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ABSTRACT 
Introduction: Acute coronary syndromes - including unstable angina, acute myocardial 
infarction and sudden death - are primarily due to sudden luminal thrombosis from disruption of 
an atherosclerotic plaque.  It has been established that inflammation plays an important role in 
atherogenesis and the destabilization of plaques.  However, the role of inflammation in 
catalyzing plaque rupture is incompletely understood.   Here, we experimentally investigated the 
in vivo spatial distribution of a novel atheroma cell targeted near-infrared fluorescence (NIRF) 
imaging agent, CLIO-CyAm7, prior to triggered plaque rupture, using intravascular molecular 
imaging.  We hypothesized that CLIO-CyAm7 would illuminate macrophages on in vivo 
intravascular NIRF imaging and preferentially localize to atheroma that develop plaque 
thrombosis under triggering conditions. 

Methods: Atherosclerosis was induced in rabbits (n=28) using a 12-week hyperlipidemic diet 
with alternating 1% high cholesterol and normal chow with concomitant aortic balloon injury at 2 
weeks. Rabbits were injected with 2.5mg/kg of CLIO-CyAm7 24 hours prior to in vivo imaging. 
In vivo NIRF and intravascular ultrasound (IVUS) imaging were used to assess baseline 
structural and inflammation characteristics of atheroma.  Control rabbits (n=6) were sacrificed 
prior to triggering. Pharmacological triggering was performed using Russell’s Viper Venom 
(0.15mg/kg IP) and histamine (0.02mg/kg IV) injections twice over 48-hours. IVUS imaging was 
repeated prior to sacrifice to identify luminal thrombi in vivo. NIRF imaging was quantified using 
target-to-background ratio (TBR), the ratio between an area of atheroma compared to normal, 
uninjured aorta. A subset of rabbits (n=7) was injected with Evans Blue (6mL 0.5% IV) 30 
minutes prior to sacrifice to identify permeability of the endothelium. After sacrifice, ex vivo 
imaging, fluorescence microscopy (FM), RAM-11 immunofluorescence (IF) of macrophages, 
alpha-smooth muscle actin IF for smooth muscle cells, CD31 IF for endothelial cells, and 
Carstairs’!staining for fibrin and collagen, were performed systematically along the length of the 
aorta at 1.5cm increments. Data is presented as mean±SD.  

Results: On microscopy, CLIO-CyAm7 localized primarily at the intimal-luminal border of 
atheroma, with some penetration into the media and adventitia.  There was significantly higher 
CLIO-CyAm7 accumulation in areas of atheroma compared to control segments of the aorta 
(1.73±1.9% vs. 0.13±0.28%, p<0.0001). On IF, CLIO-CyAm7 signal correlated with subsets of 
macrophages, endothelial cells and smooth muscle cells in atheroma with minimal CLIO-CyAm7 
evident in normal arteries.  Evans blue showed increased endothelial permeability in regions of 
increased subendothelial CLIO-CyAm7 accumulation. CD31+ endothelial cells in the 
neovessels at the intima-media border indicated delivery of CLIO-CyAm7 via vaso vasorum. In 
vivo, CLIO-CyAm7+ plaques were detectable via intravascular NIRF imaging.  Areas of 
atherosclerosis, determined by IVUS, showed significantly higher NIRF peak TBR than normal 
segments of the aorta (2.86±1.82 vs. 1.55±0.65, p=0.001). In vivo IVUS imaging and Carstairs’!
staining for fibrin identified plaque thrombosis in 10 of 15 rabbits undergoing the triggered 
protocol (67%). Notably, plaques with luminal thrombosis showed significantly higher CLIO-
CyAm7 accumulation compared to undisrupted atheroma (2.1±1.7% vs. 1.5±1.9%, p=0.0446), 
indicating that atheroma cell phagocytic capacity may underlie plaque rupture. 

Conclusion:  CLIO-CyAm7 is a novel NIRF molecular imaging agent that identifies a subset of 
phagocytically active cells that are increased in atheroma prone to plaque thrombosis.  
Intravascular 2D NIRF imaging provides a promising future translational tool for high-resolution 
imaging of biologically high-risk plaques.!!
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GLOSSARY!

