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Cardiovascular molecular imaging is a new discipline that inte-
grates scientific advances in both functional imaging and mo-
lecular probes to improve our understanding of the molecular
basis of the cardiovascular system. These advances are driven
by in vivo imaging of molecular processes in animals, usually
small animals, and are rapidly moving toward clinical applica-
tions. Molecular imaging has the potential to revolutionize the
diagnosis and treatment of cardiovascular disease. The 2 key
components of all molecular imaging systems are the molecular
contrast agents and the imaging system providing spatial and
temporal localization of these agents within the body. They
must deliver images with the appropriate sensitivity and specific-
ity to drive clinical applications. As work in molecular contrast
agents matures and highly sensitive and specific probes are de-
veloped, these systems will provide the imaging technologies re-
quired for translation into clinical tools. This is the promise of
molecular medicine.
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Cardiovascular molecular imaging is a new discipline
that integrates scientific advances in both functional
imaging and molecular probes to improve our understand-
ing of the molecular basis of the cardiovascular system.
These advances are driven by in vivo imaging of molecu-
lar processes in animals, usually small animals. A natural
progression of this research is that our increased under-
standing of these cardiovascular processes will allow us to
not only recognize the pathogenesis of the cardiac dis-
ease process in individual patients but also translate that
knowledge to the development of diagnostic and therapeu-
tic breakthroughs to detect and reverse disease before
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permanent damage takes place. This is the promise of
molecular medicine.

To achieve this goal, it is well accepted that a multidis-
ciplinary approach is required, bringing together scientists,
engineers, and clinicians. Also, the advantages of each of
the available imaging modalities in a multimodality ap-
proach is required to understand cardiovascular molecular
processes. Advances in cardiovascular molecular imaging
using the following 4 modalities are described in this
article: ultrasound integrated with other techniques such as
photoacoustic imaging; real-time MRI for image-guided
therapy; intravascular radiation detectors to measure vas-
cular plaque properties; and optical coherence tomography
(OCT) for microscopic coronary plaque imaging. The
following sections are excellent representative examples
of the progress in and promise of the field of cardiovascular
molecular imaging.

NOVEL ULTRASOUND IMAGING APPROACHES

Ultrasound imaging has been an essential player in
cardiovascular diagnostics for more than a generation.
However, ultrasound-based tools for molecular imaging
have been slow to develop. Molecular imaging studies to
date primarily have used microbubbles. They can be coated
with polymers or proteins and targeted like other molecular
imaging agents (/). Although initially gas-filled, they can
also be filled with pharmaceuticals such as chemothera-
peutics. In addition to microbubbles, perfluorocarbon-based
nanoparticles targeted to cell-bound proteins become
highly reflective and are detectable on ultrasound (2).

Because microbubbles are relatively large (~1 pm), they
are primarily limited to the vasculature. A complementary
molecular imaging approach uses a class of biologically
targeted agents with significant optical absorption (i.e., not
fluorescence) over a limited wavelength range. They are
similar in size and binding characteristics to natural
macromolecules and can provide high contrast per mole-
cule for photoacoustic imaging. Photoacoustics combines
optical and acoustic methods in which contrast is based on
optical absorption and spatial resolution scales with ultra-
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sonic frequency. It is not sensitive to the scattering
limitations of optical imaging and can provide real-time
images at significant image depth with high spatial resolu-
tion. Results in animal models have demonstrated its
potential for ultrasound molecular imaging beyond the
vascular bed, particularly for early diagnosis of common
cancers such as those of the prostate (3).

Photoacoustic imaging can sample optical phenomena
within tissue to a depth of several centimeters (4,5).
Absorbed pulsed laser light in the near-infrared range
creates acoustic sources whose strength is proportional to
the local absorption at the incident optical wavelength. An
image is formed using ultrasound technology, with photo-
acoustic contrast directly related to optical absorption.
Photoacoustics represents one of the most promising tech-
niques for molecular imaging because the optical absorption
of bioconjugated nanoparticles can greatly exceed that of
tissue over a range of wavelengths in which light can
penetrate a few centimeters into the body. Integrating
photoacoustic imaging into a real-time ultrasound system
can provide simultaneous ultrasound—photoacoustic images.
Finally, real-time ultrasound—photoacoustic imaging can be
integrated with molecular therapy to produce low-cost tools
for molecular medicine.

Recent Experimental Results

As a specific example of the potential of this technology,
we summarize recent results on photoacoustic imaging of
nanoparticles targeted to a specific biomarker of vascular
inflammation (6,7). Excessive and uncontrolled inflamma-
tion plays a key role in atherogenesis. Furthermore, chronic
systemic inflammation is a key risk factor for accelerated
atherosclerosis. Consequently, the noninvasive identifica-
tion and quantification of inflammation in the vasculature
may provide prognostic information of significant clinical
utility. There are several potential molecular biomarkers of
endothelial cell inflammation, including cytokines, tumor
necrosis factor o, and cell adhesion molecules such as
intercellular adhesion molecule-1 (ICAM-1). As an initial
test of photoacoustic imaging of vascular inflammation,
gold nanorods were conjugated to anti-ICAM-1, which
binds to the surface of cells overexpressing ICAM-1. Peak
absorption of the gold nanorods was tuned to a wavelength
of 700 nm for this study, far from background absorption
peaks in tissue.

