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Abstract: Novel imaging modalities are required to better identify vulnerable atherosclerotic plaques before their 
dire consequences of myocardial infarction, sudden death, and stroke. Moving beyond traditional diagnostic meth-
ods, the field of molecular imaging offers an innovative approach to report upon critical in vivo biological features 
of high-risk plaques. Molecular imaging employs engineered, targeted imaging agents in conjunction with sophisti-
cated, high-resolution detection systems. While various modalities have been investigated for this purpose, intravas-
cular near infrared fluorescence imaging (NIRF) strategies are uniquely poised to provide high-resolution readouts 
of human coronary artery plaques. To date, preclinical animal studies have demonstrated feasibility of both stand-
alone NIRF intravascular imaging as well as dual-modality approaches detecting inflammation and fibrin deposition 
in coronary-sized arteries. This translatable catheter-based approach is positioned to advance the identification of 
biologically vulnerable coronary plaques and coronary stents at risk of thrombosis.

Keywords: Near-infrared intravascular imaging, atherosclerosis, coronary, vulnerable plaque, inflammation, coro-
nary stenting

Introduction

Atherosclerosis remains a major cause of mor-
bidity and mortality in both industrialized and 
developing countries. Despite advances in 
medical, interventional, and surgical treat-
ments, the proportion of healthcare expendi-
tures dedicated to atherosclerotic vascular dis-
ease continues to accrue [1, 2]. Accordingly, 
there remains a pressing need to develop diag-
nostic imaging systems that accurately and 
sensitively detect high-risk or “vulnerable” ath-
erosclerotic plaques. If such plaques can be 
detected prior to becoming clinically evident, 
intensified pharmacological or mechanical 
interventions could be initiated preemptively. In 
this way, the devastating and costly complica-
tions of sudden cardiac death, myocardial 
infarction, and stroke stemming from plaque 
rupture may be prevented. 

For the last several decades, x-ray angiography 
of luminal stenosis severity has remained the 
primary diagnostic modality guiding coronary 

arterial risk assessment. While widely adopted 
in clinical practice, several lines of evidence 
have collectively suggested that angiography 
used in isolation may not be ideal for risk pre-
diction. For example, as early atherosclerotic 
plaques develop, they typically undergo positive 
remodeling, where plaque expansion is outward 
and does not compromise the luminal area [3]. 
Consequently, while luminal angiography may 
only demonstrate a mild or moderate stenosis, 
a relatively large, eccentric, and potentially vul-
nerable lesion may reside in the arterial wall. 
Several autopsy series support this notion, as 
the majority of plaques responsible for fatal 
myocardial infarctions arise from plaques of 
only moderate angiographic severity [4]. 
Coupled with clinical studies demonstrating 
cardiovascular mortality rates are unchanged 
despite intervening on angiographically severe 
lesions, it is clear that new diagnostic modali-
ties are needed to identify high-risk plaques 
that will cause heart attack, stroke, and death 
[5].
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Spurred by advances in molecular biology, syn-
thetic chemistry, materials science, and multi-
modal diagnostic imaging over the last decade, 
the field of cardiovascular molecular imaging 
has emerged to address this need. By utilizing 
sensitive molecular and cellular imaging agents 
that can be detected by various imaging plat-
forms, in vivo molecular imaging is significantly 
impacting preclinical cardiovascular molecular 
imaging research and early clinical trials [6-8]. 
Destabilizing processes in atherosclerotic 
lesions such as inflammation, oxidative stress, 
and apoptosis are now detectable via special-
ized optical, magnetic resonance (MR), ultra-
sound, and positron emission tomography 
(PET) molecular imaging agents. While clinical 
translation of these approaches is still in early 
phases, it is anticipated that molecular imaging 
will augment contemporary risk stratification 
paradigms typically based on plaque burden. 
By more precisely gauging individual cardiovas-
cular risk, medical and interventional therapy 
could be tailored and more optimally applied. In 
this review, we focus on molecular imaging 
approaches with high translatability to the 
human coronary artery, the arterial bed respon-
sible for myocardial infarction and sudden car-
diac death.

