of fluorescent entities go, there is a rapidly
expanding list, that includes near IR Cy 5.5, the Alexa Dye
Series, indocyanine green, quantum dots (QDots), and a
variety of fluorescent proteins. Examples of fluorescent pro-
teins include GFP, which emits light at 509 nm when ex-
cited by 395 nm, and red fluorescent protein (RFP), which
emits light at 618 nm (see sect. VII for more information on
fluorescent proteins). A recent addition to the list of fluo-
rescent entities is the lanthanide-based imaging agents.
These agents have a number of advantages over the afore-
mentioned dyes and proteins, namely, their remarkably
long luminescence lifetimes, and narrow, nonoverlapping
emission bands, allowing quantitative, multiplexed mea-
surements of the intracellular analyte concentrations (414)
(see FIGURE 8).

Quantification of fluorescent optical imaging experiments
is not entirely straightforward. Variations in the extent of
light attenuation in different organs and tissues need to be
accounted for (e.g., less light will be detected from the same
number of Qdots/Cy 5.5 molecules/GFP in the liver com-
pared with the lung) (263). Also, there are “surface weight-
ing” problems, meaning that anything closer to the surface
will appear brighter. These factors need to be taken into
consideration when analyzing data and drawing conclu-
sions from any given fluorescence study. A comparison of
different optical instruments and their performance is de-
tailed elsewhere (204, 297).

FIGURE 8. Optical fluorescence molecular imaging. A: schematic showing the general principles of molecular
imaging using optical fluorescence. Following the administration of a fluorescent imaging agent (fluorophore,
fluorescent protein, QDot etc.), an excitation light of appropriate wavelength is used to illuminate the subject. In the
case of using a protein such as GFP, one must first transfect the GFP reporter gene into the cell-line of interest or
one can purchase a transgenic animal already expressing the reporter gene of interest, and then illuminate the
subject. This leads to excitation of the fluorophore/fluorescent protein and the subsequent emission of light. The
light is detected via a CCD camera, collated, analyzed, and converted into an image detailing the location of emitted
light (due to imaging agents) from subject. B: fluorescence images demonstrating the feasibility of visualizing human
epidermal growth factor receptor-2 (HER2) positive xenografts in mice using AlexaFluor680-labeled-affibody as an
imaging agent. Through this imaging strategy, Van de Ven and colleagues were able to monitor response of
HER-2-positive tumors to treatment with heat shock protein 90 (HSP90) inhibitor (425). [From Van de Ven et al.
(425), with permission from American Association for Cancer Research.]
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Fluorescence optical imaging can be used for a variety of
molecular imaging applications in living subjects. Some spe-
cific examples include the study of matrix metalloprotei-
nases activities using activatable imaging agents (35, 447),
detection of human epidermal growth factor receptor 2
(HER2/neu)-tumors in animal models using antibodies con-
jugated to rhodamine green (229), monitoring tumor
growth and metastases using GFP-expressing tumors (161),
and NIR activatable fluorescent imaging agents for imaging
Alzheimer’s disease that only “switch on” when bound to
amyloid-beta (Abeta) protein (348).

The advent of fluorescence molecular tomography (FMT)
has led to three-dimensional reconstruction of fluorescent
imaging agent accumulation in living animals based on light
recordings collected at the tissue boundary. FMT has been
used to visualize and quantitate a variety of cellular and
molecular events, and as opposed to planar fluorescence
imaging, yields quantitative information and allows imag-
ing at greater depths, up to several centimeters (309). An
example of a study using FMT is that by Haller et al. (144)
in 2008, whereby FMT was used to quantitate pulmonary
response in a murine mouse model of LPS-induced airway
inflammation. Time domain imaging has also been used to
obtain depth information for optical fluorescence imaging,
and reviewed elsewhere (203).

II) Key strengths and limitations. Fluorescence imaging has
a number of limitations that need to be considered, includ-
ing its limited depth of penetration (�1 cm) and the poten-
tial toxicity of some of the imaging agents it employs (e.g.,
QDots which are cadmium based) which may limit its use in
humans. Also, the mass amount of fluorescent agent needed
for imaging is considerably larger than for radionuclide
imaging (see TABLE 1). Furthermore, fluorescence imaging
suffers from issues associated with autofluorescence that
ultimately decreases the sensitivity of the technique. There
are a number of strategies and factors that can improve
overall sensitivity of fluorescence imaging, including meth-
ods that correct for autofluorescence, the type of imaging
agent selected, and the type of imaging instrumentation
used.

Overall, fluorescence molecular imaging is a versatile tech-
nique with a number of key advantages including its relative
low cost (especially when studying reporter gene systems in
animals), and the fact it does not require the administration
of a substrate like bioluminescence imaging does. Fluores-
cence optical imaging serves as a useful tool for preclinical
evaluation of imaging agents prior to moving them into
other more expensive modalities. One of the most impor-
tant strengths of fluorescence imaging is that it enables mul-
tiplexed imaging. Furthermore, there is potential for clinical
translation where depth of penetration is not an issue, for
example, in the endoscopy setting as well as intraoperative
techniques.

III) Clinical translatability. Potential clinical applications
for optical fluorescence imaging include intraoperative de-
vices, dedicated breast imaging, and endoscopy-related im-
aging instruments. Recent developments in instrumentation
such as dual-axes endoscopes (253) and handheld probe-
based optical imagers (28, 128), coupled with the use of
fluorescent molecular imaging agents targeted at disease,
could be extremely useful in detecting and/or treating nu-
merous pathologies early and accurately. A specific exam-
ple of an optical molecular imaging technique that has un-
dergone preliminary evaluation in a clinical setting is a
colonoscopy-based technique involving the use of a fluores-
cein-labeled heptapeptide (identified via phage display
screening of peptide libraries) and a standard colonoscope
fitted with a fluorescence confocal microendoscope fed
though the instrument channel, to detect dysplastic colono-
cytes (colorectal cancer). Initial results demonstrated that
fluorescent-labeled heptapeptides bound more strongly to
regions containing displastic colonocytes compared with
adjacent normal tissue (170).

B) BIOLUMINESCENCE IMAGING. I) Basic principles. Biolumines-
cence relies on the production of light from the enzymatic
oxidation reaction of luciferase with its substrate. Different
luciferase enzymes can be introduced into a biological sys-
tem as a molecular reporting device (see FIGURE 9A). These
enzymes are usually introduced into cells via transfection
with the gene that encodes them. Unlike fluorescence imag-
ing, bioluminescence does not need an external light source.
Due to this, and because tissues do not exhibit endogenous
bioluminescence, greater sensitivities and higher signal to
background ratios can be achieved compared with fluores-
cence techniques.

There are several types of luciferase enzymes that have been
discovered in nature (some of which are listed below), each
requiring different conditions for the enzymatic reaction to
proceed.

1) FLuc (North American firefly luciferase, Photinus pyra-
lis): molecular mass � 62 kDa. This luciferase is the most
commonly used bioluminescent reporter. It requires benzo-
thiazoyl-thiazole luciferin (D-luciferin), and oxygen, ATP,
and magnesium as cofactors. FLuc is found in the cyto-
plasm, where it oxidizes its substrate D-luciferin, emitting
light with a broad spectrum (530–640 nm) and a peak at
�560 nm (374). Light from FLuc peaks at �10–12 min
after injection of D-luciferin and then decreases slowly over
60 min. Because it emits at wavelengths above 600 nm, it is
able to travel through several centimeters of tissue (353,
360). D-Luciferin distributes throughout the animal very
rapidly and is able to cross the blood brain barrier.

2) RLuc (sea pansy luciferase, Renilla reniformis): molecu-
lar mass � 34 kDa. RLuc requires a different substrate
compared with FLuc. Instead of D-luciferin, RLuc interacts
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with coelenterazine (and its analogs) and requires oxygen as
a cofactor but does not need ATP and Mg2�. This is a
potential advantage as it is less likely to cause perturbation
in the cells it is present in since it does not “steal” ATP from
other processes or pathways. RLuc releases blue light across
a broad range, peaking at 480 nm (280). This is not the
most favorable emission wavelength as it is not red-shifted
and so cannot penetrate tissues as easily as light with a
red-shifted wavelength. RLuc is found inside cells and thus
its substrate, coelenterazine, must pass through cell mem-
branes to interact with it. RLuc is rather hydrophobic and
tends to self-associate, forming inactive dimers and higher
molecular weight species (280). RLuc also has a low quan-
tum yield, 6% compared with �88% for FLuc (280, 409).
However, it is important to note that several mutants of
RLuc have been developed that allow for greater stability
and/or red-shifted emission (255, 256). Furthermore, the
RLuc protein can be used outside of the cell where ATP is
scarce. Thus, instead of introducing a RLuc gene into cells,
one can introduce the protein directly in vivo. This tech-
nique can be used, for example, to image a cell-surface
receptor by fusing RLuc to an engineered antibody (436).

3) GLuc (marine cope pod luciferase, Gaussia princeps):
GLuc is the smallest identified luciferase (molecular mass �
19.9 kDa). Similar to RLuc, GLuc is independent of ATP,
but requires coelenterazine and oxygen. GLuc is secreted
from the cells it is present in and reacts with its substrate in
the extracellular space. GLuc emits light at a peak of 480
nm, but with 200-fold higher bioluminescence output com-
pared with RLuc when present in mammalian cells under
similar conditions in vivo. Moreover, GLuc displays a sig-
nificantly more intense signal than RLuc and a comparable
signal to FLuc in subcutaneous tumors in mice (409); how-
ever, its emission half-life is very short. Mutants of GLuc

have been developed to address this issue, and the resultant
proteins display much longer luminescence half-lives (453).
Further studies are needed to clarify some issues related to
absolute signal differences between these luciferases, due to
the intracellular signal verses signal from secreted protein.

The limited biodistribution, rapid clearance rates, and
poorer signal-to-background of the coelenterazine sub-
strates are unfavorable and directly related to sensitivity of
detection and predictability of the models that use either
RLuc or GLuc. These factors along with the blue emission
wavelength of these enzymes have somewhat limited their
use (261). However, the mutants of RLuc are helping to
solve some of these limitations (255, 256).

Bioluminescence imaging has been used to investigate nu-
merous enigmatic protein-protein interactions. One such
study used a firefly luciferase-based protein fragment com-
plementation assay to visualize and assess interactions be-
tween CXCR4 and �-arrestin molecules. CXCR4 is a
chemokine receptor that modulates tumor growth and me-
tastasis; its interaction with �-arrestin molecules is a pro-
cess that occurs in the initial stages of chemokine receptor
signaling (337). Other applications of bioluminescence im-
aging include drug screening (e.g., evaluating kinase inhib-
itors by measuring their phosphorylation efficiency via split
firefly luciferase-assisted complementation system) (50), ex-
amining the roles of various cells though cell tracking (e.g.,
visualizing luciferase-expressing bone marrow cells in brain
inflammation in living mice) (4), and visualizing receptor
dimerization via a protein fragment complementation strat-
egy based on FLuc (see FIGURE 9B).

II) Key strengths and limitations. One of the main advan-
tages of bioluminescence imaging compared with fluores-

FIGURE 9. Optical bioluminescence molecular imaging. A: schematic illustrating the general principles of
molecular imaging using optical bioluminescence, i.e., first a small animal model needs to be developed that is
capable of expressing/secreting one of the luciferase enzymes (this could be a transgenic mouse or a rodent
that has been injected with cells that can express/excrete luciferase). Second, an appropriate substrate needs
to be administered to the animal; this will lead to production of light from the enzymatic oxidation reaction of
luciferase with its substrate. The light is then detected via cooled CCD cameras and an image is produced.
B: bioluminescence images demonstrating the feasibility of monitoring changes in chemokine receptor
dimerization over time (before and) after treatment with pharmacological agent (CCX754). This study used a
protein fragment complementation strategy based on firefly luciferase (FLuc) (262). [From Luker et al. (262).]
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cence imaging is its higher sensitivity due to enzymatic am-
plification of signal and low background signal due to the
lack of natural bioluminescence from tissues (however, it
should be noted that substrates themselves also lead to
background signals, especially in the liver in the case of
coelenterazine). Although bioluminescence imaging has
limited depth of penetration like fluorescence imaging, its
primary limitation is getting light out of the subject,
whereas fluorescence imaging is limited by both the ability
to pass light into and out of a subject. Overall biolumines-
cence imaging is a relatively cost effective technique for
investigating fundamental biochemical processes. Its multi-
plexing capabilities, by combining different luciferases/sub-
strates, make it a flexible and highly useful modality. The
substrate requirements of bioluminescence may limit its
clinical translatability.

C) BIOLUMINESCENCE RESONANCE ENERGY TRANSFER. Fluores-
cence resonance energy transfer (FRET) and biolumines-
cence resonance energy transfer (BRET) technology in-
volves the nonradiative transfer of energy between a donor
and acceptor molecule by the FÖRSTER mechanism (9,
291). FRET has long been considered a powerful method in
cell culture for studying complex interactions including the
interaction of two proteins (154, 281). Since FRET depends
on an excitation source, it is less suited for applications in
living subjects. BRET does not require an excitation light
source and instead uses a bioluminescent protein as a do-
nor. This donor if in close proximity to an acceptor (e.g.,
fluorescent protein or QDot) will lead to a resonance energy
transfer, and therefore detectable signal (393). BRET can be
used to study the interaction of two proteins of interest in
living subjects (72, 74, 329). An alternative to BRET for the
study of protein-protein interactions is the use of split re-
porters. In this case, a biochemical event of interest brings
together two split reporter proteins through complementa-
tion or reconstitution, and produces a signal in the presence
of the bioluminescence substrate. Further details of split
reporter strategies and BRET are covered extensively else-
where (126, 277, 325–328, 440, 458).

D) CERENKOV LUMINESCENCE IMAGING. Recently, another tech-
nique for imaging photons known as Cerenkov lumines-
cence imaging (CLI) was described (356). CLI exploits the
fact that radionuclides can emit visible light consistent with
Cerenkov radiation (CR), a form of electromagnetic radia-
tion produced when a charged particle exceeds the speed of
light while traveling in a dielectric medium. The resulting
light produced by radionuclides is a continuous spectrum
mainly in the ultraviolet blue bands of the electromagnetic
spectrum. In 2009, Robertson et al. (356) demonstrated the
imaging of mice injected with [18F]FDG using an optical
imaging instrument fitted with highly sensitive CCD detec-
tors. Similar studies were reported at around the same time
by Lui et al. (252), whereby a range of radioisotopes (beta�,

beta� and gamma-emitters) were evaluated for their use in
optical imaging (252).

B. Emerging Modalities and Techniques

1. Raman imaging

Raman spectroscopy (RS), also known as “spontaneous
Raman spectroscopy,” is a spectroscopic technique used to
probe the internal structure of molecules. Traditionally, RS
has been used as an analytical chemistry tool for studying
alterations in chemical bonding (e.g., when a substrate in-
teracts with its corresponding enzyme). More recently, RS
has shown potential in a clinical setting as a diagnostic tool,
providing a means for discriminating between disease and
normal tissue, through detecting endogenous spectra. The
diagnostic capabilities of RS were initially explored ex vivo
using rat and pig organ samples and traditional RS instru-
mentation (258, 266). The success of these studies led to the
development of a Raman-based clinical molecular imaging
modality by adding a Raman component (fiber-optic bun-
dle) to a standard white light endoscope (384). By using this
Raman-modified endoscope, Shim et al. (383) demon-
strated that Raman spectra of human gastrointestinal tis-
sues could be obtained with acceptable signal-to-noise ratio
and good temporal resolution. Moreover, through the use
of diagnostic algorithms for classifying colon polyps based
on their spectral characteristics, adenomatous polyps could
be differentiated from hyperplastic polyps with great accu-
racy (296, 383).

A) BASIC PRINCIPLES OF RS. When a beam of monochromatic
light is used to excite a molecule, most photons are scattered
elastically (Rayleigh scattering). However, 1 in every 10
million incident photons are scattered inelastically (known
as Raman scattering) and display a shift in frequency com-
pared with the frequency of the excitation light. The size of
this observed shift in frequency, called the “Raman shift,” is
independent of the excitation frequency and is thus an in-
trinsic characteristic of the matter being studied. Essen-
tially, every molecule has its own unique vibrational signa-
ture or “spectral fingerprint,” meaning that RS can be used
to detect numerous different molecules within the same re-
gion of interest simultaneously, demonstrating its high mul-
tiplexing capabilities (456, 479). This is extremely impor-
tant in the context of molecular imaging, as being able to
visualize more than one biochemical target simultaneously
will likely yield a more complete picture of biological sys-
tems.

There are two types of Raman scattering: stokes and anti-
stokes. The former occurs when the molecule being studied
absorbs energy from incident photons, thus resulting in a
scattered photon with lower frequency compared with that
of the laser source. Whereas, anti-stokes scattering is where
the molecule loses energy, resulting in a scattered photon of
higher frequency.
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Although spontaneous RS is a technique with high molec-
ular specificity, it suffers from extremely poor sensitivity
due to the low numbers of inelastically scattered photons.
Newer RS techniques have emerged that address this issue
of sensitivity, namely, 1) stimulated Raman scattering (SRS)
and 2) surface enhanced Raman scattering (SERS). We next
discuss SERS and its molecular imaging applications. See
also section VII for a brief discussion of SRS.

B) SERS. SERS is a surface-sensitive technique that was
discovered over 30 years ago through studies that dem-
onstrated a distinct enhancement of a pyridine molecule’s
vibrational spectra following its adsorption on an elec-
trochemically roughened silver electrode (1). Since then,
there has been much debate concerning the exact mech-
anism behind this observed phenomenon. The two main
theories at present are as follows: 1) the electromagnetic
theory (involving the excitation of localized surface plas-
mons), and 2) the chemical theory (relying on charge-
transfer).

C) THE SERS EFFECT EXPLAINED. The SERS effect can simply be
described as an enhancement of Raman scattering from a
molecule. This effect is observed when a molecule is placed
in close proximity to a metal substrate (456). The number
of inelastically scattered photons can be increased by sev-
eral orders of magnitude, and as a result, the vibrational
signature of a given molecule becomes more intense, and in
some instances, peaks that were previously undetectable
using standard RS techniques become much easier to detect.
The degree of SERS enhancement and the reproducibility of
any given SERS spectral fingerprint greatly depends on the
type, quality, size, and shape of the metal substrate used.
This is mainly because these factors have a direct effect on
the ratio of absorption and scattering events, and they also

influence the localized surface plasmon resonance (LSPR)
excitations excited at interstitials or sharp edges. These
LSPR excitations are thought to be the key players behind
the huge enhancements seen with SERS (169).

Due to the high sensitivity and multiplexing capabilities of
SERS, there has been a growing amount of interest concern-
ing the use of this technique for imaging molecular pro-
cesses in biological systems (480). Much work has been
centered around the investigation of “Raman-active” nano-
particles (see sect. IIIE for details on these types of imaging
agents). In brief, Raman-active nanoparticles (or SERS
nanoparticles) are known to significantly enhance the Ra-
man scattering efficiency (221) and thus improve the detec-
tion limits (sensitivity) of the technique to around three
orders of magnitude lower than that achievable via fluores-
cence imaging (101). By administering different SERS nano-
particles (FIGURE 10A), one can theoretically visualize sev-
eral targets simultaneously. This is a major advantage, es-
pecially compared with modalities such as PET, where there
are no easy possibilities for multiplexing. A recent study
demonstrated the multiplexing capabilities of Raman active
gold nanoparticles in living animals using normal mice
(203) (see FIGURE 10B).

