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Abstract Coronary artery disease (CAD) is an inflammatory
process that results in buildup of atherosclerosis, typically
lipid-rich plaque in the arterial wall. Progressive narrowing
of the vessel wall and subsequent plaque rupture can lead to
myocardial infarction and death. Recent advances in intravas-
cular fluorescence imaging techniques have provided exciting
coronary artery-targeted platforms to further characterize the
molecular changes that occur within the vascular wall as a
result of atherosclerosis and following coronary stent-induced
vascular injury. This review will summarize exciting recent
developments in catheter-based imaging of coronary arterial-
sized vessels; focusing on two-dimensional near-infrared fluo-
rescence imaging (NIRF) molecular imaging technology as an
approach to specifically identify inflammation and fibrin di-
rectly within coronary artery-sized vessels. Intravascular
NIRF is anticipated to provide new insights into the in vivo
biology underlying high-risk plaques, as well as high-risks
stents prone to stent restenosis or stent thrombosis.
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Introduction

Atherosclerosis is characterized by cholesterol-driven attraction
of inflammatory cells within the arterial wall that results in the
formation of lipid-laden intraluminal plaque, smooth muscle
proliferation, and progressive narrowing of the vessel lumen.
The formation of high-risk vulnerable plaques prone to rupture
followed by activation of platelets and formation of mural
thrombi can lead to arterial occlusion and fatal myocardial
infarction. The complex molecular and cellular inflammatory
cascade is orchestrated by the recruitment of T lymphocytes
and macrophages to nascent atheroma and their paracrine in-
flammatory effects on endothelial and smooth muscle cells.

While a wealth of information has been unraveled by struc-
tural imaging approaches [1], the underlying biology of atheroma
is invisible to structural imaging. To fulfill this knowledge gap in
living subjects, molecular imaging of atherosclerosis has become
an important clinical and research tool that allows in vivo visual-
ization of atherosclerosis biology in nondestructive fashion [2–6].

Imaging of atherosclerosis using molecular imaging probes
coupled with noninvasive and invasive imaging systems can
now provide visualization of the in vivo changes that occur
within the vessel wall during important clinical syndromes such
as myocardial infarction, stroke, and ischemic limbs. The devel-
opment of advanced catheter-based imaging approaches that
provide high resolution images of arterial inflammation including
protease activity in atheroma or fibrin deposition has been re-
cently enabled by translatable intravascular near-infrared fluores-
cence (NIRF) molecular imaging [7]. Recently, new integrated
high-resolution molecular-structural imaging systems combining
NIRF and optical frequency domain imaging (OFDI) have been
developed and used in vivo to visualize inflammation in athero-
sclerosis and microthrombosis after coronary stent deployment.
In addition, use of novel molecular imaging agents which target
specific disease processes in atherosclerosis have expanded the
application of these advanced catheter-based imaging systems.
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The following review will describe some of the new and
exciting molecular imaging techniques and clinical applica-
tions of such advances.

Noninvasive Molecular Imaging of CAD

Although a noninvasive molecular imaging approach for
coronary artery disease would be optimal for a clinical

screening standpoint, the small caliber of the coronary
arteries with superimposed cardiac and respiratory motion
often demands higher-resolution approaches than afforded
by noninvasive imaging. In the larger carotid arteries
however, the development of nano-based particle-enhanced
magnetic resonance imaging [8] (Fig. 1) and fluorine-18-
fluorodeoxyglucose positron emission tomography (FDF-
PET) has enabled the in vivo detection of inflamed,

Fig. 1 MRI Imaging of
macrophage-rich plaque within a
human carotid artery using iron
oxide nanoparticles. T2-weighted
image of a left common carotid
artery before (A, C and E) and
after (B, D, and E) infusion of
ultrasmall superparamagnetic iron
oxide (USPIO) infusion in a
patient at three different time
points [0 (B), 6 (D) and 12 (F)
weeks]. Yellow arrows show
enhancement of signal within
macrophage-rich plaque at base-
line, prior to high-dose statin
therapy. Over time, USPIO signal
loss is lost (blue arrows),
consistent with a reduction in
plaque macrophages. Reproduced
by permission from reference [8]