Of particular interest is a real-time imaging study of
a mouse model in which a photochemical reaction to a dye
initiates a highly localized inflammation in the inferior
vena cava (IVC), as illustrated in Figure 1. Photoacoustic
and ultrasound images were acquired before injury using an
integrated system and were compared with similar images
after injury. In both cases, injections of molecularly
targeted agents were synchronized with data acquisition
to ensure maximum uptake of particles during photoacoustic
imaging. Typical results are presented in Figure 2. Trans-
verse photoacoustic images (Figs. 2A and 2B) were taken at

MUuLTIMODALITY CARDIOVASCULAR MOLECULAR IMAGING ¢ O’Donnell et al.

IVC Aorta

Right Renal Vein Left Renal Vein

Photochemical Injury =

Distal

FIGURE 1. Photochemical model of endothelial injury.

the site of injury corresponding to the anatomy shown in
Figure 1, along the short axis of the IVC. The photoacoustic
intensity after injury (Fig. 2B) was about 10-12 dB higher
on average. The longitudinal photoacoustic image (Fig. 2C)
was taken at the site of injury along the long axis of the
IVC. Photoacoustic intensity at the injury spot (Fig. 2C,
dashed circle) is about 10 dB higher than before injury. The
longitudinal view shows that the targeted contrast agent
was bound almost exclusively to the injury zone. Clearly,
photoacoustic imaging of a targeted molecular contrast
agent can identify the primary inflammation site in vivo (7).

To translate these experimental findings into a clinically
acceptable molecular imaging tool for interventional pro-
cedures, we have also explored integrated, all-optical
systems combining photoacoustic and ultrasound imaging
in the same device (8—10). Their operating principle is
illustrated in Figure 3. A laser pulse at 1 wavelength creates
acoustic waves within the device for ultrasound imaging,

A N
(V)
3
3
C Proximal
Distal
FIGURE 2. (A and B) Transverse photoacoustic images.

Intensity after injury (B) is about 10-12 dB higher. (C)
Longitudinal photoacoustic image. Intensity at injury spot
(dashed circle) is about 10 dB higher.
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whereas at a different optical wavelength a laser pulse is
passed through the device into tissue for photoacoustic
imaging. For the specific system presented in this figure, an
optical pulse at a wavelength of 700 nm is efficiently
absorbed in a film system (upper left) using a nanopatterned
absorber tuned for 700 nm (lower right) to produce acoustic
waves for ultrasound imaging. At a wavelength of around
950 nm, an optical pulse will pass through the device with
minimal absorption, depositing most of the optical energy
in adjacent tissue for photoacoustic imaging. For molecular
imaging with this device, a targeted nanosystem must be
tuned for peak absorption at 950 nm (rather than the 700-
nm example). Finally, the structure acts as an optical
resonator at 1,550 nm and can be used as a resonant optical
ultrasound transducer (ROUT) to detect acoustic waves
when probed with a continuous wave laser at this wave-
length. Experimental structures have been constructed
demonstrating the potential of this design approach
(9,10). Current studies have focused on producing an all-
optical intravascular ultrasound (IVUS) guidewire imaging
system, as illustrated at the bottom of Figure 3.

Advantages of Integrated Ultrasound-Pulsed
Laser System

Simultaneous ultrasound and photoacoustic images can
be produced in real time using either a conventional
ultrasound imaging system integrated with a pulsed laser
or an all-optical system such as the one presented in Figure
3. Ultrasound images present anatomic information, whereas
complementary photoacoustic images present molecular in-
formation. If the same detection array is used for both
images, then they are automatically coregistered. A common
display format for simultaneous ultrasound—photoacoustic
imaging is to present regions of high molecular activity in
color superimposed on a conventional real-time ultrasound
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scan presented in gray scale. Images of this type, especially
in an IVUS format, coupled with targeted contrast agents for
the photoacoustic imaging of molecular events, can bring
real-time molecular guidance to interventional cardiology.
This is an exciting prospect for the field.

MR IMAGE GUIDANCE AND VISUALIZATION FOR
INTERVENTIONAL CARDIAC PROCEDURES

Over the past decade, several MRI-guided catheter-based
applications have been developed. Real-time display of the
catheter position on 3-dimensional (3D) MRI is useful for
navigating a catheter toward a target tissue. Real-time MRI
also offers the physician the ability to monitor the size
of the RF lesions through direct imaging of the signal
enhancement after the tissue is heated. Other applications
include delivery and immediate visualization of intramyo-
cardial injections of stem cells mixed with a contrast agent
(11-13) and renal artery stenting (/4). Small independent
receiver coils can be mounted on devices and used for
tracking of devices (/5) or creating high-resolution images
of tissue just next to the small coils (16,17). The coil
locations may be visualized by colorizing images recon-
structed from mounted device coil signals and blending
them with gray-scale images produced from surface coil
signals (18).

