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Introduction

Traditional Cardiovascular Imaging

Pathological changes in coronary artery anatomy are commonly used to guide
management of patients with coronary artery disease (CAD) and other vascular
diseases. To this end, anatomical imaging platforms like invasive angiography,
contrast-enhanced computed tomography (CT) angiography, or magnetic reso-
nance angiography (MRA) provide images of the vascular tree, allowing visual-
ization of individual arteries. These techniques rely on detection of luminal
stenosis (or dilatation). The severity of each lesion is estimated on the basis of
anatomic size of the lumen compared to nondiseased artery segments. This infor-
mation is used to guide therapy which may consist of medical management or
invasive percutaneous or surgical revascularization. Despite providing highly
informative data regarding arterial anatomy, angiography yields little information
about the cellular constituents or tissue characteristics of the vessel wall. The pres-
ence of calcification is a notable exception which may be detected by invasive
angiography or CT and provides information on the extent of atherosclerosis and
potentially the likelihood of complications. High resolution anatomical images of
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the vessel wall may be obtained using intravascular ultrasound (IVUS) and more
recently optical coherence tomography (OCT). Both techniques are invasive, i.e.,
require catheterization of arteries through small surgical procedures. Using IVUS,
the “total vessel” and luminal areas as well as intimal thickness may be readily
measured and aspects of vessel wall structure, including lipid core and calcification,
may be identified [1]. OCT provides very high resolution (~10 um) images of the
vessel wall and can be used to define other aspects of atherosclerotic plaque struc-
ture, including the thickness of fibrous cap which is an important determinant of
plaque stability. A major shortcoming of OCT is that its depth of imaging is limited
to 1-2 mm [2].

Myocardial perfusion imaging (MPI) with platforms such as single photon emis-
sion computed tomography (SPECT), positron emission tomography (PET), mag-
netic resonance imaging (MRI), CT, or echocardiography assesses myocardial
blood flow and defines the functional significance of coronary artery stenosis.
Through detection of relative or absolute reduction in myocardial perfusion, isch-
emic territories (or those at risk for ischemia) can be qualified in terms of overall
size, distribution, and severity. The size and severity of territories at risk for isch-
emia are functional indices that, similar to coronary anatomy, may be used to guide
therapy. Importantly, the prognostic information on CAD obtained through physio-
logical imaging with nuclear-based MPI is additive to the data provided by coronary
angiography. Despite its strengths, MPI yields scant information regarding subcriti-
cal coronary stenoses or normal-appearing segments of the artery. Further, the
stability of established atherosclerotic lesions cannot be assessed using functional
indices provided in perfusion studies; hemodynamically significant but stable
coronary lesions cannot be segregated from those which are imminently prone to
rupture.

Molecular Imaging

By providing anatomic and functional data, traditional imaging provides valuable
diagnostic and prognostic information, often in the setting of established and
symptomatic vascular disease. Traditional imaging approaches are routinely used
in clinical cardiovascular medicine (and basic research) and have contributed to
the decline in cardiovascular mortality observed in recent decades. However, it is
now well recognized that beyond the presence of flow-limiting stenosis, other
aspects of vessel wall biology (e.g., vessel wall inflammation and matrix remodel-
ing) are key determinants of propensity to vascular complications. Molecular
imaging is an emerging field developed to address such limitations of traditional
imaging. It refers to imaging techniques used to monitor and detect the spatial and
temporal distribution of molecular or cellular processes in vivo [3]. Characterization,
visualization, and quantification of the target process are inherent components of
molecular imaging. Unlike traditional imaging which may rely on contrast agents
with nonspecific (vascular or otherwise) distribution, in molecular imaging a
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systemically administered probe specifically localizes to an area with a biologically
relevant molecular or cellular process. The probe signal may be detected using one
of the existing imaging modalities (platforms), including PET, SPECT, MRI, ultra-
sound, CT, or optical imaging. As described above, aberrancies in anatomy and
physiology detected by classical anatomical and functional imaging are often late
(and rather incomplete) manifestations of cardiovascular diseases. This limits the
diagnostic and prognostic value of traditional imaging and restricts its use for bio-
logical studies. Molecular imaging can potentially overcome these constraints,
thereby broadening the applications of noninvasive (or invasive) imaging studies.
For example, rather than imaging the late consequences of atherosclerosis, various
molecular and cellular events involved in the initiation and progression of athero-
sclerosis and development of its complications may be detected using specific
probes. In aortic aneurysm, molecular imaging may identify small aneurysms at
high risk for rupture. In cardiac transplantation, where late detection of graft arte-
riosclerosis is a major challenge to patient management, molecular imaging may
identify the disease at an early stage where preventive and therapeutic approaches
may be more effective. As such, widespread adoption of molecular imaging could
lead to a paradigm shift in the management of many cardiovascular diseases.
Molecular imaging may also serve as a powerful investigational tool for basic bio-
logical studies of cardiovascular diseases. Finally, by tracking the effect of thera-
peutic interventions in vivo, molecular imaging may facilitate cardiovascular drug
development.

Challenges in Vascular Molecular Imaging

Molecular imaging is based on the premise that systemically administered probes
(in trace amounts without detectable biological activity) can be selectively tar-
geted to regions of interest to produce a specific signal strong enough for detec-
tion using an imaging platform. The abundance and accessibility of the target,
properties of the ligand, and inherent capabilities of the imaging platform are key
determinants of the feasibility and success of molecular imaging. In general,
molecular imaging probes consist of conjugated ligands or substrates with high
affinity, specificity, and selectivity for the target. The target should be abundant
enough to generate a detectable signal. This is especially a challenge in vascular
molecular imaging where the size of the target organ is a major limiting factor.
Nevertheless, as described in the following sections, adhesion molecules, pro-
teases, and scavenger receptors are examples of the classes of molecules which
are highly induced in vascular pathology and have been successfully targeted for
molecular imaging. A variety of ligands, including antibodies, peptides, and small
molecules, have been used as the targeting moiety to generate highly specific and
selective probes. Amplification of the signal has been achieved through a number
of strategies, including intracellular sequestration of probe and the use of multiva-
lent probes.
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Enhanced endothelial cell permeability, such as that found in atherosclerosis,
promotes access to subendothelial structures, and also can lead to nonspecific uptake
of the probe which is a confounding factor in many imaging studies of the vessel
wall biology. Due to close proximity of the vessel wall with circulating blood, the
residual blood pool activity can mask a specific signal from adjacent structures.
Alternatively, this can lead to false positive results secondary to changes in blood
volume, for example, in the case of arterial aneurysm. These confounding factors
underscore the importance of appropriate controls and careful analysis of the data in
evaluating novel tracers for imaging vessel wall biology. Favorable probe pharma-
cokinetics are instrumental in vascular molecular imaging as high target-to-back-
ground ratios can only be achieved with relatively durable high-affinity binding to
target molecules in concert with rapid clearance of nonbinding probes. Finally, car-
diac motion is a hitherto unresolved major problem which has limited the applica-
tion of molecular imaging to coronary pathologies. As shown in the following
sections, this myriad of challenges has been met with varying degrees of success by
investigators. Advances in technology and ongoing basic research combined with
considerable clinical and pharmaceutical interest should facilitate the resolution of
these challenges and ensure clinical translation of molecular imaging.

Molecular Imaging Platforms

In addition to their application in traditional anatomic and physiologic imaging, a
growing number of imaging platforms are used for molecular imaging of the cardio-
vascular system. The strengths and limitations of each modality are reviewed in this
section. A good understanding of these issues helps investigators and clinicians in
selecting the most appropriate modality (or their combination) for each specific
application.

Nuclear Imaging

Single Photon Emission Computed Tomography

Nuclear imaging techniques including SPECT and PET (discussed below) have
functioned as the mainstay imaging platforms for molecular imaging for several
decades. Both techniques use trace concentrations of radiolabeled probes (pM to
nM) to provide a detectable signal. Similar to planar imaging, SPECT cameras
detect the y-rays emitted by radioisotopes such as ''In, '*I, and *"Tc. In SPECT
imaging, true volumetric three-dimensional images are obtained which can be
cross-sectioned in any direction. Because each radioisotope has a distinct energy
profile, multiple tracers may be imaged simultaneously. This is especially impor-
tant for imaging highly complex processes such as arthrosclerosis where a single
tracer may not provide a full picture of the underlying biology. Compared to
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other modalities discussed below, SPECT and PET are highly sensitive and
widely available. A disadvantage of SPECT imaging is spatial resolution which
is ~1 cm for traditional clinical cameras. For small animal imaging, microSPECT
cameras equipped with pinhole collimators offer a resolution of ~1 mm for *™Tc
[4, 5]. Like PET, SPECT exposes subjects to ionizing radiation.