Biological framework 

Atherosclerosis is a chronic lipid- and inflamma-
tion-driven arteriopathy leading to the develop-
ment of obstructive plaques in the coronary, 
cerebral, and peripheral medium-to-large sized 
arteries [9]. Triggered by lipid deposition and 
oxidation in the vessel wall, activated endothe-
lial cells attract circulating monocytes that then 
transform into activated plaque macrophages, 
the key inflammatory cellular mediator in ath-
erosclerosis. Macrophages in this initial fatty 
streak then undergo apoptosis and necrosis, 
leading to the development of a necrotic core. 
In addition, plaque macrophages release intra-
cellular lipids, cytokines, and destructive prote-
ases that may expand the burgeoning athero-
ma. Activated matrix metalloproteinases 
(MMPs), serine proteases, and cysteine prote-
ases destabilize the critical fibrous cap by 
degrading key extracellular matrix components 
such as collagen and elastin [10]. In particular, 
histologic studies of inflamed plaques demon-
strate overexpression of cathepsins, a family of 
lysosomal cysteine proteases that are a major 

target of NIRF imaging agents [11]. Persistent 
inflammation and proteolysis lead to the devel-
opment of a thin-capped fibroatheroma (TCFA), 
the prototypical high-risk, unstable lesion that 
is believed to undergo plaque rupture. Plaque 
rupture and release of its highly thrombogenic 
constituents into the bloodstream provokes 
acute thrombotic arterial occlusion, leading to 
myocardial infarction, sudden cardiac death, or 
stroke. The well-developed biological frame-
work of atheroma progression has provided a 
rich array of high-value targets suitable for in 
vivo molecular imaging of atherosclerosis in 
animals and in large vessels of patients [6-8]. 
Only recently has substantial effort been 
focused on molecular imaging of coronary 
artery disease. 

Clinical atherosclerosis molecular imaging 

Over the last decade, innovative imaging 
approaches have illuminated multiple features 
of atheroma inflammation in larger-sized arter-
ies of clinical subjects. The first major advance 
in this field utilized USPIO (ultrasmall super-
paramagnetic iron oxides, e.g. ferumoxtran or 
ferumoxytol) to enable high-resolution MRI of 
carotid plaque macrophage accumulation, and 
to report on macrophage modulation following 
statin therapy [12-14]. To date, these studies 
have focused upon the imaging of larger, rela-
tively immobile arteries such as the carotid 
arteries or aorta. Due to its limited temporal 
resolution, high-resolution MR imaging of 
smaller plaques in the much more mobile coro-
nary arteries is a significant challenge. 

The second major advance in the field of clini-
cal atherosclerosis molecular imaging occurred 
by Rudd et al. in 2002 when the metabolic PET 
reporter agent 18F-FDG was used to noninva-
sively image plaque macrophages in larger 
arteries [15, 16]. With widespread availability, 
18F-FDG PET has been traditionally utilized for 
oncologic imaging. Notably, 18F-FDG PET imag-
ing of atherosclerosis has been described and 
was utilized in a recent clinical trial assessing 
the effects of dalcetrapib, an investigational 
pharmaceutical, on human atheroma [17]. 18F-
FDG PET atheroma imaging may therefore 
greatly aid the field of cardiovascular drug dis-
covery. 18F-FDG PET imaging of atherosclerotic 
vascular inflammation has been demonstrated 
in the human coronary artery, though at lower 
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resolution, as well [18, 19]. However, several 
challenges limit the wider use of 18F-FDG PET to 
image inflamed human coronary arteries. For 
example, despite diet-based suppressive proto-
cols that limit background myocardial uptake of 
18F-FDG, a substantial percentage of coronary 
arterial segments remain uninterepretable 
[20]. Currently, standardized protocols for ath-
erosclerosis PET imaging are not yet available 
[21]. In addition to overcome motion-induced 
artifacts and blurring, cardiac gating protocols 
could constrain image acquisition to diastole, 
but would further diminish sensitivity due the 
extended time needed for acquisition and the 
limited half-life of 18F. These limitations have 
spurred investigation into alternative approach-
es to image coronary arterial inflammation. In 
the following sections, we review a new transla-
tional approach utilizing intravascular near-
infrared fluorescence (NIRF) molecular imaging 
to image arterial inflammation at high-resolu-
tion in coronary sized arteries. 

NIRF imaging 

Fluorescence-based molecular imaging 
approaches offer high-resolution, good sensi-
tivity, and versatile detection of investigational 
targets in both preclinical and clinical cardio-
vascular disease [22]. NIRF imaging has recent-
ly emerged as a sensitive, high-resolution 
approach for in vivo atherosclerotic molecular 
imaging without the use of ionizing radiation. 
For in vivo imaging, the NIR window (700-
900nm) is particularly favorable compared to 
other wavelengths, as this window demon-
strates reduced blood attenuation of light and 
reduced autofluorescence [23]. The NIR win-
dow is therefore favorable for molecular imag-
ing of human coronary artery-sized vessels (i.e. 
2.5-4.0mm in diameter), particularly through 
blood [24]. 

Molecular imaging agents for NIRF inflamma-
tion imaging

Leveraging an array of smart activatable agents 
and/or nanomaterials, enhanced atheroscle-
rotic proteolytic activity [25], macrophage-
mediated inflammation [26], endothelial adhe-
sion molecule surface expression [27], and 
thrombin activity [28, 29] have all been imaged 
in vivo using NIRF molecular imaging 
approaches. 