Many of the techniques used for intravascular interven-
tions can be applied directly to the guidance of minimally
invasive surgical procedures—for example, prosthetic valve
placement. The open-chest surgical approach is associated
with higher morbidity, but direct access allows superior
visualization of anatomy and manipulation of devices for
a more durable therapy. With a minimally invasive surgical
approach, it may be possible to achieve the best of both
surgical and percutaneous approaches: reduce trauma while
providing durable therapy. Using interactive real-time MRI,
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the surgeon positioned the prosthetic valve in the correct
location at the aortic annulus within 90 s. Ventricular function,
blood flow through the valve, and myocardial perfusion were
immediately evaluated with MRI (79,20).

Cardiac Interventional MRI System

New Magnet Configuration. A new 1.5-T magnet design
has recently become available; it is a closed-bore design
with shorter depth and wider opening (Espree; Siemens
Medical Solutions). It has a 120-cm-long bore that is 70 cm
wide; this size provides greater accessibility with only an
approximately 20% loss in imaging speed. The imaging
field of view was reduced to 30 cm but was adequate for
many cardiac interventions. This magnet bore is short
enough for a surgeon to reach the center of the magnet
and wide enough to allow placement and manipulation of
instruments over the patient’s body.

Interventional Imaging Platform. The platforms devel-
oped at the National Heart, Lung and Blood Institute
(NHLBI) for interventional real-time MRI (rtMRI) used
clinical 1.5-T MRI scanners (Sonata with 8 receiver
channels, Espree with 18 channels, and Avanto with 32
channels; Siemens Medical Solutions), with additional
software for socket communication over gigabit Ethernet
with a Linux workstation (8—central processing unit, 64-bit
AMD Opteron; HPC Systems) running custom software for
rapid image reconstruction, display, and 3D rendering
(18,21). The workstation is connected directly to the
image-reconstruction computer of the MRI scanner for
quick access to the raw echo data.

At the beginning of a scan, imaging parameters are sent
from the scanner to the workstation for initialization of the
reconstruction program. At the end of each image acquisi-
tion, a packet of data is sent containing dynamic imaging
parameters and the raw MRI data. Commands are sent to
the scanner in response to user input via the same network
interface.

Real-Time Imaging Features. A useful navigation tech-
nique using adaptively oriented projection navigation (/8)
was designed to facilitate steering of an active device
toward target tissue. A device-only projection image and
at least 1 standard thin-slice image are displayed together in
a 3D rendering, all updated using real-time imaging. As the
user interactively rotates the 3D rendering, the scanner
automatically changes the projection direction, analogous to
changing x-ray gantry position during fluoroscopy. This
provides a real-time 3D view of the catheter position and
trajectory with respect to the thin-slice image plane. For
anatomic context, the thin-slice image is positioned to contain
target tissue, and the combination of projection and thin-slice
views can be used to navigate the device toward the target.

The NHLBI rtMRI implementation contains the pro-
jection imaging features and many other interactive fea-
tures, which can be controlled by simple keyboard or
mouse operation without stopping the scanner. The follow-
ing is a partial list of interactive features available (/8,22):
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e Enable or disable acquisition of selected slices. This
feature was often used when slices were initially
prescribed for all stages of the procedure, and then
only those needed at the time were enabled.

e Display each slice in a separate window and a 3D
rendering showing the respective location in space
(Figs. 4 and 5). This feature provided simultaneous views
of all slices and devices in 1 window, from any angle.

e Highlight device channels in different colors, blended
with gray-scale images from surface coils (Fig. 5). The
device signal magnitude can be squared to sharpen the
device profile.

e Mark reference points. Reference points are displayed
as separate graphic objects, such as small colored
spheres, in the 3D rendering. This feature is used to
mark anatomic structures for device positioning and
targeting (Fig. 5).

e Enable or disable the device-only projection view on
selected slices to show the entire device if it exits from
the thinner imaging slice.

e Enable or disable adaptive projection navigation mode
for 3D projection views of the device.

e Change the acceleration factor.

e Enable subtraction imaging for enhancing contrast
injections.

e Enable saving of raw data to files. The same program
can be used later to review the images with the same or
different options for reconstruction or display. Several
display and rendering parameters (such as 3D rendering
orientation, highlight colors, and window positions)
are also saved. Postprocedure review, therefore, can
mimic how the images were displayed during the
actual procedure.