Positron Emission Tomography

PET cameras detect high energy y-rays generated after annihilation of positrons
emitted by certain radioisotopes [6]. Clinical PET cameras intrinsically offer higher
spatial resolution (4-5 mm) than SPECT cameras. However, for small animal imag-
ing the free path of positrons before decay (~2 mm for '*F) adversely affects micro-
PET resolution relative to microSPECT imaging. Compared to SPECT, PET is an
even more sensitive technique. In part, because of its high count statistics and good
temporal resolution, PET imaging can provide absolute quantification of biological
activity expressed as units of radioactivity per unit of volume. Unlike classical
SPECT, PET may be used for dynamic imaging to delineate regional tracer flow or
kinetics [7]. A disadvantage of PET imaging is the short half-life of PET radioiso-
topes (e.g., 2 h for '®F), which necessitates close proximity to a cyclotron to generate
imaging probes. The availability of positron emitting isotopes such as '"C which
may be incorporated into a probe without altering its physical and chemical proper-
ties is a major advantage of PET imaging.

Magnetic Resonance Imaging

In MRI an external magnetic field is applied to a subject, eliciting alignment with the
magnetic field of certain nuclei (e.g., hydrogen) which normally spin in different
directions. This alignment may be perturbed with a weak rotating radiofrequency
pulse. The recovery of magnetization (relaxation) can subsequently be measured in
either a plane parallel or longitudinal to the external magnetic field (T, relaxation
time), or in a transverse plane (T, relaxation time). Inherent differences in relaxation
times are exploited to generate contrast between different tissues. In the presence of
contrast agents, e.g., gadolinium and iron oxide particles, the magnetic properties of
the environment are altered, and a signal (whether positive or negative) is generated.

A major advantage of MRI compared to nuclear imaging is its high spatial reso-
lution (25-100 pm) [8], which in combination with its excellent soft tissue contrast
allows for combined anatomic and biologic imaging in one setting. This is espe-
cially important for imaging atherosclerosis where a combination of anatomical and
biological features determine plaque vulnerability. The main limitation of MRI is
low sensitivity [8]. As such, targeted imaging of the vessel wall often requires large
micromolar concentrations of contrast agents which may potentially lead to untow-
ard biological effects. Technical advances in probe development and alternative
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imaging sequences (such as "’F MRI) can potentially increase sensitivity, reduce
background signal, and improve quantification capabilities of MRI [9].

Several probe platforms have been used for molecular MRI. Gadolinium short-
ens water proton T, relaxation times and generates a positive signal enhancement
(white) on T -weighted images. Nanoparticle liposomes [10], lipid-encapsulated
perfluorocarbon emulsions [11], and micelles [12] containing gadolinium chelates
have been designed and tested in vivo for imaging of angiogenesis, thrombus, and
atherosclerosis. Superparamagnetic iron oxide-based agents may be classified into
different categories based on the diameter of the iron oxide core [13]. Iron oxide
agents alter T, relaxation times, creating hypointense areas that appear black on
T,-weighted images. The negative enhancing signal associated with iron oxide
uptake may be difficult to discriminate from negative enhancement associated with
motion or flow artifacts. Signal loss is also heavily dependent on image resolution
and regional contrast agent concentration. To overcome these limitations, several
groups have developed “positive” MRI sequences (which generate white, hyperin-
tense signals) to specifically detect sites of iron oxide uptake [14].

Ultrasound Imaging

Ultrasound imaging is based on the use of gas-filled microbubbles which resonate
when exposed to ultrasound. The microbubbles are injected systemically and upon
exposure to ultrasound waves become acoustically active, resonating at a frequency
that can be detected using high-frequency sonographic probes. Selective accumula-
tion of targeted microbubbles subsequently generates a bright (echogenic) signal at
given regions of interest. Using antibodies and other ligands, these microbubbles
are engineered to selectively bind to their targets [15]. A major advantage of ultra-
sound imaging is real time, inexpensive, and noninvasive imaging with relatively
high spatial and temporal resolution. This facilitates serial imaging to monitor bio-
logical processes in vivo. The ability of ultrasound imaging to delineate anatomy
further facilitates image acquisition and interpretation. A main limitation of ultra-
sound-based imaging is that the size of microbubbles limits its use in molecular
imaging to endothelial or intravascular targets. Furthermore, high ultrasound fre-
quencies required for high resolution vascular imaging are not optimal for microbub-
ble detection [15].

Optical Imaging

Optical imaging, with its multitude of forms, is a highly versatile imaging modality
that can be readily adapted for molecular imaging applications [16, 17]. The most
common optical imaging technique for cardiovascular molecular imaging is
fluorescence. Fluorescent imaging relies on fluorescent probes that upon excitation
with external light emit light at higher wavelengths. These probes may fit into one
of three categories: nontargeted (e.g., indocyanine green for angiography), targeted
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(ligands conjugated with fluorochromes), or activatable. The fluorescence in an
activatable probe is in a quenched state at baseline, and can be dequenched upon
cleavage of a specific substrate by an enzyme. This approach is associated with less
background than other categories of probes and can provide highly sensitive infor-
mation about enzymatic activity [18]. Distinct excitation and emission spectra of
different fluorophores allow for simultaneous imaging of multiple targets in vivo.
Given the exquisite sensitivity of optical imaging, fluorescent probes may be used
at low concentrations and detect targets in the picomolar range. Besides versatility
and sensitivity, a major strength of fluorescent imaging is spatial resolution which,
depending on the detection system, can be in the um to mm range. Limitations of
in vivo fluorescent imaging include tissue autofluorescence, light scatter (refraction
of signal traversing through body tissue), and depth of penetration (millimeter to
low centimeter range). In addition, the chemical environment in tissue may affect
fluorescence, contributing to inaccuracies and difficulties in quantification of the
fluorescent probe concentration in deep tissues. Some of these limitations are in part
overcome with imaging in the near infrared (NIR) window (excitation between the
wavelengths of 650-900 nm). NIR fluorescent imaging is associated with reduced
autofluorescence and markedly less photon absorption by hemoglobin and other
endogenous molecules. As such, deeper tissues may be imaged. A new imaging
platform, fluorescence molecular tomography (FMT), aims at producing mathemat-
ically derived three-dimensional images and quantitative information on fluorescent
probe concentration in deep tissues [18, 19].

Computed Tomography

Differential attenuation of X-rays by various tissues is the basis for CT imaging
which is classically performed for high contrast-high resolution anatomical imag-
ing. This, in combination with newer techniques, including multislice and dual
energy imaging, can provide information on the extent of atherosclerosis, presence of
calcified or low attenuation plaques, and remodeling in coronary arteries. As such,
while not molecular imaging in its purest definition, CT imaging may identify
aspects of plaque biology that determine its propensity for complications. Hybrid
imaging with CT (PET/CT, SPECT/CT) is used for signal localization, attenuation
correction, and partial volume correction for molecular nuclear imaging. A recent
application of CT involves contrast containing nanoparticles for detection of mac-
rophage phagocytic activity in atherosclerosis [20].

Vascular Biology Processes as Targets for Molecular Imaging

Vascular diseases share a set of critical overlapping basic biological processes.
These processes, whether alone or in combination, may serve as targets for molecu-
lar imaging, and their imaging can provide important and often unique information
on the initiation, progression, and response to therapy of vascular diseases.
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Endothelial cell activation, inflammation, angiogenesis, matrix remodeling, apopto-
sis, and thrombosis are especially important in the pathogenesis of atherosclerosis.
In parallel with advances in technology, considerable progress has been made in
recent years in imaging these processes, and some of the approaches initially vali-
dated in animal models are at the cusp of entering clinical practice. The following
section, albeit by no means exhaustive, reviews some of the key recent develop-
ments in molecular imaging of atherosclerosis, inflammation, and thrombosis with
a focus on vascular imaging.

Inflammation is critical to initiation, progression, and instability of the atheroscle-
rotic plaque [21]. Retention of low-density lipoprotein (LDL) in the vessel wall and
endothelial cell activation promote the recruitment, activation, and accumulation of
inflammatory cells in early atherosclerotic lesions. Lipid phagocytosis by monocyte-
derived macrophages, release of free radicals, and the resultant generation of
modified lipids in conjunction with local production of chemokines and cytokines
sustain a proinflammatory milieu, which further promotes the development of ath-
erosclerosis. Through outward remodeling, the lumen area remains preserved in
even fairly advanced atherosclerotic lesions. However, with the progression of
plaque, the lumen eventually narrows down to the degree that the lesion may become
symptomatic. Symptoms of ischemia may also occur when plaques rupture or erode
which then exposes blood to the procoagulant subendothelial structures, promoting
focal thrombus formation and sudden reduction in blood flow [22-24]. Plaque rup-
ture (and healing) also contributes to rapid increases in plaque size. The mechanisms
of plaque erosion are poorly understood. However, it is now well established that
plaque rupture is linked with the presence of high densities of inflammatory cells that
through production and activation of various proteases weaken a thin fibrous cap.
In addition to its key role in atherosclerotic plaque progression and rupture, vessel
wall inflammation plays an important role in other vascular diseases. Aortic aneu-
rysm and transplant vasculopathy are examples of other vascular diseases where the
presence of inflammatory cells (including macrophages, T lymphocytes, and den-
dritic cells) is linked with pathogenesis of the disease and its complications.