ACS: acute coronary syndrome 

aSMA: α-Smooth muscle actin 

CAC: coronary artery calcification 

CAD: coronary artery disease 

CLIO: cross-linked iron oxide 

CT: computed tomography 

CTA: CT-angiography 

CVD: Cardiovascular disease 
18F-NaF: [18F]fluoro-sodium fluoride 
18FDG: 2-Deoxy-2-[18F]fluoro-D-glucose 

FM: fluorescence microscopy 

FRI: fluorescence reflectance imaging 

HCD: high cholesterol diet 

IF: immunofluorescence 

IVUS: intravascular ultrasound 

LDL: low density lipoprotein 

MI: Myocardial infarction  

MION: monocrystalline iron oxide 

MMP: matrixmetalloproteinase 

NIRF: near-infrared fluorescence 

OCT: optical coherence tomography 

OFDI: optical frequency domain imaging 

PCCT: phase-contrast CT  

PET: positron emission tomography 

ROI: region of interest 

RVV: Russell’s viper venom 

SMC: smooth muscle cell 

SNR: signal-to-noise ratio 

TBR: target-to-background 

TCFA: thin cap fibroatheroma 

SPIO: superparamagnetic ironoxide 

USPIO: ultrasmall superparamagnetic iron oxide
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INTRODUCTION 

Atherosclerosis is a systemic inflammatory disease leading to expansion of the innermost layer 

of the artery, the intima, which may lead to coronary artery disease (CAD), stroke, and 

peripheral arterial disease.  Although atherosclerosis is progressive and may cause gradual 

stenosis of the arteries, the most devastating effects of this disease occur due to the 

development of sudden occlusive thrombi and subsequent end-organ ischemia and infarction.  

In the coronary arteries specifically, the results of thrombus formation may include acute 

myocardial infarction (MI), unstable angina and sudden death, collectively called acute coronary 

syndrome (ACS). The majority of these patients are often asymptomatic because earlier stages 

of CAD, like stable angina, may not limit blood flow to the myocardium.   

The ability to precisely identify patients who will develop symptomatic atherosclerotic syndrome 

is currently unavailable.  Traditional risk factors, like family history, cholesterol, tobacco use and 

diabetes mellitus, can be used to categorize patients into levels of risk, however, this 

information cannot assess the temporal or localized risk of ACS or responsiveness to therapy. 

The majority of ACS events result from lesions with less than 50% stenosis. However, current 

methods of imaging, such as x-ray angiography, focus on anatomical changes like vessel 

narrowing and miss these culprit lesions prior to an acute event. (1) This leads to the 

importance of new diagnostic imaging in the assessment of high-risk patients. 

Atherosclerosis is a complex biological process that is not fully characterized by current imaging 

tools.(2-4) New molecular imaging techniques that focus on basic biological processes, like 

inflammation, may provide the necessary information to identify the lesions in patients at highest 

immediate risk of thrombosis.(5-8) In this study, we used a novel magneto-optical imaging 

agent, CLIO-CyAm7 with an in vivo intravascular near infrared fluorescence (NIRF) imaging 

system to assess levels of inflammation prior to triggered plaque rupture in a rabbit model of 

atherothrombosis.  We hypothesized that more inflamed plaques are increasingly susceptible to 

plaque disruption and thrombus formation.(2)  

Clinical Importance of Coronary Artery Disease 

Cardiovascular disease (CVD) is the leading cause of death world wide, and as the rates of 

obesity and diabetes are increasing, the burden of CVD is expected to grow.(9) Although the 

mortality from coronary artery disease has been decreasing over the past decades, this change 

is largely a result of improved medical and surgical treatment of this condition.  The cost of 
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managing this disease is only increasing.  In 2009, CAD cost $195.2 billion and this cost is 

projected to double by the year 2030.(9) Therefore, it is imperative to improve methods of 

detection for individuals at risk for ACS to prevent the significant morbidity and mortality related 

to these conditions. 

Mechanisms of Atherosclerosis and Human Vulnerable Plaque Rupture 

Evolution of Atherosclerotic Plaques 

The biological process behind the development of atherosclerosis involves an evolution of 

atherosclerotic plaque from harmless “fatty streaks”!to complex plaques that are vulnerable to 

plaque rupture. During the initial stages of atherosclerosis, low density lipoproteins (LDL) from 

the bloodstream accumulate in the vessel wall below the endothelium.  Endothelial cells are 

then activated due to the accumulation and oxidation of LDL, leading to the expression of 

adhesion molecules and release of cytokines that recruit monocytes and enhance their 

migration into the subendothelium.(10, 11) In this inflammatory state, endothelial dysfunction 

leads to increased permeability and an impaired ability to protect the underlying vessel wall. 

