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ardiovascular Molecular Imaging
awrence W. Dobrucki, PhD, and Albert J. Sinusas, MD

The recent introduction of novel gene therapies for treatment of cardiac and noncardiac
diseases has caused a remarkable need for noninvasive imaging approaches to evaluate
and track the progress of these therapies. In the past we have relied on the evaluation of
the physiological consequences of therapeutic interventions. With advances in targeted
molecular imaging we now have the ability to evaluate early molecular effects of these
therapies. The development of dedicated high resolution small animal imaging systems and
the establishment of transgenic animal models has enhanced our understanding of cardio-
vascular disease and has expedited the development of new gene therapies. Noninvasive
targeted molecular imaging will allow us to directly track biochemical processes and
signaling events that precede the pathophysiological changes. The examples of targeted
molecular imaging outlined in this seminar provide some insight into the bright and growing
future of cardiovascular molecular imaging. The success of this new field rests on the
development of targeted biological markers of molecular and physiological processes,
development of new instruments with improved sensitivity and resolution, and the estab-
lishment of multidisciplinary teams of experimental and clinical investigators with a wide
range of expertise. Molecular imaging already plays a critical role in the experimental
laboratory. We expect that, in the near future, targeted molecular imaging will be routinely
used in clinical cardiovascular nuclear medicine laboratories in conjunction with existing
imaging modalities for both diagnostic and prognostic purposes, as well as for evaluation
of new genetic based therapeutic strategies.
Semin Nucl Med 35:73-81 © 2005 Elsevier Inc. All rights reserved.
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ealth care has become so expensive that, to provide it to
a maximum number of people, a shift is need in empha-

is from treatment to the prevention of disease. This shift
resents new challenges to basic research as well as to clinical
ractice and stimulates technological adaptations of existing
iagnostic procedures. In the past, prognostication and eval-
ation of therapy were assessed by studying physiological
onsequences expressed by changes in blood flow, function,
nd metabolism. Current strategies involve the use of tar-
eted markers of biological processes. The development of
iologically targeted markers has become possible with re-
ent advances in molecular biology, including genomics and
roteomics. The effective application of these technological
dvances requires the establishment of multidisciplinary
eams with a wide range of expertise. Nuclear medicine is
xpected to play a key role in this interdisciplinary approach
o understanding origins, pathogenesis, and progress of dis-
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ases and in evaluating therapeutic interventions. Nuclear
edicine has shown its enormous potential in observing in

ivo complex system functions at the molecular, cellular,
rgan, as well as the whole-body level.

olecular Imaging
he concept and practice of molecular imaging, defined as

he in vivo characterization and measurement of biological
rocesses at the cellular and molecular level within living
rganisms, has been present for decades and originated with
argeted nuclear imaging.1 Targeted imaging can be defined
n terms of a probe-target interaction, whereas the probe
ocalization and magnitude are directly related to the inter-
ction with the target epitope or peptide. Nuclear medicine is
articularly suited for target imaging that initially involved
onoclonal antibody targeting of a specific cell membrane

pitope, imaging the activity of a particular enzyme or trans-
orter-specific probe.

istorical Perspective
maging cell-specific surface antigens or epitopes with radio-

abeled monoclonal antibodies represent some of the earliest

73



m
t
v
b
p
t
b
f
c
r
p
b
r
p
t

a
fl
b
z
fi
a
e
l
m
t
v
r

v
M
n
p
c
P
d
g
a
P

N
R
n
n
b
d
t
s
c

s
s
d
d
e

r

p
d
r
p
m
T
fi
n

o
s
s
i
a

I
S
a
c
i
r
m
p
r
a
(
c
a
c

e
b
a
p

i
r
l
t
d
c

F
i
l

74 L.W. Dobrucki and A.J. Sinusas
olecular imaging applications still used in both experimen-
al and clinical nuclear medicine research. Initial studies in-
olved tumor imaging with direct radiolabeled native anti-
odies (ie, IgG).2 The introduction of genetic engineering
rovided a powerful tool to design recombinant fragments
hat retained high affinity for target antigens and expressed
oth a high tumor targeting and concomitant rapid clearance
rom normal tissues. More recently, the imaging of various
ell surface receptors using radiolabeled regulatory peptides
epresents a novel strategy in basic research. The regulatory
eptides are small, readily diffusible molecules that express a
road range of receptor-mediated actions. These high affinity
eceptors are over expressed in many pathological states and
rovide molecular targets for the diagnosis and assessment of
he therapy.