Intravascular NIRF imaging 

Optical imaging has produced major advances 
in clinical intracoronary imaging in the last 
decade, with FDA approval of intravascular opti-
cal coherence tomography (OCT) catheters and 
near-infrared spectroscopy (NIRS) catheters. 
As NIRF is also a light-based approach, new 
imaging systems applicable to the human coro-
nary artery can be developed exploiting flexible 
optical fibers. Recently, intravascular NIRF 
detection catheters have been developed for in 
vivo vascular imaging. These novel imaging 
platforms have been used in conjunction with 
protease-activatable NIRF imaging agents for 
preclinical research and will likely aid in both 
investigating in vivo plaque inflammation as 
well as elucidating the temporal-spatial pat-
terns of the arterial healing response to injury 
following balloon angioplasty and stent implan-
tation [24, 30]. Moreover, NIRF imaging cathe-
ters have also been engineered with optical 
frequency domain imaging (OFDI) capability 
[22]. Thus, in vivo NIRF-derived molecular sig-
nals can be readily integrated with microstruc-
tural imaging of the stent-artery interface in 
order to provide precise anatomic correlation to 
stent-associated inflammatory injury and fibrin 
deposition patterns. Overall, intravascular NIRF 
molecular imaging is positioned to address 
important yet currently unmet clinical needs by 
detecting the in vivo biomolecular features 
associated with vulnerable plaques. 
Additionally, such a tool may also help identify 
patients with previously implanted stents that 
are at greater risk for developing stent throm-
bosis or restenosis, both major causes of car-
diovascular morbidity and mortality.

In vivo intravascular NIRF molecular imaging 
of atherosclerosis

Imaging cysteine protease activity in inflamed 
atheroma

Via degradation of the collagen-rich fibrous 
caps, enhanced plaque proteolytic activity is 
mechanistically linked to plaque rupture. In par-
ticular, post-mortem histological studies dem-
onstrate significantly elevated expression of 
cathepsins S and K particularly at the sites of 
overt plaque rupture [11]. Cathepsin B is anoth-
er cysteine protease implicated in the patho-
genesis of atherosclerosis [31]. In conjunction, 
these findings indicate that cathepsins demar-
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cate vulnerable plaques and thus represent 
high-value targets for atherosclerotic molecular 
imaging.

Prosense/VM110, a specialized cathepsin-acti-
vatable NIRF imaging agent has been devel-
oped and validated in a number of preclinical 
atherosclerotic animal models for imaging of 
cathepsins B, S, and L [25, 32, 33]. Comprised 
of an array of 15-20 NIR fluorochromes conju-
gated to an inert biochemical scaffold (protect-
ed graft copolymer spanning a poly-lysine back-
bone), the intentionally closely spaced 
fluorochromes result in “self-quenching,” 
resulting in only minimal levels of background 
signal. Such a feature confers a major advan-
tage over conventional agents that emit signal 
at the time of injection. The incorporation of oli-
gonucleotide target sequence into the scaffold 
provides tunable target specificity, for example 
to cathepsin K [33]. Upon specific interaction 
with cathepsins in vivo, cleavage of the 
quenched substrate and liberation of the mul-
tiple fluorochromes leads to amplified, local 
NIRF signal [24, 30]. 

In vivo one-dimensional intravascular NIRF mo-
lecular sensing with a first-generation catheter 
system

As a first step towards developing a clinically 
useful intravascular NIRF imaging platform to 
detect atherosclerotic inflammation in vivo, in 
2008 a first-generation NIRF molecular sensing 
catheter was constructed and evaluated [30]. 
This prototype was capable of focal NIR light 
emission and detection on an area of ~40um 
diameter and ~2mm from the catheter but was 
not equipped with automated pullback or rota-
tional capability. Thus, NIRF intravascular 
detection was constrained to one-dimensional 
sensing with limited longitudinal anatomical 
accuracy. 

In conjunction with the cathepsin-activatable 
NIRF probe Prosense/VM110, preliminary stud-
ies demonstrated that NIRF signal resulting 
from localization and then cathepsin-based 
activation of Prosense/VM110 could be detect-
ed in vivo in atherosclerotic iliac arteries (<2.5 
mm diameter) of balloon-injured, hyperlipid-