Fig. 2 Axial positron emission
tomographic (PET)-CT images of
carotid plaque inflammation
(metabolic signal) from 2.
patients. Patient Awith low
fluorine-18-fluorodeoxyglucose
(FDG) uptake and Patient B with
high FDG uptake in the region of
the carotid plaque. Reproduced
by permission from reference [9]
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macrophage-rich plaques in carotid atherosclerosis [9]
(Fig. 2). Preliminarily, PET molecular imaging has been
recently applied to the coronary arteries. In a pilot study,
FDG accumulation was observed in culprit lesions as well
as in the ascending aorta and left main arteries in patients
with recent acute coronary syndrome (ACS) [10] (Fig. 3).
In addition, the use of 18 F-NaF (sodium fluoride), an
established radioisotope previously used to image bone
formation, has allowed detection of plaque osteogenic
activity [11•]. Compared to FDG, NaF allows improved
PET-CT signal-to-background by avoiding high myocardial
background signal that typifies 18 F-FDG studies.

However as stated above, noninvasive imaging of coro-
nary atheroma, although technically feasible, is limited by
spatiotemporal resolution. The development of catheter-
based intravascular imaging systems that detect molecular
probes that target inflammation have helped to overcome
the limitations of noninvasive imaging in atherosclerosis.

Intravascular High-Resolution Molecular Imaging
of Atherosclerosis

NIRF Imaging: Advantages of the NIR Window

The properties of near-infrared fluorescence imaging
have transformed the field of intravascular imaging in
atherosclerosis due to 1) the efficient transmission of
light in the NIR window, thereby increasing light pen-
etration 2) high intrinsic sensitivity in the NIR region
and lower light absorption by hemoglobin through
whole blood 3) reduced auto-fluorescence of surround-
ing tissue, thereby improving the detection of targeted
NIRF molecular imaging agents above the background.
In addition, a broad array of attachment chemistries for
targeted and activatable imaging agents are currently
available and allow for dramatically improved sensitiv-
ity of NIRF imaging. In particular, protease-activatable
probes made of NIR fluorochromes that are attached to
a high molecular weight methyl poly-(ethylene glycol)
(MPEG) poly-L-lysine backbone targeted to various

Fig. 3 Conjugated FDG PET/CT image of increased FDG uptake
(plaque inflammation/metabolism) in the ascending aorta and in culprit
LAD plaque (arrow) in a 60 year old man with presumed acute coronary
syndrome. Reproduced by permission from reference [10]

Fig. 4 Schematic of an intravascular 2D NIRF imaging system. The tip
of the fiber contains an angle-coated prism that reflects laser light into the
arterial wall. The catheter couples subsequent fluorescent light back into
the fiber. The light is then directed to a dichroic beam splitter that

selectively reflects it into a photomultiplier tube, allowing generation of
a 2D NIRF image as the catheter automatically translates and rotates.
Reproduced by permission from reference [14]
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cathepsins, matrix metalloproteinases (MMPs) and
thrombin have yielded promising results by both intra-
vital fluorescence microscopy and in vivo intravascular
imaging of atherosclerosis using both 1D and 2D NIRF
imaging catheters [12–14].