Initial Preclinical Procedures

This cardiac interventional MRI system has been used by
the group at NHLBI in several preclinical studies in swine,
including endovascular repair of abdominal aortic aneu-
rysms (22), recanalization of chronic total occlusions (23),
atrial-septal puncture, and balloon septostomy (24). An
ideal application for MRI guidance in the heart is delivery
and immediate visualization of intramyocardial injections
of stem cells mixed with a contrast agent (//-15,25).
Figure 5 shows an example of this type of application.
The modified injection catheter is visualized with 2
active coils: the first gives signal along the shaft of the
catheter; the second is a small localizer coil at the tip of
the catheter. In Figure 5A the position of the injection
catheter is well visualized in this single frame from a real-
time movie of the beating heart. In Figure 5B, a test
injection of gadolinium—diethylenetriaminepentaacetic acid
contrast agent (diluted 100:1) is easily observed; in this
case a saturation pulse was interactively toggled “on”
during the injection. In Figure 5C, the injection of 1 mL
of labeled mesenchymal stem cells is observed as a dark
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FIGURE 4. Pictures of console room and inside magnet
room (seen on LCD screen in front of operator) during swine
experiment. Real-time display is directly in front of surgeon.
Operator responds to voice commands through voice-
activated microphone to change scan plane views.

region because of the T2* contrast from the intracellular
label (13)

All of the images are a superposition of surface coil
images with images obtained from a central active guide-
wire. The guidewire image is reconstructed in green to
show the location of the wire (Fig. 6). The prosthetic valve
is rotated into position using the signal from the guidewire,
which is attached in a fixed location.

The still images in Figure 7 are single frames extracted
from the continuous real-time movie that is playing on the
screen in front of the surgeon (Fig. 4). Initially, a nitinol
guidewire is advanced through the trocar across the native

A B C

Test injection
of contrast

Deliver
cells

Visually confirm
target

FIGURE 5. Targeting and visualization of intramyocardial
injections. Each image is single frame from continuous real-
time MRI movie. (A) Injection catheter in position with distal
tip against myocardium. (B) Test injection, with interactive
saturation applied, shows contrast entering myocardium. (C)
Injection of labeled cells; dark signals show presence of
cells.
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aortic valve, and then the prosthetic stent valve on the
delivery device is advanced through the apical trocar while
its location is observed on the real-time MR image. The
prosthetic valve is then advanced on the balloon, along the
guidewire, and placed across the native valve in proper
position with respect to the coronary artery ostia. The bal-
loon is inflated using 1% diluted gadopentate dimeglumine
(gadolinium-diethylenetriaminepentaacetic acid [Magnavist];
Berlex Inc.) to implant the prosthetic valve under observa-
tion with real-time MRI. The balloon is then deflated and
removed through the trocar. At this point, the ventricular
function resumes, and it is visualized immediately on the
real-time MRI.

Advantages of Real-Time MRI for Guiding
Cardiac Surgery

An interactive real-time MRI environment initially de-
veloped for use in intravascular procedures (/8) has been
adapted to guide minimally invasive cardiovascular surgical
procedures such as aortic valve placement. Many features
were implemented that exploit the advantages of MRI:
enhancing visualization of separate antennae or coils
mounted on invasive devices, providing multiple oblique
slices that are easily adjusted, rendering all slices and
landmarks in 3 dimensions, and using accelerated imaging
and projection imaging modes to see the entire trajectory of
a device receiving signal along its shaft.

Real-time imaging of multiple oblique slices offers
many potential advantages. Different views of compli-
cated anatomy may be simultaneously displayed, and
individual slices can be interactively turned on or off
during a scan as needed. This multiple plane view has
been found to be extremely useful for targeting devices.
Another potential use is the continuous monitoring of car-
diac function in one view during an intervention requiring
a different view.

The distinct advantage of MRI for guiding cardiac
surgery is the fact that the surgeon can see through the
blood, and all of the morphologic landmarks for positioning
the device are visible. The short magnet makes it possible
to have high-performance real-time MRI available while
manipulating the prosthetic valve under image guidance. In
addition to aortic valve replacements, other target applica-
tions for real-time MRI-guided cardiac surgery are mitral,
pulmonary, and tricuspid valve replacements or repairs.
Future work will concentrate on the development of novel
devices for both surgical and percutaneous access. Also,
better-fitting surface coils with optimally placed small coil
elements will take advantage of the high number of
receivers available on the newer MR imagers.