Figure 1. One-dimensional in vivo NIRF molecular sensing of cysteine protease activity associated with atheroma. 
Rabbits undergoing balloon injury of the right internal iliac artery and received the NIRF molecular imaging agent 
Prosense/VM110 (top row) and saline controls (bottom row) were generated. A, B. Angiography demonstrates a 
stenosis in the right internal iliac artery of the balloon-injured but not the control animals. Manual pullback of the 
one-dimensional NIRF catheter was performed (dashed arrow). C, D. One-dimensional in vivo mapping of the sensed 
NIRF signal during manual pullback demonstrates increased signal at the iliac atheroma (solid arrow in A, Pro-
sense/VM110-injected animal) but no signal in the control plaque (solid arrow in B, saline-injected animal). Paired 
ex vivo white light (E and F) and FRI (G and H) confirms that cysteine protease activity localized to atheroma in the 
injured animals only. FRI, fluorescence reflectance imaging; NIRF, near-infrared fluorescence. Adapted from [30].
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emic rabbits (Figure 1). Importantly, NIRF sig-
nal detection was accomplished through blood, 
without the need for flushing or occlusion, 
affirming the favorable light transmission prop-
erties of the NIR window. Specifically, one-
dimensional line mapping of the sensed NIRF 
signal assessed by manual pullback demon-
strated high signal levels that co-localized with 
atheroma. In contrast, minimal NIRF signal was 
detected in atherosclerotic rabbits receiving 
saline or in those normal rabbits receiving 
Prosense/VM110. Ex vivo fluorescence reflec-
tance imaging (FRI) confirmed the localization 
of NIRF signal to these injured areas. While 
demonstrating feasibility, a fully comprehen-
sive 360-degree imaging assessment of arter-
ies was not possible with this system.

In vivo intravascular two-dimensional NIRF 
molecular imaging with a second-generation 
catheter system 

To address the limitations associated with the 
one-dimensional NIRF catheter, a new catheter 
engineered with automated pullback and 360° 
rotation was constructed [24]. Using NIRF 
phantoms submerged in a bloodlike solution 
(1% intralipid and 50ppm India Ink), the cathe-
ter imaging performance specifications were 

determined to be suitable for in vivo imaging: 
specifically, its angular resolution was 35°- 42° 
with an ability to resolve greater than 8 sectors 
at a catheter-to-target distance of 3.0mm; its 
longitudinal z-resolution was 1.0mm at a cath-
eter-to-target distance of 2.0mm.

The in vivo NIRF imaging utility of this second-
generation two-dimensional catheter was then 
investigated in the relatively larger rabbit aorta 
(3-4mm diameter versus 2.25-2.5mm rabbit 
iliac artery evaluated previously). Eight weeks 
after sustaining balloon-mediated aortic injury, 
hyperlipidemic rabbits received Prosense/
VM110 or saline. Intravascular ultrasound 
(IVUS) was performed to more precisely identify 
the very mild lesions not detectable by conven-
tional angiography. Next, intravascular NIRF 
molecular aortic imaging (3.5mm diameter ves-
sel), facilitated by both automated pullback and 
rotational systems, was then performed follow-
ing conventional angiography. Fusion of the 
anatomical data afforded by IVUS with the NIRF 
imaging data demonstrated the localization of 
NIR signal to aortic atherosclerotic plaques. 
Specifically, in rabbits with atheromata, the 
signal-to-noise (SNR) and target-to-background 
ratios (TBR) were significantly higher in those 
treated with Prosense/VM110 versus saline 

Figure 2. Two-dimensional in vivo NIRF molecular imaging of aortic atherosclerotic inflammation. A. Angiography 
of the iliac bifurcation and distal abdominal aorta in balloon-injured hyperlipidemic rabbits was used to co-register 
the IVUS images. The tip of the NIRF imaging catheter prior to automated rotation and pullback is indicated (yellow 
bar). B. Corresponding longitudinal IVUS imaging demonstrates moderate atheroma at positions P1 and P2 (yellow 
arrows). C. Two-dimensional NIRF imaging aligned with angiographic (A) and IVUS (B) imaging demonstrates high 
NIRF signal localized to aortic atheroma. D. Longitudinal fused NIRF/IVUS images. For NIRF imaging, yellow/white 
color denotes strongest intensity NIRF signal; red/black denotes lowest intensity NIRF signal. NIRF, near-infrared 
fluorescence; IVUS, intravascular ultrasound. Adapted from [24].
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(median [quartiles]: SNR = 12.6 [8.1, 20.6] vs. 
1.3 [0.9, 2.1], p-value = 0.02; TBR = 6.3 [4.3, 
9.4] vs. 1.1 [0.9, 1.4], p-value = 0.02). 
Subsequent ex vivo studies of the excised aor-
tas corroborated the in vivo findings (Figure 2). 
Only those animals sustaining balloon denuda-
tion arterial injury and receiving Prosense/
VM110 exhibited plaque-associated NIRF sig-
nal on ex vivo FRI; injured animals that received 
saline lacked any appreciable aortic NIRF sig-
nal (p-value = 0.01). Interestingly, immunos-
taining and histologic studies of both early and 
advanced plaques demonstrated that despite 
the presence of macrophages and cathepsin B 
staining in both types of lesions, NIRF signal 
was only appreciably detected in more the 
advanced, relatively larger plaques. These find-
ings suggest that immature plaques, demon-
strating the presence of cathepsin but lacking 
significant cysteine protease activity, may be 
less inflamed versus more mature lesions.