2D NIRF System and Applications to Atherosclerosis

The initial feasibility of NIRF sensing was demonstrated using a
spectroscopic NIRF catheter [15] but was limited by incomplete
sampling and lower sensitivity. The development of a 2-
dimensional (2D) NIRF imaging device and catheter has enabled
the sensing of NIRF signals in vessels of diameters more typical
of human coronary arteries (2.5- 3.5 mm) [14] (Fig. 4). The
imaging system houses a continuous-wave laser source operating
at 750 nm. The catheter contains an optical fiber within a
polyethylene sheath that guides the 750 nm laser light and
collects the NIRF signal emitted form the molecular probe. The
fiber rotates and translates mechanically, collecting fluorescent
light intensity at each position, and thus generates a 2D NIRF
image. The outer diameter of the imaging catheter is 2.9 F and

operates on a monorail system over a 0.014 inch guidewire,
allowing easy manipulation of the catheter within coronary-
sized vessels. The in vitro and in vivo performance of this
catheter was tested in a rabbit model of atherosclerosis using a
cysteine protease-activatable imaging reporter Prosense
VM110 (Perkin Elmer, Waltham, Massachusetts). High-
resolution NIRF images of vessel wall inflammation through
blood were obtained with signal-to-noise ratios>10. In addi-
tion, the 2D NIRF imaging system revealed the first real-
time, in vivo illumination of edge-based, stent-induced arte-
rial inflammation [14] (Fig. 5).

NIRF-OFDI System

Optical frequency domain coherence tomography (OFDI) is
one of the most promising new imaging tools used to visualize
the structural details of the coronary vessel wall. Recently, a
dual modality catheter imaging was developed by Yoo et al.
[16]. The unique imaging probe combines a double clad fiber
with a single-mode core that transmits and receives OFDI light
with a multi-mode light-guiding inner cladding that transmits

Fig. 5 NIRF imaging of stent
injury induced protease
inflammation. A. Ex vivo
fluorescence resonance imaging
(FRI) at 800 nm of increased
protease activity at stent edges. B.
Corresponding ex vivo
intravascular NIRF pullback of
stented segment. C. Ex vivo
NIRF-white light fusion image of
stent. D. High magnification
white light image. E. High
magnification NIRF image
revealing signal along the greater
curvature of the stent struts.
Reproduced by permission from
reference [14]
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the NIRF excitation and receives the emitted fluorescence light.
A lens at the tip of the fiber provides focused, co-registered
OFDI and NIRF excitation signals in the arterial wall. Three-
dimensional reconstruction of OFDI and NIRF data is obtained
from a helical pullback and provides highly sensitive detection
of<500 nM of NIR fluorochrome at a depth of up to 3-4 mm
from the catheter in saline. There are two major advantages of
the dual modal NIRF-OFDI system. First, OFDI enables quan-
titative NIRF imaging. This is because detection of fluorescence
signal intensity is distance-dependent — this is because photon
scattering and attenuation through media (e.g., saline or blood)
increases with the distance traversed. In arterial context, this
means that quantitative NIRF signal can only be realized if the
catheter position relative to vessel wall (where the fluorochrome
is localized) is known. Importantly, standalone NIRF catheters
do not possess anatomical information and therefore the catheter-
to-wall distance is not available. With integrated OFDI-NIRF,
OFDI provides exquisite synchrounous anatomical catheter po-
sitional information and therefore enables distance correction of
the NIRF signal. Distance correction is a key advance that allows
improved ability to track and quantify NIRF signal differences in

plaques and stents over time. The second advantage is that both
the molecular NIRF and anatomical OFDI datasets can be simul-
taneous acquired in a single pullback, facilitating clinical
translation.

The NIRF-OFDI catheter was first validated in vitro using
models of stent microthrombosis. Cadaveric human coronary
arteries containing Cy7-labeled fibrin-coated stents were imaged
using this novel dual imaging catheter. NIRF cylinidrical render-
ing of fibrin signal acquired by the dual imaging catheter corre-
lated strongly with corresponding FRI results [16] (Fig. 6). To
demonstrate the in vivo potential of the dual imaging catheter,
stented iliac arteries of New Zealand White (NZW) rabbits were
imaged in vivo. Three-dimensional rendering of combinedOFDI
andNIRF signals of fluorescent-labeled fibrin-rich microthrombi
within coronary stents provided high-resolution OFDI images of
metallic struts covered with Cy7-labeled fibrin within thrombus.
The catheter was also validated in vivo using the cysteine
protease-activatable NIRF probe within inflammatory plaque of
atherosclerotic NZW rabbits.