The most widely used paradigm in clinical studies is the
ssay of enzymatic activity imaging glucose use with 2=-
uoro-2=-deoxyglucose (FDG). This imaging approach is
ased on an enzyme-specific radiolabeled probe and an en-
yme-metabolic trapping mechanism that provides an ampli-
cation of the signal in target tissue. Such enzymatic signal
mplification (increase in image intensity) offers substantial
nhancement for targeted molecular imaging. Currently, 18F-
abeled FDG is the most widely used positron emission to-

ographic (PET) imaging tracer. PET 18F-FDG has become
he prerequisite imaging study before the treatment in a wide
ariety of diseases and often is used to assess treatment
esponse.

Another classic targeted molecular imaging approach in-
olves the imaging of cardiac neuroreceptors in the heart.
ost of this work has focused on imaging of the sympathetic

ervous system. Important alterations in both pre- and
ostsynaptic cardiac sympathetic function occur in several
ardiovascular diseases, including ischemic heart disease.
resynaptic function can be measured using 11C-meta-hy-
roxyephedrine a PET radiotracer, or 123I-meta-iodobenzyl-
uanidine, a SPECT radiotracer. Postsynaptic function can be
ssessed with 11C-CGP12177, a radiolabeled beta-blocker for
ET imaging.3,4

ewer Applications
ecent progress in the understanding of the molecular-ge-
etic mechanisms as well as technological development of
ew imaging strategies has led to the application of new
iologically based approaches. Methods actively are being
eveloped for controlled gene delivery to various somatic
issues using novel gene constructs. Moreover, gene expres-
ion can be controlled and imaged using cell-specific, drug-
ontrolled expression systems.

Recently, new imaging strategies have been proposed and
uccessfully employed in clinical as well as basic research
tudies. Radiolabeled thymidine analogs, such as 5-iodo-2=-
eoxy-uridine (123IdU, 124IdU, and 131IdU) and 5-bromo-2=-
eoxy-uridine (76BrdU), have been used to image cell prolif-
ration and DNA synthesis.

In contrast to the direct, targeted imaging paradigm, indi-

ect molecular imaging is more complex and involves multi- r
le components. “Reporter imaging” is an example of an in-
irect imaging strategy. This paradigm includes a marker/
eporter gene and a marker/reporter probe. The reporter gene
roduct can be an enzyme that converts a reporter probe to a
etabolite that is selectively trapped within transduced cells.
he main advantage of this approach is the enzymatic ampli-
cation of the probe-signal that facilitates imaging the mag-
itude and location of reporter gene expression.
Another important novel imaging paradigm is the imaging

f molecular markers and biological pathways that give in-
ight into the pathogenesis and progress of diseases and as-
essment of therapeutic intervention. These include novel
maging strategies for heart failure, thrombosis, apoptosis,
therosclerosis, and angiogenesis.

maging Technology
ignificant progress in the technological advancement of im-
ging instrumentation has been observed during recent de-
ades. However, because of practical limitations of different
maging modalities, the broad use of molecular imaging is
estricted to a few techniques (Fig. 1). Nuclear and optical
odalities provide remarkable ability to study molecular
rocesses and biological pathways; however, because of their
elatively poor spatial resolution, their use in imaging the
natomy is somehow limited. Magnetic resonance imaging
MRI) overcomes problems with spatial resolution but be-
ause of the lack of molecular MRI-compatible and widely
vailable probes, the ability of MRI to study molecular pro-
esses is still inadequate.

Table 1 shows selected operational parameters for differ-
nt imaging modalities. It is evident that nuclear techniques,
oth single photon emission computed tomography (SPECT)
nd PET possess a unique set of advantages that make them
articularly suitable for molecular imaging.
The greatest problems arise when accurate quantitative

nformation about the radiopharmaceutical distribution is
equired. The accuracy of SPECT imaging is fundamentally
imited by the attenuation of the low energy photons by body
issues. This introduces an error in relating the density of
etected photons to the concentration of the radiopharma-
eutical in an organ. Moreover, the presence of scattered

igure 1 Comparison of the relative strengths of different current
maging modalities for evaluation of anatomy, physiology, metabo-
ism, and molecular processes.
adiation limits spatial resolution. PET imaging can over-
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Cardiovascular molecular imaging 75
ome some of the attenuation problems however compared
ith SPECT it is an expensive technique.
The introduction of hybrid systems for imaging of small

nimals (microSPECT/CT and microPET/CT) greatly en-
anced the performance and accuracy of nuclear imaging.
he CT component could be used for anatomical localization
s well as for attenuation correction. However, the question
ddressed here is what is the optimal nuclear technology for
mall animal imaging?