While the presence of edema and certain patterns of light scatter (in the case of
OCT [2]) may detect aspects of inflammation, targeted molecular imaging stands
out as a uniquely powerful tool for imaging vessel wall inflammation. Endothelial
cell activation, inflammatory cell recruitment, activation and death, protease activa-
tion, vascular smooth muscle cell (VSMC) proliferation, and angiogenesis are inter-
twined processes that contribute to or are the result of vessel wall inflammation. To
facilitate the discussion, approaches to imaging each process are reviewed under a
separate heading.

Endothelial Activation

The endothelium serves as an active barrier between blood and subendothelial cell
structures. In response to injury or proinflammatory cytokines, endothelial cells
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convert to a procoagulant, proadhesive phenotype and this barrier is disrupted. The
disruption of endothelial cell barrier function may be detected based on passive dif-
fusion of labeled macromolecules [e.g., *™Tc-polyclonal immunoglobulin
(~150 kDa), Gd-DTPA-albumin (~70 kDa)] [25]. In atherosclerosis imaging, this
passive diffusion promotes the delivery of both targeted and nonspecific probes
beyond the endothelium.

Endothelial activation is an early step in the initiation of atherosclerosis.
Vascular cell adhesion molecule-1 (VCAM-1) is inducibly expressed on the
adluminal surface of activated endothelial cells during the acute, early stages of
vascular inflammation [26]. Upregulation of VCAM-1 mediates leukocyte
adhesion and their subsequent transmigration through the vessel wall. In addi-
tion to endothelial cells covering the lumen of arteries prone to atherosclerosis,
a large number of endothelial cells are present within the neovessels (vasa vaso-
rum) of atherosclerotic plaque and its vicinity. As such, selective expression of
VCAM-1 on activated and dysfunctional endothelial cells has rendered VCAM-1
a natural candidate for visualization of inflammation associated with athero-
genesis [27].

Several probes have been developed for targeted visualization of VCAM-1
expression using MRI or optical imaging [28, 29]. In one approach, microparticles
of iron oxide (MPIO) which contain large amounts iron oxide were decorated with
an anti-VCAM-1 antibody and selectively localized to sites of IL-1B-induced cere-
bral vascular inflammation in murine hosts. These sites could be conspicuously
visualized noninvasively with MRI [28]. In another approach, peptide sequences
with homology to o, B, integrin, a native ligand for VCAM-1, were selected through
phage display screening [30, 31]. These were incorporated into multivalent nano-
particles to generate probes detectable by MRI and optical imaging. One such probe,
VINP-28, localized to aortic root atherosclerotic lesions in murine hosts and was
able to discriminate response to statin therapy by MRI [31]. More recently, a
VCAM-1-specific tetramer peptide labeled with '®F was used to assess atheroscle-
rosis and response to therapy in apoE”~ mice by PET [32]. Of note, these peptides
have been selected against murine VCAM-1 and their binding to human VCAM-1
has not been demonstrated. In addition, a previous report has questioned whether
there are sufficient numbers of VCAM-1 molecules for imaging on human endothe-
lial cells [27].

Endothelial cell adhesion molecules are ideal targets for ligand-coated microbub-
bles, which can be detected by ultrasound imaging. As such, intercellular adhesion
molecule-1 (ICAM-1) targeted microbubbles were shown to bind to activated
endothelial cells [33]. Microbubbles coated with antibodies against VCAM-1,
P-selectin, or their combination have been successfully used to detect endothelial
activation in murine models of atherosclerosis (Fig. 5.1) [34, 35]. Other probes tar-
geting adhesion molecules such as E-selectin, P-selectin, or [CAM-1 [36-38] have
similarly been investigated as noninvasive means to detect acute cerebrovascular
inflammation by MRI.
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Fig. 5.1 Contrast-enhanced ultrasound images of aortic arch using VCAM-1-targeted (a and b),
P-selectin-targeted (a and c) or control (a and d) microbubbles in wild-type (WT) or LDL receptor
and apobec-1 double knock out (DKO) mice at 10, 20, or 40 weeks of age. (a) Background-
corrected signal intensity in the proximal aorta, p<0.05. (b—d) Examples of targeted ultrasound
imaging in 40-week-old double knockout mice, demonstrating the presence of a high signal (in red
and yellow) in the aortic arch with VCAM-1- (b) and P-selectin (c)-targeted probes. Reprinted
from [35] with permission from Lippincott Williams & Wilkins

Lipid Accumulation

LDL and its modified derivatives play an important role in the initiation and pro-
gression of atherosclerosis, and plaque vulnerability has been linked with the
presence of a large lipid-laden necrotic core [39, 40]. IVUS is an invasive tool
used for assessing lipid core which appears as an area of echolucency on IVUS
and its size has been linked with clinical events [41, 42]. However, echolucency is
not specific for lipid core and may also be seen with intraplaque hemorrhage. MRI
can characterize plaque components, including its lipid content with accuracy
[39, 43]. More recently, CT angiography has been proposed for assessing plaque
volume (in part related to the size of necrotic core) with relative accuracy [44].
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Molecular imaging can complement these data by providing important additional
information, including the presence of lipid modification and specific receptors in
atherosclerosis. Radiolabeled LDL (e.g., with '*I, or *™Tc) was one of the first
agents used for plaque characterization in animal models of arthrosclerosis [45—47].
Due to slow clearance of the labeled probes, this approach was found to be inef-
fective for in vivo imaging and was abandoned. Other early approaches to imag-
ing lipids in atherosclerosis included the use of labeled lipoprotein derivatives and
oxidized LDL [48, 49]. Eventually, all these were abandoned for a targeted
approach aimed at detecting lipid modification and receptors involved in lipid
uptake in atherosclerosis. MDAZ2, an antibody raised against a neoepitope found on
oxidized LDL, and other similar antibodies have been incorporated into various
imaging probes. Labeled MDAZ2 localizes in atherosclerotic lesions in murine and
rabbit models of atherosclerosis, and its imaging can track the effect of dietary inter-
vention on plaque development [50-52]. Interestingly, in rabbit atherosclerosis,
macrophage immunostaining is prominent in plaque areas with high MDA?2 uptake,
while areas with less uptake show stronger staining for collagen and VSMCs [52].
Targeted micelles incorporating MDA?2 and other similar antibodies localize within
macrophages of atherosclerotic plaques in apoE™~ mice [53, 54]. It is reported that
membranes of cells undergoing apoptosis express higher levels of oxidized phos-
pholipids, which may be targeted by oxidation-specific antibodies [55]. As such,
micelles incorporating these antibodies may be used for in vivo assessment of com-
plementary aspects of plaque biology by MRI.

Macrophage Biology

Radiolabeled leukocytes are traditionally used to identify sites of inflammation by
nuclear imaging in humans. A similar approach was used to assess monocyte
trafficking to atherosclerotic lesions by autoradiography and microSPECT imaging
[56, 57]. Purified syngeneic monocytes labeled with '''In-oxine were injected to
apoE~~ mice and were detected in atherosclerotic lesions within 5 days after intra-
venous administration. Monocyte accumulation in the vessel wall increased with
age of the mice and correlated with plaque area in animals of different ages and on
different diets [56]. Importantly, microSPECT imaging demonstrated an approxi-
mately fivefold reduction in monocyte trafficking in animals treated with various
statins [57]. Radiolabeling of leukocytes is clearly a powerful experimental tool for
quantifying the trafficking of leukocyte subpopulations in atherosclerosis. However,
changes in focal leukocyte numbers due to cell proliferation or apoptosis cannot be
differentiated by this approach.

Activated macrophages display surface proteins that confer sensitivity to
chemokines. One such surface protein, CCR-2, the receptor for macrophage
chemotactic protein-1 (MCP-1), was exploited as a target to noninvasively visual-
ize macrophages in atherosclerotic plaques. In a rabbit model of atherosclerosis,
PmTc labeled MCP-1 uptake (presumably by macrophages) in the balloon-injured
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aorta could be visualized using SPECT imaging. Furthermore, tracer uptake
quantified ex vivo correlated well with macrophage immunostaining in atheroscle-
rotic lesions [58].