Integrated in vivo OFDI/NIRF imaging

The ability to combine NIRF molecular imaging 
with exactly co-registered structural imaging 
would represent a major advance. Optical fre-
quency domain imaging (OFDI) is an FDA-
approved, high-speed intravascular imaging 
modality that expands upon the unparalleled 
anatomic resolution of optical coherence 
tomography (OCT), offering an axial resolution 
of ~10-20um. Specifically by post-processing 
OCT image acquisitions by Fourier transforma-
tion, various components of the arterial wall 
including stents, thrombus, lipid, and calcium 
can be rendered not only with high levels of 
spatial resolution but also in two- and three-
dimensional representations [34]. As such, the 
integration of high-resolution OFDI with intra-
vascular NIRF molecular imaging would offer 
exquisitely precise co-registration of micro-
scopic anatomical imaging with in vivo biologic 
data. 

Yoo and Kim et al. recently described the devel-
opment of a catheter capable of simultaneous 
intravascular dual-modality OFDI/NIRF imaging 
[22]. This system provided cross-sectional OFDI 
imaging of vessel microstructural detail with 
micrometer levels of both axial and transverse 
resolution (~7 and ~30-um respectively), high 
frame rate acquisition capability (25.4 frames 
per second), adequate depth of imaging 
(4.6mm in saline), and enhanced sensitivity to 

detect NIR fluorochromes (<1nM). The ability of 
integrated OFDI/NIRF intravascular imaging to 
detect inflamed atherosclerotic plaque was 
then investigated. Using hypercholesterolemic 
rabbits previously undergoing balloon-mediat-
ed iliac arterial injury, Prosense/VM110 was 
administered 24h prior to combined OFDI/NIRF 
intravascular assessment. Plaques detected by 
OFDI were associated with strong NIRF signal 
while normal appearing arterial regions largely 
lacked such. Indeed, consistent with the earlier 
results derived from imaging with the single-
modality NIRF imaging catheters, ex vivo histo-
logic studies confirmed that the inflamed 
lesions identified by OFDI/NIRF intravascular 
imaging were highly enriched with both macro-
phages and cathepsin B. The highly sensitive 
microstructural mapping of enhanced proteo-
lytic activity of plaques provided by this imaging 
platform may then advance the identification of 
the interrelated structural and biologic features 
of vulnerable plaque not captured by conven-
tional methods. Additionally, this approach may 
also greatly accelerate the development of 
novel therapeutics to treat atherosclerosis by 
providing a means to longitudinally and non-
destructively monitor the effects of investiga-
tional agents on plaque inflammation and 
microstructure.

In vivo NIRF imaging of lipid- and macrophage-
enriched atheroma with indocyanine green

While Prosense/VM110 is highly promising for 
NIRF molecular imaging of inflammation, it is 
not yet clinically available. Therefore, to accel-
erate the translation of intravascular NIRF 
imaging, clinically approved NIRF imaging 
agents are needed. Indocyanine green (ICG), an 
amphiphilic NIR fluorochrome approved by the 
Food and Drug Administration for ophthalmo-
logic NIRF imaging of retinal and choroidal vas-
culature [35], has previously been shown to 
bind both low- and high-density lipoproteins 
[36] as well as accumulate in inflamed tissues 
[37]. Given these attractive features for athero-
sclerosis imaging, we explored the ability of ICG 
to detect lipid-laden atherosclerotic plaques in 
vivo via intravascular NIRF imaging [38]. Initially, 
8 weeks following aortic balloon-mediated inju-
ry, hyperlipidemic rabbits were administered 
ICG or saline. Ex vivo analyses showed that 
when compared to hyperlipidemic or uninjured 
animals receiving saline or ICG respectively, 
atheroma-bearing animals injected with ICG 
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demonstrated significant NIRF signal that local-
ized within atheroma. Histological studies dem-
onstrated that ICG deposition co-localized with 
plaque lipids (neutral triglyceride stained by Oil 
Red O) and RAM-11 positive macrophages. 
Adjunctive in vitro studies demonstrated that 
ICG not only bound acetylated LDL, but also 
was endocytosed by both macrophages and 
foam cells. Complementary studies with resect-
ed human carotid endarterectomy operative 
specimens incubated with ICG substantiated 
these findings as ICG largely localized to macro-
phage- and lipid-rich areas. The overall histo-
logical and mechanistic studies support that 
ICG identifies inflamed, lipid-rich plaques. 