Specific patterns of blood flow, like low shear stress, also activate the endothelium, increasing 

the frequency of atheroma in areas of disturbed flow, like bifurcations.  Within these early 

plaques, monocytes differentiate into macrophages and continue to accumulate intracellular 

lipids, becoming foam cells. These asymptomatic “fatty streaks”!can be seen as early as 

adolescence or young adulthood.(12) 

Over time, the inflammatory process continues to promote macrophage accumulation with 

increasing T-cell and smooth muscle cell (SMC) infiltration.  Fibroblast-like SMCs produce 

collagen, creating a fibrous cap covering the luminal surface of the atherosclerotic lesion. The 

role of SMCs in the atherosclerotic plaque is complex.  It is thought that within atheroma, SMCs 

switch phenotypes from the typical contractile phenotype found in the media to a synthetic 

phenotype capable of more efficiently producing extracellular matrix components, including 

collagen and elastin, which are required to develop a fibrous cap to prevent plaque rupture.(13) 

In fact, many SMCs in the intima may not express the typical cell markers, including α-Smooth 

muscle actin, and even transdifferentiate into macrophage-like cells and accumulate 

cholesterol.(14, 15)  Interestingly, evidence is building that there is a third �proinflammatory� 

SMC phenotype within atheroma, where SMCs produce cell adhesion molecules and cytokines 

to promote macrophage migration and atherosclerosis development.(15-17)  In this way, SMCs 

play conflicting roles to both promote the growth of atheroma by sustaining the inflammatory 
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state and stabilize these plaques by producing collagen and fibrosis to prevent plaque rupture. 

Beneath the fibrous cap, a necrotic core may form due to apoptosis of plaque macrophages.   

Prolonged endoplasmic reticulum stress and ineffective clearance of these cells from the plaque 

induce apoptosis.(18) Endoplasmic reticulum stress can be increased by insulin resistance, 

leading to larger necrotic cores in patients with type 2 diabetes.  Calcification also occurs within 

the lesions as a result of SMC death.   

The hypoxic necrotic core leads to the secretion of angiogenic factors, causing 

neovascularization.  Neovessels generally originate from the adventitial vaso vasorum and 

penetrate through the media into the intimal base.  These new, fragile blood vessels have an 

increased permeability and are prone to rupture, causing intraplaque hemorrhage.(13)  

Mechanism of Plaque Rupture 

ACS is a result of sudden luminal thrombosis and is primarily caused by either plaque rupture or 

erosion.  Plaque ruptures most commonly occur in lesions categorized as thin cap 

fibroatheroma (TCFA).  The major features of a TCFA are a thin fibrous cap <65um with 

decreased SMCs overlying a necrotic core. When this fibrous cap is disrupted, the 

thrombogenic necrotic core is exposed to luminal blood, fostering thrombus formation. In a 

study of human plaques at autopsy, ruptured plaques similar to TCFA had larger necrotic cores, 

increased macrophages in the fibrous cap, and greater calcification.(19) In plaque erosion, loss 

of endothelium causes an interaction between both the SMC and proteoglycan rich intima and 

luminal blood, leading to thrombus formation.   

Role of Macrophages in Plaque Progression 

Macrophages play a major role in the development of TFCA that are vulnerable to plaque 

rupture.  To develop a thin fibrous cap, two major processes can occur: decreased production of 

fibrous tissue and/or increased destruction of existing fibrous tissue.  The fibrous cap is made 

primarily of collagen produced by migrating SMCs. Plaque macrophages can trigger SMC 

apoptosis by activating the Fas ligand apoptotic pathway directly, and by releasing extrinsic 

factors that trigger apoptosis, like nitric oxide and TNF-alpha.(20)  Additionally, inflammatory 

macrophages decrease the production of collagen in SMCs.  As part of their normal 

maintenance function, macrophages produce matrixmetalloproteinases (MMPs) and cystein 

proteases that break down collagenous and elastin components of extracellular matrix.  In the 

highly inflammatory environment of a plaque, there is an increased production of MMPs by 
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macrophages, leading to a thinning of the fibrous cap via breakdown of collagen.  As the fibrous 

cap progressively thins, the plaque is increasingly vulnerable to rupture. 

Current Methods of Coronary Artery Atherosclerosis Structural Imaging 

Due to the high societal burden of this disease, a variety of imaging tools are currently clinically 

used to assess atherosclerosis.  Starting with traditional angiography to map stenosis in the 

vessel lumen, a wide variety of other invasive and non-invasive imaging modalities have been 

used to detect vulnerable plaques based on specific characteristics described previously, 

including a thin fibrous cap, inflammation, lipid core, and calcification. These developments 

have provided new insights into the progression of atherosclerosis and enhanced the ability to 

diagnose and follow treatment of systemic atherosclerosis.   