Exploiting the phagocytic phenotype of activated macrophages, investigators
have used iron oxide particles as a selective probe for imaging macrophages using
MRI [59]. Microcrystalline iron oxide particles coated with dextrans or siloxanes
can be efficiently delivered to resident macrophages in atherosclerotic plaques at
sufficient density as to generate negative MRI contrast on T,- or T,"-weighted
images. Initially tested in rabbit models of atherosclerosis [60, 61], the observation
on negative plaque enhancement using superparamagnetic iron oxide particles has
been extended to humans [62—-64]. Importantly, in a study in symptomatic human
carotid disease, ultrasmall particles of iron oxide (USPIO) accumulation in carotid
arteries was detectable by MRI as early as 24 h and colocalized with areas of high
macrophage content on endarterectomy samples [64]. The exact mechanism of
ultrasmall particles of iron oxide uptake in plaque macrophages is not clear, and
may involve transmigration of monocytes that have endocytosed the particles in the
blood, or diffusion of ultrasmall particles of iron oxide into subendothelial
space due to enhanced vascular permeability and their subsequent in situ uptake
[59]. A number of confounding factors should be considered when using iron oxide
particles for imaging macrophages in atherosclerosis. Superparamagnetic iron oxide
uptake is not specific to macrophages or reticuloendothelial cells and can be seen by
other cell types [59]. The size of the particles, their coating and charge and the cell
type determine the mechanisms through which the particles are taken up by target
cells. The extent of signal drop and concentration of iron oxide particles in the ves-
sel wall may not be linear under every experimental condition. Finally, there are
major differences in iron particle clearance between different species which should
be considered in extrapolating observations made in rodents to humans [59]. The
development of multimodal magnetofluorescent nanoparticles (MFNPs) provided
an opportunity to directly investigate the localization of iron oxide particles. When
injected to atherosclerotic apoE™~ mice, plaque macrophages represented ~65% of
MEFENP-positive cells with the rest consisting mostly of endothelial and VSMCs [65].
Similarly, a Cu-labeled multimodal nanoparticle has been developed and validated
for in vivo imaging of inflammation in murine atherosclerosis [66]. More recently,
an iodinated nanoparticle contrast agent that is phagocytosed and accumulates in
macrophages, N1177, has been developed and tested for CT imaging of atheroscle-
rosis in rabbits [20]. CT enhancement using this agent correlates well with '*F-FDG
uptake and macrophage immunostaining [67]. It remains to be determined whether
this enhancement is of sufficient magnitude for imaging human atherosclerosis.

Scavenger receptors are pattern recognition receptors that were initially identified
based on their ability to mediate cellular uptake of modified (e.g., by oxidation or
acetylation) LDL. They now include a diverse group of proteins categorized into
eight classes based on their structural homology [68]. Over the years it has become
clear that in addition to modified LDL, these receptors bind to many other ligands.
Macrophages express several scavenger receptors, including scavenger receptor A
(SR-A), CD36, CD68, and lectin-like oxidized LDL receptor 1 (LOX-1) [69].
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Scavenger receptor Al (SR-AI), one of the first modified LDL receptors identified,
is upregulated in the course of macrophage differentiation [70]. Based on this obser-
vation and low levels of SR-A expression in normal arteries, gadolinium-containing
SR-A targeting immunomicelles were used for detecting macrophages in aortic wall
of apoE~~ mice by MRI [12]. Consistent with SR-A expression pattern, much (but
not all) of the immunomicelle uptake colocalized with CD68 positive areas and
there was a strong correlation between gadolinium signal enhancement and CD68
staining.

LOX-1 is an inducible scavenger receptor that was originally discovered in
endothelial cells [71, 72], but is also expressed on the surface of macrophages and
VSMCs [73]. Using a *™Tc-labeled anti-LOX-1 antibody, atherosclerotic aortas
could be visualized in Watanabe heritable hyperlipidemic rabbits by planar imaging
[74]. In Watanabe heritable hyperlipidemic rabbit aortas, *™Tc-labeled anti-LOX-1
antibody uptake was twofold higher than the uptake of a control antibody. The dif-
ference was tenfold between *™Tc-labeled anti-LOX-1 antibody uptake in the aortas
of Watanabe heritable hyperlipidemic compared to control rabbits, underscoring the
magnitude of nonspecific tracer uptake in atherosclerosis. Tracer uptake in athero-
sclerosis correlated well with a vulnerability index defined as the ratio of lipid com-
ponent area (macrophages and extracellular lipid deposits) to the fibromuscular
component area (smooth muscle cells and collagen fibers) [74]. Similarly, a second
probe targeted against LOX-1 has been validated for detection of atherosclerotic
lesions in vivo [75]. This probe was designed for use across multiple imaging
platforms and consists of a liposomal shell coated with anti-LOX-1 antibody, Dil
(1,1-dioctadecyl-3,3,3",3'-tetramethylindocarbocyanine  perchlorate) fluorescent
molecules and either gadolinium or '"'In. In vivo, this probe was shown to preferen-
tially bind to macrophages and localize in the shoulder region of plaques.

Enhanced cellular metabolic activity mainly attributed to macrophages in athero-
sclerosis may be detected by '"F-2-deoxy-D-glucose (FDG) PET imaging [76].
Cellular uptake of ®F-FDG, a glucose analog, is mediated by glucose transporters.
Once inside the cell ®F-FDG is phosphorylated by hexokinase to "“F-FDG-6-
phosphate which cannot be further metabolized and is trapped inside the cell. Retained
BFDG can be detected by PET imaging and "*F-FDG-6-phosphate eventually decays
to glucose-6-phosphate. '®F-FDG uptake is seen in several leukocyte populations,
including human monocyte-derived macrophages in culture, where uptake level is
comparable to several cancer cell lines [77]. Hexokinase activity is considerably
enhanced in activated macrophages [78] and macrophage activation leads to enhanced
BFE-FDG uptake [77]. Interestingly, '*F-FDG uptake by human endothelial cells in
culture is reported to be several folds higher than macrophages [79].

BF-FDG uptake can be detected in rabbit atherosclerosis and the uptake corre-
lates with macrophage density [80-82]. "*F-FDG PET imaging following adminis-
tration of Russell’s viper venom to induce aortic thrombosis (presumably due to
plaque rupture) in atherosclerotic rabbits showed slightly (albeit nonsignificantly)
higher ¥F-FDG uptake in thrombosed areas [83]. Importantly, treatment with probu-
col (an antihyperlipidemic drug with antioxidant properties) led to a significant
reduction in '8F-FDG uptake in parallel with the reduction in macrophage infiltration
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in WHHLMI rabbit aortas [84]. There are conflicting data on 'SF-FDG uptake in
atherosclerotic mice, some of which may be related to the timing of imaging [85, 86].
It is reported that F-FDG binds to sites of vessel wall calcification, presumably
through nonspecific entrapment by hydroxyapatite [87].

Expression of integrins by inflammatory cells has raised the possibility that inte-
grin imaging may be used to detect vascular inflammation. Arginine—glycine—
aspartate (RGD)-based peptides bind to integrins with the flanking sequences
determining selectivity for specific members of the integrin family. Integrin o 3,
(discussed more in detail later in this section) is expressed at high level on mono-
cytes and macrophages. '*F-galacto-RGD, a probe targeting a. integrins, localizes
in areas rich in nuclei (presumably consisting mostly of macrophages) in murine
aortic atherosclerosis [88]. Similarly, an optical probe RGD-Cy 5.5 was used to
image lesions induced by carotid ligation in high fat-fed apoE”~ mice [89].
Histological analysis demonstrated colocalization of the tracer with macrophages in
carotid lesions.

Matrix Remodeling

Extracellular matrix serves as an anchoring scaffold for cellular constituents of
tissues. Matrix remodeling through synthesis, reorganization, and degradation of
macromolecules plays a central role in the pathogenesis of vascular diseases. Matrix
remodeling is an integral part of vascular remodeling, a process that involves persis-
tent changes in vessel wall composition and geometry. The two components of vas-
cular remodeling, geometrical remodeling, and changes in vessel wall composition
play a more or less prominent role in specific vascular diseases. For example, in
aortic aneurysm, expansive (outward) remodeling of the artery is most prominent,
while in transplant vasculopathy, intimal hyperplasia may be considered the key
pathological feature. In atherosclerosis both components of vascular remodeling
play major and complementary roles in the development of an atherosclerotic plaque
and its complications. Compared to those plaques with inward (negative, constric-
tive) remodeling, atherosclerotic plaques with outward (positive, expansive) remod-
eling have higher lipid and macrophage content, features that are associated with
plaque vulnerability [90]. This association of remodeling with plaque composition
(and propensity to rupture) has been repeatedly observed in other studies, including
a study in patients with renal artery stenosis where the necrotic core was found to be
larger in lesions with positive remodeling [91, 92].

In addition to its role in geometrical remodeling and intimal hyperplasia, matrix
remodeling plays a direct role in plaque rupture. A recent prospective study in
patients undergoing percutaneous coronary interventions for acute coronary syn-
dromes (which excluded patients with any remaining lesion with diameter stenosis
>50%) did not find any association between remodeling index (dichotomized
around the median value of 0.94) and major adverse cardiovascular events (MACEs)
over a 3-year follow-up period [1]. However, relevant to the discussion on matrix
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remodeling, compared to plaques not associated with MACEs, those associated
with MACEs were more likely to have been classified as thin-cap fibroatheromas
(defined by radiofrequency-IVUS) in the initial analysis [1]. This is presumably
because the thin-cap fibroatheromas are more prone to rupture. It is believed that
reduced matrix protein synthesis secondary to VSMC paucity and enhanced matrix
degradation due to high density of inflammatory cells weaken the fibrous cap and
predispose it to rupture.