An important aspect of SERS molecular imaging is the pro-
cess of “targeting” these SERS particles to specific biomark-
ers of disease. This can be achieved by conjugating certain
peptides, antibodies, or other molecular entities specific for
particular receptors/enzymes/targets to the SERS particles,
a process also known as “functionalization.” Two separate
studies have demonstrated the feasibility of imaging epider-
mal growth factor receptor (EGFR) positive tumors in
mouse models using targeted SERS particles (192, 346).
Other groups have conjugated different molecular entities

FIGURE 10. Surface enhanced Raman scattering (SERS) imaging. A: schematic illustrating the basic
principles of SERS molecular imaging. The diagram shows the administration of SERS imaging agents (e.g.,
gold-based Raman-active nanoparticles) that can be functionalized with targeting ligands (e.g., peptides,
aptamers, antibodies) specific for a particular disease process. An excitation laser (�i) is used to illuminate
the subject, and the inelastically scattered light (�s) from the localized SERS imaging agents is collected
and translated into a spectrum, mapping the accumulation of imaging agent within a certain region of the
subject. B: illustrates the multiplexing capabilities of SERS imaging. Multiple batches of SERS nanoparticles
(shown here as S421, S440 and equal mix), each with their own unique spectral fingerprint, can be
administered simultaneously with the potential to look at multiple molecular processes (204). [From Keren
et al. (204).]
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to gold nanoparticles; however, many are yet to be evalu-
ated in intact living animals. One such study showed the
successful detection of HER2 cancer markers in MCF7 cells
(containing high levels of the target) using antibody-conju-
gated hollow gold nanospheres (237). Further imaging
studies, in living intact subjects, using different SERS imag-
ing agents and various animal models of disease are re-
quired to determine the usefulness of SERS molecular im-
aging.

D) KEY STRENGTHS AND LIMITATIONS. Overall, Raman-based
molecular imaging, and in particular SERS imaging, is a
promising new area of research. The sensitivity of SERS and
its multiplexing capabilities are major strengths of the tech-
nique (TABLE 1). Also, the fact that Raman signals are de-
tectable over long periods of time (without issues of photo-
bleaching) means that longitudinal studies are feasible.
SERS imaging, however, is not without its shortcomings,
including its extremely limited depth of penetration (�5
mm) and difficulties with imaging large fields of view. Ulti-
mately these limitations, along with tomography chal-
lenges, mean that one cannot perform whole body deep
tissue imaging with SERS-based techniques. Thus most fu-
ture clinical applications of SERS imaging will be geared
toward situations where depth of penetration is not an is-
sue, such as endoscopy.

2. Photoacoustic imaging

First reported by Alexander Graham Bell in 1880 (24), the
photoacoustic effect is an important phenomenon that can
be exploited for imaging purposes. The effect itself can be
described as the production of sound waves resulting from
the absorption of light. As an emerging imaging modality,
photoacoustic imaging (PAI) has the potential to facilitate
the investigation of anatomical and/or biochemical features
of both normal and disease states in living subjects in a
noninvasive manner.

A) BASIC PRINCIPLES OF PAI. One can use what is known about
the photoacoustic effect to probe the structure and organi-
zation of microvasculature in small animals without the
need for an exogenous imaging agent. This is achieved by
illuminating laser pulses, lasting several nanoseconds, at the
tissue of interest. These IR light pulses lead to a slight local-
ized heating of the tissue causing thermoelastic expansion
and the subsequent production of ultrasound waves. The
resulting acoustic waves can be detected on the skin surface,
and by measuring the wave’s amplitude and the time of
arrival, the structure of blood vessels can be determined
(388). It is important to note that the input source does not
need to be IR light, but can also be other forms of energy,
including radiofrequency.

B) THE DIAGNOSTIC POTENTIAL OF PAI. Most diseases, particu-
larly in their early stages, do not exhibit an endogenous
photoacoustic contrast, thereby limiting the sensitivity and

specificity of PAI as a stand-alone technique. The sensitivity
issue can be addressed by introducing imaging agents that
possess a superior ability to absorb light and hence produce
strong photoacoustic signals. Examples of some PAI-com-
patible imaging agents include methylene blue, single-
walled carbon nanotubes (SWNTs), and gold nanopar-
ticles. An example of a specific application of one of these
agents is the use of nontargeted gold nanocages for PA
imaging of a sentinel lymph node (394). To address the
specificity issue and use PAI for investigating biochemical
processes (thus transforming it into a molecular imaging
modality), one must attach a targeting moiety (e.g., small
molecule, peptide, aptamer, antibody) to a photoacoustic-
compatible imaging agent. For example, one could conju-
gate cyclic Arg-Gly-Asp (RGD) to SWNTs [RGD is a pep-
tide known to bind alpha-v beta-3 (�v�3) integrins, which
are dramatically upregulated in cancer] (112). Functional-
izing SWNTs with targeted peptides like RGD enables them
to specifically “home in” on cancer cells. A study performed
by our laboratories investigating photoacoustic detection of
SWNTs in xenograft tumor mouse models demonstrated
that the photoacoustic signal in tumors was eightfold higher
in the mice that were injected with targeted RGD-SWNTs
compared with those injected with nontargeted nanotubes
(78) (FIGURE 11B). These results were validated ex vivo
using Raman microscopy by taking advantage of the strong
Raman signal of SWNTs at 1,593 cm�1 (204). This study
and those similar (209, 268) demonstrate the utility of tar-
geted nanoparticles and PAI for specific and sensitive detec-
tion of biochemical markers implicated in disease states of
interest. Recently, the utility of a trimodality nanoparticle
(capable of producing a MRI, photoacoustic, and Raman
signal) was demonstrated for imaging and intraoperative
margin determination in an orthotopic glioma rodent
model (213) (see sect. IIIF for details).

C) KEY STRENGTHS AND LIMITATIONS. One of the main advan-
tages of PAI is its depth of penetration (�6 mm to 5 cm),
which is superior to that of most optical techniques (388).
Additionally, the spatial resolution of PAI is not adversely
affected by increases in depth of penetration, as is typically
the case with some other optical modalities and US. Fur-
thermore, its ability to afford endogenous information
without the need for an imaging agent, favorable temporal
resolution (up to �30 frames per second in some reported
systems), and relatively modest cost, add to the attraction of
PAI.

When compared with US, PAI has a couple of key advan-
tages: 1) the amount of imaging agent used for PAI is pico-
grams to micrograms, whereas US requires microgram to
milligram amounts of imaging agent; and 2) US images
contain speckles (noise) due to coherent addition of sound
waves. In the case of “light in and sound out, PAI” there is
very minimal interference for the sound waves on their way
out; therefore, the images are speckle free.
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Some disadvantages of PAI include its limited depth of
penetration compared with the limitless depths achiev-
able via CT, MRI, and radionuclide techniques, as well as
its inability to image through bone or air-filled structures
(e.g., bones or lungs). Furthermore, the instrument needs
to be coupled to the subject via an appropriate coupling
medium (see FIGURE 11A). No commercial clinical appli-
cation has emerged from PAI as yet; however, there are a
few companies currently working on the development of
photoacoustic-based breast scanners in the hope of re-
placing mammography. These scanners will first need to
show improved sensitivity-specificity compared with the
current gold standard technique before being considered
as a possible replacement diagnostic strategy.

Although a relatively new area of molecular imaging, PAI
holds great promise in the field of medical diagnostics,
especially when paired with compatible targeted imaging
agents.

3. IVM

IVM is an optical imaging platform that enables visualiza-
tion and real-time examination of a range of cellular and
biochemical processes in a living animal. One can study
events such as cell trafficking, vasculature formation, tumor
development, and neuronal circuitry on a nanoscale (at a
cellular-to-subcellular level) via the use of this microscopy
technique. In addition to measuring biochemical and phys-
iological parameters, IVM can be used to quantify delivery
and response to therapeutic strategies (182).

A) BASIC PRINCIPLES OF IVM. The principles of IVM are essen-
tially the same as traditional fluorescence microscopy; how-

ever, IVM uses modified instrumentation to allow anesthe-
tized rodents to be placed on a microscope stage (183). In brief,
IVM involves the use of a microscope with a digital camera de-
tection setup and an image acquisition network. To sort and
analyze the retrieved data, a computer equipped with relevant
algorithms and mathematical models is needed.

Prior to studying rodents or other small mammals with
IVM, subjects typically require some form of surgical prep-
aration. Examples of such preparations include surgically
implanted chronic-transparent window models (such as
dorsal skin fold chambers (FIGURE 12) and cranial win-
dows) (175, 225, 289, 363, 478), acute tissue preparations
(where the animal is surgically prepared to reveal an inter-
nal organ such as the liver, mammary tissue, or lymph
nodes) (361, 443), and in situ preparations (where, for ex-
ample, tumor-lymphatic relationships can be studied at the
molecular level in a rodent tail or ear) (167, 182, 240).
There are definite advantages and disadvantages associated
with each of these models. An important strength of im-
planting a chronic transparent window (consisting of a ti-
tanium frame and a removable cover glass for microscopic
observation) is that it provides excellent motion stability
and transparency, essentially allowing the exact same re-
gion to be viewed and monitored in a living animal longi-
tudinally using time-lapse imaging. This level of stability-
induced accuracy is extraordinarily difficult to achieve with
in situ preparations. On the other hand, when using skin
fold chambers for studying a tumor and its vasculature, the
tumor being visualized is typically forced into an unnatural
spatial orientation, thus affecting the microenvironment
(and biology) of the process being investigated. Conversely,
other types of chronic window models (such as cranial win-
dows) leave the region of interest intact so that longitudinal

FIGURE 11. Photoacoustic imaging (PAI). A: schematic representation of the basic concept of PAI. Following
the administration of an imaging agent with strong light-absorbing capabilities [e.g., single-walled carbon
nanotubes (SWNTs) or gold nanoparticles (AuNPs)], light is illuminated on the subject. A photoacoustic signal
is produced due to PAI-compatible molecules heating up upon light absorption, and the subsequent emission
of sounds waves. These sound waves are detected in a similar fashion to that seen in US via an acoustic
transducer. The instrument needs to be coupled to the subject via an appropriate coupling medium. B:
photoacoustic images demonstrating the advantage of using RGD-functionalized SWNTs (targeted SWNT)
compared with nontargeted SWNTs (plain SWNT) for imaging tumor neovasculature in mice. In this particular
study, the photoacoustic signal in tumors was eight times higher in mice injected with targeted SWNTs
compared with nontargeted nanotubes (78). [From De la Zerda et al. (78).]
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studies can take place in the native environment. Taking
these points into consideration, and depending on which
process one wants to study, it may be necessary to use an
intelligent combination of models when employing IVM to
gain a more accurate understanding of complicated pathol-
ogies (183).

As far as the hardware for IVM goes, there are several
different systems to choose from, fitted with a varying num-
ber of lasers and output channels. Many IVM instruments
are highly customized to suit the needs of a particular lab.
Generally, a two-photon system comprises of tunable Ti:
Sapphire lasers (typically tunable from �650–1100 nm de-
pending on the model), fluorophores that excite below �/2
nm, and appropriate filters, whereas a single-photon instru-
ment typically employs a laser that corresponds to com-
monly used fluorescent agents (e.g., GFP, �488 nm) and
output channels/filters to match. The majority of recent
IVM instruments will use at least one NIR laser to take
advantage of increased tissue penetration at those wave-
lengths. One specific IVM setup is the Olympus IV100 sys-
tem consisting of four lasers (488, 561, 633, and 748 nm)
for fluorescence excitation, fiber optic cables (that produce
a “confocal like” effect helping to reduce out-of-focus
light), and a tiltable scan-head. This particular instrument
enables imaging of the subject from different angles (rang-
ing from �10–70° from the normal) so that one does not
always need to be normal to the surface. Both confocal and
multi-photon laser scanning microscopes enable enhanced
depth of imaging, the latter of these possessing clear advan-
tages over the former, including less phototoxicity, greater

depth of penetration of up to 700 �m, and better sensitivity
(signal to noise) (320, 344).

Subject to the specific biological question being asked and
what one wants to investigate (e.g., anatomical features,
physiology, cellular events, and/or biochemical processes),
a suitable fluorescent imaging agent is selected alongside a
pertinent animal model and microscopy technique. In terms
of using IVM for cell tracking, one can either use a genetic
fluorescent label or an extrinsic fluorescent label to “tag”
the cell population of interest. For example, IVM has been
used to monitor different stages in cancer metastasis in mice
through the visualization of cells stably expressing GFP fol-
lowing transfection with a vector containing highly fluores-
cent variant gene of wild-type GFP (303). Many studies of
this nature have been performed to gain insight on a variety
of cellular processes, including angiogenesis (182) and im-
mune cell motility/cell-cell interactions (67, 182, 217, 402).

A specific example of using an extrinsic fluorescent label
and IVM for cell tracking is a study performed by Miller et
al. (290) whereby individual migratory paths of T cells la-
beled with the fluorescent molecule carboxyfluorescein di-
acetate succinimidyl ester (CFSE) were observed using two-
photon IVM. The study involved injection of CFSE-labeled
CD4� cells, followed by surgically exposing the inguinal
lymph node on a dorsal skin flap. The anesthetized mice
were injected with tetramethyl-rhodamine dextran (to high-
light blood vessel architecture) and then imaged using IVM
�18 h following administration of cells. The rapid rate of
acquisition (30 frames/s) meant that dynamic information

FIGURE 12. Intravital microscopy (IVM) imaging. A: schematic of the general principles of IVM. The princi-
ples are essentially the same as traditional fluorescence microscopy; however, IVM uses modified instrumen-
tation to allow anesthetized rodents to be placed on a microscope stage. In IVM, prior to studying rodents or
other small mammals, subjects typically require some form of surgical preparation (e.g., dorsal skin fold
chamber model shown in this diagram); this preparation essentially allows the same internal region of a living
animal to be viewed and monitored longitudinally using time lapse imaging. B: IVM image illustrating the use of
IVM for visualizing the binding of arginine-glycine-aspartic acid (RGD)-functionalized quantum dots (QDots) to
tumor blood vessels in a living tumor-bearing mouse. The use of angiosense and tumor cells that express green
fluorescent protein (GFP) is what makes the blood vessels and tumor cells appear red and green, respectively,
in this image (392). Arrows point to QDots. [From Smith et al. (392). Copyright 2008 American Chemical
Society.]

MOLECULAR IMAGING PRIMER

921Physiol Rev • VOL 92 • APRIL 2012 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev at Mem Sloan Kettering (140.163.254.135) on September 25, 2024.



concerning the behavior of these cells could be obtained as
they sped through the microcirculation. Contrary to in vitro
findings, the results revealed that T cell trafficking through
the secondary lymphoid organs was not necessarily orches-
trated or influenced by chemokine gradients, but instead,
appeared to be a more stochastic operation (290).

IVM can also be used to image certain biochemical events of
interest by employing targeted QDots. For example, Cai et
al. (45) imaged tumor vasculature in athymic nude mice
bearing subcutaneous U87MG human glioblastoma tumors
using RGD peptide-labeled QDots. Due to their excellent
intrinsic fluorescent properties, QDots have been used as
optical reporters in cell biology and animal models of dis-
ease (26) (please refer to sect. IIIE for more information on
QDots).

In addition to investigating cellular and biochemical events,
IVM can also be used to provide insight on how nanopar-
ticles behave in a living subject. Nanoscale observations are
crucial to understanding what nanoparticles are doing,
where they go, and what they do once they reach their
destination. This is of great importance, especially given the
explosion of interest in nanotechnology and the potential of
nanoparticles in the diagnosis and treatment of various dis-
eases, such as cancer. When using IVM to evaluate a par-
ticular type of nanoparticle and their ability to target cancer
cells, the researcher is typically interested in 1) whether the
given type of nanoparticle is able to extravasate, i.e., escape
the blood vessels (this will depend on the permeability of the
vasculature surrounding the tumor, and the size and surface
chemistry of the nanoparticle), and 2) whether the nanopar-
ticle is capable of specific binding to the tumor. Studies of
this type conducted in our laboratory have shown that
RGD-functionalized-QDots arrive at and bind to tumor
vessels but do not extravasate (392) (see FIGURE 12B for
image).

B) KEY STRENGTHS AND LIMITATIONS. The dynamic, real-time,
viewing facilitated via IVM means that one can obtain video
image sequences of dynamic processes, and thus extract
information regarding the kinetics of a particular event.
Although in vitro assays are useful for understanding biol-
ogy on the nano-level, they are devoid of dynamic informa-
tion concerning the multifaceted cascades, pathways, and
mechanisms behind biochemical events. Consequently,
static data from in vitro experiments make it difficult to
understand positive- and negative-feedback loops, whereas
IVM helps provide a more accurate and complete picture of
biological systems.

Other advantages of IVM include its excellent lateral spatial
resolution (�0.5 �m), and, like most optical techniques, its
multiplexing capabilities, meaning multiple biological tar-
gets can be imaged simultaneously. Moreover, IVM can
afford quantitative measures of cell motility (velocity, dis-

placement, and chemotactic and motility indices) in the na-
tive microenvironment of a living animal. Other modalities,
such as PET and SPECT, cannot afford this kind of micro-
scopic data on individual cells.

Compared with other modalities, IVM has a large range of
temporal resolution capabilities, meaning it is highly flexi-
ble in terms of the cellular and/or biochemical events it can
visualize. IVM can be used to investigate fast processes
(capturing 30 frames/s) and can also image events that have
slow kinetics (e.g., over days, although the issue of photo-
bleaching needs to be considered). Fluorescence and biolu-
minescence imaging typically only enable observations over
seconds to minutes, and modalities like MRI, PET, and
SPECT usually allow imaging over minutes to hours.

One of the main disadvantages of IVM is its extremely
limited depth of penetration, which depends directly on the
type of instrument, animal model, and imaging agent(s) that
are used. A multi-photon setup is generally considered to be
capable of achieving a depth of up to 800 �m (452),
whereas a one-photon setup is typically capable of achiev-
ing �100–200 �m. In addition, the volume of tissue (field
of view) that can be analyzed using IVM over a given period
of time is exceptionally small (e.g., one can only look at a
minute fraction of cells that make up an entire tumor). CT,
MRI, PET, and SPECT, on the other hand, are ideal for
whole body imaging at limitless depths within a reasonable
time-frame (minutes-hours); however, they do not have suf-
ficient spatial resolution to look at tiny groups of cells like
IVM does. IVM is also limited by the types of available
animal models that are suitable for use with this technique.
Lastly, longitudinal studies using IVM can be challenging
due to many factors, including the accumulation of imaging
agents over time. This ultimately restricts the frequency of
imaging dynamic processes in longitudinal studies.

4. Optical frequency domain imaging

Recently, Vakoc and colleagues (412) reported the develop-
ment of a new technique called optical frequency domain
imaging (OFDI) that circumvents some limitations of IVM,
most importantly, the need for an exogenous imaging
agent. By exploiting intrinsic features that provide contrast,
using novel techniques, and newly developed algorithms,
OFDI is able to provide rapid, wide-field, high-resolution
imaging at substantial depths (412). The authors demon-
strated the use of OFDI in the investigation of angiogenesis,
lymphangiogenesis, tissue viability, and treatment effective-
ness. OFDI exploits the fact that tissue scattering is contin-
gent on cellular structure and thus can provide detailed
three-dimensional images of microstructures and enable the
discrimination of necrotic tissue from viable tissue.

Vakoc and colleagues (412) demonstrated rapid visualiza-
tion of microanatomy and cellular processes within the tu-
mor local environment repeatedly over time without the
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need for exogenous imaging agents over a much larger vol-
ume of the area of interest, compared with traditional IVM
techniques. This study also illustrated the use of OFDI in
assessing cancer cell therapies by examining the effects of
diphtheria toxin on window dorsal skin fold chamber mice
bearing a colorectal adenocarcinoma xenograft. The results
depicted large necrotic regions within the treated tumor 24
h post-treatment (412). Overall, OFDI is a promising tech-
nique, however, it requires further exploration to determine
its advantages over other imaging techniques.

III. MOLECULAR IMAGING AGENTS

A molecular imaging agent is typically comprised of a tar-
geting component and a signaling component. The main
purpose of a molecular imaging agent is to interrogate and
report back about a specific target (or targets) of interest
during the course of a molecular imaging study. It is impor-
tant to note that there are some molecular imaging tech-
niques such as MRS (299), RS (445), and coherent anti-
stokes Raman scattering microscopy (59) that do not neces-
sitate the introduction of an exogenous agent for visualizing
certain biochemical targets and pathologies. In most other
cases, a molecular imaging agent designed to specifically
interact with one or more molecular targets needs to be first
introduced to study biochemical processes. For the most
part, the development of such an agent is not straightfor-
ward and is therefore a key rate-limiting step in molecular
imaging. Imaging agents have a long list of alternative
names including probes, imaging probes, agents, molecular
beacons, molecular spies, molecular detectives, radiophar-
maceuticals, tracers, radioligands, and radiolabeled probes.
The last four terms are used to describe agents that have
been tagged/labeled with a radioisotope. The term contrast
agent is also sometimes used as an alternative name for
molecular imaging agent; however, this name can be mis-
leading as it usually refers to an agent that does not specif-
ically target a biochemical process of interest (e.g., classical
iodine contrast agents in CT imaging).