MicroSPECT imaging offers several advantages over mi-
roPET imaging, and these include availability of targeted
racers, improved physics of SPECT radiotracers, and general
vailability and affordability of SPECT technology. In con-
rast to SPECT technology, inherent resolution of PET radio-
racers is fundamentally limited by physical behavior of
ositron decay (1-3 mm). Moreover, both the movement of
he positron before annihilation and deviation from an exact
80° angular separation have a profound effect on PET reso-

ution. The major advantage of targeted SPECT imaging ap-
roaches is production and transport of SPECT tracers that
re readily available and simultaneous multiple-isotope im-
ging capability. On the other hand, microPET technology
ffers several unique advantages over microSPECT imaging.
major advantage of microPET imaging is provided by use of

1C isotopes, which permits labeling a given molecule with-
ut perturbing the biological function. Additionally, micro-
ET imaging provides better sensitivity and an established
pproach for attenuation correction that gives a greater po-
ential for image quantification.

pecific Applications
f Cardiovascular
olecular Imaging

maging of Angiogenesis
ngiogenesis represents the formation of new capillaries by cel-

ular outgrowth from existing microvessels.5 It occurs as part of
he natural healing process after ischemic injury. The process of
ngiogenesis includes local proliferation and migration of vas-
ular smooth muscle and endothelial cells as well as potential
articipation of blood-derived macrophages and circulating
tem cells. The principal stimuli for angiogenesis include tissue
schemia and hypoxia, inflammation, and shear stress. A large

able 1 Selected Operational Parameters for Different Imagin

Modality
Spatial

resolution Depth

ET 1-2 mm No limit
PECT 0.5-1.5 mm No limit
ptical
Bioluminescence 3-5 mm 1-2 mm
Fluorescence 2-3 mm <1 mm
RI 25-100 �m No limit
T 50-200 �m No limit
ltrasound 50-500 �m mm-cm
umber of local and circulating angiogenic factors are involved s
n this process, including vascular endothelial growth factor
VEGF), angiopoietins, basic fibroblast growth factor, and trans-
orming growth factor-�. The angiogenic response is also mod-
lated by the composition of the extracellular matrix (ECM) and

ntercellular adhesions, including integrins.6,7 Integrins are a
amily of heterodimeric cell surface receptors capable of medi-
ting an array of cellular processes, including cell adhesion, mi-
ration, proliferation, differentiation, and survival.8 During an-
iogenesis endothelial cells must adhere to one another and to
he ECM to construct and extend new microvessels. The specific
v�3 integrin has been identified as a critical modulator of an-
iogenesis.6 Thus, the angiogenic process is a complex multi-
tep phenomenon that involves many stimuli, growth factors
nd interactions between multiple cell types.9

Potential targets for imaging of angiogenesis relate to the
maging of the favorable conditions or molecular events as-
ociated with the initiation of the angiogenic process. Ap-
roaches for the targeted imaging of angiogenesis have been
xtensively discussed in a recently published review.10 Only
he most established approaches for targeted imaging of an-
iogenesis will be highlighted in the current article. This
ncludes evaluation of the altered expression of VEGF recep-
ors, and �v�3 integrins.

maging of VEGF and Receptors
EGF is a fundamental mediator of angiogenesis and plays a
ritical role in vascular development during embryogenesis.11

he mitogenic activity of VEGF is primarily for endothelial cells,
lthough VEGF also interacts with bone marrow-derived cells,
onocytes, and tumor cell lines. The expression of VEGF is

nduced by hypoxia, indicating that it is a key natural mediator
f angiogenesis in response to ischemia. VEGF mediates many
ellular functions including, release of other growth factors, cell
roliferation, migration, survival, and angiogenesis.12

VEGF receptors are reasonable targets for imaging of me-
iators of ischemia-induced angiogenesis, using VEGF121 as
he targeting ligand. Indium-111 (111In)-labeled VEGF121 re-
ently was evaluated in a rabbit model of unilateral hindlimb
schemia.13 Planar imaging demonstrated significantly higher
11In-VEGF121 activity in the ischemic hindlimb compared
ith the contralateral nonischemic hindlimb. These differ-

nces were confirmed by postmortem gamma well counting
f skeletal muscle at multiple time points post injection in

dalities

Temporal
resolution

Sensitivity
(mol/L)