INTRAVASCULAR RADIATION DETECTORS

Intravascular sensors can be used to obtain high-resolution
information about plaque temperature, lipid content, cap
thickness, and inflammation. Specific intravascular devices
with thermistors (temperature), plastic scintillators (radia-
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tion, especially from the positron emission of 'SF-FDG),
and optical sensors (for OCT) are used in addition to the
well-validated ultrasound detectors. The proximity of in-
travascular devices to the lesion provides high-spatial-
resolution information about the atheroma, which will
allow a more informed decision about local therapy.
Since the introduction of stress myocardial perfusion
36 y ago (26), studies demonstrate that both single-photon
(27) and PET (28) myocardial perfusion studies identify
patients at high risk for major acute cardiac events.
However, even patients with markedly abnormal PET
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FIGURE 6. Three slices obtained in
interleaved fashion showing position of
valve delivery device in left ventricle.
Top left view shows trochar entering
apex of left ventricle; just below that
view we can see guidewire (green
signal) passing beyond aortic annulus,
and in view on top we can see aortic
annulus in short-axis orientation, with
valve positioned in its center. 3D viewer
shows relationship of short-axis slice
and anatomic markers on long-axis
view. Axial image provided feedback
when valve was rotated to align com-
missures of valve between coronary
ostia (cyan dots) before deployment.

perfusion scans have only about a 15% event rate. To
increase the specificity of an abnormal perfusion scan, it
may be helpful to characterize atheroma in the vessel
supplying the ischemic territory. Vulnerable lesions are
those with a cap thickness of less than 65 pm, large lipid
lakes, and numerous inflammatory cells. These lesions are
more likely to rupture than are lesions with thicker caps,
smaller lipid lakes, and fewer inflammatory cells.

Aside from the reduction in lumen diameter, other
attributes of atheroma, such as the presence of inflamma-
tory cells (and products they produce, such as matrix

FIGURE 7. Selected frames from real-
time MR images displayed within scan
room, showing deployment of pros-
thetic valve. (A) Guidewire is advanced
through trocar across native aortic
valve. (B) Prosthetic valve is advanced
to end of trocar. (C) Prosthetic valve is
advanced into position in left ventricular
outflow track. (D) Prosthetic valve is
inserted across native valve and aligned
with coronary ostia and aortic annulus.
(E) Balloon filled with dilute gadolinium-
diethylenetriaminepentaacetic acid MRI
contrast agent is used to expand
prosthetic valve. (F) Interactive satura-
tion is used to enhance visualization of
extent of balloon inflation. (G) Balloon is
taken down and pulled back through
trocar. (H) Guidewire is removed. (I)
Delivery device is removed from tro-
char. Total time of this sequence of
pictures is 77 s. (Reprinted with permis-
sion of (79).)
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metalloproteinase (29)), may be useful in characterizing the
lesion. Numerous other markers—including the presence of
low-density lipoprotein, oxidized low-density lipoprotein,
apoptosis, cap thickness, total lipid content, and integrin
expression—exist.

Histopathologic evidence (30,31) supports the importance
of inflammation as a major constituent of vulnerable lesions.
One hypothesis is that combining data from a myocardial
perfusion scan demonstrating ischemia in a particular
territory with specific information on the presence of
inflammatory cells in the wall of the vessel perfusing the
region will identify lesions at high risk for causing major
events.

Inflammatory cells in the atheroma can be identified on
the basis of their upregulation of chemotactic receptors
(such as monocyte chemoattractant peptide-1 [also called
C-C chemokine receptor 2]) (32-34) on the surface of the
activated macrophage. An alternative approach uses the
known increase in metabolism of the activated cells.
Activated macrophages increased their metabolic rate by
10-100 times, compared with baseline. These cells use
exogenous glucose to meet their energy needs. As a result,
I8F_.FDG PET scans (in conjunction with CT or MRI for
anatomic localization) have been advocated to localize
these lesions (35).

Interrogating specific lesions in the catheterization lab-
oratory for the degree of inflammation may distinguish
lesions that are likely to progress from those that are stable.
This information may be useful in selecting areas for
specific treatment, such as balloon angioplasty alone,
angioplasty plus bare metal stents, or angioplasty plus
drug-eluting stents.

An intravascular radiation-sensitive catheter can localize
(and quantify) inflammation in an atheroma. The maximum
path length of the positron emitted by '8F is 3 mm (mean
path, 1 mm). This path length is well suited to detection by
a 3-French catheter using either a plastic scintillator mated
to an optical fiber or a solid-state detector such as cadmium
telluride mounted on the guidewire of a coronary artery
catheter.

A major concern about the intravascular radiation de-
tector concept is the sensitivity of the device. An analysis of
PET/CT images demonstrated that the average '8F-FDG
uptake in atheroma of the aortic arch (without correction
for partial volume) averages approximately 9 kBg/mL
(~9,000 counts/s/mL). Assuming that lesions in the coro-
naries occupy approximately 0.1 mL and that only half the
positrons originating in the lesion are emitted in the
direction of the intravascular detector (based on isotropic
emission of radiation), the detector should sense approxi-
mately 450 counts/s. We have tested a prototype 1-mm-
diameter cylindric plastic scintillator detector (36,37) in ex
vivo animal studies with '8F-FDG (Fig. 8). The catheter
had sufficient sensitivity to detect lesions concentrating
one tenth of the anticipated concentration in a coronary
atheroma.
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A potential problem with the device for the detection of
lesions in the coronary arteries is the sensitivity of the
device for the 511-keV annihilation y-photons originating
from tracer deposited in other organs (including the
myocardium). Even if the sensitivity for these photons in
the low-density (i.e., low-Z) detector material is extremely
low (assuming a ratio of - to y-sensitivity of 1,000), the
background radiation from the ~v-radiation will be signifi-
cant. This problem can be addressed in part by making the
detector the shape of a spatula. The (3-particles will deposit
their energy, but the y-particles will have a high likelihood
of traversing the detector with no interaction. This design
should raise the ratio of 3- to y-sensitivity to approximately
50,000, with a marked decrease in background counts.