Ideally, a molecular imaging agent should have the follow-
ing characteristics: good ratio of specific to non-specific
binding, high selectivity for biochemical target/process of
interest, suitable pharmacokinetics, excellent in vivo stabil-
ity (metabolism should not negatively affect functional
binding), good safety profile (lack of toxicity to subject),
potential for clinical translation, time and cost effective syn-
thesis, signal amplification, and multiplexing capabilities.

For an effective imaging agent, the ratio of specific to non-
specific binding needs to be high to ensure a signal that is
truly reflective of the biochemical target/process of interest.
In the case of imaging low-density receptors, this ratio needs
to be �3 (335). High selectivity is also an important factor,
whereby the imaging agent should possess the greatest af-
finity for, or functional interaction with, the intended bind-

ing site/process, and only negligible interaction with other
sites/processes (143).

Nonspecific binding occurs due to the adhesion of an imag-
ing agent to proteins and lipids. Although it is not easy to
predict the extent of in vivo nonspecific binding, it is gen-
erally believed that the lipophilicity of an imaging agent is
somewhat proportional to the degree of nonspecific binding
(335). Therefore, lipophilicity is an important aspect to
consider whilst designing an imaging agent.

A molecular imaging agent should display suitable pharma-
cokinetics for visualizing the biochemical target/process of
interest. One must consider the rate of absorption and de-
livery of the imaging agent to the target site, its metabolism,
excretion, and whether it will be reabsorbed in the entero-
hepatic circulation. Ideally, one would prefer an imaging
agent that has rapid binding to or interaction with its target,
fast blood clearance, urinary excretion, and persistent, high
accumulation at the target site. Although the factors that
influence pharmacokinetics of an imaging agent are poorly
understood, it is generally accepted that size plays an im-
portant role and that charge, and lipophilicity, can also
have a significant impact, depending on the type of imaging
agent (257, 311, 369, 418). Generally, one aims to match
the half-life of an imaging agent’s signaling component, to
its pharmacokinetics, and the pharmacokinetics of the pro-
cess of interest.

To ensure accurate visualization of a target site (e.g., recep-
tor, ion channel), an imaging agent must have good meta-
bolic stability in vivo. It is important that the targeting part
of the imaging agent remains intact and that the signaling
component stays attached. Metabolic stability should be
assessed to make sure unwanted signaling metabolites, re-
sulting from the body’s ability to break down imaging
agents via intrinsic metabolic pathways, do not contribute
to specific binding. If unwanted signaling metabolites redis-
tribute to the target region, this can cause noise in the signal
of interest. There are, however, numerous cases where me-
tabolism of the imaging agent is required for visualization
of the biochemical process of interest. For example, the
phosphorylation of [18F]FDG leads to trapping and accu-
mulation of imaging signal, indicative of glucose transport
and hexokinase II activity (see FIGURE 13). Additionally,
many smart/activatable imaging agents only emit a signal
once they have been enzymatically cleaved/modified by a
specific enzyme of interest. In any case, one should ensure
that metabolism does not negatively affect functional bind-
ing/interaction of an imaging agent.

Ideally, the addition of a signaling component should not
affect the functional binding/interaction of the imaging
agent, and the imaging agent should not perturb the envi-
ronment one wishes to visualize. Moreover, it is important
that the imaging agent is nontoxic, especially in cases where
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large amounts are required to achieve a measurable signal,
e.g., CT and MRI imaging agents. A good safety profile,
along with a relatively simple and cost effective synthetic
route, that is easy to scale-up, automate, and mass-produce
is important if the ultimate goal is clinical translation.

Amplification of imaging signal is another characteristic of
an ideal imaging agent, as it serves to increase the overall
sensitivity of target detection. One way of achieving this is
to trap the imaging agent inside a cell without consuming
the target molecule in the process. Enzyme substrate imag-
ing agents are perfect for this as they often undergo a chem-
ical modification (e.g., phosphorylation) that prevents them
from being able to leave the cell. A classic example of this is
the phosphorylation of the glucose analog [18F]FDG by
hexokinase II (see FIGURE 13 for mechanism). This is simi-
larly seen with the [18F]FHBG-HSV1-tk reporter probe/re-
porter gene system (see below paragraph on indirect imag-
ing agents and sect. IVD for applications of this system).
Another way of amplifying signal is to use an imaging agent
that can carry multiple signaling components (e.g., certain
radiolabeled or fluorescent-labeled nanoparticles have the
potential to carry many signaling components per particle).

Since numerous genes play a role in any average, complex
disease, it can be advantageous to devise ways of imaging
more than one target simultaneously. This can be accom-
plished via the use of multiplexing strategies. For example,
some imaging agents are available in different “flavors”
(e.g., fluorophores, fluorescent proteins, luciferases, SERS
nanoparticles), meaning they can be targeted towards dif-
ferent processes and imaged simultaneously, producing a
single picture of multiple biochemical targets. It is believed

that, visualizing multiple targets, as opposed to taking a
reductionist approach, will ultimately lead to a more com-
plete picture of biological processes.

A. Types of Currently Available Molecular
Imaging Agents

There are numerous categories of molecular imaging agents
including small molecules, peptides, aptamers, high-molec-
ular-weight antibodies, engineered protein fragments, and
various nanoparticles (FIGURE 14). Each type of agent falls
within a different size range and thus possesses different
pharmacokinetic and binding properties.

Within each individual class of agents there are agents that
can be used for “direct imaging” and others for “indirect
imaging” purposes. Direct imaging involves the use of an
agent that is targeted to a specific molecular target such as a
receptor, transporter, or enzyme [e.g., [11C]WAY-100635
binds directly to the serotonin-2A receptor (5HT-2A) that is
used to image this site]. Indirect imaging is a more general-
izable system that may be used to image many different
biological processes with the same basic technique. Re-
porter gene imaging falls under this category (see sect. IVD)
and involves imaging a reporter gene protein product result-
ing from reporter gene expression as an indirect measure of
the location and levels of expression of another gene of
interest. For example, the small molecule imaging agent
[18F]FHBG can act as a reporter probe of herpes simplex
type 1 thymidine kinase (HSV1-TK) reporter gene expres-
sion (471) as it is only phosphorylated and subsequently
trapped inside cells containing the expressed reporter gene.

FIGURE 13. Mechanism of [18F]FDG signal amplification. The small molecule imaging agent [18F]FDG is an
analog of glucose, whereby the 2-carbon hydroxyl group of glucose is substituted with a fluorine atom. Like
glucose, [18F]FDG is taken up by cells via the glucose transporter (GLUT1) and phosphorylated by hexokinase
II (HKII) to form [18F]FDG-6-PO4; however, (unlike glucose), further metabolism is prevented due to the absence
of the required 2-carbon hydroxyl, and hence [18F]FDG remains trapped within the cell. [18F]FDG-6-PO4

accumulates in cells over time, leading to signal amplification and making this imaging agent a suitable indicator
of hexokinase II activity as well as a cell’s need for glucose.
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Generally speaking, direct imaging is more accurate than
indirect imaging as the molecular target of interest is being
studied directly. Indirect approaches are typically based on
multiple assumptions concerning the relationships between
the target(s) being imaged and the target(s) of interest.
These assumptions may not always be reliable and therefore
can compromise the integrity of the data obtained. The
advantage of indirect imaging is that the same imaging
agent can be used to interrogate multiple different biochem-
ical events without the need to develop a novel imaging
agent for each independent event. Direct imaging, on the
other hand, requires a new imaging agent to be developed
for every new target. This can be extremely time consuming
and costly.

Molecular imaging agents can also be classified as either
“activatable” or “continually signaling” agents. Activat-
able imaging agents (also known as “smart probes”) only
release signal when bound to, or interacting with, their
target. An example of an activatable probe is a quenched
optical agent that emits fluorescent signal only following
enzymatic cleavage by the cystein protease cathepsin B
(267). Bioluminescence imaging using luciferase is another
example of a smart/activatable imaging system as signal is
only emitted (after it encounters its substrate) from loca-
tions where a luciferase enzyme gene is expressed, and
hence, there is little or no background signal. On the other
hand, continually emitting agents constantly produce a sig-
nal (e.g., all radionuclide-based agents). They are always

switched on, so you cannot distinguish between bound and
unbound imaging agent, and therefore the background sig-
nal can be a significant issue.

The main classes of molecular imaging agents will now be
briefly discussed.

B. Small Molecules

Small molecules play an enormous role in molecular imag-
ing. The small size of these chemical entities (usually �500
Da) means they can access and image a large range of mo-
lecular targets (including intracellular and CNS targets). In
addition, they are generally less likely to suffer from unfa-
vorable biodistribution-related issues that large-molecular-
weight entities often do. Typically, small molecules can es-
cape the vasculature with relative ease, passively or actively
cross biological barriers (depending on charge and lipophi-
licity), bind to or interact with their target, and clear from
the biological system, all in a relatively short period of time
(418).

There are two main types of small molecule imaging agents:
1) molecules that bind specific receptors, transporters, or
ion channels, e.g., [11C]PK11195 is a PET radioligand that
binds to the peripheral benzodiazepine receptor (PBR) and
is used to visualize microglia and neuroinflammation in a
variety of brain diseases (437, 439); and 2) molecules that

FIGURE 14. Key types of molecular imaging agents, their approximate size range, and an example from each
class. Fluorine-18 radiolabeled fluorodeoxyglucose ([18F]FDG) is a small molecule positron emission tomogra-
phy (PET) imaging agent for visualizing activity and levels of hexokinase type II and glucose transporter I.
Arg-Gly-Asp (RGD) peptide labeled with cyanine 5.5 (RGD-Cy5.5) is a fluorescent peptide imaging agent for
imaging alpha-v beta-3 (�v�3) integrins. Affibody PET agent Gallium-68 labeled DOTA-MUT-DS ([68Ga]DOTA-
MUT-DS) and fluorescent antibody agent indocyanine green (ICG) labeled Trastuzumab are both used to image
human epidermal growth factor receptor type 2 (HER2). A general representation of an apatamer molecular
beacon (also known as smart/activatable probe) is shown as an example of an aptamer imaging agent. Lastly, RGD
conjugated single-walled carbon nanotube (RGD-SWNT) is depicted as an example of a nanoparticle imaging agent.
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enable imaging of metabolism/enzymatic activity/transport,
e.g., 3=-deoxy-3=-[18F]fluorothymidine ([18F]FLT), a spe-
cific PET radioligand used to visualize thymidine kinase 1
activity as a measure of cellular proliferation (135).

The main drawback of small molecule agents is the time it
takes to discover, synthesize, and evaluate them. It is often
a long, expensive, and arduous process that does not typi-
cally afford many successful imaging agents. Also, due to
their small size, there are limitations concerning the type of
signaling component that can be attached (and hence mo-
dality that can be used). For example, one cannot usually
conjugate a large fluorophore to a small molecule without
altering the pharmacokinetics and targeting properties of
the molecule. PET isotopes such as 11C and 18F are consid-
ered to be some of the most suitable candidates for labeling
small molecules due to their small size (one atom). Also, in
the instances where carbon and/or fluorine already exist in
the parent molecule, an imaging agent can be generated that
is chemically indistinguishable from its parent. Hyperpolar-
ized MRS small molecules also involve the replacement of a
single atom (e.g., replacement of 12C with 13C). SPECT-
labeled small molecules are generally cheaper and faster to
synthesize compared with PET-labeled compounds due to
their so-called “shake and bake” kits. However, because
most SPECT isotopes (and some PET isotopes, e.g., 64Cu)
are not found naturally in molecules of interest, and often
require a chelating moiety for labeling, they can be more
difficult to work with, especially in cases where the struc-
ture of the parent molecule needs to be maintained. There
are, however, imaging agents (typically larger molecules
such as peptides, aptamers, and nanoparticles) in which
SPECT radioisotopes are more suitable than PET isotopes
due to the wide range of available longer-lived isotopes
suitable for labeling imaging agents with relatively slow
kinetics.

See TABLE 2 for some key examples of small molecule mo-
lecular imaging agents used to image glucose metabolism,
hypoxia, fatty acid synthase, reporter genes, and biochem-
ical targets involved in brain disease. At present the main
clinically used agents from this list are PET and SPECT
radioligands; however, there are a number of MRI (hyper-
polarized, CEST, and PARACEST) agents and optical
agents showing promise in preclinical and clinical studies.
Please refer to the following literature for examples of small
molecule imaging agents for PET (142, 143, 166, 350),
SPECT (164, 232), MRI (5, 148, 227, 381), and optical (61,
382) imaging studies.

C. Peptides

Peptides have emerged as a very important class of molec-
ular imaging agents (238). The use of solid-phase peptide
synthesis and phage display libraries have led to rapid high-
throughput synthesis and screening of peptide-based molec-

ular imaging agents. Peptides are easily modified, are fairly
small in size (up to 15 amino acids), and are rapidly cleared.
They have a number of advantages over small molecules,
including their superior selectivity and specificity, and also
their flexibility in terms of the chemical modifications they
can tolerate without altering binding properties or kinetics
(149, 371). Although peptides generally display a lower
affinity compared with antibodies, they have a much higher
stability at room temperature and a greater ability to pene-
trate tissues/tumors due to their small size (365). Addition-
ally, peptides are less likely to cause immunogenic effects
(441) compared with antibodies and are more cost effective
to produce (depending on the size of the peptide), as peptide
synthesis is much cheaper than recombinant production
techniques.

Peptide imaging agents can be used to visualize a range of
targets, including integrins (20, 57, 294), matrix metallo-
proteinases (36, 187), caspases (91, 95), somatostatin re-
ceptors (82, 136, 331), neuropeptide Y receptor (253, 485),
and gastrin releasing peptide receptor (372, 427, 428). See
TABLE 2 for some specific examples of peptide molecular
imaging agents that can be used for optical, PET, and
SPECT imaging.

The main disadvantage of using peptides as imaging agents
is that they are prone to rapid proteolytic degradation in
vivo and have a short plasma half-life. In addition, peptides
used for PET and SPECT imaging mostly require prosthetic
groups (265, 273) to label them with radioisotopes. Pros-
thetic groups add to the complexity and time of synthesis,
and also alter the structure and can therefore change the
binding of the peptide. Building the prosthetic group into
the library to begin with can rectify some of these issues,
however, not all. One can get around many of the stability
related issues of peptides by utilizing several techniques, for
example: 1) introducing appropriate D-amino acids, 2) us-
ing unusual amino acids, 3) substituting peptide bonds, and
4) cyclizing the NH2 and COOH terminus (177, 314, 454).

D. Aptamers

Aptamers may be defined as single-stranded DNA or RNA
oligonucleotides that bind their target site with a high de-
gree of specificity and selectivity (34). In the in vitro setting,
aptamers have been successfully used for some time (410)
and are fast replacing antibodies in many of the traditional
in vitro diagnostic assays (186). In the therapeutic arena,
aptamers are beginning to make a name for themselves,
with the first aptamer (Pegaptanib) approved by the United
States Food and Drug Administration (FDA) in 2004 for
treatment of macular degeneration (88). There are also a
number of other promising therapeutic aptamers currently
undergoing clinical trials, including REG1 (reversible anti-
coagulant, to be given during percutaneous coronary inter-
vention) (51) and NU172 (thrombin inhibitor, to be given
during cardiopulmonary bypass) (198, 415).
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The superior targeting capabilities of aptamers, comparable
to that of antibodies, along with their relative ease of syn-
thesis (113, 241, 415), high diversity, and relatively inex-
pensive production, have made these 5- to 15-kDa chemical
entities an attractive candidate for molecular imaging
agents.

Even though the concept of using aptamers for in vivo di-
agnostic imaging emerged a little over 30 years ago (23), the
field of aptamer imaging remains in its infancy, with only a
few reported studies involving the use of targeted aptamers
for molecular imaging purposes. One of these studies em-
ployed a 99mTc-labeled aptamer specific for human neutro-
phil elastase for imaging inflammation in a passive Arthus
reaction model in rats using SPECT (52). Results from this
study demonstrated a marked improvement in target to
background ratio compared with that observed with the
clinically used IgG antibody for inflammation imaging
(4.3 � 0.6 at 2 h for the aptamer, compared with 3.1 � 0.1
at 3 h for the antibody). Although these results were encour-
aging, there was a large amount of nonspecific binding ob-
served with the scrambled version of the aptamer.

A separate study reported the use of a RNA aptamer specific
for extracellular matrix protein tenascin-C (155), TTA-1, a
protein found in high quantities in many solid tumors. The
13-kDa high-affinity aptamer TTA-1 (dissociation con-
stant, 5 � 10�9 M) was labeled with the SPECT radioiso-
tope 99mTc via MAG2 chelator and evaluated in mice bear-
ing glioblastoma (U251) or breast cancer (MDA-MB-435)
tumor xenografts in separate studies using planar scintigra-
phy (FIGURE 15). The results showed rapid tumor uptake
and fast blood clearance, affording a tumor-to-blood ratio
of 50 within 3 h for radiolabeled-TTA1. Scintigraphic im-
ages obtained at 18 h depict the tumor as the brightest
structure and demonstrate the almost complete clearance of
radioactivity from the body (FIGURE 15). Radiolabeled-
TTA1 could also be used to clearly visualize breast tumor
xenografts (MDA-MB-435) at 20 h, illustrating the use of
this aptamer for detecting different tumor types (155).
TTA-1 is presently in clinical trials, and preliminary results
show clear images of lung and breast tumors, including
metastases, with good tumor-to-background ratios (220).

Apart from these studies there are several published articles
describing the labeling of aptamers with either fluorophores
for optical imaging, or radioisotopes for PET/SPECT imag-
ing (411, 477); however, these have not yet been evaluated
in living subjects. There also exist a range of smart/activat-
able aptamer imaging agents that are being used for in vitro
studies, including the anti-thrombin aptamer. This aptamer
forms a stable, quenched “stem loop” structure in the ab-
sence of thrombin, and an unquenched, G-quartet confor-
mation when thrombin is added (145). The binding of
thrombin results in fluorescence emission due to the confor-
mational change, no longer allowing quenching of fluoro-

phore on the 5= end by the quencher on the 3= end. These
types of smart aptamers have great potential, although since
the utility of aptamers as molecular imaging agents has not
yet been fully explored in living subjects, it could be some
time before these agents are routinely used.

Currently, there are a few key limitations associated with
using aptamers as molecular imaging agents, including
1) low in vivo stability due to serum degradation, 2) poor
membrane passage due to their size and charge (i.e., phar-
macokinetics are rather variable and difficult to predict),
and 3) small size, leading to an increased chance of renal
filtration and short half-life. To overcome these issues, the
following areas are being explored: 1) modification of ap-
tamers to increase stability [i.e., via internucleotide phos-
phodiester linkages, known as “locked nucleic acids”
(LNAs)]; 2) the use of systematic evolution of ligands by

FIGURE 15. Evaluation of a radiolabeled binding aptamer ([99mTc]-
TTA1) specific for extracellular matrix protein tenascin-C, verses a
radiolabeled nonbinding aptamer, in mice either bearing glioblas-
toma (U251) or breast cancer (MDA-MB-435) tumor xenografts
using planar scintigraphy. The results show rapid tumor uptake and
fast blood clearance of the binding aptamer [99mTc]-TTA1, affording
a tumor-to-blood ratio of 50 within 3 h. Scintigraphic images ob-
tained at 18 h depict the tumor as the brightest structure and
demonstrate the almost complete clearance of [99mTc]-TTA1 from
the body, whereas the tumor cannot be visualized using the radiola-
beled nonbinding aptamer. [99mTc]-TTA1 could also be used to de-
tect breast tumor xenografts (MDA-MB-435) at 20 h, illustrating
the use of this aptamer for detecting different tumor types (155).
[From Hicke et al. (155), with permission of the Society of Nuclear
Medicine.]
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exponential enrichment (SELEX) in physiological environ-
ments, to improve pharmacokinetics; and 3) addition of
PEG to aptamers, to improve their circulation half-life
(198).

In addition to their extremely high affinity and specificity,
another benefit of working with aptamers is that their
chemical synthesis enables site-specific labeling with a sig-
naling moiety and facile scaling up to large quantities. Syn-
thesis of antibodies, on the other hand, is challenging to
scale-up, and there are additional time-consuming steps to
incorporate signaling components. Furthermore, aptamers
do not have issues with immunogenicity (198).