While the above demonstrated the ability to detect fluores-
cent fibrin attached to stents ex vivo, an i.v. injectable, in vivo

Fig. 6 OFDI imaging of
thrombus within a coronary stent
implanted into a cadaveric
coronary artery. The stent
contains NIR fluorescent fibrin.
A. OFDI Cross-sectional image
with thrombus (yellow). B. OFDI
cross sectional image with stent
struts and micro-thrombi
(yellow). C. NIRF cylindrical
rendering of fibrin signal acquired
by the dual-modality imaging
catheter. D. Matching NIR FRI
with Cy7 filter set confirms the
in vivo findings. Reproduced by
permission from reference [16]
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fibrin sensor for intravascular NIRF imaging was not available
until the development of FTP11-CyAm7, a new fibrin-targeted
NIRF agent that was recently developed [17•, 18]. This NIRF
molecular imaging agent can now targets fibrin deposi-
tion within unhealed coronary stents and enable in vivo
imaging. Localization of the agent can be imaged
in vivo using the NIRF-OFDI imaging catheter de-
scribed above (Fig. 7). This new technology enables
simultaneous colocalization of microstructural and mo-
lecular detail of coronary stent healing and atheroscle-
rotic plaque, which provides useful information for fu-
ture understanding of these important biological process-
es, and to potentially the risk of stent thrombosis.

The NIRF-OFDI catheter is based on a clinical OFDI
platform, and therefore is under active development for clin-
ical testing in human coronary artery disease subjects by 2016.

New NIRF Imaging Agents for Atherosclerosis: ICG

While Prosense VM110 is an excellent sensor for imaging
arterial inflammatory protease activity, it is not yet available
for clinical use. The identification of a clinical NIRF imaging
agent for molecular imaging would greatly advance
intracoronary applications. Recently, ICG, an FDA-approved
amphiphilic NIR fluorochrome currently used in outpatient
imaging of retinal and choroidal vasculature, has been discov-
ered to be a promising targeted imaging agent for the detection
of lipid- and macrophage- rich plaque [19]. ICG binds to
acetylated LDL and due to its lipophilic properties, it accu-
mulates within macrophages in atheroma. A recent study
demonstrated the colocalization of ICG within lipid and
macrophage-rich rabbit atheroma. The NIR fluorescence sig-
nal emitted by ICG was detected in vivo using a 2D NIRF

Fig. 7 In vivo NIRF-OFDI
imaging of fibrin deposition with
unhealed coronary stents, 7 days
after implantation into a rabbit
iliac artery. The injectable fibrin-
targeted NIRF agent FTP-Cy7
was i.v. injected 2 hours prior to
imaging. In vivo NIRF-OFDI
signal demonstrates microscopic
fibrin deposition overlying and in
between stent struts of.
Reproduced by permission from
reference [18]
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intravascular imaging catheter. In vivo sensing of ICG local-
ized within atheroma of ICG-injected atherosclerotic rabbits.
ICG is clinically approved for use and is a promising new
agent that may accelerate the clinical application of intravas-
cular NIRF imaging of high-risk plaques.

Conclusions

Intravascular molecular imaging of atherosclerosis is an ex-
citing area of on-going research and is ripe for clinical appli-
cation in human subjects. The lack of FDA approved
molecular-targeted imaging agents has been a major barrier
to translating this technology into clinical practice. Fortunate-
ly, ICG is currently FDA approved and is a clinically relevant
imaging agent in atherosclerosis. Furthermore, new clinical
NIRF imaging agents developed the cancer arena [20] may be
applicable to atherosclerosis. We anticipate that intravascular
molecular imaging with dual modality NIRF catheters will be
clinically tested in human coronary arteries within the next
2 years.
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