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Abstract The emergence of angiogenesis as an important target for cancer therapy has led to increased research
aimed at understanding the mechanisms underlying the development, maintenance, and destruction of tumor
vasculature. Concurrently, molecular imaging technologies have been developed and are being incorporated as integral
components of biomedical research due to their ability to noninvasively monitor in vivo molecular events. With the
evaluation of numerous anti-angiogenic agents in clinical trials, the adaptation and validation of molecular imaging
modalities for monitoring angiogenesis is actively being pursued. The importance of selecting appropriate molecular
targets in the study of angiogenesis has become increasingly complex due to the pleiotropy of vascular phenotypes.
Furthermore, due to both the relatively low abundance of endothelial cells in tumor tissue and the inherent difficulties of
detecting molecular events, molecular imaging of vasculature necessitates continued improvements in achieving higher
sensitivity. While several studies have been published that set the groundwork for imaging angiogenesis, much has yet to
be accomplished. Various tumor models and transgenic mice provide an excellent resource for developing molecular
imaging technologies for the understanding of angiogenesis. This research may play a particularly crucial role in
evaluating mechanism and efficacy during pre-clinical testing of anti-angiogenic drugs. Due to practical limitations,
however, the implementation of angiogenesis-directed molecular imaging may not extend beyond highly specialized
clinical trials. That is, imaging modalities that evaluate angiogenesis at a functional level may prove more appropriate.
Despite future technical challenges, molecular imagingwill become an important research and clinical tool in evaluating
tumor angiogenesis. J. Cell. Biochem. Suppl. 39: 72–78, 2002. Published 2002 Wiley-Liss, Inc.{
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Angiogenesis, or the recruitment of new
vasculature from existing blood vessels, is a
vital component of many normal physiological
processes. Under inappropriate conditions,
however, angiogenesis may serve as a crucial

factor in disease development and progres-
sion [reviewed by Carmeliet and Jain, 2000].
Pathological angiogenesis has been demon-
strated in several diseases including cancer, hy-
pertension, rheumatoid arthritis, and diabetic
retinopathy.

Briefly, angiogenesis is a complex process
regulated through a fine balance of pro-angio-
genic and anti-angiogenic molecules. Thus, a
relative increase in pro-angiogenic stimuli will
result in blood vessel recruitment. While
endothelial cells serve as the building blocks of
blood vessels, the immediate microenviron-
ment, hormonal influences, and multiple cell
types all influence the angiogenic process.
Tumors may switch to an angiogenic phenotype
under various types of metabolic, mechanical,
or immunological stressors. This switch results
in progression from microscopic disease to
expansive tumor growth andmetastases. Thus,
the initiation and maintenance of pathological
angiogenesis has been the focus of active
research as a putative target of cancer therapy.
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Molecular imaging has emerged as an excit-
ing tool for serially evaluating in vivomolecular
events noninvasively. More precisely, molecu-
lar imaging technology adapts current imaging
technologies, such as magnetic resonance im-
aging (MRI), positron emission tomography
(PET), and optical imaging, to monitor molecu-
lar events. While active efforts by several
groups to develop molecular imaging technolo-
gies for evaluating angiogenesis are in progress,
few if any molecular imaging methods have
been validated as versatile methods of monitor-
ing angiogenesis. This is a result of the molec-
ular complexity of angiogenesis and the relative
infancy of molecular imaging as a field. This
review addresses multiple topics in the devel-
opment and application of molecular imaging
to tumor angiogenesis, from the selection of
a molecular target to the role of molecular
imaging in angiogenesis-related clinical trials.