Non invasive Coronary Artery Imaging 

Non-invasive structural coronary artery imaging primarily utilizes computed tomography (CT) 

imaging due to its high temporal and spatial resolution, although MRI has also realized some 

success in coronary imaging due to the high spatial resolution and better soft tissue contrast.  

All noninvasive imaging modalities are limited by the small size of the coronary artery lumen and 

significant motion artifacts due to both respiration and cardiac motion.   

CT imaging measures atherosclerosis either using non-contrast imaging to quantify coronary 

artery calcification (CAC) or using CT-angiography (CTA) to detect vessel stenosis. CAC 

scoring quantifies calcification in the coronary arteries.  In complex lesions, necrotic SMCs 

become calcified and are detectable by x-ray based imaging as radiopaque inclusions in the 

vessel wall. Specifically, the MESA study showed a 7-10x increased risk of CAD in patients with 

a CAC score >100.(21) CAC scoring clinically improves prediction of a patient�s overall risk of a 

cardiovascular event by assessing the overall disease burden, rather than identifying individual 

lesions that may lead to such an event. A major disadvantage of CAC as a marker of plaque 

calcification is the inability to detect microcalcifications, which play a major role in the 

mechanical destabilization of plaques.  

High resolution CTA determines the extent of stenotic CAD by visualization of the lumen of the 

coronary arteries using an injected iodinated contrast agent, similar to a conventional x-ray 

angiogram. This is effective in identifying obstructive and non-obstructive CAD, particularly in 

intermediate risk patients with symptoms. In high-risk patients, invasive angiography is preferred 

due to the ability to provide immediate intervention.  The major disadvantages to CT imaging of 
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the coronary arteries are the dose of ionizing radiation and nephrotoxicity of contrast agents, 

which are often used in higher doses than conventional angiography. Although the radiation 

dose has been steadily minimized with improved imaging techniques and scanners, this 

remains a problem if the technique is to be used as an ongoing screening tool.  Additionally, in 

patients with highly calcified vessels, the calcification may interfere with interpretation of the 

contrast agent.  

Current CT imaging is limited by the low soft tissue contrast due to the small differences in x-ray 

attenuation between these tissues.  A newer technique, phase-contrast CT (PCCT) 

differentiates between tissues based on the x-ray phase shift as the wave passes through 

different tissues. This technique improves the soft tissue contrast compared to standard 

attenuation based CT while still maintaining the high spatial resolution of conventional CT. Ex 

vivo studies of human carotid arteries and ApoE (-/-) mouse aortas showed the potential of 

PCCT to identify a fibrous cap, necrotic core, intraplaque hemorrhage and calcification. (22-24) 

PCCT has steadily moved closer to clinical use with the development of techniques using a 

standard x-ray source and a grating interferometer. 

There has been promising work using the natively high soft tissue contrast of MRI to further 

characterize atherosclerotic plaques noninvasively. Earlier work with MRI of the arterial wall 

focused on imaging of the carotid artery and the aorta due to the larger lumen diameters and 

decreased motion artifact.  In the carotid artery, noncontrast MRI was able to determine wall 

thickness, presence of a necrotic core, fibrous cap and plaque hemorrhage.(25, 26)  In 

particular, measurement of plaque hemorrhage is well suited to MRI. The hypoxic environment 

of the necrotic core leads to conversion of hemoglobin to methemoglobin, which has inherent 

paramagnetic properties that shorten the T1 relaxation and produce a hyperintense signal on T1 

imaging.(27)  Unenhanced MRI has been used in human coronary arteries to identify the vessel 

wall thickness, evidence of positive remodeling, and plaque hemorrhage.(25, 28-32) MRI also 

has potential to investigate pathologic function of the vessels.  For example, one study identified 

impaired endothelial-induced vasodilation during physical exercise in patients with CAD 

compared to healthy controls.  Additionally, in patients with CAD vasodilation was significantly 

higher in vessels with minimal atherosclerotic plaques compared to vessels with significant 

disease burden.(33) 

Furthermore, gadolinium enhanced MRI has been used to further characterize atherosclerotic 

plaques in both the carotid and coronary arteries.  Gadolinium is transported intravascularly, 

therefore, it is preferentially delivered to plaques with increased neovascularization. The 
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necrotic core has decreased blood flow and does not enhance with contrast administration.  