Overall, aptamers are an attractive class of molecular im-
aging agents. Since they have the unique capability of dis-
criminating between remarkably similar molecules, they
have the potential to provide a highly specific means of
diagnosing and differentiating a large variety of diseases at
early stages.

E. Antibodies and Engineered Proteins

Monoclonal antibodies (mAbs), also known as immuno-
globulins, are highly specialized, �150 kDa, Y-shaped pro-
teins. Unlike small molecules and peptides, mAbs are not
restricted to interacting with binding pockets or active sites,
but instead can bind adhesion molecules, activation mark-
ers, antigens, and receptors (270). Their relatively facile
synthesis and unparalleled ability to recognize and bind
their target site with ultra high affinity and specificity have
made mAbs (and their engineered fragments) important
players in the therapeutic and diagnostic arenas (448).

Presently, there are over 20 FDA-approved mAb therapeu-
tic agents and greater than 8 radiolabeled-mAbs approved
for SPECT molecular imaging (317, 432). The first ap-
proved mAb molecular imaging agent was [111In]satu-
momab pendetide (OncoScint) in 1992 (31). In 1996 both
[99mTc]arcitumomab (CEA Scan) (296) and [111In]capro-
mab pendetide (Prostascint) (272) were approved, followed
by [111In]ibritumomab tiuxetan (Zevalin) in 2002, and
[131I]tositumomab (Bexxar) in 2003 (317).

While these early mAb molecular imaging agents have been
instrumental in understanding the pharmacokinetics and
dynamics of antibodies in living subjects in real time, they
have not had a dramatic impact on clinical outcomes. This
is likely due to the following:

1) Immunogenicity issues associated with murine antibod-
ies. Since antibodies of mouse origin are recognized by the
human immune system as foreign, their use can initiate a
cascade of unwanted side effects.

2) Suboptimal targets. Early mAb imaging agents were ei-
ther aimed at non-disease specific targets or targets found in

both normal and diseased tissues. This gave rise to uncer-
tain diagnoses and poor signal-to-background ratios. The
target for Prostascint (PSMA) is fairly cancer specific
(mainly human prostate adenocarcinoma), however, be-
cause it binds to the intracellular part of PSMA, and MAbs
for the most part cannot naturally cross cell membranes. It
mainly localizes in necrotic regions of tumors, where cell
membranes have been disrupted, instead of identifying via-
ble cells (419).

3) Limitations of SPECT. Since all approved mAb imaging
agents are SPECT agents, the resulting images are not quan-
titative and suffer from poor spatial resolution.

4) General limitations of mAbs. Since intact mAbs reside in
the blood for extended periods of time (from days to
weeks), their use in imaging studies can result in low signal-
to-background ratios and poor image quality (466).

Current efforts in the field of mAb molecular imaging
agents are focused towards developing chimeric, human-
ized, or fully human mAb imaging agents (to eradicate im-
munogenicity issues) specific for a wide range of promising
targets, both from a diagnostic and therapeutic standpoint.
These efforts include devising efficient strategies for conju-
gating these mAb-imaging agents with PET isotopes (87,
130), fluorescent dyes (229, 311), Qdots (133, 405), or
iron-oxide nanoparticles (83, 140) in a rapid, stable, and
cost-effective manner, so as to exploit the advantages of a
variety of imaging modalities.

PET isotopes currently being explored for mAb labeling are
gallium-68 (68Ga; t1/2, 1.13 h), fluorine-18 (18F; t1/2, 1.83
h), copper-64 (64Cu; t1/2, 12.7 h), yttrium-86 (86Y; t1/2, 14.7
h), bromine-76 (76Br; t1/2, 16.2 h), zirconium-89 (89Zr; t1/2,
78.4 h), and iodine-124 (124I; t1/2, 100.3 h) (432). These
isotopes have the requisite half-lives for imaging (i.e., they
allow time for mAbs to reach an appropriate target-to-
background ratio) and enable relatively simple and stable
coupling. PET-labeled mAbs should afford more useful im-
ages and information compared with early SPECT-labeled
mAbs in terms of image quality, spatial resolution, and
quantification.

An important clinical example of a chimeric PET-mAb mo-
lecular imaging agent is 124I-G250. 124I-G250 specifically
binds carbonic anhydrase-IX and is showing promise as a
means of identifying patients with the most common type of
kidney cancer, known as clear cell renal carcinoma
(CCRC), to help with treatment planning. Divgi and col-
leagues showed, in a study involving 25 renal cancer pa-
tients (16 with CCRC, and 9 with the non-aggressive form),
124I-G250 accurately identified 15 of 16 of the subjects with
CCRC, and did not accumulate in any of the 9 patients with
non-clear cell renal masses (87, 432). This example demon-
strates the benefit of mAb molecular imaging when identi-
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fying appropriate treatment strategies for individual pa-
tients (i.e., personalized medicine).

Selection of suitable patients for mAb therapy has long been
a difficult and somewhat unreliable process. Traditionally,
biopsies from patients are taken and analyzed to confirm
target overexpression or gene amplification using immuno-
histochemistry (IHC) or fluorescence in situ hybridization.
However, a single biopsy does not provide a complete pic-
ture of target expression levels in all regions of disease over
time (432). Since it is not feasible and far too invasive to
collect multiple biopsies from different areas of the same
patient over time, noninvasive imaging using mAb molecu-
lar imaging agents represents a more accurate and rapid
means for determining target expression levels in a patient.
These real-time read outs of target expression levels help
with predicting responders versus nonresponders when se-
lecting patients for mAb therapies. Seeing that mAb therapy
is expensive and only benefits a handful of patients, predict-
ing responders/nonresponders prior to treatment is of great
value.

Although there are many promising mAb-type molecular
imaging agents emerging for a range of different imaging
platforms, their overall versatility and usefulness has re-
mained fairly limited due to their inescapably long residence
in blood and their restricted ability to transverse biological
barriers (e.g., the blood-brain barrier and cell membranes).
The emergence of smart antibody imaging agents (e.g., tar-
get-cell-specific activatable fluorescence imaging probes;
Ref. 222) have addressed some of the aforementioned issues
and have demonstrated the feasibility of using antibodies as
magic-bullet-type imaging agents. In addition, efforts to
improve the pharmacokinetics of mAbs without compro-
mising affinity and specificity have been made through pro-
tein engineering. Initially, small fragments with one antigen
binding site, namely, single chain variable fragments (scFv,
25 kDa), were developed and evaluated. However, these
fragments cleared too rapidly and did not adequately accu-
mulate at their target site (317). Further efforts led to the
production of diabodies and minibodies, both of which are
showing enormous promise on the preclinical research
front.

1. Diabodies and minibodies

Diabodies are �55-kDa dimeric antibody-based molecules
comprised of two noncovalently associated single-chain
variable fragments (scFv) that interact with and bind to
their corresponding antigen in a divalent manner. Minibod-
ies, also known as fusion proteins, are scFvs fused to single
Fc domains, and are roughly 80 kDa in size. Both diabodies
and minibodies display more favorable blood clearance ki-
netics, superior tumor penetration, and higher tumor-to-
blood ratios compared with intact mAbs, generating high-
contrast images at earlier times postinjection (432, 483).

Both SPECT and PET-labeled anti-CEA T84.66 diabodies
have been synthesized and evaluated in tumor-bearing mice
(165, 404). Of these, the 124I- and 18F-labeled versions gave
the best images, the latter of which afforded high-contrast
images as early as 1 h postinjection, with only background
levels of activity detected in CEA-negative C6 tumors (44).
Similarly, anti-CEA minibodies have been made and labeled
with radioisotopes for imaging tumor-bearing mice. The
slightly larger size of minibodies compared with diabodies
led to less accumulation in the kidneys, whilst maintaining
similar tumor-to-background ratios (10.93 for 124I-dia-
body compared with 11.03 for 124I-minibody) (404).

There have been a number of other diabodies and minibod-
ies developed for different targets that have been modified
for use in bioluminescence (436) and fluorescence (390)
imaging studies (see Refs. 113, 317 and TABLE 2 for some
examples).

2. Affibodies

Another promising type of engineered protein is an affi-
body. Affibodies are small in size (�58 amino acids, �7
kDa), display high affinity, and possess good in vivo stabil-
ity. Their fast clearance from blood, rapid accumulation at
their target site, and relatively short in vivo biologic half-life
mean these proteins can potentially be radiolabeled with
PET/SPECT isotopes of shorter half-lives (18F and 99mTc)
(349).

In 2008, Cheng et al. (60) synthesized a monomeric and
dimeric version of a 18F-labeled HER-2 affibody molecule.
Both affibodies were evaluated using the same SKOV3 tu-
mor-bearing mouse model and imaged using small animal
PET. The monomeric version outperformed the dimeric
form with its high and rapid uptake into HER-2 containing
tumors, whereas the dimeric affibody showed low tumor
accumulation and poor tumor-to-normal tissue ratios. The
monomeric 18F-labeled HER-2 affibody shows significant
potential for clinical translation (60).

Affibodies for HER2 have also been labeled with 125I, 111In,
and 99mTc, and all have resulted in high-contrast images of
tumors at early times post postinjection (317). Recently, a
HER2 affibody was conjugated to AlexaFluor680 and used
to image HER2-positive xenografts in mice to monitor their
response to treatment with heat shock protein 90 (HSP90)
inhibitor (425) (see FIGURE 8B for images). Affibodies have
also been labeled with SPIOs for in vivo MRI imaging of
HER2-positive tumors (212).

With the recent explosion in antibody-based molecular im-
aging agents and the plethora of encouraging preclinical
data, it is likely that antibodies and their engineered frag-
ments will play a important role in diagnosing diseases,
planning treatment strategies, and monitoring response to
therapies (317).
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F. Nanoparticles

Over the past decade, the attributes of nanotechnology in
biomedical applications have sparked enormous interest in
the scientific community, generating an increase in funding
mechanisms through both government and industry, with
the aim of translating these nanomaterials and technologies
into the clinic (469).

In terms of imaging agents, nanoparticles are emerging as
an exciting new set of diagnostic tools, capable of both
passive and active targeting. Since there exist a range of
different shaped nanoparticles of varying size, that can be
composed of different materials, with unique surface prop-
erties and reactivities, it is not surprising that nanoparticles
are among the most flexible imaging agents with respect to
the types of imaging modalities they are compatible with.
Although there is no fixed size constraint for what consti-
tutes a nanoparticle, people typically consider them to be on
the order of �10–100 nm, and no larger than 1000 nm.
Generally speaking, nanoparticles are larger than many
proteins and small molecules (FIGURE 14), yet they are
smaller than cells. Their relative large size (compared with
small molecules and many proteins) means they are often
taken up by the reticuloendothelial system (RES). Polymer-
coated “stealth” nanoparticles, on the other hand, can par-
tially avoid entrapment by the RES (for hours to days)
(191). Due to their high surface area-to-volume ratio, many
nanoparticles are able to carry substantial payloads of
1) targeting and/or signaling moiety and 2) therapeutic
drug. The former means that for each nanoparticle bound
to a target there can be a large increase in signal generated
compared with, for example, the one signal generated for
each small molecule imaging agent bound to a target. This
multivalent mode of attachment is known as avidity and is
particularly important in cases where sensitivity of the im-
aging modality is an issue (e.g., MRI). Also, due to the large
number of targeting moieties attached to the surface of
nanoparticles, they typically have a greater chance of bind-
ing to their target. Being able to transport a therapeutic
payload means that nanoparticles have the potential to re-
duce unwanted side effects of many therapies (e.g., chemo-
therapeutics), as drug molecules can be delivered to dis-
eased areas in a site-specific manner. Note, however, that
the advantages of nanoparticles come at the expense of
generally fewer particles being delivered to a particular tar-
get site of interest, compared with the delivery of small
molecules. This is typically due to nanoparticles rapidly
accumulating in the RES, specifically the liver, spleen, and
bone marow following their administration, and thus less of
the dose is “available” for targeting/delivery.

The therapeutic and diagnostic capabilities of nanoparticles
highlight their great “theranostic potential” (see sect. IVF),
as they can effectively deliver a signaling and therapeutic
payload to the pathological site of interest simultaneously.

Overall, due to their unique properties, nanoparticle-based
imaging agents are predicted to form the basis of a new
paradigm for detecting, monitoring, and treating patholo-
gies. Some key types of nanoparticles currently impacting
the field of molecular imaging are outlined below (see
TABLE 2 for some specific examples).

1. Single-walled carbon nanotubes

Single-walled carbon nanotubes (SWNTs) are composed of
a tubular graphene sheet (230). The dimensions of these
cylindrical carbon particles vary and are easily controlled,
but for biomedical applications are generally on the order of
a few nanometers in diameter and several hundred nano-
meters in length. Due to their carbon composition, high
aspect ratio, intrinsic NIR fluorescence, and relative ease of
conjugating different targeting and signaling moieties to
their surface, SWNTs are ideal for use with a variety of
different imaging modalities (245). For example, SWNTs
have been used in Raman (479), PET (283), and photoa-
coustic (78) imaging studies. To detect SWNTs using PET,
molecules containing a positron emitting radionuclide need
to be attached to their surface, whereas Raman imaging can
detect SWNTs without any surface modification due to
their sizable intrinsic Raman peak at 1,593 cm�1. Similarly,
due to their highly absorbing nature, SWNTs make good
PAI agents without the need to attach additional signaling
components (78). That said, our laboratory reported an
enormous increase in photoacoustic signal after modifying
SWNTs with certain dye molecules (77). To use SWNTs for
imaging molecular phenomena, targeting moieties (e.g.,
small molecules, peptides, aptamers, or engineered pro-
teins), specific for the biochemical process of interest, need
to be conjugated to their surface, transforming them into
targeted SWNTs.

An example of targeted SWNTs used in PAI and Raman
molecular imaging studies are RGD-conjugated SWNTs for
investigating angiogenic vessels in living xenograft tumor-
bearing mice (78, 479) (refer to sect. IIB2 for details of
studies). SWNTs have also been functionalized with anti-
HER2 chicken IgY antibody (HER2 IgY) for breast cancer
imaging (470).

Overall, SWNTs are attractive molecular imaging agent
candidates due to their flexibility and promiscuity in terms
of imaging modalities they are compatible with. Moreover,
their favorable shape enables them to move into and out of
the vasculature and accumulate in tumor tissue via the en-
hanced permeability and retention (EPR) effect.* However,
their biodegradability and toxicity, once administered in
the body, are the topic of much debate and may be the
major limiting factor concerning their approval for human
use. Our laboratory has conducted pilot toxicity studies in
mice using intravenously administered SWNTs to show
their potential safety; however, further tests need to be per-
formed prior to clinical translation (368).
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*The EPR effect is based on the principle that macromole-
cules, including drugs and nanoparticles, can passively ac-
cumulate in tumor tissue to a greater extent than normal
tissue due to the increased vascular permeability or “leaki-
ness” associated with several tumor tissue types. This phe-
nomenon is attributed to the abnormal architecture of the
angiogenic vessels within the tumor tissue, often consisting
of poorly aligned endothelial cells with wide fenestrations
that can allow macromolecules to passively enter the tumor
tissue site.

2. QDots

QDots are small nanoparticles, �10 nm in size, typically
comprised of the semiconductor materials cadmium and
selenium. Their conducting properties are a direct result of
a quantum effect intimately associated with the size and
shape of individual crystals (80). Because of this, one can
tune the emission wavelength of any given QDot by slightly
altering its size. This high level of control is a key advantage
of QDots as they can be optimized to meet the needs of a
specific study and/or can be used in multiplexing experi-
ments (i.e., a range of QDots can be synthesized, each with
unique emission wavelengths and concurrent excitation so
that one can image several targets simultaneously) (450). It
is important to note that the size of QDots increases to
�20–30 nm with addition of polymer coat and/or function-
alization.

Compared with traditional fluorophores, QDots are much
brighter due to their high quantum yield, and are more
photostable (i.e., they undergo significantly less photo-
bleaching). In fact, these semiconductor nanocrystals are
believed to be �20 times brighter and 100 times more pho-
tostable than standard fluorescent reporters (446), meaning
images can be acquired over longer periods of time in a
more sensitive manner.

QDots are commercially available in a wide range of emis-
sion wavelengths, and in terms of cancer molecular imag-
ing, QDots have been functionalized with different tumor
targeting agents for use in a variety of animal models (127,
468). A couple of specific examples include RGD peptide-
labeled QDots for imaging integrins and tumor vasculature
in mice (45) and QDots functionalized with monoclonal
anti-HER2 antibody for visualizing HER2-overexpressing
breast cancer in mice (405). While QDots appear to be
suitable markers for various pathological targets, they have
also proven extremely useful as a “model nanoparticle,”
helping imagers to understand the in vivo behavior of nano-
particles of similar size and shape (392).

The main disadvantage of QDots is their toxic core (made
of cadmium), which has made clinical translation difficult,
especially in the case of drug delivery, although adding a
silica coating to cadmium QDots (58) or the development of
new generation cadmium-free QDots (449) could help ad-

dress toxicity concerns. Other limitations of QDots include
the fact that they are prone to aggregation due to their
surface chemistry, and the available methods of attaching
targeting moieties can be challenging and time consuming.
Furthermore, there seems to be a limit as to how many
QDots of different emission wavelengths can be used per
study. It seems that one can only multiplex by using up to
about three or four different Qdots before it becomes diffi-
cult to truly separate the signal from each QDot due to their
relatively broad emission peaks. For detailed information
on Qdots, please refer to the following reviews (26, 110,
449).

3. Gold nanoparticles

Since colloidal gold is relatively inert and has been ap-
proved by the FDA for the treatment of arthritis (1), it is
believed that nanoparticles made from gold could be a safer
alternative to SWNTs and QDots. The FDA has approved
several therapy-based gold nanoparticles (AuNPs) for hu-
man administration (284), such as Aurimune for the treat-
ment of solid tumors.

Two common types of AuNPs used as imaging agents are
spherical AuNPs and gold nanorods. Depending on their
size, composition, and preparation, AuNPs can be used
with a range of imaging modalities, including MRI, CT,
radionuclide, and optical techniques. When using AuNPs
for Raman imaging studies, one must first coat the outside
of the particles with Raman-active molecules, a process
known to enhance the Raman signal obtained from AuNPs
by several orders of magnitude, allowing ultra-sensitive de-
tection. This phenomenon is known as the SERS effect (see
sect. IIB1 for description) and is due to a plasmonic reso-
nance that occurs on the AuNP’s surface when excited with
a laser. There are a variety of Raman-active molecules that
can be adsorbed onto the surface of AuNPs, e.g., 3,3-dieth-
ylthiatricarbocyanine, bis-pyridyl-ethylene, rhodamine 6G,
and pyridine derivatives. Since these molecules each give
rise to different Raman spectra, it is possible to produce
multiple unique “flavors” of Raman-compatible AuNPs
(known as SERS AuNPs), each with their own spectral fin-
gerprint. By using different batches of SERS AuNPs (indi-
vidually conjugated with different targeting ligands and ad-
ministered together), one can theoretically image several
targets, and hence biochemical processes, simultaneously.
Our laboratory demonstrated the multiplexing capabilities
of Raman by proving it is possible to detect up to 10 differ-
ent types of spherical SERS AuNPs, each possessing its own
unique Raman spectra, in living mice (204) (FIGURE 10B).
To date, only a couple of targeted-SERS AuNPs for in vivo
imaging have been reported, including affibody-conjugated
(192) and single-chain variable fragment-conjugated (346)
SERS AuNPs for detection of EGFR overexpressing tumors
in living rodents.
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Gold nanorods are well suited for both optical and photoa-
coustic imaging, due to their strong plasmon resonant ab-
sorption and emission in the visible to NIR region. The
surface-plasmon peak positions of AuNRs depend on their
aspect ratio, and hence can be tuned depending on the de-
sired application (306, 417). Gold nanorods can convert
optical energy into heat giving rise to intense local photo-
thermal effects. For this reason, gold nanorods not only
serve as a diagnostic (molecular imaging) tool, but also can
be of therapeutic use. Recent studies using PEG-protected
gold nanorods displaying excellent photothermal proper-
ties and long circulation half-life of �17 h enabled destruc-
tion of all laser-irradiated human xenograft tumors in mice
(444). An example of functionalized gold nanorods for pre-
clinical molecular imaging studies is HER2 conjugated gold
nanorods. Ding et al. (86) reported the synthesis and use of
these nanorods for photothermal treatment assessment in
tumor-bearing SCID mice. The results of these studies dem-
onstrated a marked increase in local tumor temperature
(and therefore effective treatment) in the mice treated with
HER2-nanorods compared with the group that received
nontargeted gold nanorods (86).