Molecular
probe

10 s-min 10�11-10�12 ng
min 10�10-10�11 ng

sec-min 10�15-10�17 �g-mg
sec-min 10�9-10�12 �g-mg
min-hrs 10�3-10�5 �g-mg
min – N/A
sec-min – �g-mg
g Mo
ubsets of the rabbits. Gamma well counting demonstrated a
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76 L.W. Dobrucki and A.J. Sinusas
-fold greater 111In-VEGF121 retention in ischemic muscle
ompared with contralateral nonischemic muscle and muscle
rom sham-operated rabbits. The findings are summarized in
igure 2. Immunohistochemistry confirmed increased ex-
ression of KDR and Flt-1 receptors within the ischemic
indlimbs, although the skeletal muscle was not evaluated
or capillary density to confirm angiogenesis.

This preclinical study suggests that it is possible to identify
schemic tissue by radiolabeling angiogenic receptors using a
aturally occurring ligand as the imaging probe. The use of
adiolabeled VEGF121 as an imaging agent takes advantage of
he specificity of VEGF121 for hypoxia-inducible endothelial
ell VEGF receptors.

The availability of a recombinant human form of VEGF121

voids the potential problem of immunogenicity associated
ith the use of antibodies as targeting ligands.14 However,

his approach may be in part limited by the total VEGF121

eceptor density, and the retention of 111In-VEGF121 in other
ritical organs (ie, kidney, liver).

VEGF receptor imaging could provide complementary in-
ormation to routinely available clinical assessments of flow
y imparting physiologic information on hypoxic stress
ithin viable tissue.15 The application of dual isotope 111In-
EGF121 and 99mTc-sestamibi imaging could be useful for

dentifying hibernating myocardium or peri-infarct tissue at
isk for necrosis. VEGF receptor imaging also could be po-
entially useful in the evaluation of therapeutic angiogenic
trategies but again would probably require complementary
erfusion imaging. In peripheral vascular disease, identifica-
ion of VEGF receptors could help guide the selection of sites
or local injection of angiogenic treatments. In patients with
linical myocardial ischemia receiving angiogenic treat-

Figure 2 111In-VEGF retention in model of rabbit hindlim
counting in deep muscles of hindlimb) at 3 hours (A)
indicates contralateral nonischemic hindlimb in rabbit
unilateral ischemia; open bars, group with sham operat
ents, the serial scintigraphic identification of changes in
eceptor expression could provide evidence of a therapeutic
ffect, which could be incremental to, or more sensitive than,
cintigraphic measures of flow alone. Further studies in more
linically relevant models will be required to validate the
oncept of angiogenic receptor labeling as a clinically useful
maging approach.

maging of ���3 Integrin
he �v�3 integrin is expressed in angiogenic vessels. It is
nown to modulate angiogenesis and therefore represents
nother potential novel target for imaging angiogenesis.16,17

nvestigators first proposed the noninvasive detection of tu-
or angiogenesis in vivo using magnetic resonance imaging

nd a paramagnetic contrast agent targeted to endothelial
v�3 via the LM609 monoclonal antibody.17 However, tar-
eted in vivo imaging using similar monoclonal antibodies
as been limited in the past by slow clearance of the tracer
rom the blood. Haubner and coworkers subsequently re-
orted the synthesis and characterization of a series of radio-

abeled �v�3 antagonists, reporting kinetics in both in vitro
nd in vivo preparations.16,18,19 Their work has focused on
he use of cyclic Arg-Gly-Asp (RGD) peptides, which are
nown to bind to the �v�3 integrin. These radiolabeled RGD
eptides exhibited high affinity for the �v�3 integrin, and
pecific binding in several tumor cell lines expressing �v�3.
his preliminary work supports the potential for radiola-
eled targeting of �v�3 for imaging of angiogenesis. Al-
hough these compounds demonstrated rapid clearance from
lood, they are cleared predominantly through the hepato-
iliary system, which may complicate imaging of myocardial
ngiogenesis.