Matrix turnover is mediated by several families of proteases including ada-
malysins [93], matrix metalloproteinases (MMPs) [94], cathepsin cysteine proteases
[95], and serine proteases [96]. Of these, MMPs and cathepsins have been used
as targets for molecular vascular imaging. The MMP family consists of at least 23
secreted and membrane-bound zinc and calcium-dependent endopeptidases which
may be classified into different classes based on their structure or preferred sub-
strates [94, 97, 98]. Expression of collagenases (MMP-1, -8, -13), gelatinases
(MMP-2, -9), stromelysins (MMP-3, -10, -11), matrilysins (MMP-7), and mem-
brane-bound MMPs (MMP-14) and other MMPs (MMP-12) has been reported in
atherosclerosis and related diseases [98]. Collectively, these proteins are potent pro-
teases that catalyze the degradation of connective tissue and extracellular matrix
components including fibrillar and nonfibrillar collagens, elastin, and basement
membrane glycoproteins.

Matrix Metalloproteinases

In addition to their direct effect on matrix proteins, MMPs regulate vessel wall biol-
ogy through other mechanisms, including proteolytic cleavage and release of cytok-
ines, chemokines, and growth factors. ECs, VSMCs, and inflammatory cells are the
main sources of MMP activity in the vessel wall [94, 98]. A large body of evidence
exists on the role of MMPs in the pathogenesis of atherosclerosis, and its complica-
tions, as well as other vascular diseases [98]. As discussed above, MMPs modulate
plaque stability through regulation of extracellular matrix protein deposition and
degradation, and also VSMC proliferation, and inflammation [94, 99, 100]. Different
members of the MMP family have distinct effects on plaque biology. As such, ath-
erosclerosis in apoE/MMP-12 double knockout mice shows features associated
with plaque stability, i.e., increased VSMC and reduced macrophage content com-
pared to mice deficient in apoE alone [101]. Similarly, VSMC content, a feature of
plaque stability, is increased in apoE/MMP-7 double knockout mice. This is in con-
trast to the effect of MMP-3 or MMP-9 deletion which confer features of plaque
instability to atherosclerotic lesions [101].

MMP activity is regulated at transcriptional and posttranscriptional levels. With
a few notable exceptions, MMPs are in general produced as inactive secreted or
membrane-bound proenzymes. MMP activation involves delocalization of the so-
called MMP prodomain through enzymatic cleavage or allosteric displacement to
expose the zinc-dependent catalytic domain [97]. Substrate specificity is in part
determined by binding to sites other than the catalytic site (so-called exosites) which
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may serve as targets for tracer development in the future. Interaction with other
molecules including fissue inhibitors of MMPs (TIMPS) and compartmentalization
are additional mechanisms of regulating MMP activity [97].

Two strategies have been developed for imaging MMP expression and activity in
vascular diseases. The first strategy exploits the enzymatic activity of MMPs. In one
approach, following enzymatic cleavage of a specific substrate, quenching
fluorochromes are removed from an optical probe, generating a fluorescent signal
detectable by optical imaging [102]. In theory, this approach allows for high
specificity based on the substrate structure, low background activity, and consider-
able signal amplification in the presence of MMP activity. One such probe that
incorporates a peptide sequence recognized by MMP-2 and MMP-9 was used to
detect MMP activity in murine atherosclerosis. Ex vivo images demonstrated local-
ization of the probe in macrophage-rich areas of atherosclerotic aorta [103]. A simi-
lar probe that can be activated in vitro in the presence of MMP-13, MMP-12,
MMP-9, MMP-7, MMP-2, and MMP-1 was used to detect MMP activation in aortic
aneurysm in fibulin-4 mutant mice (a model of Marfan’s disease) [ 104]. Interestingly,
in this model, tracer uptake in the aorta preceded the development of aneurysm. An
alternative approach based on enzymatic activity involves the use of activatable
cell-penetrating peptides. In this approach, cleavage of the substrate allows a cell-
penetrating peptide to enter the cells [105]. While promising, this approach has not
been tested for imaging vascular pathologies, and a recent report suggested that
rather than occurring in the vicinity of target cells, activation of the peptide occurs
remotely in the vascular compartment, indicating that it might not be optimal for
vascular imaging [106].

An alternative strategy for imaging MMPs employs ligands, including MMP
inhibitors, which selectively bind to MMPs. Based on such ligands, several radiola-
beled probes, including '*I-CGS 27023A, '''In-RP782, and *"Tc-RP805, have been
developed and used to image MMP expression in the vessel wall. When adminis-
tered intraorbitally, '*I-HO-CGS 27023A localized in ligated carotid arteries in
apoE~~ mice yielding a signal that was detected by planar imaging [107]. A subse-
quent study using "'In-labeled RP782, a tracer that specifically binds to the activa-
tion epitope of multiple MMPs, demonstrated considerable uptake of the tracer in
murine carotid arteries following wire injury [108]. In this model, carotid injury
leads to considerable neointimal hyperplasia over a period of 4 weeks, which
predominantly consists of VSMCs. Tracer uptake was detectable in vivo by
microSPECT/CT imaging by 2 weeks (and by autoradiography, a more sensitive
technique, as early as 1 week) after injury. Consistent with the role of MMPs in
vascular remodeling, RP782 uptake paralleled weekly changes in the cross-sectional
vessel wall, but not total vessel or luminal, area [108]. In a follow-up study, serial
microSPECT/CT imaging at 2 and 4 weeks after carotid wire injury with RP805, a
PmTe-labeled homologue of RP782, was used to assess the effect of dietary inter-
vention on vascular remodeling. Tracer uptake (reflecting MMP activation) in
injured arteries was reduced as early as 1 week after withdrawal of a high fat diet.
Furthermore, MMP activation in the vessel wall detected by noninvasive imaging at
2 weeks after injury correlated well with neointimal area at 4 weeks in the same
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Fig. 5.2 MMP-targeted imaging of carotid aneurysm. (a) RP782 microSPECT/CT images of an
apoE~~ mouse at 4 weeks after surgery to induce left common carotid artery aneurysm, demon-
strating higher tracer uptake in aneurismal left (L) than control right (R) carotid artery. (b)
Quantification of tracer uptake in carotid arteries at 2, 4, and 8 weeks (wk) after surgery. "P=0.01;
“P<0.001. C coronal slice, S sagittal slice, T transverse slice. Reprinted by permission of the
Society of Nuclear Medicine from [110]

animal, indicating that MMP-targeted imaging may be used to predict the effect of
therapeutic interventions on intimal hyperplasia [109]. Similarly, in a model of
CaCl, -induced carotid aneurysm in apoE™~ mice, MMP-targeted imaging was able
to predict the propensity of an aneurysm to expansion in vivo [110] (Fig. 5.2).
Similar tracers were used to detect MMP activation in rabbit [111, 112] and murine
[113] models of atherosclerosis. In rabbit atherosclerosis, MMP tracer uptake in
atherosclerotic aortas was detectable by planar imaging [111]. Ex vivo quantification
of tracer uptake in the aorta showed a significant reduction in MMP activation in
animals treated with a statin, minocycline (an MMP inhibitor), or high fat with-
drawal [112, 113]. There was a good correlation between tracer uptake and mac-
rophage immunostaining. Similarly, a correlation existed between aortic macrophage
immunostaining and ex vivo quantification of tracer uptake in the mouse models of
atherosclerosis [113].



146 D. Jane-Wit and M.M. Sadeghi

P947 is a novel MR contrast agent with uM affinities for various MMPs obtained
by coupling gadolinium to an MMP inhibitor [114]. Ex vivo, this agent can bind to
MMP-rich human carotid endarterectomy samples. When injected to atherosclerotic
mice, considerable signal enhancement may be detected in the aorta by in vivo MRI
[114]. Using a fluorescent homologue, it was shown that P947 localizes near the
fibrous cap of murine atherosclerotic plaques in areas positive for MMP-2, MMP-3,
and MMP-9 immunostaining [115]. A similar enhancement of the aortic wall was
observed in rabbits fed a high fat diet. Repeated MRI after 4 months in animals that
continued the high fat diet showed persistence of the signal. However, in animals
switched to normal chow, in conjunction with the reduction in MMP-2 activity, the
signal was significantly reduced on repeat MRI [116]. MRI in a rat model of abdomi-
nal aortic aneurysm showed significantly higher normalized signal enhancement with
P947 compared with an inactive homologue or Gd-DOTA [117]. P947 signal enhance-
ment was also higher in aneurismal, as compared to sham operated, aortas. The pre-
dictive value of this approach for aneurysm expansion remains to be determined.