SELECTING MOLECULAR TARGETS
IN ANGIOGENESIS

Since angiogenesis is a complex process
involving multiple cell types and molecular
mediators, the selection of molecular imaging
targets is extremely important. For instance,
prior to the elucidation of separate angiogenic
pathways mediated by integrins related to
either vascular endothelial growth factor
(VEGF) or basic fibroblast growth factor (bFGF)
[Friedlander et al., 1995], an investigator
targeting one specific integrin could miss im-
portant changes in angiogenesis modulation.
Thus, a specific target should be explored and
thoroughly validated before extensive research
efforts are directed towards developing a speci-
fic molecular imaging application.
The discovery of distinct vascular markers in

different tissues through phage display tech-
nology provides an important avenue for direc-
ted molecular imaging of angiogenesis [Trepel
et al., 2002]. This has increased importance in
molecular imaging applications that use intra-
venous delivery of contrast or substrate agents.
Such agents could be targeted to specific tissues
through their endothelial ‘‘zip code,’’ thus im-
proving localization and overall efficiency. This
is particularly important for the concurrent
delivery of therapeutic and imaging agents in
the treatment and monitoring of cancer. Also,
tissue-specific angiogenesis may be targeted
by exploiting pathways unique to a particular

tissue [LeCouter et al., 2002]. For the general
evaluation of angiogenesis, a universal target
for the evaluation of tumor vasculature would
be of great benefit and would likely have in-
creased applicability to general clinical prac-
tice. However, a putative universal target has
yet to be robustly validated. We have developed
aversatile systemusingmurineMRIandmicro-
arraytechnologyforqueryingdifferenceswithin
imaged tumors [Costouros et al., 2002]. Briefly,
tumors are imaged, excised with concordant
orientation, sectioned, and co-registered.Tissue
can then be examined histologically with ap-
propriate stains and immunohistochemical
methods, or RNA can be extracted for micro-
array analysis fromspecific tumor regionsusing
laser capture microdissection (Figure 1). This
methodology can be applied using various imag-
ingmodalities and targetedmolecular reporters
or contrast agents for the discovery of future
molecular targets. Also, imaging observations
may be correlated with molecular events in
validating assumptionsmade through imaging.
Some promising targets for reporters of tumor
angiogenesis include the anb3 integrin adhesion
receptor, the neovasculature specific Tie2 pro-
motor, hypoxia inducible factor-1a, and various
matrix metalloproteinases (MMPs) involved in
angiogenesis progression and metastasis.

SENSITIVITY, SPECIFICITY,
AND RESOLUTION

A major technical hurdle for most current
molecular imaging applications is poor sensi-
tivity for low-level molecular activity. In the
imaging of angiogenesis, this difficulty is com-
pounded by the relatively small proportion of
endothelial cells within tumors. Thus, methods
for improved sensitivity and signal to noise ratio
(SNR) are crucial to the feasibility of molecular
imaging in angiogenesis. While anatomic loca-
lization of molecular activity may not be essen-
tial for specific experiments, pre-clinical and
clinical applications of molecular imaging will
require either concurrent anatomic resolution
or the capability for accurate co-registration
across imaging modalities.

The recent development of CT-PET imaging
may address both of these issues. CT-PET com-
bines the advantages of its component modal-
ities—the excellent sensitivity and functional
imaging of PET and the anatomic detail of CT
(sub-millimeter resolution). However, despite
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general anatomic co-registration and localiza-
tion with CT-PET, finer details are not appre-
ciated with PET due to the intrinsic limitations
in resolution (several millimeters). This can be
overcome in small animal imaging through the
use of micro-PET (sub-millimeter resolution)
[reviewed by Chatziioannou, 2002]. As tumors
tend to be heterogeneous in their vascular
distribution, more robust information may be
achieved with molecular imaging modalities
that concomitantly provide anatomic detail,
such as MRI.