mia. 111In-VEGF activity was measured by gamma well
p to 48 hours (B) after radiotracer injection. Control
unilateral hindlimb ischemia. Solid bars, group with
limb. (Reprinted with permission.13)
b ische
and u

s with
Harris and coworkers recently reported the high affinity
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Cardiovascular molecular imaging 77
nd selectivity of an 111In-labeled quinolone (111In-RP748)
or the �v�3 integrin using assays of integrin-mediated ad-
esion.20 These investigators also demonstrated rapid blood
learance and a favorable biodistribution of 111In-RP748, as
ell as the feasibility for tumor imaging. Sadeghi and co-
orkers evaluated a cy3-labeled homolog (TA145) of 111In-
P748 using cultured endothelial cell preparations incu-
ated in the presence and absence of established integrin
ctivators.21 TA145 localized to �v�3 at focal cell-cell contact
oints. Under these in vitro experimental conditions, TA145
ppears to exhibit preferential binding to the activated form
f �v�3 integrin. This suggests that 111In-RP748 may also
xhibit selective binding to activated �v�3 integrin.

Meoli and coworkers were the first to report the potential of
11In-RP748 for in vivo imaging of myocardial angiogenesis.22

11In-RP748 demonstrated favorable kinetics for imaging of
schemia induced angiogenesis in the heart. Established canine

odels of myocardial infarction, which are known to produce
ontransmural infarction and peri-infarct ischemia resulting in
yocardial angiogenesis, initially were used in the application of

n vivo SPECT imaging of myocardial angiogenesis. In these
tudies, focal uptake of 111In-RP748 was observed in the infarct
egion associated with activation of the �v�3 integrin. However,
econstruction and interpretation of the 111In-RP748 “hot spot”
mages of the �v�3 integrin required careful coregistration of
he targeted images with perfusion images. In vivo and ex vivo
ual isotope SPECT 111In-RP748 and 99mTc-sestamibi images
re shown for two different dogs at 3 weeks following myocar-
ial infarction are shown in Figure 3. The value of the �v�3
argeted imaging approach for assessment of myocardial angio-
enesis was recently confirmed by another group of investiga-
ors that injected an 123I-labeled RGD peptide in pigs with
hronic ischemia treated with direct intramyocardial injection of
hVEGF165.23

An additional series of rat studies demonstrated that the
egional myocardial retention of 111In-RP748 in the reper-
used infarcted region correlated with the uptake of a radio-
abeled nitroimidazole (BRU-5921), which has been shown
o be retained in hypoxic myocardium.24 This supports the
ole of 111In-RP748 as a targeted marker of angiogenesis,
hich is stimulated in regions of myocardial hypoxia.
Additional studies by the group at Yale University have dem-

nstrated the value of a 99mTc-labeled peptide (NC100692) for
argeted imaging of the �v�3 integrin in rodent models of hind-
imb ischemia using high resolution pinhole planar imaging.25

ice underwent a surgical right femoral artery occlusion and
ere injected with NC100692 at multiple times after occlusion.

n vivo pinhole planar imaging was performed to evaluate tem-
oral changes in angiogenic process within ischemic hindlimb.
uclear imaging results have been confirmed by in vitro gamma
ell counting.
These preliminary experimental studies suggest that radio-

abeled �v�3 targeted agents may be valuable noninvasive
arkers of angiogenesis after ischemic injury. Additional ex-
erimental studies will be required to define the duration of
v�3 integrin expression/activation after ischemic injury or
fter stimulated angiogenesis. The changes in expression/ac-

ivation of �v�3 integrin also will need to be related to m
hanges in more functional parameters like myocardial per-
usion, regional mechanical function, permeability, and re-
ional hypoxia. The potential for targeted imaging of other
ntegrins, like �v�5, must also be considered.

maging of
therosclerosis
nd Vascular Injury

ntegrins, particularly �v�3, also have emerged as a promis-
ng target for imaging injury-induced vascular remodeling
nd proliferation. Antagonists of �v�3 have been shown to
imit neointimal hyperplasia and lumen stenosis in experi-

igure 3 In vivo and ex vivo 111In-RP748 and 99mTc-sestamibi
99mTc-MIBI) images from dogs with chronic infarction. Serial in
ivo 111In-RP748 SPECT short axis, vertical long axis (VLA), and
orizontal long axis (HLA) images in a dog 3 weeks after LAD