Cathepsins

Cathepsins are a group of 11 predominantly intracellular enzymes that belong to the
family of cysteine proteases [95]. They are produced as preproenzymes with enzyme
activation occurring in endoplasmic reticulum, endosomes, or lysosomes. Enzyme
activity is regulated by a group of inhibitors including cystatin C. It is reported that
human macrophages secrete cathepsins B, L, and S into the peri-cellular space.
Several cathepsins including cathepsins B, K, and S are expressed in human and
murine atherosclerosis where cathepsin immunostaining localizes to macrophages,
endothelial cells, and VSMCs. Cathepsins modulate atherosclerosis through regula-
tion of elastase and collagenase activity, lipid metabolism, and inflammation [118].
Deletion of cathepsin S in atherosclerosis-prone mice leads to reduction of plaque
area [119]. Cathepsin K deletion similarly leads to smaller plaques with reduced
frequency of rupture in brachiocephalic artery [120].

An activatable near infrared fluorescent (NIRF) probe with poly-L-lysine back-
bone was initially developed for imaging cathepsin enzymatic activity in tumors
[121] and has been used to detect proteolytic activity in atherosclerotic lesions in
the mouse [122]. The activity of the probe was validated in the presence of tumor
cells capable of internalizing the probe [121]. Protease inhibitors such as E64
(which inhibits cathepsins B, H, L and a number of other proteases) and leupeptin
(a serine, cysteine, and threonine protease inhibitor) completely inhibited NIRF
signal generation. A similar inhibitory effect was seen for trypsin inhibitor (tosyl-
L-lysyl chloromethyl ketone) and trypsin-like serine protease inhibitor (3,4-dichlor-
oisocoumarin), but not pepstatin, a cathepsin D inhibitor [121]. In apoE/eNOS
double knockout mice on a Western-type diet, it was shown that cathepsin B is
upregulated in atherosclerotic lesions and following administration of the probe,
the resultant fluorescent signal can be detected in vivo by fluorescence-mediated
tomography. On ex vivo analysis, fluorescent activity localized in the aortic arch
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and abdominal aorta. Fluorescent activity on microscopy was detected in the
endothelial and subendothelial areas which were also positive for cathepsin B
immunostaining [122]. The same cathepsin B probe was used to assess protease
activity ex vivo in human endarterectomy samples [123]. Protease-related
fluorescent signal was present both in the plaque and in emboli obtained at the time
of intervention, and subtle differences in signal distribution was observed between
plaques from symptomatic and asymptomatic patients. An activatable MMP probe
generated a similar signal which localized in the vicinity of macrophage-rich areas
of the plaque [123]. Cathepsin K is expressed by macrophages and VSMCs and
shows considerable elastinolytic and gelatinolytic activity. A probe, incorporating a
cathepsin K sensitive peptide, was used for imaging proteolytic activity in mouse
aortic atherosclerosis and in human carotid endarterectomy samples [124]. This
probe demonstrates twofold higher sensitivity for cathepsin B compared to other
cathepsins and a ~10-fold higher sensitivity compared to MMPs. In both models,
considerable fluorescent signal was generated by the probe. Interestingly, while
both VSMCs and macrophages express cathepsin B, the signal localized mostly
with macrophages, but not VSMCs, indicating differences in cathepsin activation
or secretion or probe uptake between the two cells [124]. Novel derivatives of pro-
tease sensors with different pharmacokinetics and sensitivity have been developed
and evaluated for their binding to atherosclerotic lesions in the mouse [125]. To
overcome depth-related limitations of optical imaging, a catheter-based strategy for
detection of NIRF has been developed and tested in the aorta of atherosclerotic rab-
bits [126]. Some of the limitations and technical difficulties associated with endo-
vascular NIRF imaging may be addressed using novel algorithms developed for
quantitative imaging through blood [127].

Fibronectin

Imaging neoepitopes on matrix proteins is a complementary approach to detection
of matrix remodeling. One such epitope is the extra-domain B (ED-B) of fibronectin
which is generated by alternative splicing during angiogenesis and remodeling
[128]. Radiolabeled and fluorescent-labeled antibody against ED-B localizes in ath-
erosclerotic, but not normal artery and the corresponding signal can be detected ex
vivo. In combination with imaging protease activation or activity, these molecular
imaging approaches have become powerful experimental tools for assessing vascu-
lar remodeling in vivo, and their imminent clinical application may have a transfor-
mational effect on diagnostic and therapeutic approach to vascular diseases.

Smooth Muscle Proliferation

VSMCs play a dual role in atherosclerosis. On one hand, proliferation and migration
of VSMCs into the developing plaque is an early step in atherogenesis [129].
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Activated VSMCs produce inflammatory mediators and matrix proteins that promote
plaque development and its stability. On the other hand, plaque rupture is linked
with a paucity of VSMCs and the resultant thinning and weakening of the fibrous
cap. In other diseases, e.g., in-stent restenosis and transplant vasculopathy, VSMC
proliferation is predominantly a pathogenic process. In these cases, imaging VSMC
proliferation, by targeting epitopes expressed on proliferating cells, provides unique
information on the neointimal hyperplastic process.

72D3, an antibody originally discovered by screening of hybridomas generated
against human atherosclerosis, displays binding specificity for VSMCs with a pro-
liferative phenotype [130]. Derivatives of this antibody were amongst the first
molecular imaging probes studied for imaging vessel wall biology [131]. Although
not optimal for imaging and large-scale production, radiolabeled Z2D3 fragments
have been shown to detect VSMC proliferation in coronary in-stent restenosis and
transplant rejection in vivo [130, 132].

Another putative target for molecular imaging of VSMC proliferation is the inte-
grin family of adhesion molecules. Integrins are heterodimeric surface proteins
involved in cell—cell and cell-matrix adhesion. Integrins a. 3, is upregulated and
undergoes conformational change on the adluminal surface of endothelial cells as
well as medial VSMCs during angiogenesis and arterial remodeling [133].
Underscoring the importance of o [3, integrin in vascular remodeling are reports
that o, f3, inhibition ameliorates neointima formation induced by vascular injury
[134-136]. a B, integrin is upregulated in injury-induced vascular remodeling and
transplant vasculopathy. RP748, an '"In-labeled quinolone with specificity for o
integrins” high affinity conformation, was evaluated for detection of vascular remod-
eling in murine models of mechanical or immune-mediated injury. In both models,
RP748 uptake in the vessel wall detected by autoradiography increased after injury
and its uptake paralleled cell proliferation at different time points after injury [137,
138]. It remains to be empirically determined whether integrin-targeted probes pro-
vide sufficient signal for imaging cell proliferation in vivo.

Angiogenesis

A key feature of atherosclerosis is the angiogenic expansion of the vasa vasorum in
the adventitia. Mural neovascular development accelerates lesion progression and
instability by providing conduits for immune cell invasion and by increasing the
foci for intraplaque hemorrhage [139-143]. Nontargeted imaging may be used to
evaluate the extent of plaque vascularization using traditional imaging techniques
[144—-146]. However, targeted molecular imaging has the potential of detecting the
angiogenic process. The molecular events surrounding angiogenesis involve cell
proliferation, migration, and adhesion as well as matrix remodeling. The integrin
family of adhesion molecules expressed on endothelial cells mediates many of these
processes and has been extensively investigated as targets for molecular imaging of
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angiogenesis. Integrin o 3, is the most commonly used target for imaging
angiogenesis, although many of the probes developed to date show a broader
specificity for o integrin. In an early study using hyperlipidemic rabbits, targeted
imaging of the o [, integrin using paramagnetic perfluorocarbon nanoparticle
coated with an RGD-mimetic small molecule allowed noninvasive detection of ath-
erosclerotic lesions in the aorta with MRI [147]. The enhancement signal could be
blocked with nonparamagnetic nanoparticles, establishing specificity of the signal.
On histological analysis, o B, integrin positive vessels (present at the adventitia—
media interface) constituted a fraction of all of the total vasculature detected by
CD31 staining. As discussed above, in addition to endothelial cells, o B, integrin is
expressed by VSMCs and macrophages. The inability of bulky nanoprobes to leave
the vascular space assures selective targeting of angiogenic endothelial cells with
this approach. In a subsequent study, fumagillin, an antiangiogenic agent, was inter-
calated within the surfactant layer of the o B, integrin nanoparticle such that the
a f3, integrin probe could be used for selective drug delivery to atherosclerotic sites
[148]. Repeat imaging in atherosclerotic rabbits following drug delivery showed
reduced signal enhancement in fumagillin-treated animals, and histological analysis
showed fewer microvessels in these animals [148]. Interestingly, while statin ther-
apy had no long-term antivascular effect, targeted delivery of fumagillin combined
with statin therapy showed a synergistic effect in decreasing integrin-mediated
angiogenesis in vivo (Fig. 5.3) [149]. It is worthwhile to note that a number of other
probes based on other targets (VEGF, Robo4) and imaging platforms (ultrasound)
have been developed for imaging angiogenesis, and their usefulness for imaging
atherosclerosis remains to be determined [150-152].