In contrast to PET, MRI offers excellent
anatomic resolution (millimeter to sub-milli-
meter resolution with increasingmagnetic field
strength). However, current contrast agents
lack the necessary specificity and SNR for
molecular imaging applications.MolecularMRI
is based on the premise that magnetic reporters
are specifically targeted through a receptor-
ligand or antibody fragment. Also, specificity
may be achieved through magnetic agents that
are trapped or activated in the appropriate
molecular environment, e.g. through enzymatic
modification [Louie et al., 2000]. Despite the

localized accumulation and specificity of these
agents, current MRI is unable to image molec-
ular contrast agents with adequate sensitivity.
Thus, several schemes for MRI contrast agent
signal amplification are being investigated, in-
cluding directed enzyme conjugates [Bogdanov
et al., 2002] and targeted contrast polymer
agents [Curtet et al., 1998].

In addition to PET, CT, and MRI, optical
imaging methods are becoming increasingly
powerful techniques for studying angiogenesis
invivo.Currently, themostcommonlyemployed
optical makers are fluorescent proteins (e.g.
green fluorescent protein (GFP)), biolumines-
cent enzymes (e.g. luciferase), and near-infra-
red (NIR) probes (e.g. Cy5.5 labeled proteins).
Because these techniques rely on optical phe-
nomena such as fluorescence and biolumines-
cence, which are significantly impacted by
factors such as tissue absorption and autofluor-
escence, they are to date limited in application
to small animal imaging. An exception is NIR
imaging; because longer wavelengths transmit
through tissues more efficiently than shorter
ones, NIR imaging is more suited for in vivo

Fig. 1. Correlating imaging with biology. Image of tumor (left)
shows distinct regions based on contrast or reporter delivered
intravenously. Tissue can then be removed, sectioned, and co-
registered with image (A). From the sectioned tissue, biological
correlationwith imaging can be performed, for instance, through
immunohistochemistry for describing protein (or protein-expres-

sing cell type) distribution (B) or microarray gene expression
analysis (C) from distinct enhancing regions (light and dark
elipses). Compiled information can then be used to make
biological inferences based on the contrast agent or reporter
used for imaging, as well as to define new molecular targets for
imaging (D).
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applications than fluorescent (e.g. GFP) imag-
ing. The greatest inherent SNR of the optical
methods is provided by bioluminescent imag-
ing, because in light-tight imaging chambers,
signal is only derived from tissues expressing
luciferase. While tissue penetration is an ob-
vious difficulty for all optical methods, the
power of these techniques as research tools
should not be underestimated. Advantages of
optical imaging methods include their low-cost,
the relatively simple technology allowing for
high throughput experiments, and the simulta-
neous use of multiple markers with different
optical characteristics to study several biologi-
cal processes in the same experiment. Encoura-
ging evidence is provided by results such as
thenoninvasive visualization of relatively small
numbers of luciferase-expressing cells in the
abdominal organs of a mouse [Edinger et al.,
1999]. This level of sensitivity may be more
appropriate for visualizing angiogenesis. Cur-
rently, transgenicmice have been developed ex-
pressing GFP (FVB/N-TgN(TIE2GFP)287Sato)
or beta-galactosidase (FVB/N-TgN(TIE2-lacZ)
182Sato) under control of the Tie2 promotor
(The Jackson Laboratory, BarHarbor,ME). For
in vivo imaging applications, however, the
development of a transgenic mouse with the
luciferase gene under control of the Tie2 pro-
motor is needed for an adequate SNR.

THE STUDY OF ANGIOGENESIS

The application of molecular imaging to
angiogenesis can be divided into direct and in-
direct (surrogate) detection of molecular acti-
vity.Directdetectioninvolvesdetectingprimary
molecular events, such as receptor expression
on endothelium or enzymatic activation of a
reporter. As previously mentioned, this type of
imaging typically suffers from poor sensitivity.
In contrast, indirect detection monitors se-
quelae of primary molecular events for which
inference is made based on indirect imaging
findings, such as changes in pH due to altered
angiogenesis.While limitations exist inmaking
inferences based on indirect imaging methods,
this approach can help to overcome problems
associated with direct imaging. For instance,
indirect imaging could provide information of
the downstreameffects frommultiple angiogen-
esis pathways, thus avoiding missing the
correct molecular event. Also, indirect imaging
methods could be directed towards molecular

activity that results in biological amplification,
such as through a signal cascade, thus provid-
ing improved sensitivity.