nfarction at 20 min and 75 min after injection in standard format
A). 111In-RP748 SPECT images were registered with 99mTc-MIBI
erfusion images (third row). The 75-min 111In-RP748 SPECT im-
ges were colored red and fused with MIBI images (green) to better
emonstrate localization of 111In-RP748 activity within the heart
color fusion, bottom row). Right ventricular (RV) and left ventric-
lar (LV) blood pool activity is seen at 20 min. Filled arrows indicate
egion of increased 111In-RP748 uptake in anterior wall. This corre-
ponds to the anteroapical 99mTc-sestamibi perfusion defect (open
rrow). Ex vivo 99mTc-sestamibi (left) and 111In-RP748 (center) im-
ges of myocardial slices from a dog 3 weeks after LAD occlusion,
ith color fusion image on right (B). Short axis slices are oriented
ith anterior wall on top, RV on left. Open arrows indicate anterior

ocation of nontransmural perfusion defect region, and filled arrows
ndicate corresponds area of increased 111In-RP748 uptake. (Re-
rinted with permission.22)
ental models of vascular injury. Sadeghi and coworkers
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78 L.W. Dobrucki and A.J. Sinusas
ave demonstrated that the novel 111In-labeled �v�3 inte-
rin-specific molecule, RP748 and its homologues bind pref-
rentially to activated �v�3 on endothelial cells (ECs) in vitro
nd exhibit favorable binding characteristics for in vivo
maging.26 Indeed, there was an approximately 15-fold in-
rease in RP748 affinity for �v�3 integrin on ECs in suspen-
ion in the presence of Mn2� (activated ECs), compared with
onactivated cells. Moreover, investigators presented evi-
ences that RP748 uptake can track the proliferative process
ssociated with carotid artery injury by targeting activated
v�3 integrin expression in vivo in apolipoprotein E-nega-

ive (apoE�/�) mice. Using immunohistochemistry they
emonstrated that very low levels of �v and �3 staining
ould be detected in uninjured carotid arteries. In conjunc-
ion with vascular wall expansion, the injured arteries ex-
ressed significantly higher levels of both �v and �3 in the
edia and neointima. The temporal changes in the expres-

ion of �v and �3 were observed with maximum at 1 to 3

Figure 4 In vivo scintigraphic uptake of [123I]HO-CGS
images taken 120 min after injection in apolipoprotein
carotid ligation. A, Unblocked; B, after predosing with 6
illustrates quantitative uptake of the radioligand in the ca
unblocked and predosed lesional uptake. The signal
metabolism of the original compound because there is no
permission.28)
eeks after injury. These findings may potentially lead to the l
evelopment of noninvasive imaging strategies for vascular
ell proliferation-associated states, whether focal (ie, postan-
ioplasty restenosis) or diffuse (ie, pulmonary hypertension).

Schäfers and coworkers investigated the feasibility of scin-
igraphic imaging of matrix metalloproteinases (MMPs) in
ivo using a radiolabeled broad-spectrum MMP inhibitor
CGS27023A) in an established animal model of arterial re-
odeling and lesion development where MMPs are induced

nd activated.27,28 The MMPs constitute a large family of pro-
eolytic enzymes responsible for degradation of myocardial
xtracellular matrix (ECM) that is associated with vascular
emodeling. These investigators evaluated an 123I-labeled
MP inhibitor (CGS27023A) in cholesterol-fed apolipopro-

ein E-deficient mice after ligation of the carotid artery. The
ice developed an arterial lesion, which was macrophage-

nd MMP-rich, with MMP-9 as the most prominently ex-
ressed enzyme. The in vivo imaging of the carotid lesion
howed an approximately 1.5-fold increase in tracer accumu-

A a MMP targeted radiotracer. Representative planar
cient mice (A-C) and wild-type mice (D) 4 weeks after
L CGS 27023A; C, sham-operated; D, wild-type. Graph
sion over time is expressed as % ID. *P � 0.05 between
abdominal cavity is unspecific and probably reflects

ition after predosing in all experiments. (Reprinted with
27023
E-defi
mmol/
rotid le
in the
inhib
ation attributable to specific uptake (Fig. 4). To confirm
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Cardiovascular molecular imaging 79
maging data, carotid arteries were excised and counted in a
amma counter. Radiotracer retention in the left carotid le-
ion was approximately threefold that of the control right
arotid. The specificity of lesion uptake was established using
n unlabeled (cold) MMP inhibitor.