The feasibility studies demonstrate the sensitivity of a
B-sensitive catheter system. Additional mechanical refine-
ments are needed to optimize the system in anticipation of
human studies.

COMPREHENSIVE MICROSCOPIC CORONARY
IMAGING FOR VULNERABLE PLAQUES BY OCT

In the era of drug-eluting stents, the rate of restenosis or
target-vessel revascularization has dramatically decreased
(38,39). However, the COURAGE trial has shown no
significant differences between percutaneous coronary in-
tervention (PCI) and medical-therapy groups in terms of
major adverse coronary events, including endpoints of
death, myocardial infarction, and hospitalization for acute
coronary syndrome (ACS) or myocardial infarction (40).
These data have raised the concern that local treatment by
PCI as an initial management strategy reduces only
ischemia and not major adverse coronary events, beyond
the reduction brought about by optimal medical therapy
(40). To improve an individual patient’s prognosis, we
should therefore consider the prevention of ACS that is
currently thought to be mainly caused by plaque rupture
(41). For this reason, many investigators are pursuing
methods to identify coronary plaques at risk for rupture.

Because of the lack of a suitable animal model for
atherosclerotic plaque rupture, postmortem study has been
the main avenue for advancing our understanding of the
pathogenesis of ACS. These autopsy studies have revealed
that myocardial infarction results from an acute process of
plaque rupture that occurs in modestly stenotic coronary
lesions (42). Because invasive coronary angiography pro-
jects the vessel lumen, it alone cannot be used to predict
plaque rupture. From postmortem studies, plaques contain-
ing a large necrotic core with an overlying thin, fibrous cap
(<65 pm) infiltrated by macrophages, termed thin-cap
fibroatheroma (TCFA), are the most common lesions found
at the site of plaque rupture (43). Most conventional im-
aging modalities are unable to identify these lesions be-
cause of their low spatial resolution, which prohibits the
delineation of thin, fibrous caps. Intracoronary OCT is
capable of providing images with less than 10-pm resolu-
tion and therefore can identify and quantify the thin, fibrous
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FIGURE 8. '8F intravascular radiation
detector. (Reprinted with permission of
(37).)

cap thickness in vivo (44). Moreover, OCT can provide
information on the microstructure of the coronary artery
and has been shown to be capable of detailed tissue
characterization, including characterization of thrombus,
supported by histopathologic comparison data (Fig. 9) (45).
As such, OCT holds promise not only for detecting
vulnerable plaques but also for providing a greater un-
derstanding of the pathophysiology of coronary artery
disease in patients.

OCT Technology

Until recently, 2 time domain OCT (TD-OCT) systems
have been used for intravascular imaging in the clinical
setting: the Massachusetts General Hospital OCT system
and the LightLab OCT system (LightLab Imaging). With
both TD-OCT systems, an emitted low-coherence light
source is divided into 2 paths: a reference path terminating
at a reference mirror that moves in a known distance and
a sample path to tissue via the coronary catheter. The
reflected signals from the sample and the mirror are
overlaid and digitized on a photo detector. Only when the
lights from both paths have traveled the same optical
distance does constructive interference occur. The intensity
of interference is translated after processing into an image.
For intracoronary OCT, light in the near-infrared range,

Thin-cap Fibroatheroma

Thrombus

FIGURE 9. Representative cases with TCFA and intra-
coronary thrombus. (Left) Case of TCFA,; thickness of fibrous
cap is 50 uwm. (Right) Intracoronary thrombus protruding into
vessel lumen from surface of vessel wall. (Reprinted with
permission of (57).)
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with a wavelength centered on around 1,300 nm, is used,
providing an axial resolution of approximately 10 wm and
a penetration depth that ranges between 1 and 2 mm.

The current TD-OCT technology, however, is limited for
intracoronary imaging applications. Red blood cells scatter
and attenuate the OCT light, making scanning of a long
segment impossible in blood-filled vessels. To prevent this
signal scattering, a soft balloon occlusion and injection
with a transparent flushing medium such as lactated
Ringer’s solution or radiocontrast have been used to obtain
satisfactory coronary images with OCT. Balloon occlusion
is difficult to practice in many catheterization laboratories
and opens the possibility of inducing undue adverse
complications, including damage of the coronary wall and
myocardial ischemia.

The second-generation OCT systems—namely fre-
quency domain OCT and optical frequency domain imag-
ing (OFDI)—have been developed to overcome these
problems (46).