One of the main advantages of working with AuNPs is their
flexibility in terms of the number of different imaging mo-
dalities that can detect them, thus creating the opportunity
for multi-modality imaging (e.g., optical/CT/PAI). In addi-
tion, AuNPs are relatively easy to functionalize (306) with
targeting moieties. The nonbiodegradable nature of AuNPs
is an important consideration in terms of repeat imaging
studies and toxicity. Although gold is relatively inert, and
has been approved by the FDA as a therapeutic, the toxicity
of different AuNPs needs to be thoroughly investigated to
better understand their potential acute versus chronic tox-
icity, and how their nonbiodegradable nature may affect the
number of allowed repeat studies. This is especially impor-
tant when using imaging modalities with low sensitivities,
such as CT or MRI, whereby a large dose of AuNPs would
need to be administered to obtain a measurable signal.

The main limitation of working with large (�100 nm)
spherical (gold-based and other) nanoparticles is their
round shape, which makes it challenging for them to ex-
travasate and reach their target site (unless their target site is
within the blood vessel itself). However, it has been shown
that some cancers display a leaky vasculature, and nanopar-
ticles of this size/shape can selectively accumulate due to the
EPR effect. Nanorods, on the other hand, are likely to es-
cape the vasculature with relative ease due to their favorable
shape.

4. Superparamagnetic iron oxide nanoparticles

Superparamagnetic iron oxide nanoparticles (SPIOs) are
specifically designed for imaging studies using MRI (see
sect. IIA2). They are typically comprised of an iron oxide
(magnetite) core coated with a hydrophilic matrix material.

They produce their contrast by disturbing the local mag-
netic field in which they are placed. This disturbance results
in ultrafast dephasing of neighboring protons (shortened
T2), leading to a measurable alteration in MR signal (signal
loss in MR images) (416; see sect. IIA2 for details on MR
signal).

The size of SPIOs varies considerably, from 2–3 nm up to
micrometers (416). The types of SPIOs used for molecular
imaging purposes are typically in the tens of nanometers
size range, contain a dextran coat for stabilization, and can
either be directly targeted to membrane receptors (via con-
jugating specific peptides or engineered proteins to SPIOs)
or preloaded into cells of interest so they can be tracked
over time (see sect. IVE for details on cell tracking).

Some examples of receptor imaging using SPIO molecular
imaging probes include SPIO-chlorotoxin peptide conju-
gates (Cy5.5-SPIO-chlorotoxin) specific for imaging matrix
metalloproteinase-2 (434) (FIGURE 4B), anti-HER2 affi-
body-conjugated-SPIOs for detecting HER-2 expressing
cancer cells (212), and complement receptor type 2 (CR2)-
targeted SPIOs for localizing renal inflammation (378).
Please refer to the following review (416) for a summary of
synthetic strategies (including coprecipitation and micro-
emulsion) for SPIOs.

SPIOs are generating much interest, not only due to their
biodegradability (97), targeting (and cell-loading/tracking)
abilities, and low toxicity, but also due to the fact that
nontargeted SPIOs have been used in the clinic for some
time now (making clinical translation of targeted-SPIOs
easier). However, there are also a number of limitations
associated with SPIOs, mainly due to the high amounts
needed to obtain a detectable MR signal, and their often
large size, which mostly limits them to targeting intravas-
culature sites, or to uptake by cells through phagocytic
pathways.

5. Nanoparticle molecular imaging agents:
concluding remarks

As exciting as nanoparticle-based imaging agents are, their
limitations should be kept in mind. Their size can some-
times be a key factor concerning their effective utilization in
living subjects. Delivery to target sites at a sufficient con-
centration remains a significant challenge, primarily due to
competition for uptake via the RES. Other issues are related
to slow clearance times, thereby making it potentially diffi-
cult to distinguish targeted nanoparticle bound to the tar-
get(s) of interest from nonbound nanoparticle. Also, due to
their heterogeneity, one is not dealing with the exact same
entity, as is the case for small molecules. This makes their
characterization, toxicity, and potential translation more
challenging. However, the growing number of approved
therapeutic nanoparticles (100, 362) (such as Doxil, a lipo-
some drug delivery system used to treat AIDS-associated
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Kaposi’s sarcoma and ovarian cancer) is currently serving
as a template for the clinical translation of functionalized
nanoparticles for molecular imaging purposes, thus accel-
erating progress in this area.

G. Multimodality Probes

Multimodality probes are imaging agents capable of being
detected via two or more different imaging modalities si-
multaneously. Since these types of probes have the potential
to generate multiple readouts concerning the same biologi-
cal phenomenon, they could be of great value for numerous
clinical and basic research applications.

Multimodality probes are predominately nanoparticle
based (e.g., SPIOs, gold nanospheres/nanorods, SWNTs,
QDots); however, there are also examples of engineered
proteins (312), peptides (96), and small molecule-type mul-
timodality probes (293). Typical examples of the types of
multimodality imaging these probes enable include MRI/
optical, MRI/PET, MRI/SPECT, PET/optical, SPECT/opti-
cal, PAI/Raman, and PAI/Raman/IVM imaging (see TABLE
2 for examples of multimodality probes).

A specific example of a multimodality probe that has been
used for molecular imaging of angiogenesis is 99mTc-labeled
gadolinium-containing �v�3-targeted nanoparticles. SPECT
and MRI imaging of these nanoparticles in tumor-bearing rab-
bits (248) demonstrated specific accumulation in tumor neo-
vasculature. MRI molecular imaging along with 3D mapping
of angiogenesis in the tumor showed that the neovasculature
was asymmetrically located along the periphery of the tumor,
whereas CT scanning could not delineate between tumor and
lymph node, showing the benefit of a SPECT/MRI multimo-
dality probe compared with imaging with a SPECT probe and
SPECT/CT.

An example of a multimodality probe that is detectable via
three different imaging modalities (MRI, PAI, and Raman im-
aging) is the MPR nanoparticle (213). This triple-modality
probe was shown to accurately identify tumor margins in mice
bearing orthotopic human glioblastoma tumors in the intact
skull and also intraoperatively, highlighting its potential for
helping solve the important clinical problem of glioma man-
agement. Current methods for delineating brain tumor mar-
gins, before and during surgery, are often fraught with diffi-
culty due to inadequate sensitivity, specificity, and spatial res-
olution. With the use of the strengths of MRI, PAI, and Raman
imaging, the MPR nanoparticle is able to sensitively and accu-
rately detect tumor margins at high spatial resolution and is thus
a promising new approach that warrants further investigation.

Some advantages of implementing a multimodality probe over
single-function probes include 1) less time is required to obtain
more information, 2) only one injection is needed, 3) favorable
characteristics from complementary modalities can be ex-

ploited whilst overcoming limitations of individual modalities
(e.g., one can potentially obtain high-resolution, high-sensitiv-
ity scans with PET/MRI multi-modality probes), and 4) a com-
bined probe means that pharmacokinetics will be kept con-
stant (259), whereas two separate probes will have different
pharmacokinetics which can be problematic.

The main challenge involved in developing and using multi-
modality imaging probes is that some modalities (such as PET
and MRI) differ in their sensitivities by more than three orders
of magnitude (259). Hence, it is not ideal to simply add probes
together, as a much higher mass of MRI probe is needed com-
pared with a PET probe for detection, and if we simply com-
bine the two in a 1:1 ratio, the high sensitivity of PET will be
wasted. For this reason, a combined probe can lead to a com-
promise compared with using each component separately
(30). An example of this was demonstrated by a multimodality
probe consisting of iron oxide nanoparticles coated with 64Cu-
RGD whereby the 64Cu-RGD peptide was shown to be a more
favorable imaging agent compared with the multimodality
probe combination (30). This was due to high nonspecific
binding and high liver uptake of the multimodality probe (both
10-fold higher) due to increased circulation half-life and affinity
of nanoparticles for the RES, respectively. For a thorough review
of multimodality imaging probes, please see Ref. 259.

IV. APPLICATIONS OF
MOLECULAR IMAGING

A. Oncology

Cancer is a devastating global health issue affecting every
socioeconomic class, from the poverty stricken to the very
affluent. Despite the considerable resources dedicated to
fighting cancer, it remains the leading cause of death world-
wide, accounting for a total of 7.9 million deaths (�13% of
all deaths) in 2008, as reported by the World Health Orga-
nization (WHO). This number is expected to increase dra-
matically over the coming years and is projected to triple by
the year 2030.

There have been numerous developments in cancer research
over the past two decades, including the discovery of novel
diagnostic strategies and therapeutics, identification of key
causal factors, and the mapping of the entire genome se-
quences of two separate cancers (379). However, the above
statistics speak for themselves and serve as a reminder that
we still have a long way to go to impact this devastating
disease.

Traditionally, cancers have been diagnosed and staged via
biopsies, exploratory surgery, or anatomical imaging tech-
niques such as CT or MRI. However, since biopsies are
invasive and biochemical changes occur much earlier than
morphological ones, these techniques have their limita-
tions. On the other hand, molecular imaging can act as an
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enhanced, noninvasive means of detecting, staging, and
monitoring cancer progression. Molecular imaging can also
be used to expedite cancer drug discovery (373), predict
responders versus nonresponders to certain treatments
(398), and help determine the overall effectiveness of ther-
apies longitudinally (260). Importantly, on a basic research
level, molecular imaging can help to unravel the underlying
mechanisms of cancer.

Generally speaking, cancer involves the alteration of nu-
merous surface cell receptors (e.g., various growth factor
receptors), sustained angiogenesis, alterations in signaling
pathways, changes in cellular metabolism (e.g., as a direct
result of increased requirements for amino acids, lipids,
and/or glucose), and the modification of genes that regulate
proliferation, vascular recruitment, hypoxia, apoptosis,
evasion of the immune system, and metastasis (147, 282).
When developing molecular imaging agents for cancer-re-
lated applications, a researcher can target any one of the
aforementioned processes (e.g., angiogenesis) or a combi-
nation of a few simultaneously (via multiplexing ap-
proaches) (223). Currently, there are multitudes of imaging
agents available for imaging various cancer-related targets
at a basic research level (as well as some for clinical appli-
cations). Examples include agents for angiogenesis (25, 43,
68), hypoxia (230, 286), proliferation (201, 308), tumor
metabolism (338), apoptosis (139, 141), and metastasis
(131, 300, 322). The scope of this review does not allow for
a detailed description of how molecular imaging agents can
be used to visualize each of these processes; however, please
refer to the reviews referenced above along with the follow-
ing reviews (6, 121, 430) for further details. Provided next
are a few examples of molecular imaging agents for clinical
and preclinical oncology studies.

The metabolic imaging agent [18F]FDG (see sect. IIA3 and
FIGURE 13) is commonly used in the clinic for detecting and
staging different cancers (17, 98, 150, 178). More recently,
[18F]FDG has shown promise for its ability to monitor and
predict response to chemotherapy and radiation therapy
(8). Choi et al. (63) demonstrated that [18F]FDG has the
potential to predict response to therapy and patient survival
in pancreatic cancer patients. In this particular study, 20
patients with locally advanced pancreatic cancer were
scanned via [18F]FDG-PET following neoadjuvant induc-
tion chemotherapy, and then again after chemoradiother-
apy. Mean survival for patients classified as responders via
[18F]FDG-PET scans was 23.2, and 11.3 mo for those clas-
sified as nonresponders via [18F]FDG-PET. A separate
study involving patients with locally advanced breast can-
cer demonstrated the possible role of [18F]FDG in differen-
tiating responders from nonresponders following neoadju-
vant chemotherapy (231). In this study, it was found that
the sensitivity, specificity, and accuracy of [18F]FDG-
PET/CT in identifying responders and nonresponders were
93, 75, and 87%, respectively. Other similar studies have

also been performed; however, some found that [18F]FDG-
PET uptake failed to correlate with long-term patient out-
come (40). Further studies are required to determine the
potential role of [18F]FDG-PET in therapy monitoring and
predicting clinical outcome.

In terms of cancer molecular imaging in a preclinical setting,
there are a number of different types of research initiatives
being conducted, including (but not limited to) 1) the design,
development, and validation of new cancer-detecting imaging
agents/imaging techniques; 2) the creation of imaging agents
specifically for monitoring response to therapy, or to serve as
prognostic indicators; and 3) molecular imaging studies using
techniques such as cell tracking (see sect. IVE) or reporter gene
imaging (see sect. IVD) to study the underlying mechanisms
and signaling pathways of cancer.

An example of a study involving the synthesis and assess-
ment of a novel imaging agent for cancer detection is one
reported by Yang et al. (474). In this study, the authors
describe the use of optical/MRI dual-modality magnetic
iron oxide (IO) particles targeted at the serine protease
urokinase plasminogen activator receptor (uPAR) for de-
tecting pancreatic cancer and its metastases in an orthotopic
human pancreatic cancer mouse model (474). High levels of
uPAR are often found in pancreatic cancer, and its presence
is closely associated with tumor progression, metastasis,
and shortened survival in patients (351). NIR dye-labeled
amino-terminal fragment (ATF) peptides were conjugated
to IO particles and injected in living mice for both MRI and
optical fluorescence imaging studies. Results from this
study demonstrated the ability of these targeted-IO parti-
cles to selectively bind to, and accumulate in, small pancre-
atic tumors (0.5–1 mm3) in living mice. Interestingly, there
was a clear advantage of using Cy5.5-ATF-IO nanopar-
ticles in tumor targeting compared with using Cy5.5-ATF
peptides alone (FIGURE 16). Since these particles can be
detected by both MRI and optical imaging platforms, there
is significant potential for clinical translation, for both di-
agnostic applications (detection of pancreatic cancer lesions
by MRI) and intraoperative applications for delineation of
tumor margins (via optical fluorescence imaging), thus
making this strategy a promising new way to image cancer.

Another preclinical example of cancer molecular imaging
was reported by our laboratories, whereby a novel peptide-
based imaging agent was compared head-to-head with
[18F]FDG. The study involved the comparison of both ra-
dioligands in a spontaneous lung tumor mouse model
(304). The PET imaging studies demonstrated that the
novel 64Cu-labeled knottin peptide (targeted to integrins
upregulated during angiogenesis) displayed a higher tumor
to background (normal lung) ratio compared with
[18F]FDG (6.01 � 0.61 vs. 4.36 � 0.68; P � 0.05), thought
to be due to its high uptake, retention, and low background
accumulation in the thorax region. 64Cu-labeled knottin
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peptide could be a promising new agent for detecting and
characterizing lung cancer.

Molecular imaging, in combination with traditional tech-
niques, is essential to understanding the molecular targets
and processes involved in cancer. The use of molecular im-
aging for cancer-related applications will hopefully lead to
earlier diagnosis and better management of cancer patients,
thus improving patient survival rates.

B. Neuroscience

The brain is a highly complex entity, and although there has
been much progress in neurological research over the last

few decades, many of the basic functions and pathologies of
the brain remain enigmatic. Neurons account for 10% of
the total brain cell population (�100 billion cells), while the
other 90% are glial cells. Mechanisms of individual brain
cells, their synapses, and how they operate are fairly well
established; however, the way in which these cells interact
with one another, form intricate networks, and participate
in cross-talk is poorly understood. Furthermore, how and
why particular neuropathologies arise within the brain is
yet to be fully determined.

Our limited knowledge of the brain and the initial molecu-
lar processes involved in neurological disease has made
early diagnosis of brain diseases a near-impossible task.

FIGURE 16. Example of an oncology molecular imaging study involving the assessment of a dual-modality imaging
agent for detecting pancreatic cancer. Iron oxide (IO) particles functionalized with amino-terminal fragment (ATF)
peptides labeled with near infrared (NIR) dye (Cy5.5) were administered to mouse models of human pancreatic
cancer. Mice were imaged via optical fluorescence imaging to assess in vivo targeting abilities of the imaging agent
(452). Blue arrow, bladder; pink arrow, tumor; green arrow, liver. On the left of the figure, chemical compostions
of the imaging agents are represented. In the middle and right of the figure, in vivo fluorescence images at different
time points, and fluorescent imaging of tissues are shown. A: free Cy5.5-ATF peptides. B: “targeted” Cy5.5-ATF-IO
nanoparticles. C: nontargeted Cy5.5-IO nanoparticles. The imaging results demonstrated the ability of the targeted
Cy5.5-ATF-IO particles to selectively bind to and accumulate in small pancreatic tumors (0.5–1 mm3) in living mice.
Interestingly, there was a clear advantage of using Cy5.5-ATF-IO nanoparticles in tumor targeting compared with
using free Cy5.5-ATF peptides, displaying a three- to fourfold greater accumulation in tumor regions. See Ref. 474
for quantitative analysis of images. Particles were able to be detected by both optical and MR imaging. [From Yang
et al. (474), with permission from Elsevier.]
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Traditionally, the presence of a particular CNS disease is
confirmed in late stages of the condition (when clinical signs
are obvious, and in many cases, extensive neuronal death
has occurred) or via postmortem analysis. However, over
the past few decades, this has been gradually changing,
mostly due to the advent of noninvasive imaging tech-
niques. Neuroimaging, using techniques such as MRI, PET,
and SPECT, has enabled clinicians and scientists alike to
understand some of the basic operations of the brain more
clearly in a noninvasive manner. Researchers have been able
to identify key hallmarks of many neurological diseases,
whilst observing how they develop and progress over time.
Molecular imaging has been used to interrogate and pro-
vide insight on multiple areas of neuroscience including
neurodegenerative diseases (92, 103), neuroinflammatory
conditions (401, 438), stroke (151), brain tumors (422),
neuropyschiatric conditions (424), and changes in brain
metabolism. The scope of this review does not allow for a
detailed description of molecular imaging applications in
each of these areas of neuroscience (for a thorough account,
please see above references and Ref. 146 for a review of
molecular neuroimaging). Some specific examples of differ-
ent molecular imaging agents, and how they have been used
to assist researchers and clinicians in understanding and
diagnosing neuroinflammatory/neurodegenerative condi-
tions will be described, from both a preclinical and clinical
perspective.

Neurodegeneration is a process in which the cells in the
brain and/or spinal cord gradually deteriorate and are lost
over time. There are numerous theories regarding the etiol-
ogy of this process, including those involving infection
(193), free radical production (341), excitotoxic cell death
(324), loss of neurotrophic factors (153), ingestion of a
neurotoxin (319), mitochondrial dysfunction (18), and in-
duction of apoptosis (315); however, a single causal factor
is yet to be identified. The process of neurodegeneration is
common to many disorders including Alzheimer’s disease
(AD), Parkinson’s disease (PD), multiple sclerosis (MS),
Huntington’s disease (HD), human immunodeficiency virus
(HIV) associated dementia, and Creutzberg-Jakob disease.
The neurodegenerative process and resulting cell death for
each of these diseases occurs in different brain regions and
thus leads to different clinical hallmarks and symptoms,
most of which have extremely debilitating consequences for
the affected individual.

In the case of AD, there is an abnormal protein aggregation
in and around neurons within the limbic, paralimbic, and
neocortical structures of the brain, the regions controlling
memory, thus causing a progressive loss of memory, cogni-
tive decline, disorientation (regarding time and space), and
impaired judgment. PD, on the other hand, is typified by the
loss of dopamine (DA)-producing neurons in the basal gan-
glia, the brain region governing body movement, resulting

in pronounced motor-related clinical signs including brady-
kinesia (slowness in movement), rigidity, and tremor.