Other investigators have focused on the imaging of vascular
mooth muscle cell proliferation29 and apoptosis of these cells or
acrophages within the vessel wall (Fig. 5).30 One useful
arker of smooth muscle cell proliferation is the negative

harge-modified Z2D3 antibody, which has been used for im-
unoscintigraphic targeted imaging of atherosclerosis.29

Targeted radiotracer imaging of the atherosclerosis or vas-
ular remodeling presents a unique problem, in that the tar-
et lesion has a very low mass and may be located deep in the
ody. Existing PET and SPECT instrumentation may be in-
ufficiently sensitive to detect these small deep lesions. Ac-

igure 5 Feasibility of noninvasive imaging of apoptosis by radiola-
eled annexin V. Left lateral oblique gamma images of experimental
therosclerotic (A-C) and control (D-F) rabbits injected with 99mTc-
nnexin V; L and K mark liver and kidney activities, respectively.
mages at the time of injection (A and D) and at 2 h after injection (B
nd E) are shown. Although blood pool activity is seen at the time of
njection (A) in the atherosclerotic animal, tracer uptake is clearly
isible in the abdominal aorta (with lesions) at 2 h (B). C, Ex vivo
mage of B shows intense 99mTc-annexin V uptake in the arch and
bdominal region. Annexin-positive areas were confirmed to con-
ain macrophage and apoptosis-rich regions in the atherosclerotic
laque by histology. D through F show the corresponding images in
he control animal. Note that the aorta is indistinguishable from
ackground at 2 hours after injection (E). The blood pool at the time
f injection in control animal (D) is comparable to atherosclerotic
nimal. F, Ex vivo aortic image of the control animal demonstrates
he absence of 99mTc-labeled Annexin V uptake. (Reprinted with
ermission.30)
ordingly, several groups of investigators are developing in- m
ravascular scintillation catheters that can be use to detect
ocal uptake of radiotracers targeted to components of the
therosclerotic or unstable vascular plaque. Most of these
ntravascular detectors use plastic scintillators linked to fiber-
ptics, which transmit the signal down a flexible catheter
ystem.

maging of Postinfarction Remodeling
he MMPs also are responsible for degradation of the myo-
ardial ECM that is associated with post-MI myocardial LV
emodeling that often leads to heart failure. A clear cause/
ffect relationship between MMPs and the LV remodeling
rocess has been demonstrated using animal models of heart
ailure, both wild type and transgenic as well as through the
se of MMP inhibitors. The importance of detecting and
uantifying of MMP activity in vivo during the evolution of
ost-MI remodeling is the driving force to develop a nonin-
asive method that will help to translate basic observations to
linical applicability.

The measurement of MMP and tissue inhibitors of MMPs
TIMP) levels in tissue and plasma can provide important
nsight into a critical determinant of MMP activity. However,
ecause of the multiple posttranslational steps that regulate
MP activity, several approaches have been developed to

irectly quantify MMP activity in situ and more recently in
ivo. One approach is in situ zymography. An additional
pproach for measuring total MMP activity in crude homog-
nates or in situ is through the use of fluorogenic labeled
eptide substrates, however these peptide constructs are un-
table in plasma, bound by nonspecific proteins, and have a
imited half-life that limits their clinical in vivo applicability.
n light of the fact that defining MMP activity in vivo holds
reat clinical significance in both cancer as well as in cardio-

igure 6 In vivo 99mTc-RP805 and 201Tl images from mouse with
hronic infarction. Serial in vivo 201Tl SPECT (first row) and 99mTc-
P805 SPECT (second row) short axis, vertical long axis, and hor-

zontal long axis images in a mouse 1 week after LAD infarction.
9mTc-RP805 SPECT images were coregistered with 201Tl perfusion
mages (third row). Arrows in the first row indicate 201Tl perfusion
efect that corresponds to the area of increased 99mTc-RP805 uptake

arked by arrows in the third row.



v
n
b
m
i
t
b
p
P
M
t
t
n
c
t
p
u
S

M
i
t
1

c
a
M
r
o
i
g
c
r
b

I
A
w
d
s
a
a
c
b
o
s
p
p
i
(
(
o
r
a

n
r
a

i
A
r
t
m
(
t
l
t
P
s

t
b
t
p
i
a
u
m
d
a
w
fi
p
b
l
n

d
t
m
d

R

1
1

80 L.W. Dobrucki and A.J. Sinusas
ascular disease, recent effort has been placed in developing
onpeptide markers for MMP activity. These constructs have
een developed around the structural configuration of phar-
acological MMP inhibitors, but do not possess innate MMP

nhibitory activity. For example, a compound developed ini-
ially by Parke-Davis (PD166703) has been used as a back-
one for a number of radiolabeled and spin-labeled com-
ounds that permit visualization of MMP activity using either
ET or magnetic resonance imaging. More recently, Bristol-
yers-Squibb has developed MMP targeted SPECT radio-

racers which displayed selective binding kinetics to the ac-
ive MMP catalytic domain. These radiotracers use a
onselective MMP inhibitor as the template that has been
onjugated with 99mTc or 111In. Binding of these radiotracers
o the exposed catalytic domain of active MMPs provides a
otential method detect and image MMP activation in vivo
sing a conventional gamma camera for both planar and
PECT imaging.