A narrow-band laser that could rapidly tune its wave-
length over a broad spectral width is used for the light
source of OFDI. Because the interference pattern is
detected as a function of wavelength and used to create
images, it is unnecessary to move the reference mirror.
When the laser has completed a full spectral sweep,
a Fourier transform is applied to the spectral interference
pattern to obtain an A-line. This method enables OFDI to
provide intracoronary imaging at a much greater rate (100
frame/s) than TD-OCT (47), making it more practical to
perform entire-length intracoronary OCT in the clinical
setting during a brief, nonocclusive saline or radiocontrast
flush (48).

Challenges on Vulnerable Plaques by OCT

Challenges for Ildentification of TCFA in Patients with
ACS. Several clinical TD-OCT studies have reported that
TCFAs are more frequently found at the culprit lesions than
at the nonculprit lesions in patients with ACS (49,50).
Moreover, a recent TD-OCT study clarified that around
70% of ACS-related plaque rupture seems to be developed
from thin, fibrous caps (Fig. 10) (51). These thin caps seem
to be disrupted at rest (5/). These findings support the
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FIGURE 10. Distribution of broken fibrous cap thickness in
patients with plaque rupture. Analysis of distribution shows 2
peaks. Around 70% of patients presented with thickness
less than 70 wm. (Reprinted with permission of (57).)

hypothesis from pathology that cap thickness is one of the
most important determinants for plaque disruptions. How-
ever, an entire culprit vessel study (52) or a 3-vessel study
(53) of TD-OCT also reported that nonruptured TCFAs
coexist in the culprit or nonculprit coronary arteries in
patients with ACS (Fig. 11). These results raise questions
about whether the fibrous cap thickness is the only de-
terminant of plaque rupture in living patients.

Challenges for Macrophage Imaging. Macrophage in-
filtration is also one of the pathologic features of vulnerable
plaques (43,54-56). From several studies of vascular bi-
ology, macrophages seem to play key roles in fibrous cap
disruption by their potential acts of causing inflammation in
plaques (including phagocytosis), secreting proteolytic
enzymes such as plasminogen activators and the family
of matrix metalloproteinases, or reducing collagen synthe-
sis and enhancing smooth muscle cell apoptosis (57-60).
Indeed, previous human IVUS studies demonstrated the
relationship between the inflammatory markers, such as
high-sensitivity C-reactive protein levels or serum matrix
metalloproteinase-9, and the presence of plaque rupture in
patients with ACS (60,61). Therefore, macrophages them-
selves have become one of the challenging targets for
coronary imaging. Because of the relatively large size of
macrophages (20-50 mm) and their high degree of optical
contrast, investigators have postulated that macrophages
may have an OCT signal higher than that of surrounding
tissue (62). A study that compared OCT and histology
reported the possibility that OCT could identify macro-
phages or foam cells in individual lesions and potentially
enable the quantification of these cells’ content by a nor-
malized SD of the OCT signal (Fig. 12) (62).

Translation of OFDI to Clinical Practice. With OFDI,
a brief, nonocclusive flush with radiographic contrast can

46S

provide a satisfactory OCT image in patients. This ability
of OFDI to comprehensively image long coronary seg-
ments removes the diagnostic uncertainty that hindered
the interpretation of data obtained from previous TD-
OCT systems (48). A recent report demonstrated that all
of the coronary microanatomy and pathology previously
visualized by TD-OCT, including lipid pools; calcium;
macrophages; thin, fibrous caps; cholesterol crystals; and
thrombus, can also be detected by OFDI (48). In addition
to native coronary microscopic pathology, stents and
stent neointimal hyperplasia were clearly identified in
OFDI images from patients (48). This work demonstrates
that 3D microscopic images of long coronary artery
segments can now be acquired conveniently in the cath-
eterization lab, and as a result, OFDI may be considered
a viable tool for studying the pathophysiology of ACS
(Fig. 13).

Future Directions and Clinical Implications

Natural History of Vulnerable Plaques. Although au-
topsy studies have contributed to our better understanding
of the etiology of ACS, their retrospective nature limits our
ability to interrogate a natural history of vulnerable plaques
and the clinical significance of these lesions. To know the
evolution of vulnerable plaques would improve our un-
derstanding of ACS and patients’ care.

Currently, only OFDI seems to have the potential to
provide reliable microscopic features of vulnerable plaques
in whole coronary arteries. OFDI would be a promising
device to clarify the natural history of vulnerable plaques.
Now, several OCT-OFDI studies have been performed
throughout the world.