Due to the diversity and complexity of each type of neuro-
degenerative disease, it is important to investigate different
biochemical aspects of neurodegeneration within each of
these states. This will ultimately lead to a more complete
understanding of these conditions and aid in devising better
diagnostic and treatment strategies. There are a number of
available molecular imaging agents for diagnosis and/or
assessment of treatment efficacy in the clinical setting, all of
which are either PET or SPECT based. In terms of AD,
[18F]FDDNP has proven useful in detecting both plaques
and tangles (202), and Pittsburg compound B ([11C]PIB)
has gained attention as a suitable radioligand for quantita-
tive imaging of amyloid plaques (219). Radioligands such
as [11C]WIN 35,428, specific for the dopamine transporter
(DAT), have been used as early indicators of PD since DAT
levels are known to decrease in parallel with the loss of
dopamine neurons in the initial stages of PD, before any
clinical signs manifest (274). In terms of monitoring PD
progression and treatment effectiveness, [18F]fluorodopa, a
specific radioligand for measuring presynaptic dopaminer-
gic metabolism (Table 5), has been used in a number of
clinical trials (275). One such trial involving 186 PD pa-
tients demonstrated, via [18F]fluorodopa PET imaging, that
patients receiving the DA agonist ropinirole displayed a
significantly reduced loss of striatal uptake at 2 years com-
pared with patients given levodopa (13 vs. 20%) (66).

On the preclinical research front, various molecular imag-
ing agents have been developed to investigate more funda-
mental molecular events relating to neurodegeneration, in
particular, the presence of neuroinflammation and its ap-
parent involvement in the initial onset of degenerative con-
ditions. One such target is the peripheral benzodiazepine
receptor (PBR), also called the translocator protein (18
kDa) (TSPO) (323), known to be present at high levels in
microglial cells upon their activation (an event intimately
associated with neuroinflammation). In 2009, Venneti et al.
(437) demonstrated that the retention of [11C]PK11195, a
selective PET radioligand for the PBR, in transgenic AD
mice correlated with the amount of microglial activation
determined by histology, effectively proving the value of the
PBR as an in vivo marker of microglial activation in neuro-
inflammatory and neurodegenerative conditions.

Since these results, and other similar results, it has become
clear that imaging agents targeting the PBR may act as
useful markers of neuroinflammation. Over the past two
decades [11C]PK11195 has been used in numerous pre-
clinical and clinical studies of neuroinflammation and has
highlighted that microglial activation occurs in very early
stages of AD and precedes brain atrophy (41). Currently,
[11C]PK11195 is the most widely used pharmacological im-
aging agent for the study of the PBR in living subjects; it has

MICHELLE L. JAMES AND SANJIV S. GAMBHIR

940 Physiol Rev • VOL 92 • APRIL 2012 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev at Mem Sloan Kettering (140.163.254.135) on September 25, 2024.



been used to visualize increased levels of PBR expression
(and thus microglial expression) in patients with MS (16,
81), AD (41, 439), herpes encephalitis (42), and numerous
other neurological disorders. FIGURE 17 displays the results
from a human PET study involving volunteers (both healthy
and those with mild AD) and [11C]PK11195 as the imaging
agent. The study found that the extent of [11C]PK11195
binding represented the severity of microglial activation/
neuroinflammation and could be used as a marker of early
disease in the living brain (41). Since these early studies with
[11C]PK11195, a number of newer PET and SPECT radio-
ligands specific for the PBR have been synthesized with the
aim of improving on the low brain permeability and high
protein plasma binding observed with [11C]PK11195. The
newer PBR specific radioligands, namely, [123I]CLINDE
(12), [18F]FEDAA1106 (115), and [11C]DPA-713 (99,
184), are all currently undergoing human clinical trials to
determine which is most useful as a PBR imaging agent. The
development of such radioligands is important and may
represent useful indicators of inflammatory-associated neu-
rodegeneration, thus enabling earlier detection in condi-
tions like AD. Moreover, these imaging agents, and others
targeting markers of neuroinflammation, may assist in de-
ciphering the role of microglia/inflammation in different
pathological states.

Apart from radionuclide-based strategies, there have been a
number of optical and MRI-based techniques developed for
visualizing neuroinflammation, including the use of P-selec-
tin targeted iron oxide nanoparticles for MRI imaging of
early endothelial activation in poststroke inflammation
(188), and the tracking of luciferase-expressing bone mar-
row cells via bioluminescence (4). The latter of these tech-
niques involved the intravenous administration of lu-
ciferase-expressing bone marrow cells, known to differen-
tiate into bone marrow-derived microglia after crossing the
blood-brain barrier, induction of neuroinflammation via a
stereotactic injection of lipopolysaccharide (LPS), and

tracking of the luciferase-expressing bone marrow-derived
microglia through a cranial window in a mouse head using
bioluminescence. These studies demonstrated that biolumi-
nescence can be used to quantitatively and continuously
visualize bone marrow-derived cells in a living subject (with
a cranial window), as confirmed by immunohistochemistry.

Techniques such as these, whereby cells and molecular pro-
cesses can be visualized in their natural environments, are
beginning to shed considerable light on the biochemistry of
brain inflammation and are thus serving as a means of un-
raveling this perplexing cellular pathway. Overall, nonin-
vasive imaging of the brain is an important application of
molecular imaging and has led to numerous developments
and discoveries, and has great potential in the fields of psy-
chiatry (47), neurology (180), neuroscience (179), and neu-
ropharmacology.

C. Cardiovascular

Cardiovascular (CV) disease, although preventable in many
cases, is the number one cause of mortality in the United
States and most European countries, ahead of cancer. Like
cancer and neurological pathologies, CV diseases are com-
plex, difficult to detect early, and vary from patient to pa-
tient. Some of the key types of CV diseases include athero-
sclerosis, heart failure, myocardial ischemia, and myocar-
dial viability (467).

Traditional methods for detecting and studying these dis-
eases have involved invasive angiography, stress echocardi-
ography, anatomical imaging techniques (CT angiography,
intravascular US), and a range of functional imaging strat-
egies employing MRI, PET, and SPECT. Although these
methods provide useful information, they are limited to
detecting anatomical and physiological changes (such as
contractile function or blood flow), which are not always
accurate indicators of disease. For example, in atheroscle-
rosis, a decrease in the size of the vessel lumen (detected via
angiography) is typically used as a sign of plaque formation;
however, some people show no physical, morphological, or
physiological indications of disease via angiography prior
to having a cardiac event. Others experience rupturing of
plaques in areas containing small to modest luminal nar-
rowing (467). Serum markers are also used for atheroscle-
rosis patients, but mainly to predict future cardiovascular
events (226); however, these markers can only provide in-
formation on the entire “cardiovascular burden” of a pa-
tient and cannot provide insight on the location and vulner-
ability of individual plaques (194).

Molecular imaging, involving the use of targeted imaging
agents specific for various biochemical indicators of CV
disease, could potentially enable earlier detection and more
accurate monitoring of these conditions. Additionally, mo-
lecular imaging may help validate and assess the efficacy of

FIGURE 17. Example of a clinical molecular imaging study of neu-
roinflammation in patients with mild Alzheimer’s disease (AD) using
[11C]PK11195, positron emission tomography (PET), and magnetic
resonance imaging (MRI). This figure shows brain PET images coreg-
istered with MRI images for a normal elderly subject (A) and a patient
with mild AD (B). Arrows represent regions of increased
[11C]PK11195 binding found in mild AD patient and not in elderly
control. [From Cagnin et al. (41a), with permission from Elsevier.]
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treatments such as statins, stem cell transplantation, and
gene therapy. Please refer to the following reviews for de-
tailed descriptions on the current status of CV molecular
imaging (56, 364, 467). A few key examples of how molec-
ular imaging is being used in atherosclerosis and heart fail-
ure (HF) will now be described.

1. Atherosclerosis

Molecular imaging of atherosclerosis is an expanding area
of CV research in which many approaches have been devel-
oped (279, 448). Most myocardial infarctions (heart at-
tacks) and sudden cardiac related deaths occur due to
thrombosis and subsequent rupture of plaques seen in ath-
erosclerosis. Therefore, it would be of great value to be able
to identify and stage asymptomatic vulnerable plaques at
high risk of acute complications noninvasively and repeat-
edly over time, so as to implement appropriate treatments
(89, 364).

Atherosclerosis is no longer viewed as a disease solely in-
volving accumulation of pathological low-density lipopro-
teins (LDLs); it is now recognized as a chronic condition
comprised of many intricate stages whereby the immune
component is crucial to its initiation and progression (i.e.,
formation of plaques, their destabilization, and rupturing)
(264, 400). The general process of plaque development and
progression within atherosclerosis, and the molecular
mechanisms underlying this condition, can be broken down
into the following stages (62).

1) Endothelial activation: accumulation of LDLs (plasma
proteins that carry cholesterol and triglycerides) and their
subsequent oxidation, triggers the expression of adhesion
molecules, such as ICAM, VCAM, and PECAM, on endo-
thelial cells.

2) Recruitment of leukocytes: the expression of adhesion
molecules leads to recruitment and firm attachment of T
cells and monocytes. After monocytes differentiate into
macrophages, they activate T cells, resulting in production
of proinflammatory cytokines (e.g., IFN-� and TNF-�).
This perpetuates the cycle by activating macrophages, trig-
gering the release of other inflammatory mediators.

3) Formation of foam cells and necrotic core: when macro-
phages endocytose LDLs they are termed “foam cells”
(264). Formation and aggregation of foam cells results in
“fatty streaks” and production of a necrotic core. The cen-
ter of the core contains an abundance of apoptotic and
necrotic cells (62).

4) Fibrous plaques: fibrous plaques are considered to be
mature atherosclerotic plaques and are characterized by a
necrotic core, consisting of lipids, cell debris, and a fibrous
cap.

5) Advanced lesions and thrombosis: when macrophages
secrete proteases and collagenases they can degrade the
smooth muscle cell (SMC)-derived extracellular matrix
(ECM) of the fibrous cap and cause the plaque to rupture.
Calcification and angiogenesis are also common character-
istics of advanced lesions and thrombosis (62).

Molecular imaging using specific and selective imaging
agents can be used to interrogate each of the above outlined
stages of plaque development (i.e., macrophage recruit-
ment, adhesion molecules, apoptosis, angiogenesis, ECM
degradation). Examples of such molecular imaging strate-
gies include antibodies coupled to immunomicelles (for op-
tical and MRI imaging of macrophage scavenger receptor
CD204) (10), targeted microbubbles for US identification
of VCAM-1 (196), 99mTc-labeled annexin A5 for SPECT
imaging of apoptosis in fibrous caps (208), 18F-galacto-
RGD for PET imaging of vascular inflammation and angio-
genesis (via detection of alpha-V beta-3) (234), and MRI
probes for imaging MMPs involved in ECM degradation
(235). All of these imaging strategies show promise, how-
ever, none is able to image processes that are entirely spe-
cific to atherosclerosis (e.g., apoptosis and angiogenesis are
also hallmarks of other diseases such as cancer). This is an
issue with many molecular imaging strategies in general,
not just those for cardiac imaging.

Since the first study in 1987 proving [18F]FDG could
detect inflammation in blood vessels (413), the metabolic
molecular imaging agent has been used in numerous clin-
ical studies to evaluate plaque progression (310, 359)
and has demonstrated its use as a viable means of detect-
ing and quantifying inflammation in atherosclerosis-
related plaques (when coupled to CT or MRI) (38, 194).
Although [18F]FDG has shown potential in imaging the
inflammatory component of atherosclerotic plaques, and
seems to correlate well with the number of macrophages
present (310), it still remains unclear whether [18F]FDG
uptake is a reliable indicator of plaque vulnerability, and
whether it can accurately predict future CV events.
Large-scale prospective studies need to be performed to
begin answering these questions.

2. Heart failure

Heart failure (HF), also called congestive heart failure
(CHF), is a progressive disorder characterized by dyspnea,
fatigue, generalized weakness, and edema. Traditionally,
the basic assessment of HF patients has been performed by
echocardiographic evaluation of left ventricular function.
However, noninvasive imaging strategies are emerging for
visualizing molecular processes involved in HF, including
cellular injury, neurohormonal receptor function, and me-
tabolism (107).

An example of a preclinical molecular imaging technique
for visualizing HF is the imaging of cardiomyocyte apopto-
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sis in a transgenic mouse model of HF using annexin-la-
beled fluorescent IO-nanoparticles (AnxCLIO-Cy5.5) and a
9.4-T MRI (395). Results of this study demonstrated that
sparse amounts of apoptotic cardiomyocytes could be im-
aged using this approach with high spatial resolution and
that this imaging strategy could be useful in the validation
of new anti-apoptotic therapeutics for HF.

Clinical examples of molecular imaging strategies for HF in-
clude the use of [123I]metaiodobenzylguanidine ([123I]mIBG)
as a prognostic indicator in HF patients (3, 181). Since
[123I]mIBG is simply a radiolabeled analog of the antihy-
pertensive drug guanethidine, it is thus taken up by norepi-
nephrine transporter system and accumulates in adrenergic
nerve terminals (3). A reduced amount of [123I]mIBG up-
take is related to many CV diseases including HF. For more
examples of how molecular imaging has been applied in
managing and studying heart failure, please see Reference
386.

D. Reporter Gene Imaging and Gene Therapy

Reporter gene imaging is an indirect imaging technique
whereby the location, persistence, and expression levels of a
reporter gene can be monitored repetitively over time, in a
noninvasive manner. Over the past decade, reporter gene
imaging has become increasingly important in terms of
monitoring and optimizing gene therapy, investigating pro-
tein-protein interactions, imaging transgenic animals, cell
tracking, and drug development.

In general, a reporter gene strategy consists of 1) a reporter
gene and 2) a corresponding reporter probe. The reporter
gene typically encodes a well-known protein (receptor, en-
zyme, or transporter) and the reporter probe is used to
detect this protein via an imaging modality such as biolu-
minescence, PET, SPECT, or MRI. There are also reporter
gene strategies for optical fluorescence imaging; however,
they do not require a reporter probe per se, as the optical
reporter genes (e.g., GFP, RFP) lead to the expression of a
protein capable of producing detectable light (following
excitation light reaching the reporter protein). In any case,
the imaging signal detected in reporter gene strategies re-
flects the levels of reporter gene expression. The reporter
gene is driven by a promoter of choice. This promoter can
be a constitutive type that is always on (e.g., CMV pro-
moter), or be activated based on some intracellular event. In
this way the reporter gene expression is regulated by the
choice of promoter.

1. What does molecular imaging offer that
traditional reporter strategies do not?

Traditional reporter gene strategies either involve analyzing
postmortem samples or taking tissue samples from living
subjects, thus making it difficult to perform repeat measure-

ments. Also, the information yielded from these studies can
be limited. For example, the gene expression in one tissue
sample is not necessarily indicative of the expression levels
in other regions of the body. In contrast, molecular imaging
of reporter genes/products has the benefit of enabling non-
invasive tracking of gene expression levels, their persis-
tence, and location over time, in living intact subjects (123,
125).

2. Characteristics of an ideal reporter gene
imaging strategy

• Reporter gene should be already present in mammalian
cells, to circumvent an immune response, but not ex-
pressed.

• Apart from transgenic applications, the size of the re-
porter gene and its driving promoter should be small
enough to fit into a delivery vector (e.g., plasmid, vi-
rus).

• The image signal should correlate with the levels of
reporter gene mRNA and protein in vivo.

• The protein product of the reporter gene should not
cause an immune response.

• The signal should only be detected in regions where the
reporter gene is expressed.

• The strategy should not lead to alterations in the bio-
logical system of interest [e.g., in the D2R reporter gene
system, it was found that DA was interacting with the
reporter gene products, namely, the D2R, and causing
G protein-mediated inhibition of cAMP production.
After discovering this, Liang et al. (247) developed a
mutant D2R reporter gene system whereby DA binding
is uncoupled from signal transduction].

In systems where a reporter probe is required, the probe
should ideally 1) only accumulate in regions where the re-
porter gene is expressed (the reporter probe should not
engage in nonspecific binding or accumulate in tissues
where the reporter gene is not expressed); 2) display excel-
lent in vivo stability i.e., should not be the subject of metab-
olism prior to reaching its target; 3) be nontoxic (including
its metabolites); 4) clear from the blood, and any other
nonspecific tissues, rapidly so as to not interfere with the
detection of the specific signal. However, if the reporter
probe does not produce any signal until it interacts with
reporter protein (e.g., D-luciferin and firefly luciferase), then
rapid blood clearance is not necessary.

As mentioned above, the applications of reporter gene im-
aging are many; this section of the review will only discuss
applications pertaining to gene therapy/targeted gene ex-
pression. Please refer to the following reviews (124, 195,
292, 377) and recent textbook (125) for a detailed account
of the clinical and basic research applications of reporter
gene imaging. Also, see section IVE for examples of how
reporter gene imaging (as well as direct imaging ap-
proaches) can be used for cell tracking.
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Gene therapy has great potential for treating many diseases
(e.g., sickle cell anemia, Huntington’s disease, cancer, blood
disorders, etc.); however, the therapeutic benefit of these treat-
ments is currently not convincing. Since reporter gene imaging
can be used as a generic means of monitoring expression of
therapeutic genes, it has the potential to help unravel the un-
derlying problems of current gene therapy techniques and ex-
pedite their optimization and subsequent clinical translation.

Over the past decade, a number of reporter gene strategies
have been developed that are capable of indirectly measur-
ing levels of a given therapeutic gene (156, 347). This is
typically achieved by coupling a therapeutic gene to a
known reporter gene so that they can both be delivered and
expressed simultaneously.

A recent preclinical example of this is the use of the MRI-
based transferrin receptor (TfR) reporter gene system to
monitor the expression levels of endostatin gene (449). The
endostatin gene encodes the endostatin protein, which is
known to be a potent inhibitor of angiogenesis. This specific
example involved intratumoral injection of a specially de-
signed retroviral plasmid containing both the TfR gene and
endostatin gene, connected by an internal ribosomal entry
site (IRES), in mice bearing breast tumors. Following this,
the mice were injected with the reporter probe (transferrin-
conjugated ultrasmall SPIOs) and imaged using MRI. The
results of the study showed that it was possible to visualize
therapeutic gene expression in breast tumors in mice, and
although the results were encouraging, there were a number
of important limitations of the study. Some of these limita-
tions included the poor sensitivity of MRI, the use of a
retroviral vector for gene transfer (which has a number of
associated risks that limit its clinical translation including
possible immunogenic affects), and the intratumoral deliv-
ery route, which is not ideal as most gene therapies will be
targeted towards diseases in which the exact location may
not be known (e.g., cancer metastases). Further work is
needed to fully explore and optimize this approach.

Another preclinical example of assessing a reporter gene
imaging strategy for noninvasive monitoring of gene ther-
apy is the use of the PET-based HSV1-tk reporter gene
system and [18F]FHBG as a reporter probe for monitoring
cardiac therapeutic gene delivery and expression in pigs
(357) (FIGURE 18). PET/CT imaging revealed that there was
[18F]FHBG accumulation in regions that received the gene
therapy. Through these studies, it was found that the opti-
mal time (with highest signal to background) to assess
[18F]FHBG accumulation in the myocardium was 3 h after
reporter probe administration.

This same reporter gene strategy has been evaluated in a clin-
ical situation, whereby the expression of HSV1-tk in seven
hepatocellular carcinoma (HCC) patients was monitored via
[18F]FHBG PET imaging (332). Two days following intratu-

moral injection of an adenoviral vector encoding the HSV1-tk
enzyme, the PET/CT imaging was conducted, as this was be-
lieved to be the time point when expression of the reporter
gene would be highest (judging from previous animal studies).
The results showed there was significantly more accumulation
of the reporter probe in the viable nodule compared with the
surrounding tissue. Moreover, the images demonstrated that
the reporter gene expression was contained to the liver tumor
and that the transfected lesion was most clearly identifiable at
6.5 h postinjection of reporter probe. Although these studies
involved intratumoral injection (which is suboptimal for clin-
ical translation), they demonstrate the promise of using a
highly sensitive technique like PET for monitoring reporter
gene expression in HCC patients.

These preclinical and clinical studies have set the stage for
using these techniques for assessing gene therapy strategies,
hopefully aiding in their development and clinical transla-
tion (332).