We have demonstrated the feasibility of a noninvasive
MP imaging using an 111In-labeled nonspecific MMP inhib-

tor (111In-RP782) to evaluate temporal changes in MMP ac-
ivation in murine model of myocardial infarction (MI).31

11In-RP782 or a negative control 111In-labeled enantiomeric
ompound (111In-RP788) was injected into mice at 1 week
fter surgically induced MI or in noninfarcted control mice.
icroautoradiography demonstrated increased 111In-RP782

etention within MI region and no local myocardial retention
f 111In-RP788. Gamma well counting revealed a significant
ncrease in 111In-RP782 activity in MI regions of post-MI
roup compared with control group. 111In-RP782 retention
orrelated well with MMP activity defined by in situ zymog-
aphy. Similar studies have been performed using 99mTc-la-
eled RP805 (Fig. 6) confirming feasibility of that approach.

maging of Apoptosis
poptosis, or programmed cell death, occurs in association
ith many cardiovascular diseases. This preprogrammed cell
eath often occurs in combination with cell death by necro-
is. Apoptosis, first described by Kerr and coworkers, is char-
cterized by morphological changes, including cell shrinkage
nd formation of membrane-bound apoptotic bodies.32 In
ontrast, necrosis is characterized by an early loss of mem-
rane permeability, cell swelling and random fragmentation
f DNA. Cells undergoing apoptosis express phosphatidyl
erine (PS) on their cell membrane, which is a constitutive
lasma membrane anionic phospholipid that is not ex-
ressed in normal cells; thus, it presents a favorable target for

maging of apoptotic processes. Annexin-V is a medium-size
MW � 36 kDa) physiological human protein with a high
Ka � 7 nM), Ca2�-dependent affinity toward the PS on the
uter leaflet of the cell membrane. Annexin-V could be
eadily labeled with either fluorescent or radionuclide agent
nd used in apoptosis imaging.

Vermes and coworkers used fluorescein-labeled An-
exin-V to identify apoptotic cells in vitro.33 Recently, a novel
eal-time imaging model has been reported that visualizes

poptotic membrane changes of single cardiomyocytes in the
njured heart of a living mouse by using fluorescent labeled
nnexin-V.34 Others have been used Annexin-V labeled with
adionuclide agent to image apoptotic cell death in vivo.35 In
he clinical practice, 99mTc-labeled Annexin-V is now com-
ercially available for imaging cardiac apoptosis in vivo

Thesus Imaging, Inc.). In patients with myocardial infarc-
ion undergoing reperfusion therapy, the gamma camera de-
ayed images clearly showed an intense accumulation of the
racer at the site of infarct, indicating presence of externalized
S on the cardiomyocyte membrane. Compared with 99mTc-
estamibi, Annexin-V uptake can be seen in a smaller defect.

Recently, 99mTc-labeled Annexin-V has been used to track
he heart transplant rejection process. In fact, apoptosis has
een noninvasively identified in an animal model of heart
ransplant rejection36 and allograft rejection in rat liver trans-
lantation. Others have investigated the clinical role of imag-

ng with Annexin-V for the detection of apoptosis in cardiac
llograft recipients.37 These studies have demonstrated the
sefulness of radionuclide imaging with Annexin-V in hu-
an subjects who have undergone heart transplantation. En-
omyocardial biopsies were performed within the first 4 days
fter imaging to confirm imaging data by histology. Patients
ith focal 99mTc-Annexin-V uptake had histologically veri-
ed transplant rejection (grade �2). The advantage of the
roposed noninvasive approach is that if such correlation
etween biopsies and imaging results were to be confirmed in

arger studies, Annexin-V imaging could help obviate the
eed for highly invasive endomyocardial biopsies.
Apoptosis imaging would also be useful in various other

isease states, both cardiac and noncardiac, that are charac-
erized by increased or decreased apoptosis. Moreover, the
onitoring the efficacy of interventions directed toward in-
uction of apoptosis is possible.
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