Apoptosis

Apoptosis occurs in a number of cell types within atherosclerotic lesions, and may
contribute to plaque instability by enhancing the size of the necrotic core and thin-
ning of the overlying fibrous cap [153]. Apoptosis is a regulated and energy-depen-
dent process triggered by either extrinsic (e.g., tumor necrosis factor-o,, Fas ligand)
or intrinsic (e.g., free radicals, calcium) signals. During apoptosis, alterations in the
cell membrane and cytoplasmic proteins occur, which may be targeted for imaging
[154]. As part of the apoptotic process, the organization of the plasma membrane is
altered such that phosphatidylserine, a phospholipid typically confined to the inner
bilayer, becomes exposed on the outer surface [155]. Once believed to be a hallmark
of apoptosis, phosphatidylserine translocation is also observed in nonapoptotic cells
[156, 157].

In atherosclerosis, there is extensive macrophage apoptosis (especially in the
fibrous cap) in ruptured plaques, suggesting that imaging apoptosis may help iden-
tify high risk lesions [158]. Because annexin V has high affinity for phosphatidyl-
serine, annexin V-based agents have been investigated as probes for imaging
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Fig. 5.3 Integrin o f3,-targeted MRI of plaque angiogenesis and targeted fumagillin (a suppressor
of angiogenesis) delivery in atherosclerotic rabbit aorta. Color-coded signal enhancement overlaid
on T -weighted MR images demonstrating a reduction in signal enhancement 1 week after targeted
fumagillin therapy. The signal enhancement of o, 3 -targeted nanoparticles subsequently gradually
increases and returns to baseline level (week 0) after 4 weeks. Reprinted from [149] with permis-
sion from Elsevier

apoptosis in various pathologies [159]. In a rabbit model of atherosclerosis, planar
imaging with *™Tc-annexin V demonstrated uptake of the tracer along the aorta.
Tracer uptake was confirmed by autoradiography and histological analysis demon-
strated enhanced tracer uptake in advanced lesions [160]. Similarly, in murine mod-
els of atherosclerosis, *™Tc-annexin V SPECT/CT imaging demonstrated areas of
enhanced tracer uptake. Tracer uptake in the aorta was confirmed by autoradiogra-
phy and was found to be highest in apoE~~ (or LDLR™") mice on a high fat diet
followed by apoE~~ (or LDLR™") mice fed normal chow, and considerably less in
wild-type control animals [161]. On histological analysis, tracer uptake correlated
with macrophage and apoptosis immunostaining [161]. In a model of balloon injury
to coronary arteries in high fat-fed swine, *"Tc-annexin V localized in a subset of
injured arteries, with tracer uptake correlating with apoptosis rate quantified on
histological samples [162].

Direct comparison of MMP-targeted and annexin-based imaging in rabbit [163]
and murine [164] models of atherosclerosis has been performed. However, to draw
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reliable conclusions, a number of technical challenges associated with dual tracer
and serial imaging will need to be addressed. Ultimately, annexin imaging may not
be an optimal approach as it suffers from a several major limitations for detection of
apoptosis. As discussed above, phosphatidylserine translocation is not specific to
apoptotic cells. Annexin V binds to several other membrane proteins unrelated to
apoptosis (e.g., interferon-y receptor [165]), and annexin V alone cannot differenti-
ate between cell necrosis and apoptosis as loss of membrane integrity in necrosis
exposes phosphatidylserine to annexin V. To overcome these limitations, alternative
approaches to imaging apoptosis (e.g., targeting caspase activation) are under
development [159].

Calcification

In clinical studies, arterial calcification is often used as surrogate for atheroscle-
rosis burden. Nonetheless, vascular calcification is a complex process resembling
embryonic bone formation and may take several forms. Intimal calcification is
linked with atherosclerosis, while medial calcification is often observed in
patients with type 2 diabetes mellitus and chronic kidney disease [166]. In ath-
erosclerotic calcification, the presence of small calcific deposits in a spotty or
speckled pattern is linked with plaque vulnerability and unstable angina, although
there is considerable overlap between calcification pattern and different clinical
presentations [23, 167, 168]. CT is the most commonly used imaging modality
for detecting arterial calcification. However, small deposits are often missed by
CT imaging. IVUS can differentiate different patterns of calcification and has
been used in clinical studies to investigate potential associations with symptoms
[167, 168].

Phosphonates which bind to hydroxyapatite, the major mineral product of osteo-
blasts, may be used for the detection of calcification. The classical example is *Tc-
methylene diphosphonate (MDP) which is used for imaging bone lesions. The
development of a NIRF probe based on conjugated biphosphonates (e.g.,
OsteoSense750) has allowed in vivo imaging of osteoblastic activity by optical
imaging [169]. When injected to atherosclerotic apoE”~ mice in conjunction with
NIRF probes for detection of macrophages or protease activity, there was a strong
correlation between OsteoSense750 and macrophage signals in different regions of
the aorta, suggesting an association between the two processes. Interestingly, there
was a discordance between the temporal pattern of signals from the protease and
OsteoSense750 probes, with the signal from cathepsin K probe detectable in carotid
arteries of 20- and 30-week-old mice, while the osteogenic signal (which did not
colocalize with cathepsin K signal) was detected only at 30 weeks [170]. Importantly,
NIRF imaging provided sufficient sensitivity and resolution for ex vivo detection
of foci of microcalcifications in the aorta that were undetectable by microCT
imaging.
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Thrombosis

Plaque rupture or erosion generates a prothrombotic interface for platelet activation,
adhesion, and aggregation. The platelet aggregate may progress into an occlusive
thrombus, causing acute coronary syndromes or alternatively remain asymptomatic
and contribute to the progression of atherosclerosis [171]. As such, imaging throm-
bosis (platelet-rich or organized) can be useful for assessing atherosclerosis and
its consequences. Thrombus formation involves a cascade of events including
platelet activation, activation of coagulation factors, conversion of fibrinogen to
fibrin, and subsequent cross-linking of fibrin. The platelet-specific glycoprotein
o, B, integrin plays an important role in platelet recruitment and aggregation at the
sites of endothelial injury. Similar to o B, integrin, activation of o[, integrin
involves conformational changes in its quaternary structure that generate high
affinity binding sites for fibrinogen and von Willebrand factor [172]. These epitopes
may be used as targets for imaging thrombosis. Apcitide is a *™Tc-labeled probe
that binds to integrin o, B, on activated platelets and can be used for imaging acute
deep venous thrombosis [173-175]. Similarly, MPIO conjugated to an anti-o 3,
integrin single chain antibody can detect platelet-rich human thrombi by MRI ex
vivo [176]. In a model of arachidonic acid-induced carotid thrombosis in the mouse,
P975, a Gd chelate-conjugated cyclic RGD peptide targeting o 3, and o, B, was
used to detect arterial thrombosis by MRI in vivo [177]. While this agent may
potentially be useful for imaging plaque-associated thrombosis, the requirement for
delayed (2 h) imaging to generate a specific signal excludes its use in acute
settings.

Fibrin generation is another aspect of thrombosis which may be used as an
imaging target. During acute thrombosis, fibrin’s circulating precursor, fibrinogen,
becomes selectively cleaved by activated thrombin [178]. Consequently fibrin is
selectively deposited in abundant quantities over plaque-associated thrombi, mak-
ing it an attractive target for molecular imaging. A gadolinium-based fibrin-specific
contrast agent, termed EP2104R, has been validated in human subjects for nonin-
vasive detection of coronary, pulmonary, and peripheral arterial thromboses by
MRI [179-182]. An alternative approach to targeted imaging of thrombosis
involves the activated form of coagulation factor XIII (FXIIla) generated in the
course of thrombogenesis. FXIIla covalently cross-links o, -antiplasmin (o -AP,
the main inactivator of plasmin) to fibrin [183], and a.,-AP-based optical and MR
probes have been used to detect arterial thrombosis in vivo [184, 185]. To date,
none of the methods developed for targeted imaging of thrombosis has been shown
to detect atherosclerotic plaque-associated thrombosis, and it remains to be deter-
mined if this approach is able to compete with nontargeted approaches to detect
thrombosis.
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Vascular Molecular Imaging in Humans