The utility of ICG to provide in vivo atheroma 
NIRF enhancement was then evaluated. 
Atheroma-bearing rabbits received an IV bolus 
of ICG (1.5mg/kg, an FDA-approved dose) fol-
lowed by multimodal intravascular imaging and 
NIRF sensing. As seen in Figure 3, utilizing the 
one-dimensional NIRF intravascular sensing 
catheter system modified with automated pull-
back capability, NIRF signal enhancement was 
detected in aorta and iliac atheroma, as con-
firmed by co-registered angiographic and intra-
vascular ultrasound (IVUS) anatomical images. 
In vivo NIRF findings were corroborated by 
fused ex vivo white light photography/FRI imag-
es. Complementary studies consisting of serial 

Figure 3. In vivo intravascular NIRF imaging of ICG localized to atherosclerotic plaques. A. Angiographic images 
of the aortic and iliac atherosclerotic lesions (yellow arrowheads). The beginning and end of the automated NIRF 
catheter pullback are demarcated by the green and red dotted lines respectively. White asterisks indicate arterial 
branch points that serve as fiduciary markers for co-registration. B, C. Longitudinal IVUS image of the aortic plaque 
and cross-sectional IVUS image acquired at the position indicated by the yellow dashed line. The aortic atheroscle-
rotic plaque is evident in cross-section (C: yellow arrows). D, E. Maximal NIRF signal acquired on automated distal 
to proximal pullback with NIRF imaging catheter localizes to the aortic plaque. Fused cross-sectional IVUS and NIRF 
image demonstrates that NIRF signal (E: shaded yellow) localized to the aortic plaque. F, G. Enhanced NIRF signal 
is seen in both the aorta and iliac arteries on standalone ex vivo en face FRI (F) as well as fused white light pho-
tographic-FRI (G). ICG, indocyanine green; FRI, fluorescence reflectance imaging; NIRF, near-infrared fluorescence; 
IVUS, intravascular ultrasound. Adapted from [38].
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intravascular NIRF interrogations showed that 
in vivo plaque NIRF signals were durably detect-
ed up to 45 minutes following ICG 
administration. 

As an FDA-approved imaging agent, ICG-based 
NIRF intravascular molecular imaging is a clini-
cally translatable approach to detect inflamed, 
lipid-laden atherosclerotic plaque in vivo. While 
the mechanistic details governing ICG accumu-
lation in plaques, such as factors determining 
its uptake by macrophage subsets and other 
cells as well as its binding to lipid subtypes still 
requires further elucidation, this study demon-
strates the feasibility of targeted NIRF molecu-
lar imaging strategies to detect alternative fea-
tures of vulnerable plaques.

In vivo NIRF imaging of stent-induced inflam-
matory arterial injury

Stent thrombosis is a relatively uncommon but 
a frequently fatal complication of percutaneous 
coronary intervention (PCI), a procedure that is 
performed over 1 million times a year in the US 
alone. Occurring in ~0.3-1.0% of patients 
undergoing PCI annually, stent thrombosis pre-
dominantly presents as an acute myocardial 
infarction typically requiring emergent percuta-
neous revascularization [39]. The 30-day mor-
tality of patients experiencing stent thrombosis 
is high (i.e. ~10-25%). Of note, drug-eluting 
stents (DES), the standard of care for most 
patients undergoing PCI, may induced impaired 
healing that leads to a persistent rate of late 
stent thrombosis. Furthermore, one-fifth of 
stent thrombosis survivors will experience a 
recurrent event within 2 years. Given the high 
morbidity and mortality associated with such, 
recent clinical investigations have focused 
upon determining the critical patient and proce-
dural risk factors associated with an increased 
risk of developing stent thrombosis. 
Intravascular structural imaging techniques 
such as IVUS or optical coherence tomography 
(OCT) remain the mainstay of identifying any 
inciting mechanical factors (i.e. exposed stent 
struts, stent malapposition, or stent fracture). 
However, these studies have not yet allowed 
precise identification of high-risk stents prone 
to developing stent thrombosis.

Within the last decade, the underlying biology 
of stent thrombosis has been elucidated, offer-
ing an inroad for molecular imaging of stent 

biology. Post-mortem histological studies of 
stented arterial segments from patients 
implanted with bare metal (BMS) or DES show 
that the latter stent type is associated with 
both significantly more delayed healing and 
uncovered stent struts (reduced endothelializa-
tion) [40, 41]. Additionally, the struts of the DES 
were much more inflamed, with higher levels of 
inflammatory cells and fibrin deposition seen 
associated with each strut. Supported by other 
histologic studies, both uncovered as well as 
fibrin-associated stent struts have been recog-
nized as important histologic predictors of 
stent thrombosis [42]. Thus a need exists to 
more accurately characterize these critical bio-
molecular aspects of inflammation and fibrin-
deposition following PCI with BMS or DES. 
Importantly, the identification of stents that are 
persistently inflamed or enriched with fibrin 
may represent potentially modifiable factors 
that not only help promote stent thrombosis, 
but also may be amenable to pharmacologic 
intervention. 