Direct Molecular Imaging

Several methods of direct molecular imaging
of angiogenesis are currently being evaluated.
A powerful approach to studying angiogenesis
in vivo at a microvascular, cellular, and now
molecular level is provided by intravital fluor-
escence videomicroscopy. The advantage of this
technique is that it provides a high spatial
resolution, noninvasive, direct, and continuous
visualization of the tumor microvasculature.
Single cells labeled with optical markers can be
detected and followed as they migrate through
blood vessels, and tumor biology can be studied
in dorsal skin chambers created in living
animals. Coupled with the advances in fluor-
escent and bioluminescent reporter genes, this
technology is now shedding light on molecular
events. For instance, using a transgenic mouse
expressing GFP under the control of the pro-
moter for VEGF, the importance of host stromal
cells in the angiogenic tumor environment has
been demonstrated with intravital videomicro-
scopy [Fukumura et al., 1998]. As previously
mentioned, a transgenic line expressing GFP
under control of the Tie2 promoter has also been
created [Motoike et al., 2000]. Further recent
advances include the use of the multiphoton
laser-scanning microscope. Its advantages in-
clude high three-dimensional resolution of
processes such as gene expression in tumors,
including both tumor surface and deep regions
[Brown et al., 2001].

Lower spatial resolution optical techniques
are afforded by whole-body fluorescent and
bioluminescent imaging of small animals. Due
to poor sensitivity resulting from the low ab-
undance of endothelium and angiogenesis-
associated molecular events relative to tissue
volume, these techniques are limited in detect-
ing primary events. However, the technology
has been used to study tumor angiogenesis in
a variety of ways. For instance, fluorophore
coupling has been used to image a fibronectin
isoform that is present in tumor vessels during
angiogenesis [Neri et al., 1997]. Using the
contrast between bright GFP-expressing tumor
tissue and darker intratumoral blood vessels,
in vivo fluorescent imaging has been utilized to
quantify tumor angiogenesis in real time at
relatively transparent, orthotopic sites, such as
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themouse breast fat pad [Yang et al., 2001]. The
enzymatic activity of matrixmetalloproteinase-
2 (MMP-2), which had previously been shown in
a tumor model to be necessary for the switch to
the angiogenic phenotype [Fang et al., 2000],
has been visualized noninvasively in vivo using
MMP substrates linked to quenchedNIRfluoro-
chromes [Bremer et al., 2001]. The action of
MMP-2 on these substrates caused activation
of the fluorochromes and enabled the imaging
of enzymatic activity (and the activity by clinic-
ally relevant inhibitors) in the live mouse.

The utility of PET has been demonstrated in
the targeted imaging of anb3 integrins, a cell
adhesion receptor enriched on tumor endothe-
lium, via an RGD peptide labeled tracer in
mice [Haubner et al., 2001]. The anb3 integrin
receptor has also been exploited using MRI
with targeted paramagnetic liposomes [Sipkins
et al., 1998] or nanoparticle contrast agents
[Anderson et al., 2000]. Ultrasound has been
used to target activated endothelium using
microbubble contrast agent against ICAM-1
cell adhesion receptors [Villanueva et al., 1998].
However, the utility of ultrasound in molecular
imaging may suffer due to substantial varia-
bility in acquiring images and interpreting
results.

Indirect Molecular Imaging

Current indirect imagingapplications related
to angiogenesis exploit changes in tumor micro-
environment, such as oxygenation, pH, and
metabolism, that are related to vascular status.
Whilemolecular imaging using PET is typically
targeted for direct imaging, the widespread
radiotracer 18F-fluorodeoxyglucose (FDG) can
be categorized as an indirect imaging reporter
that measures increased glycolysis from well
oxygenated, actively proliferating tumor cells.
However, conflicting literature correlating
angiogenesis and FDG uptake supports the
observation over the last decade that tumor
cells may selectively switch their metabolic
profile independent of the angiogenic status of
the tissue [Aronen et al., 2000; Veronesi et al.,
2002].