PCI and Medical Therapy for Vulnerable Plaques:
Guided OCT-OFDI. Until recently, IVUS was the gold
standard imaging modality to assist in PCI procedures.
However, a clinical study reported that OCT for monitoring
stent deployments can provide contrast and resolution
superior to those of IVUS for depicting arterial disease
(63). An OCT study demonstrated different vascular re-
sponses between patients with unstable and patients with
stable angina (64). Moreover, a recent OCT study with
a relatively large cohort showed that semiquantification of
lipid content by OCT could predict the development of the
no-reflow phenomenon after stent implantation in patients
with non—ST-segment-elevation ACS (Fig. 14) (65). These
data suggest that better understanding of coronary pathol-
ogy by OCT may affect PCI, especially for ACS lesions.
Clarification is needed of whether OCT-guided PCI could
contribute to a better clinical outcome.

A clinical OCT study also showed that statin therapy on
TCFA increases the fibrous cap thickness (66). These
data suggest that OCT has the potential to assess the
efficacy of drug therapy on plaque vulnerability. In either
PCI or medical therapy for vulnerable plaques, OCT may
play an essential role for the diagnosis and treatment of
vulnerable plaques.
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FIGURE 11.

OCT, using flush-only technique, images entire culprit coronary artery from distal bifurcation to ostium in ACS

patient. Angiogram shows severe lesion in mid portion of right coronary artery and moderate stenosis in distal vessel. (A)
Additional TCFA in proximal site; shoulder of fibrous cap is its thinnest part (40 wm, arrows). (B) Proximal TCFA. Center of
fibrous cap is cap’s thinnest section (60 wm, arrows). (C) Proximal end of culprit TCFA. Thinnest point is shoulder of cap (50 pm,
arrows). (D) Culprit plaque rupture. Cavity formation is clearly visible (arrow). (E) Representative culprit thrombus. OCT clearly
shows mass protruding into vessel lumen from surface of vessel wall (arrows). (F) Three layers of arterial wall and branch. (G)
Distal lesion. Thick fibrous cap can be observed at 4-o’clock position (240 um, arrows). (Reprinted with permission of (52).)

Advantages of OFDI

Because OFDI enables the safe and convenient assess- plaques and determining the predictors of ACS and acute
ment of the 3D microstructure of the coronary wall, myocardial infarction. Although this field is still in its early
including thin, fibrous caps and macrophages, this technol-  stages, OFDI also holds significant promise for prospec-

ogy opens new opportunities for studying vulnerable

OoCT

CDes8

Low macrophage
density

High macrophage
density

— 250 UM

FIGURE 12. (A) Raw OCT images of
fibroatheroma with density of macro-
phages within fibrous cap. (B) Raw OCT
images of fibroatheroma with high den-

sity of macrophages within fibrous cap.
(C) Corresponding histology for A (CD68
immunoperoxidase; x100). (D) Corre-
sponding histology for B (CD68 immu-
noperoxidase; x100). Macrophages
(arrows in C and D) could be observed
as punctate, highly reflecting regions
(arrows in A and B) in raw OCT images.
(Reprinted with permission of (62).)
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FIGURE 13. OFDI images of left anterior descending
artery. (A) Right anterior oblique angiogram after stent
deployment, showing stent sites (s) and 4.2-cm OFDI
pullback segment (ps). Maximum-intensity projection (B)
and cutaway views (C) of 3D volume-rendered OFDI dataset,
showing scattered calcium deposits and large lipid-rich
lesion at distal portion of ps (arrowhead). Color scale for B
and C: red = artery wall; green = macrophages; yellow =
lipid pool; blue = stent; white = calcium; gray = guidewire.
Scale bars in B and C, 5.0 mm. (Reprinted with permission of

48).)

tively identifying high-risk lesions so that they can be
treated before the occurrence of an acute coronary event.

CONCLUSION

Molecular imaging has the potential to revolutionize the
diagnosis and treatment of cardiovascular disease. The 2
key components of all molecular imaging systems are the
molecular contrast agents and the imaging system pro-
viding spatial and temporal localization of these agents
within the body. These systems must deliver images with
the appropriate sensitivity and specificity to drive clinical
applications. In this article, several state-of-the-art imaging
technologies for cardiovascular imaging using conven-
tional and intravascular devices have been presented. All
are integrated with therapeutic systems and deliver high-
resolution imaging to drive molecular procedures. Each
system—from intravascular arrays for simultaneous ultra-
sound—photoacoustic imaging, to interventional MRI sys-
tems with catheter-mounted devices for imaging and
navigation, to intravascular radiation detectors, to intravas-
cular OCT systems—can deliver the required sensitivity
and specificity to drive cardiovascular procedures. As work
in molecular contrast agents matures and highly sensitive

o Frequency of No-reflow
(o]
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FIGURE 14. Frequency of no-reflow phenomenon and lipid
arc. Frequency of no-reflow phenomenon increases accord-
ing to lipid arc at culprit plaque. Although all patients without
lipid plaques (34/34 [100%]) achieved good reflow, 46% of
patients with lipid-rich plaque (13/28 [46%)]) presented no-
reflow phenomenon after percutaneous coronary interven-
tion. (Reprinted with permission of (65).)

and specific probes are developed, these systems will
provide the imaging technologies required for translation
into clinical tools.
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