E. Cell Tracking

An important application of molecular imaging is the labeling
of specific cell populations so their trafficking, proliferation,
and fate can be monitored noninvasively over time; this tech-
nique is known as “cell tracking.” This is particularly perti-
nent for monitoring the behavior of static cell populations
(e.g., tumor xenografts) (463), and for investigating the bio-

FIGURE 18. Example of molecular imaging study using reporter
gene/reporter probe strategy to monitor cardiac therapeutic gene
delivery in pigs. Computed tomography (CT) image (A), positron
emission tomography (PET) image (B), fused PET/CT image (C), and
whole body PET image (D) from pig study conducted using herpes
simplex virus 1 thymidine kinase (HSV1-tk) reporter gene system
and 18F-radiolabeled 9-[4-fluoro-3-(hydroxymethyl)butyl]guanine
([18F]FHBG) as a PET reporter probe. PET/CT imaging revealed that
there was [18F]FHBG accumulation in regions that received the gene
therapy. A, anterior; B, bladder; CL, contralateral; I, intestines; K,
kidney; L, left; Li, liver; LV, left ventricular; P, posterior; R, right.
[From Rodriguez-Porcel et al. (357), with permission from Elsevier.]
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distribution, underlying mechanisms, and functional benefits
of cell-based therapies, thus expediting the clinical translation
of these promising treatment strategies.

Molecular imaging will likely play a key role in the clinical
translation of cell-based therapies. The two main areas of cell
therapy are 1) tissue repair (renewal), pertaining to the treat-
ment of cardiac infarctions, neurodegeneration, and stroke;
and 2) reprogramming the body’s own immune system to fight
disease (e.g., in cancer and immunological diseases).

Cell therapy strategies have been evaluated for treatment of
stroke (involving stereotactically injected human neuronal
cells into the brains of patients with motor deficits due to
stroke) (228), Parkinson’s disease (intrastriatal transplan-
tation of fetal mesencephalic tissue) (251), and cancer (via
the in vitro loading of dendritic cells with tumor antigens
and then readministering the cells to the subject) (207, 278).
Most cell therapies have only demonstrated limited success,
partly due to transplanted cells failing to differentiate into
the functioning cells of interest (207), and also due to the
long list of unanswered questions concerning these thera-
pies. Such questions include the following: Where do the
cells go following administration? How many cells localize
in various regions of body? What is the optimal route of
administration? What is the most suitable cell type for each
application? Do transplanted cells differentiate into func-
tional cells in the region of interest? What are the conditions
necessary for this? Due to their currently limited success, the
routine use of cell therapies is not yet on the horizon. A
means of tracking cells noninvasively over time is required
to better understand their mechanisms and what happens
after their administration. This will ultimately lead to cell
therapy techniques with greater specificities and thus in-
crease the likelihood of clinical translation.

1. Characteristics of an ideal molecular imaging
technique for cell tracking

The ideal molecular imaging method for tracking cells
would enable noninvasive visualization of a specific cell
population (or multiple populations) of interest in living
subjects over time in a repeated fashion. The whole body
distribution, exact numbers of cells, their viability, and po-
tential interactions with other cells should be quantifiable at
all times. Furthermore, the labeling of cells should not sig-
nificantly perturb the cells, and long-term traceability
should be possible. Lastly, the signaling component used to
track the cells should not dissociate from (or leak out of)
cells, and single cell sensitivity should be achievable.

2. Examples of cell tracking using molecular imaging

The imaging modalities most commonly used for cell track-
ing include the following: 1) MRI, via directly labeling cells
with SPIOs/gadolinium chelates or via reporter genes (see

sect. IVD); 2) optical, either by directly labeling cells with
fluorescent dyes/Qdots or via reporter gene methods for
either fluorescent (GFP/RFP) or bioluminescence (lu-
ciferase) imaging (see sect. IVD); and 3) radionuclide (PET/
SPECT), either by directly labeling cells with PET/SPECT
imaging agents or via reporter gene methods (see sect. IVD).

Due to its high spatial resolution, MRI is the most fre-
quently used modality for short-term tracking of stem or
progenitor cells (SPCs) (168). Specific examples include the
labeling of human mesenchymal stem cells with the gado-
linium hexanedione nanoparticle T1 imaging agent (420)
and the long-term tracking of transplanted human neural
stem cells loaded with SPIOs (T2 contrast) in the rodent
brain (138). In terms of optical imaging, NIR fluorescent
dyes (93), Qdots (224), and reporter gene strategies (129,
302, 407) have been used to track cells.

SPECT radioligands [111In]oxyquinoline (oxine) or [99mTc]-
hexamethylpropyleneamine-oxine (HMPAO) can be used
in a technique called leukocyte scintography, the oldest cell
tracking method and the only one being routinely used in
the clinic (406). This technique involves removing leuko-
cytes from the blood of a patient, directly labeling the re-
covered cells with one of the above radioligands, and sub-
sequently administering these labeled cells back into the
same patient, via intravenous injection. The accumulation
of these cells in regions of the patient containing inflamma-
tion or infection can then be visualized and tracked over
time. A similar cell tracking technique is used for PET stud-
ies whereby [18F]FDG is loaded into a patient’s cells that are
then retransferred into the patient and tracked; this method
(using [18F]FDG) has been used to noninvasively visualize
many different types of cells including leukocytes for track-
ing infection (354), natural killer cells for tracking specific
types of cancer (287), and circulating progenitor cells used
in the treatment of acute myocardial infarction (90).

A clinical example of cell tracking using PET was described
by our laboratory, whereby the location of therapeutic cy-
tolytic T cells (CTLs) in a patient with glioma were tracked
using the [18F]FHBG HSV1-tk reporter gene system (472)
(FIGURE 19). This study involved treating a glioma patient
with genetically modified CTLs that expressed HSV1-tk (to
serve as the PET reporter gene) and interleukin 13 zetakine
(which encodes a receptor protein that targets these T cells
to tumor cells), followed by imaging with [18F]FHBG. This
case was the first documented study to report the use of
reporter gene technology to visualize and track therapeutic
cells in a human. The patient received an approximate total
of 1 � 109 CTLs within a 5-wk period of infusions. PET
imaging performed 3 days after the 5-wk infusion period
demonstrated that [18F]FHBG accumulated within the re-
gion where the tumor was resected, where CTLs had been
infused, and also close to the patient’s corpus callosum,
where a secondary tumor had formed. These results indi-
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cated that infused CTLs trafficked to the remote corpus
callosum tumor, and hence proved that [18F]FHBG was
able to detect therapeutic CTLs expressing HSV1-tk within
glioblastoma tumors. These results suggest that long-term
monitoring of therapeutic cells via reporter gene imaging
strategies for predicting the long-term efficacy of treatments
has the potential to be useful in the future.

The challenges involved in cell tracking via molecular im-
aging are mainly due to the limitations of each modality
(discussed in sect. II and summarized in FIGS. 3–12), and
also the weaknesses of each labeling technique (i.e., direct
compared with reporter gene). While direct labeling is rel-
atively simple and does not involve any genetic manipula-
tion, the signal can easily be diluted due to the label not
being replicated when cells divide. In addition, it is also
possible for the signaling component to leak out of the cells
and potentially transfer to other cell populations, thus de-
creasing the specificity of the signal. The reporter gene strat-
egy (if the reporter gene is stably integrated) does not suffer
from the problem of dilution with cell division; however, there
may be challenges concerning clinical translation due to the
need for an exogenous substrate (in the case of biolumines-
cence imaging) and ex vivo genetic manipulation, which may
lead to modification of cell characteristics and possible un-
wanted effects. Moreover, reporter gene expression can de-
crease over time (150, 324) as discussed in section IVD.

Another challenge with cell tracking via molecular imaging is
the overall safety and/or cellular toxicity of the imaging agent
used. For example, when deciding on a radionuclide for direct
labeling of cells (for PET/SPECT imaging), there is always a
tradeoff between time of traceability and safety profile (i.e., if
a radionuclide with a long half-life is chosen it will enable
longer traceability at the cost of higher exposure to ionizing
radiation). Additionally, the labeling of cells with certain flu-
orescent probes (e.g., Qdots) can affect cell viability.

3. Future directions for molecular imaging
of cell tracking

Future directions for molecular imaging of cell tracking in-
clude the following: 1) the development of more multimodal-
ity-based approaches for imaging cell location(s), 2) further
efforts to enable imaging of cell status and precise location(s),
3) additional research concerning rigorous quantification is-
sues, 4) direct comparisons of different cell-tracking strategies
so meaningful conclusions can be made concerning which
techniques are better suited for different applications, and
5) optimization of strategies for clinical translation.

Cell-based therapy holds great potential in treating con-
ditions such as stroke, myocardial infarction, neurode-
generation, cancer, and immunological diseases. Al-
though there are many unresolved questions concerning

FIGURE 19. Example of cell tracking via molecular imaging. This figure shows the results from a clinical
study, whereby a glioma patient received ex vivo expanded infusions of autologous cytolytic T cells (CTLs)
containing interleukin-13 zetakine and herpes simplex virus 1 thymidine kinase (HSV1-tk) genes. Interleukin-13
zetakine encodes a receptor protein that can target T cells to tumor cells, whilst HSV1-tk encodes a PET
reporter protein. Top panel shows magnetic resonance (MR) brain images of the patient, whereas bottom
panel displays positron emission tomography (PET) brain images superimposed over MR images. PET imaging
was conducted to detect the engineered CTLs within the patient’s body 3 days after completion of a 5-wk cycle
of CTL infusions. The CTLs were imaged with the PET reporter probe 18F-radiolabeled 9-[4-fluoro-3-(hydroxy-
methyl)butyl]guanine ([18F]FHBG). The PET/MR images demonstrate [18F]FHBG accumulation within the
region where the tumor was resected (1), and also close to the patient’s corpus callosum (2), indicating that
infused CTLs trafficked to the remote corpus callosum tumor. This was the first documented case to report the
use of reporter gene technology for imaging therapeutic cells in a patient over time (473). [From Yaghoubi et
al. (473), with permission from Nature Publishing Group.]
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the underlying mechanisms of these therapies, molecular
imaging is beginning to shed light on these unknowns
and, in doing so, is catalyzing the design of new strate-
gies. The partnering of molecular imaging with cell-based
therapy research and development is helping make clini-
cal translation of these treatments a real possibility.

F. Theranostics

Theranostics may be described as a marriage between diagnos-
tics and therapeutics, wherein the detection and treatment of
pathological phenomena are combined in one integrated ap-
proach (185). This emerging field of research has two distinct
branches that aim to bring to fruition the dream of personal-
ized medicine. In the first, diagnostic and therapeutic tech-
niques are used hand-in-hand in clinical decision-making (e.g.,
PET imaging with [18F]FDG can be used to monitor and pre-
dict response to anti-cancer therapeutics, aiding the selection
of suitable treatment strategies; see sect. IVA). The second
branch involves the design, development, and use of agents
that have both diagnostic and therapeutic capabilities, with
the hope of creating a safer, more efficient, and efficacious
means of simultaneously diagnosing, monitoring, and treating
disease (185). There are various different types of imaging
agents currently being investigated for their “theranostic po-
tential,” including peptides (76), QDots (157), microbubbles
(391), and a range of nanoparticles (185) compatible with
MRI, optical, radionuclide, and/or CT-based imaging tech-
niques.

A specific example of an imaging agent developed as a thera-
nostic agent is QDot nanoparticles functionalized with RNA
aptamers (specific for PSMA) intercalated with the anthracy-
cline drug doxorubicin (Dox) (14). These QDot-Apt(Dox)
theranostic particles cannot be visualized prior to delivering
Dox as the fluorescence of Qdots is quenched by Dox and the
fluorescence of Dox is quenched by the aptamers. However,
once Dox is released from the QDot-Apt, both QDot and Dox
components can be traced via imaging. An in vitro study using
these particles showed they increased therapeutic specificity
towards LNCaP cells (containing PSMA) compared with PC3
cells (devoid of PSMA).

Theranostic imaging agents have enormous potential and are
demonstrating promise with respect to simultaneous noninva-
sive imaging of biochemical processes, drug delivery, and re-
sponse to the therapy over time. While there are issues with
safety (toxicity and off-target accumulation), clearance (de-
pending on the type of imaging agent used), difficulties asso-
ciated with marrying/combining therapeutic molecules with
imaging agents (due to different requirements of therapeutics
drugs vs. diagnostic agents) (185), and their overall complex-
ity, they are demonstrating measurable improvements in sen-
sitivity and specificity (mostly shown in vitro at this stage) of
simultaneously detecting and treating disease (compared with
using therapeutic or diagnostic procedures as separate plat-

forms). Theranostics is an exciting area with much progress
and growth likely yet to come.

V. GUIDE TO PERFORMING A
MOLECULAR IMAGING STUDY

The following is a general guide for performing a molecular
imaging study (and validating molecular imaging agents)
with the goal of visualizing a particular biochemical process
or pathology in a clinical, preclinical, or basic research set-
ting. Please refer to FIGURE 20 throughout this section for a
flowchart outlining some of the key steps involved in a
molecular imaging study.

1. Define biochemical process, and/or pathology, to
be investigated, and plan molecular imaging-based
research strategy

As described throughout this review, one can use the prin-
ciples of molecular imaging to visualize and study various
molecular/cellular events and disease states noninvasively,
in living subjects. For example, one can visualize the
dimerization of a particular receptor, or the involvement of
a certain protein in different stages of breast cancer. Once a
biochemical process or pathology of interest has been se-
lected, one needs to perform a thorough literature search
and ask oneself some important questions, including (but
not limited to): What is the significance of investigating this
process/pathology via molecular imaging? What has been
done in the past? Has anyone visualized this phenomenon
via molecular imaging strategies? What has worked? What
has failed, and why? Are there opportunities for improve-
ment? And what remains unknown? After considering these
points, one needs to carefully define their research question
and molecular imaging strategy.

2. Identify appropriate molecular target(s)

As with in vitro approaches, one should begin by examining
all relevant targets/biomarkers and determine which is most
suitable for visualizing the phenomena of interest. It can be
helpful to generate a list of potential targets for direct
and/or indirect imaging approaches (see sect. III). One can
also consider whether they want to image a specific molec-
ular target (e.g., EGF receptors) or a molecular process (e.g.,
apoptosis) to gain information about the pathology and/or
biochemical phenomena of interest. By choosing to image a
particular molecular target, one can obtain very specific
information; however, due to committing to one target, one
might be limited in terms of the applications of the imaging
strategy. On the other hand, by choosing a process (e.g.,
apoptosis), one can image an event that is a combination of
multiple underlying targets and thus may be more general-
izable to different applications; however, it may not be as
specific. There is always a tradeoff, and this needs to be
considered on a case-by-case basis. When identifying suit-
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able targets, one needs to keep a number of points in mind.
If one wants to image breast cancer, it is usually important
that the potential targets are not present in high levels in
“normal” breast tissue (e.g., a 2-fold higher target level in
cancerous breast tissue compared with normal breast tissue
is likely insufficient for obtaining a high contrast image).
Furthermore, the target needs to be “imageable” via the use
of available or proposed techniques.

Steps 1 and 2 (FIGURE 20) are extremely important. Both the
research question and proposed target(s) need to be thor-
oughly researched, discussed, and scrutinized. The signifi-
cance of the research question and rationale behind target
choice need to be clear.

3. Select appropriate imaging modality or modalities

Once suitable molecular target(s) are decided upon, the
next step is to decide which imaging modality, or combina-
tion thereof, is most suited to address the research question.
Ultimately, this decision depends on the location of the
target of interest and the eventual purpose of the research.

For example, if your ultimate goal is to image cancer me-
tastases of unknown location in a clinical setting, whole
body imaging is likely preferred, and an imaging modality
with limitless depth of penetration and no restrictions con-
cerning imaging large fields of view would be desirable (e.g.,
MRI, CT, PET, or SPECT). The strengths and limitations of
each modality, and their corresponding imaging agents,
need to be considered. As described in section II and
FIGURES 3–12, the main considerations include the follow-
ing: spatial resolution, depth of penetration, temporal res-
olution, cost, sensitivity (i.e., what mass of imaging agent
needs to be administered to achieve detectable signal), clin-
ical utility/translatability, safety profile, and how often a
subject can be imaged. Optical imaging for example is a
relatively cost effective way to evaluate reporter gene/re-
porter probe systems (276), as well as preclinical models;
however, it is not suitable for many clinical applications.

4. Select a molecular imaging agent

If a molecular imaging agent is required, one can either
A) select a known molecular imaging agent or B) design and

FIGURE 20. Flowchart demonstrating key steps involved in conducting a molecular imaging study (see text
in sect. V for a description and key considerations).
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synthesize a completely new entity. The selected/proposed
imaging agent must be able to bind to, or be converted by,
the target of interest whilst enabling interrogation of the
biochemical process(es) of interest via a detectable imaging
signal. Whether deciding upon an available imaging agent,
or designing one from first principles, there are numerous
points to consider.

A) SELECT KNOWN MOLECULAR IMAGING AGENT. If the selected
imaging agent is already known and has been extensively
used for imaging your target of interest (e.g., [18F]FDG, for
imaging glucose transport/hexokinase II activity), there is
little need to assess its mechanism or kinetics prior to use;
one can go directly to step 5 (FIGURE 20). If, however, the
imaging agent is known but has not been used to image the
target of interest, one must first conduct a number of in
vitro and in vivo studies (see steps 4Bi and 4Bii) to assess
specificity and selectivity.

B) DESIGN AND SYNTHESIZE NOVEL MOLECULAR IMAGING AGENT.
When designing a new imaging agent, it is wise to thor-
oughly research what has been attempted in the past (for
imaging the target of interest), and to consider the charac-
teristics of an “ideal imaging agent” (see sect. III). After the
novel imaging agent has been synthesized, it must go
through a series of in vitro and in vivo tests to assess its
specificity and selectivity for the target/process of interest.
These tests should only be performed after the identity and
purity of the newly synthesized imaging agent has been
confirmed via appropriate QC methods. Depending on the
type of imaging agent, QC procedures might involve NMR,
high-performance liquid chromatography (HPLC), thin-
layer chromatography (TLC), transmission electron mi-
croscopy (TEM), amongst others.

I) Imaging agent validation: in vitro. One of the first steps in
validating an imaging agent is the assessment of its specific-
ity and selectivity for the target site/process of interest in
vitro. These properties can be investigated through binding/
accumulation studies, using the purified target and/or cell
assays. For example, if one wants to perform cell assays for
in vitro validation of an imaging agent for EGFR (a cell-
surface receptor), one first needs to identify appropriate
positive and negative cell lines. If one selects a cell line
containing high levels of EGFR as a positive control, the
same cell line can also be transfected with siRNA to knock-
down levels of EGFR to create a negative control cell line.
Alternatively, if a cell line devoid of EGFR is selected as the
negative control, one can transfect this cell line with cDNA
for EGFR to induce high levels of this target, to create a
positive control cell line. After selecting appropriate posi-
tive and negative control cell lines, one can incubate the
imaging agent with these cell lines to determine the kinetics
of the imaging agent for the given process of interest. This is
followed by a series of washing steps, and measurement of
the imaging signal. It is a good idea to normalize the imag-

ing signal to the amount of protein in each sample (e.g.,
through general protein assays) and to evaluate whether the
imaging signal correlates with the levels of target of interest
(e.g., via western blot, qPCR etc.). Evaluation of new imag-
ing agents in positive and negative cell lines can provide
information on binding specificity and also whether your
agent can cross cell membranes. Assays can also be designed
to assess extent of protein plasma binding, efflux of imaging
agent, affinity, and selectivity of binding (via blocking and
competition studies with known selective compounds for
the chosen target). If the imaging agent binds to, or is con-
verted by, targets other than the target of interest, the asso-
ciated imaging signal will not provide information solely
indicative of the process/site of interest. It is important that
the imaging agent is highly specific and selective for the
target of interest. In addition, depending on the type of
imaging agent, other in vitro properties may need to be
assessed. For example, when designing a CNS imaging
agent that is intended to cross the intact blood-brain bar-
rier, it is important to assess lipophilicity.

II) Imaging agent validation: in living subjects. If the imag-
ing agent binds to, or is converted by, the target of interest,
with sufficiently high specificity and selectivity in vitro, the
next stage is to validate the imaging agent in living subjects.
In general, a greater than threefold higher level of binding/
interaction/accumulation of the imaging agent in a cell line/
assay containing the target of interest, compared with a cell
line/assay that is devoid of target of interest, is encouraging
and warrants investigation in living subjects.