MRI has great potential for indirect molecu-
lar imaging applications using advanced im-
aging techniques such as magnetic resonance
spectroscopy (MRS) andblood oxygenation level
dependent (BOLD) imaging. MRS is emerging
as a useful tool for measuring metabolite levels
in tissue. Current MRS applications are limited

by the number of observable metabolites and
typically use proton signal due to its higher
sensitivity compared to other detectable iso-
topes. Feasibly imaged on most current clinical
MRI scanners, the anaerobic production of
lactate could be considered amarker for hypoxic
tissuewith inadequate angiogenesis. LikeFDG,
however, the use of lactate as a marker of
hypoxia is confounded by variable tumor meta-
bolism independent of tissue oxygenation.
Another approach could measure adenosine
phosphate nucleotide energy dynamics using
phosphorus MRS, correlating ATP production
and consumption associated with aerobic meta-
bolism. However, phosphorus imaging still
suffers from decreased sensitivity in compar-
ison toprotonMRS.Through technical improve-
ments and the implementation of higher field
strength MR scanners, this technology should
provide an effective means for indirectly mea-
suring angiogenesis modulation. BOLD ima-
ging exploits the paramagnetic nature of
deoxyhemoglobin, thus using an intrinsic con-
trast agent for detecting tissue oxygenation
levels. This has been used for assessing changes
in angiogenesis modulation in response to
changes in VEGF [Abramovitch et al., 1999] or
Met activation by hepatocyte growth factor
scatter factor [Shaharabany et al., 2001].
Furthermore, pH sensitive contrast agents,
such as liposomes that undergo a conformation
change in acidic pH and consequently deposit a
contrast agent or reporter, may also prove
useful for monitoring the pH in the tumor
microenvironment [Lokling et al., 2001].

FUTURE ROLE OF MOLECULAR
IMAGING IN ANGIOGENESIS

While molecular imaging has demonstrated
impressive potential for understanding angio-
genesis in the research setting and will play an
important role in pre-clinical assessment of
novel anti-angiogenisis drugs, the true hope
for any new noninvasive diagnostic technology
is its application to patient care. Fromassessing
the extent of disease and planning appropriate
therapy to evaluating treatment responses or
relapses, molecular imaging will play an impor-
tant role in anti-angiogenic therapy. This role is
intimately linked to current trends in pharma-
ceutical design and the general cytostatic
nature of anti-angiogenesis therapy. For in-
stance, with drugs designed using molecular-
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based rationale such as the protein-tyrosine
kinase inhibitor GleevecTM (Novartis Pharma-
ceuticals, East Hanover, NJ) and the push for
developing clinically appropriate gene-therapy
vectors, future therapy will require the ability
to monitor associated molecular events. Since
effective anti-angiogenic therapy will often
show changes on the scale of hours to days, far
before appreciable changes in tumor size,
standard imaging methods are insufficient for
assessing therapeutic response. In addition,
intravenous targeting of imaging agents to
tumor bears similar problems as chemothera-
peutic delivery. That is, vascular heterogeneity
and variable interstitial pressures may inhibit
universal distribution of the targeted substance
within the tumor, giving an inaccurate assess-
ment of tumor angiogenesis. Thus, other im-
agingmodalities, such as techniques describing
the functional status of tumor vasculature
[Libutti et al., 1999], may be more indicative of
the angiogenic state of a tumor. As with any
new imaging technology, molecular imaging of
angiogenesis will serve as an adjunct modality
to well-established techniques, and will likely
be implemented to describe particular angio-
genic phenotypes pertinent to cancer therapy.
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