To investigate the ability of intravascular NIRF 
imaging to sense inflammatory arterial injury 
and stent healing after PCI, rabbits underwent 
bare-metal stenting of the aorta following bal-
loon dilatation (Figure 4) [24]. Six days after 
implantation, the animals received Prosense/
VM110 and then on the next day underwent 
angiography, IVUS, and intravascular NIRF 
imaging. Enhanced NIRF signal was noted at 
both the proximal and distal edges of the stents 
suggesting that the interface between the 
stent-covered and uncovered arterial wall was 
particularly apt to develop inflammatory injury, 
possibly due to arterial injury provoked by the 
edge of the stent. Additionally, enhanced activ-
ity was noted several millimeters away from the 
stent edge and was thought attributable to 
extension of injury by balloon inflation beyond 
the stent edges. This study represents a new 
approach to assess in vivo arterial inflamma-
tion and healing at high-resolution following 
stent implantation. Notably, this system offers 
a method of serial, nondestructive assessment 
that may better elucidate both the temporal 
and spatial patterns of inflammatory injury fol-
lowing stenting. Preclinical intravascular NIRF 
imaging studies could thus better guide inter-
ventional procedures to minimize arterial injury, 
pharmacotherapy to better optimize stent heal-
ing and vessel passivation, and better evaluate 
the bioinflammatory aspects of novel coronary 
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stent designs. Moreover, high-resolution two-
dimensional intravascular NIRF imaging, in 
select clinical scenarios, may offer a useful tool 
to identify those previously implanted stents at 
higher risk for developing stent thrombosis (see 
section entitled “Clinical Trajectory”). 

In vivo NIRF imaging of stent-associated fibrin 
deposition 

Fibrin deposition on stent struts is implicated in 
the development of stent thrombosis [42], but 
limited options are available to specifically 
image fibrin deposition on stents in vivo. To 
meet this need, we applied intravascular NIRF 

molecular imaging to detect stent-associated 
fibrin microthrombi [22]. First, ex vivo integrat-
ed OFDI/NIRF imaging studies were performed 
on a NIR fluorescent Cy7-labeled fibrin-coated 
stent implanted into a cadaveric coronary 
artery implanted (Figure 5). OFDI visualized 
stent and arterial microstructure including the 
arterial wall, stent struts, and stent-associated 
thrombus. Simultaneous NIRF images precisely 
co-registered by OFDI revealed fibrin-specific 
NIRF signal mapped onto a subset of the stent-
associated thrombus. Subsequent en face FRI 
of the stented artery corroborated these find-
ings. The ability of this system to detect stent-
associated fibrin microthrombi in vivo was then 

Figure 4. In vivo two-dimensional NIRF molecular imaging through blood of inflammatory injury patterns following 
stent implantation in coronary-sized arteries. A. The dashed box in the angiographic image denotes the position of 
a stent deployed in the abdominal aorta of hyperlipidemic rabbits. B, C. Facilitated by automated pullback and rota-
tion, longitudinal IVUS images (B) clearly demarcate the exact position of the aortic stent that, from simultaneously 
acquired NIRF imaging (C), is associated with significantly increased local proteolytic activity. D. The fused longitudi-
nal NIRF/IVUS image (yellow/white color denotes strongest intensity NIRF signal; red/black denotes lowest intensity 
NIRF signal). NIRF, near-infrared fluorescence; IVUS, intravascular ultrasound. Adapted from [24].
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studied (Figure 6). NIR fluorescent Cy7-labeled 
fibrin-coated stents were implanted in the iliac 
artery of a living rabbit followed by imaging 
using the dual-modality OFDI/NIRF catheter. 
The stent struts and associated microthrombi 

were visible by OFDI and, when integrated with 
NIRF imaging, demonstrated that the NIRF sig-
nal co-localized to a portion of the thrombi. 
Subsequent ex vivo microscopic studies dem-
onstrated that NIRF-molecular imaging was 

Figure 5. Ex vivo OFDI/NIRF imaging of a cadaveric human coronary artery implanted with a stent coated with Cy7-
labelled fibrin-targeted nanoparticle. A-D. Microthrombi (yellow asterisks) associated with the stent struts (white 
arrowheads) are present on cross-sectional OFDI images at positions P1 (A) and P2 (B) that correspond with areas 
of high intensity NIRF signal on two-dimensional NIRF imaging (C: yellow/white color denotes strongest intensity 
NIRF signal; red/black denotes lowest intensity NIRF signal) and ex vivo en face FRI (D: red/white color denotes 
strongest intensity fluorescence signal; blue/black denotes lowest intensity fluorescence signal). FRI, fluorescence 
reflectance imaging; NIRF, near-infrared fluorescence; OFDI, optical frequency domain imaging. Adapted from [22].
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more sensitive than OFDI for fibrin detection. 
Ultimately, with the development of injectable 
of translatable fibrin sensors [43], integrated 
OFDI/NIRF intravascular imaging may help bet-
ter assess the future risk of developing stent 
thrombosis by detecting angiographically unap-
parent but clinically important stent-associated 
fibrin microthrombi.