Evaluation of an imaging agent in small animals can pro-
vide invaluable information regarding its in vivo binding
properties, biodistribution, and pharmacokinetics. For ex-
ample, one can take blood samples at various time points
following administration of imaging agent to evaluate its
metabolism (by analyzing processed plasma samples via
techniques such as HPLC). Ex vivo samples (e.g., liver,
brain, or other organs) can also be processed and analyzed
for metabolites at various time points of interest. It is pre-
ferred that metabolites of an imaging agent be more polar
than their parent compound and that they do not accumu-
late in regions of interest. Ex vivo biodistribution studies are
usually performed during initial evaluation of imaging
agents in living subjects. These studies involve sacrificing
animals at predetermined time points postinjection of im-
aging agent, harvesting organs of interest, followed by an
analysis of imaging signal in individual organ samples.
These studies can afford information about the percentage
of injected dose (%ID) of imaging agent that accumulates in
certain organs (typically one is interested in determining the
%ID/g in organs at different times, to understand the kinet-
ics and accumulation of an imaging agent).

At this stage, it might be useful to conduct acute and/or
chronic toxicity studies to ascertain any potential toxic ef-
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fects of the imaging agent, and to locate target organs of
toxicity. Such toxicity studies may include radiation dosim-
etry, if working with a PET or SPECT radioligand, and can
involve administering a dose of up to three orders of mag-
nitude greater than the maximum expected dose for human
use (464). Dosimetry studies are performed to obtain data
concerning the safety of the imaging agent for use in human
studies, provided clinical translation is the end goal of your
studies. The results from dosimetry studies can ultimately
limit the allowed amount of imaging agent to be adminis-
tered in humans, thereby defining the success of a particular
agent (336); it can be a make or break point for some
molecular imaging probes.

If necessary, the imaging agent can be evaluated in larger
animals, depending on the application of the imaging agent.
For example, agents for clinical imaging of cardiovascular
targets/processes will typically be assessed in pigs, as their
cardiovascular system is comparable to that of a human.
Likewise, imaging agents for CNS imaging are typically
assessed in non-human primates due to the similarity of
their brain structures to humans. Rodent organ systems,
brain structures, and metabolic pathways are somewhat
different from those in other species. Thus one must be
mindful that imaging results from rodent experiments are
not always predictive of what will be observed in larger
animals, or humans, due to potential species differences in
binding and/or metabolism of the imaging agent. It is there-
fore important to assess imaging agents in a few different in
vivo models if possible. Likewise, it is important to consider
evaluating the imaging agent in humans (after obtaining
regulatory approval) even if unfavorable metabolism is ob-
served in animals. Anesthesia used in animal studies may
adversely affect imaging results. If this is thought to be the
case, it may be worthwhile to conduct studies in animals
that have been trained to remain stationary while being
imaged, or moving the imaging probe into humans (where
anesthesia is not required).

Importantly, one should validate whether the imaging sig-
nal reflects the underlying biological process of interest in
living subjects (even if this has already been proven in vitro).
This may involve western blots, immunohistochemistry
(IHC), autoradiography (ARG), qPCR, mathematical mod-
eling, and dynamic imaging data to relate the imaging signal
to the actual levels of molecular target(s) of interest. One
should also study the ability to reproduce the signal for a
given level of molecular target to understand factors that
lead to changes in the measured imaging signal. These quan-
titation issues are very important to validate an imaging
agent and/or imaging strategy (122).

5. Perform imaging studies with relevant small
animal models

The biological research question of interest (from step 1)
can now be addressed using either a known imaging agent

(4A), or a novel agent that has been validated according to
steps 4Bi-4Bii (for its ability to bind to, or interact with, the
target of interest). Depending on the research question de-
fined in step 1, one can select relevant animal models, for
example, models of myocardial infarction, brain injury,
cancer, inflammation, etc. Once again, one must carefully
validate whether the imaging signal accurately reflects the
underlying biological process of interest. For example, if
one is interested in imaging EGFR overexpression in differ-
ent cancers, one may choose to work with mice bearing
xenografts or orthotopic tumors known to overexpress (or
not express as a control) EGFR to validate their imaging
strategy. Imaging studies can be followed by IHC and/or
western blot analysis to determine levels of target.

6. Regulatory approval

If the research question is of a clinical nature, the imaging
agent and/or imaging strategy must be tested for safety prior
to pilot testing in humans. This process usually involves
submission of animal data for approval of the imaging
agent for human use by the FDA (159). For certain imaging
agents, one can obtain an exploratory investigational new
drug (eIND) approval from the FDA to proceed with pilot
studies in human volunteers or patients (10 patients/appli-
cation). To apply for an eIND, one must have appropriate
toxicity data from testing in at least one species (e.g., ro-
dent) and radiation dosimetry estimates based on animal
studies (if the agent is radioactive). The eIND can be con-
verted to a full IND based on the results in the pilot patient
studies to proceed to additional patient studies. For most
imaging agents, it is also currently possible to directly file
for a full IND from the beginning with toxicity testing in
two species.

7. Clinical studies

Initial clinical studies conducted via the eIND or IND mech-
anism can help to identify the potential application(s) of the
imaging agent of interest. Some of the key important goals
of the initial pilot human studies include 1) evaluation of
the imaging agent’s biodistribution in humans as a function
of time following its administration, 2) proof that there is
no toxicity in humans at the doses being used for producing
a useful imaging signal, and 3) radiation dosimetry for
whole body and each key organ (only in the case of a radio-
active imaging agent). The need for human dosimetry data
is becoming a common requirement for advancing a molec-
ular imaging agent from phase I to phase II clinical trials
(464). Another goal of human imaging studies is to provide
information about whether the imaging results correlate
with the levels of target(s) the imaging agent was designed
to interact with. This is typically assessed by obtaining tis-
sue samples from patients following imaging studies.

Design of the appropriate clinical trials, including control
groups, is critical to understanding the true utility of an
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imaging agent. Although the process of eventually obtain-
ing clinical data is not entirely straightforward, human
studies are extremely valuable when determining key appli-
cations of the imaging agent in the diagnosis and manage-
ment of various diseases.

VI. THE FUTURE OF
MOLECULAR IMAGING

A. Grand Challenges of the Field

Molecular imaging has revolutionized the way we study
fundamental biological processes, and how we diagnose,
stage, and monitor certain diseases. Although molecular
imaging has enormous potential for a range of applications
(see sect. IV), there remain challenges to overcome so that
the potential of the field can be fully realized. Listed below
are some of the key challenges/bottlenecks.

1. Imaging agents

The Achilles’ heal of most molecular imaging techniques is
undoubtedly the need to administer an exogenous imaging
agent for interrogation of biochemical processes. The dis-
covery of such imaging agents is a relatively long, arduous,
and expensive investment that rarely affords a successful
(clinically useful and reimbursed) imaging tool. Some imag-
ing techniques, such as MRS and RS, do not require the use
of an imaging agent; however, they are typically restricted
by the types of biochemical targets/processes they can image
and/or the depth and spatial resolution they can achieve. In
the future, more emphasis needs to be placed on developing
new molecular imaging strategies whereby imaging agents
are not required, yet a large diversity of targets can be
interrogated. However, if we cannot avoid using imaging
agents, more collaborative efforts are needed to automate
their discovery and synthesis, to expedite their production.
Microfluidics, “lab-on-a-chip platforms,” and phage dis-
play are already being implemented for these purposes.

2. Biomarker discovery

Unfortunately, therapeutic biomarkers do not necessarily
translate into successful diagnostic imaging biomarkers. As
a result, the molecular imaging community cannot simply
rely on the pharmaceutical industry for their biomarker
needs. The requirements for a successful “imaging bio-
marker” are quite different from those of a therapeutic
biomarker. For example, a therapeutic biomarker needs to
lead to a pharmacological effect when modulated by a ther-
apeutic drug; however, this is not the case for an imaging
biomarker. Due to the different needs of molecular imaging,
researchers in this field should not necessarily overlook bio-
markers that pharmaceutical companies ignore. More ef-
forts should be focused on improving the high-throughput
discovery of biomarkers suitable for imaging purposes.

If one ignores the types of biomarkers that pharmaceutical
companies do (due to their different specific needs), one
misses out on the potential to markedly improve the field of
molecular imaging.

3. Chemistry

As mentioned above, imaging agent development is an in-
efficient and time-consuming process. One of the rate-lim-
iting factors in this process is the chemistry required to
synthesize these agents. This is mainly due to the amount of
time, effort, and resources poured into devising “one off”
solutions (i.e., strategies to synthesize one imaging agent).
Rather, designs should be geared toward general solutions
so that multiple imaging agents can be constructed using a
near-identical strategy. This is currently being addressed
through examples such as protein engineering-based gener-
alizable scaffolds (see Sect. VIB5). In addition to improving
the way synthetic strategies are approached, there is an
enormous need for high-throughput platforms for expedit-
ing development of imaging agents and also for screening
them in cell culture.

4. Instrumentation

Although there are numerous useful molecular imaging in-
struments, they are not without their limitations. For exam-
ple, PET is clinically useful but suffers from somewhat poor
spatial resolution. At best, it enables the visualization of �1
million cells, whereas ideally we would like to zoom-in on
just a few cells anywhere in the body. In terms of imaging
instrumentation, there should be a focus on refining and
improving upon already known instrumentation, brain-
storming novel ways to use the physical electromagnetic
spectrum, and further efforts geared toward the merging of
existing modalities so as to take advantage of different
strengths of complimentary instruments.

5. Number of people in the field who are
multimodality trained

There are an extremely limited number of scientists and
clinicians in the field of molecular imaging that are multi-
modality and multidisciplinary trained. Most have a solid
background in one (or two) discipline(s) and are instru-
ment- or technique-specialized. This means that the major-
ity of molecular imagers are limited in the way they ap-
proach an imaging problem/research question. A new gen-
eration of multidisciplinary scientists that can approach a
biological problem of interest through multimodality imag-
ing strategies continues to be in need.

6. Clinical translation

To expedite clinical translation of promising imaging
agents and instruments, we need to prove clinical utility.
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This should be accomplished by increasing the number of
rapid first-in-man efforts and by demonstrating safety
and reproducibility through standardization of tech-
niques. Academic groups developing imaging agents need
to collaborate with each other to accelerate clinical trans-
lation and to perform multicenter international clinical
trials. Novel models that involve academia, industry
(pharmaceutical and imaging companies), governments,
and foundations need to be better explored. Without help
from industry, academic groups will never be able to
bring enough molecular imaging agents into pilot trials.
Intellectual property issues related to novel imaging
agents also need to be considered along with business
models to show profitability for specific imaging agents
and their clinical applications.

7. Multiplexing capabilities and sensitivity

At present, it is not possible to look at a large number of
biochemical processes or targets simultaneously using most
molecular imaging techniques. For molecular imaging to
reach its full potential, we need to devise ways of visualizing
multiple targets and signaling pathways, simultaneously,
with ultra high sensitivity and specificity to gain a more
complete picture of disease and normal physiology. A sys-
tems imaging approach must be married to a systems biol-
ogy approach if we are to truly unravel the complexity of
biological systems.

8. Cost and availability of facilities

Many of the molecular imaging techniques are still rela-
tively expensive compared with in vitro techniques. Molec-
ular imaging will not survive as a field if everything is rela-
tively costly. We must work towards next-generation solu-
tions while optimizing many variables including costs. If we
can make molecular imaging with inherently lower cost
technologies (e.g., ultrasound, optical, photoacoustics) suc-
cessful, then the technologies will be deployed worldwide
and gain much more rapid acceptance. Additionally, the
molecular imaging agents themselves need to become rela-
tively low cost. This may be possible with nonradionuclide
based agents.

B. Possible Future Directions

Looking to the future, there are a number of areas in which
molecular imaging will likely advance dramatically. Some
areas include the following.

1. Implementation of newer imaging agents and
imaging techniques in standard practice

A number of the emerging imaging agents and imaging
techniques described in this article will become standard
practice in clinical environments and/or preclinical set-

tings. Imaging agents for visualizing AD (e.g., [11C]PIB)
will likely be used more frequently in the clinical arena
during the next decade. Also, imaging agents/technolo-
gies for prostate cancer detection, and apoptosis imaging
for monitoring tumor response to therapy will likely be-
come available. It is important to realize that (as with
drug discovery and development) only a handful of im-
aging agents that enter clinical trials will ever become
truly clinically useful. We will fail often in our endeavors
to design and implement new imaging strategies, and
thus we need to learn from our mistakes and have realis-
tic expectations. It is easy to get frustrated due to the
iterative nature of all research; however, patience and
persistence in the field of molecular imaging are critical.

2. More effective screening and
personalized medicine

A combination of in vitro diagnostics and molecular imag-
ing will likely enable screening of “at-risk” populations.
Effective screening will result in early detection of disease,
far before any clinical signs or symptoms manifest, ulti-
mately leading to improved treatment strategies and patient
outcomes. The merger of in vitro diagnostics and in vivo
diagnostics will be critical to solving the limitations of each
approach, and thus making personalized medicine a reality.
Clinically, this will lead to a blurring of boundaries between
radiology and pathology.

3. More dual-modality and multi-modality
molecular imaging

When investigating disease states and biological phenom-
ena, it is not favorable to restrict oneself to a single modal-
ity, as each modality has its limitations. Future efforts will
be aimed at combining modalities so we can draw on the
strengths of each individual instrument/approach. Ulti-
mately, this will improve the way we study complex biolog-
ical systems and disease states. Currently, there is no Swiss-
army knife equivalent of imaging that is able to answer all
questions for various applications, but by combining sev-
eral imaging technologies, we can move closer to this idea.
Upcoming clinical technologies, such as MRI-PET, are a
perfect example of two modalities that when combined may
lead to very useful clinical applications, including monitor-
ing pediatric tumors, and brain imaging using both MRS
and PET.

4. Improvements in imaging agent design
and development

It is envisioned that much progress will be made in the area
of imaging agent development. In particular, it is believed
that more high-throughput platforms for screening and
evaluating imaging agents prior to their investigation in
animals will become available. Significant progress is also
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expected in the areas of “smart” probe development and
multi-modality probes. Moreover, improvements in reporter-
probe pairs to facilitate molecular-genetic imaging are ex-
pected, resulting in more generalizable “indirect” imaging
approaches. For the most part, our communication with
imaging agents is one way, i.e., we can only receive infor-
mation. However, in the near future, we will likely have
access to imaging agents that not only provide us with in-
formation, but are also able to receive and respond to ex-
ternal input. Innovations such as this will allow true bidi-
rectional communication with imaging agents, thereby al-
lowing for better delivery of imaging agents that can then
act as small nanomachines to accomplish tasks we give
them to perform. The merger of diagnostics and therapeu-
tics into the evolving field of theranostics (see sect. IVF) will
then likely be possible. Since there are so many parallels
between developing and using molecular drugs and molec-
ular imaging agents, there is a strong likelihood that the two
fields will merge to accomplish both diagnosis and therapy
in a unified fashion.

5. Generalizable scaffolds for imaging agents

For reasons mentioned above, it is not usually wise to focus
enormous effort into developing “one-off” chemistry solu-
tions for development of imaging agents. Instead, a general
scaffold for a molecular imaging agent that can be easily
modified to adjust its in vivo behavior and pharmacokinet-
ics, depending on the needs of a given imaging study, is
desirable. This is becoming possible through identifying
generalizable scaffolds to which different targeting compo-
nents can be added, and the size, surface chemistry, and
lipophilicity can be tuned to yield an imaging agent with
customized capabilities, suitable for different imaging
needs. This type of strategy is not necessarily straightfor-
ward for all types of imaging agents, such as small mole-
cules; however, it is certainly worthwhile exploring before
investing time and resources into novel imaging agent de-
velopment. Progress in the areas of protein engineering and
nanoparticle-platform production is already making these
types of generalizable scaffolds a reality. Further efforts and
progress in this area is anticipated in the future.

C. Conclusion

The future of molecular imaging is indeed very promis-
ing. The continual development in the field is likely to
lead to major breakthroughs in our understanding of in
vivo biology, and also improvement in the clinical detec-
tion of disease and management of patients. Although
many approaches will likely fail, we must accept this as
part of the journey to success. As hard as it may be to
believe for many, the field of molecular imaging is still
only in its infancy, with many important discoveries
around the corner.

VII. SUPPLEMENTARY MATERIAL

A. Fluorescent Proteins

Fluorescent proteins (FPs) are proteins capable of fluoresc-
ing when exposed to an excitation light of a certain wave-
length. The first discovered FP was green fluorescent protein
(GFP). In 1962, Shimomura and colleagues reported the
isolation of GFP from the jellyfish Aequorea victoria (385);
however, it was not until 1994 that GFP was used for mo-
lecular imaging purposes (49).

The use of FPs in cell biology and in molecular imaging of
living intact subjects is now standard practice. A FP is typ-
ically used as either 1) a reporter of gene expression or 2) a
fluorescent tag so that a protein of interest can be tracked/
studied over time. The latter application involves geneti-
cally fusing the cDNA of a FP, to the gene of a second
protein of interest. The resulting recombinant vector is then
transferred into a host organism/subject so that one can
study the location and intracellular dynamics/interactions
of the protein of interest (125). Various cellular processes,
biochemical pathways, and protein-protein interactions
have been visualized using FPs and fluorescence microsco-
py/related imaging techniques. Some of the common FPs
and their important applications in molecular imaging are
detailed in the following key references (64, 160, 162, 163,
216, 380, 475).

Compared with fluorophores, FPs are relatively nontoxic,
meaning one can observe processes over extended periods
of time. This is important when longitudinal studies are
required.

Genetic variants of the original GFP nucleotide sequence have
been produced, including enhanced GFP (known as EGFP)
and Emerald. In fact, there are a number of available spectral
classes of FPs, including blue fluorescent proteins (emission �
�440–470 nm), cyan fluorescent proteins (emission � �470–
500 nm), green fluorescent protein (emission � �500–525
nm), yellow fluorescent proteins (emission � �525–555 nm),
orange fluorescent proteins (emission � �555–590 nm), and
red fluorescent proteins. Each spectral class of FPs consists of a
range of variants, for example, within the red fluorescent pro-
tein class there exists mCherry, mRFP1, tdTomato, mStraw-
berry, mRuby, mApple, and others. In total, there are over 40
different FPs, each with different spectral profiles, photostabil-
ity, and brightness (125). It can therefore become overwhelm-
ing and confusing when choosing an appropriate FP variant
for a particular study. It is typically recommended to stick with
the variants that have been tried and tested, for example,
EGFP (although some would argue the superiority of the vari-
ant Emerald). Please refer to the following review for a guide
to selecting FPs (380).

Due to progress in protein engineering, FP variants have
been tuned to improve their properties. Ideally, a FP should
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have good photostability, sufficient brightness (so there is
adequate signal compared with background autofluores-
cence), suitable spectral profile, and pH insensitivity. Un-
fortunately, no one FP is suitable for all applications, and
no single FP combines the best features of all FPs, so no
matter which FP is selected, there will always be a trade-off
concerning brightness, photostability, and/or spectral pro-
file (125).

It is important to note that the process of genetically fusing
the FP to the second protein of interest can often alter the
function (folding, normal localization, etc.) of either, or
both, proteins. Please refer to Reference 125 for trouble-
shooting concerning creating fusion fluorescent proteins
and issues relating to unexpected low levels of fluorescence,
improper folding of proteins, unstable expression, and/or
poor localization.

The discovery of FPs and their use in imaging studies has
forever changed the way we study biological systems. These
fluorescing entities are invaluable research tools for study-
ing biochemical processes and pathologies.

B. Stimulated Raman Scattering

The amplification of Raman scattering can be afforded via
the use of SRS, a phenomena first witnessed in 1962 (465).
SRS requires the use of two laser beams and has far greater
sensitivity compared with that of traditional spontaneous
RS. When the Raman shift equals that of a certain molecu-
lar vibrational resonance, the Raman signal is amplified as a
consequence of stimulated excitation (111). This three-di-
mensional multiphoton microscopy technique has been
used in a variety of in vitro and ex vivo biomedical applica-
tions, including imaging living cells to decipher distribu-
tions of omega-3 fatty acids and saturated lipids, evaluation
of brain and skin tissues according to intrinsic lipid con-
trast, and observing drug delivery (111). The main advan-
tages of SRS are its high sensitivity, three-dimensional map-
ping capabilities, and the fact that no exogenous imaging
agent is required.

SRS microscopy is a budding new technique for investigat-
ing biochemical processes and their dynamics in living cells
and/or tissues based on the molecular specificity of Raman
spectroscopy. Imaging studies still need to be performed in
living subjects.
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