BF-FDG Imaging of Vessel Wall Inflammation

As discussed earlier, *F-FDG PET imaging may be used to detect vessel wall
inflammation in animal models of atherosclerosis. ¥F-FDG uptake in human arter-
ies was first noted on PET studies performed for cancer staging [186]. Correlative
studies demonstrated 'SF-FDG uptake to be associated with age, hypertension,
hyperlipidemia, and smoking [187, 188]. Interestingly, vascular calcification and
BE-FDG uptake rarely overlapped, suggesting the presence of distinct processes
[189]. To further investigate whether plaque inflammation could be visualized and
quantified noninvasively using "*F-FDG PET in humans, patients with symptomatic
carotid stenosis underwent ¥F-FDG PET imaging before carotid endarterectomy.
On PET images there was approximately fourfold higher '8F-FDG uptake in symp-
tomatic carotid arteries as compared with asymptomatic contra-lateral lesions [190].
Furthermore, autoradiographic examination of carotid endarterectomy samples
from symptomatic patient exposed to *H-deoxyglucose (an *F-FDG analogue) ex
vivo showed predominant uptake of the tracer at the lipid core-fibrous cap border
which is rich in macrophages [190]. Subsequent data demonstrated a strong correla-
tion between *F-FDG uptake in endarterectomy samples and macrophage (CD68)
staining [191] and established reproducibility of 8F-FDG PET imaging in carotid
arteries and aorta [192]. In patients with "*F-FDG uptake in carotid arteries or aorta,
repeated imaging after 3 months demonstrated a reduction in *F-FDG uptake in
those treated with simvastatin compared to those who underwent dietary modification,
establishing the ability of PET imaging to track the effect of therapeutic interven-
tions on vessel wall biology [193]. Similarly, life style modification for an average
of 17 months in a group of asymptomatic patients with risk factors for atherosclero-
sis led to a significant reduction in the number of 'SF-FDG-positive lesions along the
great vessels. Interestingly, in this study, the changes in "*F-FDG uptake best cor-
related with changes in high density lipoprotein (HDL) plasma levels [194].

Much of the work in this area has focused on imaging the aorta and great vessels.
Cardiac motion and '®F-FDG uptake by normal myocardium are impediments to
imaging coronary arteries. To overcome this limitation, a number of protocols have
been developed to suppress myocardial *F-FDG uptake [195]. Using this approach
for cardiac F-FDG PET imaging, a difference in target-to-background ratio
between lesions culprit for acute coronary syndromes and those corresponding to
stable symptoms was reported (Fig. 5.4) [196]. Despite these advances, because of
cardiac motion the left main and proximal left anterior descending arteries are prob-
ably the only coronaries which can be imaged with relative accuracy using this
approach.

The correlation between ¥F-FDG uptake on PET images and anatomical fea-
tures of plaque detected by CT and MRI was investigated in a group of patients
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Stable Syndrome, Old Stent ‘ ACS: LM Activity

Fig. 5.4 “F-FDG PET/CT images demonstrating tracer uptake in the left main (LM) coronary
artery in patients who presented with acute coronary syndrome (ACS) and uptake to a lesser degree
in patients with stable syndrome. Solid arrows show stent locations. Dashed arrows show lesions
within the LM. Reprinted from [196] with permission from Elsevier

with recent neurological symptoms and ipsilateral carotid stenosis. Surprisingly,
there was no strong correlation between '®F-FDG uptake and any CT or MRI mea-
surement. *F-FDG uptake was higher in lesions with intraplaque hemorrhage but
not in lesions with a thin or ruptured fibrous cap [197]. In another study, *F-FDG
PET imaging in patients undergoing screening for carotid disease by ultrasound
was positive in a subset of patients without detectable atherosclerosis. This raises
questions pertaining to the source of ®F-FDG uptake in carotid arteries in these
patients [198]. Regarding the source of '®F-FDG uptake in atherosclerosis, much
of the existing literature points to macrophages. In most studies, macrophages are
defined by their CD68 positive immunostaining. While the representativeness of
immunostaining on random histological sections for the whole lesion may be
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questioned, a study of ®F-FDG PET imaging prior to endarterectomy in patients
with symptomatic carotid stenosis found a similar correlation between CD68
mRNA from 3-mm-thick segments of the artery and "*F-FDG uptake [199]. As a
marker for macrophages, CD68 is somewhat nonspecific and may be expressed by
other cells, including adipocytes [200] and lipid-loaded VSMCs [201]. Despite
these limitations, "®F-FDG is the most clinically advanced vascular molecular
imaging probe available at the present time and is currently extensively employed
to assess efficacy of antiatherosclerotic drugs in clinical trials [202].

Ultrasmall Superparamagnetic Iron Oxide Imaging
of Carotid Inflammation

The relatively long blood half-life of ultrasmall superparamagnetic iron oxide
(USPIO) in humans (~30 h) allows their accumulation in macrophages. This has led
to their proposed use for detection of metastatic cancer in lymph nodes [203].
Preliminary studies in animals [60] and incidental uptake in atherosclerotic arteries
noted on cancer staging studies [63] led to investigation of USPIO for imaging
inflammation in carotid atherosclerosis. In a prospective study, patients with symp-
tomatic carotid stenosis underwent MRI before and 24 or 72 h after USPIO
(Sinerem®) administration [62]. USPIO was taken up primarily in macrophages but
also in endothelial cells, myofibroblasts and VSMCs in 10 out of 11 endarterectomy
samples, and MRI signal was detectable in half of these patients. USPIO uptake in
carotid atherosclerosis in association with macrophages was confirmed in several
follow-up studies [64, 204]. More recently, this agent was used in a prospective
study to assess the effect of statin therapy on carotid inflammation. In asymptomatic
patients with at least 40% carotid stenosis and USPIO signal loss on an initial MR
study, treatment with high-dose atorvastatin (80 mg) for 12 weeks led to a modest,
yet significant reduction in USPIO signal intensity on T,"-weighted MR images
[205]. These changes were not observed in the low-dose treatment group receiving
20 mg daily of atorvastatin. While several major technical challenges associated
with MR imaging of USPIO uptake in atherosclerosis persist [59, 206], this study
provided evidence for possible use of USPIO-based MRI for assessing the effect of
therapeutic interventions on atherosclerosis.

Fibrin-Specific MR Imaging of Thrombosis

In a proof of principle study, a fibrin-specific gadolinium-based contrast agent,
EP-2104R, was used to detect cardiac, aortic, or carotid thrombosis by MRI [182,
207]. In addition to detecting the great majority of thrombi identified by other
modalities, this approach identified additional loci of thrombus in two patients.
Additional studies are needed to delineate optimal imaging parameters and the
effectiveness of EP-2104R for imaging plaque-associated thrombosis.
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Conclusion

Molecular imaging is critically dependent on identification of appropriate targets,
development of specific and selective probes, and refinements in imaging technol-
ogy. The small size of the vessel wall and cardiac motion considerably increase the
challenges associated with vascular molecular imaging. A diverse range of mole-
cules, including adhesion molecules, proteases, scavenger receptors, and clotting
factors, are induced and somewhat selectively expressed in vascular pathologies and
are thus putative targets for molecular imaging. While the direct exposure of
endothelial cells to blood facilitate the delivery of targeted MRI and ultrasound
probes to targets expressed on endothelial cells, imaging of subendothelial cell
structures remain challenging for these imaging platforms. Nuclear and fluorescent
imaging are particularly useful for this purpose. An important factor to keep in mind
is the vastly different requirements and challenges associated with imaging in small
animals (e.g., for vascular biology research) and in humans. For example, fluorescent
imaging is a powerful tool for basic research studies in small animals. However,
application of fluorescent imaging to imaging blood vessels in humans is currently
only possible with invasive strategies. Nuclear imaging modalities (PET and
SPECT) are highly quantitative in nature and appear as especially promising for
clinical translation of molecular imaging. Ultimately, vascular molecular imaging
will most likely be based on multimodality imaging (e.g., PET/CT) which combines
the strengths and overcome the limitation of each imaging modality.

Translational studies applying molecular imaging to human disease are ongoing.
Refinement of these techniques will broaden the theoretical limitations of noninva-
sive imaging, allowing for early identification and risk stratification of patients with
coronary artery and other vascular diseases. Significant progress has already been
made with regards to developing probes targeted at relevant molecular markers of
vascular diseases. From an economic standpoint, ultimately those probes that target
key biological processes common to several pathologies (e.g., inflammation, MMP
activation) have the highest likelihood of being viable for clinical translation.
Similarly, PET and SPECT are widely available and routinely used in clinical car-
diovascular medicine. This increases the likelihood of their use in clinical vascular
molecular imaging. Indeed, FDG PET imaging is currently under fairly advanced
investigation as a tool for detecting inflammation in human carotid, coronary, and
aortic disease.

When targeted imaging becomes clinically viable, its application to patient
care will fundamentally alter the paradigm of management of a broad range of
cardiovascular diseases including CAD, peripheral vascular disease, myocardial
infarction, and aortic aneurysm. Molecular imaging will allow providers to iden-
tify at-risk patients, subsequently permitting individualization of therapies which
is expected to confer efficiencies to health care delivery by identifying patients
who will benefit most from costly or invasive therapies. An important application
of molecular imaging is in providing early endpoints for clinical trials in vascular
diseases, which can considerably shorten the time and reduce the associated costs.
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In concert with established pharmacologic and invasive therapies, molecular
imaging may in the future serve as an indispensable component in providers’
armamentarium to diagnose and treat vascular diseases.
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