Clinical trajectory

While currently in the preclinical stages of 
investigation, the enhanced diagnostic capa-
bilities of intravascular NIRF imaging, particu-
larly the dual-modality OFDI/NIRF platform 
incorporating simultaneous microstructural 
imaging, may be of substantial clinical utility. 

Figure 6. In vivo OFDI/NIRF imaging of a Cy7-labelled fibrin-targeted nanoparticle coated stent implanted in rabbit 
iliac artery. Images derived from standalone OFDI (left panels), integrated OFDI/NIRF (middle panels), and ex vivo 
hematoxylin and eosin histology (right panels) are shown. A-C. Cross-sectional OFDI images demonstrate thrombus 
(A: purple) while OFDI/NIRF fusion images show NIRF signal (B: yellow) that are closely correlated and associated 
with the stent struts (C: blue arrowheads). D-F. Magnified views confirm that the thrombus (D: purple, demarcated 
by red arrow; F: demarcated by red arrow) corresponds closely to the pattern of NIRF signal detected (E: yellow, 
demarcated by red arrow) and confirm the association between the stent struts (blue arrowheads) and thrombus. 
Additional arterial microstructural details are clearly present such as an arterial side branch (red asterisks). G-I. 
Areas devoid of thrombus (G: red arrowhead) but are NIRF-positive are detected and correspond to fibrin by histol-
ogy. J, K. Three-dimensional rendering of the stented right iliac artery in vivo (i.e. “cut away” view) demonstrates the 
NIRF signal localized to the stent-associated thrombus when the standalone OFDI image (J) is compared with the 
fused OFDI/NIRF image (K). OFDI, optical fluorescence domain imaging; NIRF, near-infrared fluorescence. Adapted 
from [22].
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While new insights into the molecular patho-
physiology underlying plaque instability and 
rupture may be realized in the near term, clini-
cal benefits derived from NIRF molecular imag-
ing must demonstrate improved sensitivity/
receive-operator curves beyond traditional risk 
measures (e.g. Framingham risk score and cor-
onary artery calcium scoring). Such a prospect 
will require a longer term, large event-based 
clinical trial. NIRF/OFDI imaging may therefore 
find more immediate clinical utility in identifying 
stents at risk of stent thrombosis, which occurs 
more reliably then clinical ruptures of vulnera-
ble plaques (i.e. the PROSPECT trial [44]). 
Specifically NIRF molecular imaging has the 
potential to identify at-risk stents by identifying 
stent-associated fibrin or inflammation. In this 
way, challenging clinical scenarios such as 
gauging the potential risk of stent thrombosis 
attributable to interrupting dual antiplatelet 
therapy for imminent but non-emergent surgery 
might be better managed by a combined micro-
structural-functional interrogation of any previ-
ously implanted stents, particularly if they 
reside in critical, proximal locations. Additionally, 
protracted healing with persistent inflamma-
tion of prior stents in patients hospitalized for 
acute coronary syndrome may suggest the 
need for intensified antiplatelet or anticoagula-
tion medical regimens. 

Limitations 

While intravascular NIRF imaging techniques 
offer a novel method for assessing the in vivo 
biology of plaques and stented arteries, there 
are limitations that must be considered. First, 
intravascular molecular imaging, an invasive 
technique, would ideally be performed on sub-
groups of patients already stratified as high-
risk by noninvasive risk prediction methods. 
Additionally, the impact of arterial calcification, 
coronary arterial tortuosity, and blood flow on 
autofluorescence and overall sensitivity will 
need to be evaluated.

Conclusion

Intravascular NIRF molecular imaging of inflam-
mation and microthrombi in atheroma and 
stent-induced arterial injury is a new transla-
tional approach that can offer new biologic 
insights pertaining to human coronary athero-
sclerosis. Leading dual-modality approaches 
such as integrated OFDI/NIRF offers simultane-

ous high-resolution microstructural co-registra-
tion and localization of important in vivo bio-
logic signals, which may help identify high-risk 
plaques and stents at risk of thrombosis. 
Clinical translation appears promising based 
on the prototypical intravascular NIRF cathe-
ters already developed in conjunction with the 
emergence of targeted imaging agents [45]. 
Surpassing traditional angiographic measures 
of luminal stenosis to critically assess plaque 
biology and microstructure, it is likely that intra-
vascular NIRF molecular imaging, as a compo-
nent of a multimodal intravascular imaging 
approach, will remain at the forefront of athero-
biologic imaging in the near future. 
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