Delayed-enhancement imaging detects contrast that has extravasated from the vasculature and 

signifies decreased clearance, often due to fibrosis.  Delayed enhancement of the coronary 

artery wall has been correlated with severity of atherosclerosis confirmed by CT and X-ray 

angiography.(25, 34) 

Invasive Coronary Artery Structural Imaging 

Intravascular imaging, while invasive, offers close proximity to the target tissue and minimal 

motion artifacts, key factors for obtaining high quality images of coronary atheroma.  Current 

clinical intravascular imaging techniques include traditional x-ray angiography, intravascular 

ultrasound (IVUS) and newer optical based structural imaging tools like optical coherence 

tomography (OCT) and optical frequency domain imaging (OFDI). 

X-ray angiography is the gold standard clinical tool to assess CAD.  However, this imaging 

technique underestimates the true extent of plaque progression, especially early in the disease.  

Earlier in the progression of atherosclerosis, there is a tendency towards positive remodeling, 

the growth of plaque into the wall of the vessel rather than into the lumen.  These changes are 

not visible when only imaging the luminal contour of the artery.  Angiography is most useful in 

detection of critical stenoses and luminal thrombi as a prelude to coronary revascularization. 

IVUS has gained widespread clinical acceptance for assessment of coronary atherosclerosis. 

IVUS imaging uses ultrasound waves emitted from a transducer at the end of a catheter to 

provide structural characteristics of atheroma, such as plaque volume, eccentricity, and positive 

or negative remodeling. In patients with CAD, IVUS demonstrates widespread atheroma well 

beyond that identified with angiography.(1) Specifically, studies using IVUS have found that 

plaque rupture is more common in lesions with positive remodeling and a higher plaque burden.  

IVUS is limited in its ability to visualize the thin fibrous cap due to its relatively low resolution 

(0.08-0.1mm).(35) 

IVUS allows further analysis beyond traditional amplitude visualization, including radiofrequency 

component analysis from the backscatter signal.  Each component of a plaque has different 

signature backscatter properties based on the molecular makeup of their constituents.(36) To 

utilize this information, Virtual Histology (VH-IVUS) is based on an autoregressive spectral 

analysis of radiofrequency backscatter.  The system outputs a color image that distinguishes 

between fibrous, fibrofatty, necrotic core, and calcified tissue.  The PROSPECT study, the first 

study to perform serial IVUS imaging of non-culprit lesions, demonstrated that morphological 
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assessment of plaques by IVUS can predict the occurrence of coronary events.(1) However, the 

limited accuracy determined in this trial precludes routine clinical usage of VH-IVUS.(37) 

OCT is similar in concept to IVUS imaging, but utilizes an infrared light source instead of 

ultrasonographic waves.  Compared to IVUS, OCT has a 10-fold higher resolution (10um), 

allowing visualization of thin fibrous caps (<65um), necrotic cores, and inflammatory cells.(24, 

35) Recently the high resolution of OCT was harnessed in the EASY-FIT study, a randomized 

control trial of high- and low-dose atorvastatin, to determine the effect of statins on the thickness 

of the fibrous cap.  The study showed that over a one-year period, a higher dose of atorvastatin 

correlated with a significantly increased fibrous cap thickness.(38) The major disadvantage of 

OCT is the inability to image through blood and limited depth penetration, necessitating flushing 

with saline to obtain images of the vessel wall or within larger coronary arteries.  The limited 

depth of imaging, 1-2mm even in the presence of saline, hinders the measurements of plaque 

burden or remodeling index, which are generally obtained using IVUS.  Second generation 

OCT, optical frequency domain imaging (OFDI), has a faster acquisition time and a larger field 

of view, allowing imaging without the need to occlude the target vessel.(39) OFDI and OCT are 

now being combined with optical near-infrared fluorescence imaging systems to provide both 

structural and biological assessments.(40)  

Molecular Imaging of Atherosclerosis 

The above-mentioned imaging modalities focus on the structural characteristics of atheroma, 

however, many targeted imaging approaches are being developed to specifically image the 

biological changes that lead to vulnerable plaques.  Multiple processes leading to plaque 

rupture are currently being investigated, including inflammation, necrosis, neovascularization, 

thrombosis, and microcalcification.(5-8, 41) Because inflammation is widely considered to play a 

vital role in the development of vulnerable plaques, it is an active area of research with imaging 

agents addressing a wide variety of inflammatory processes.(11, 42)  

Positron Emission Tomography 

Positron emission tomography (PET) imaging has emerged as a method for detecting the role of 

inflammation non-invasively in atherosclerosis. PET imaging is a nuclear imaging technique that 

relies on a radioactive tracer that decays, emitting detectable positrons.  PET has a high 

sensitivity because it can detect a very small quantity of tracer, but it has very limited spatial 

resolution.  2-Deoxy-2-[18F]fluoro-D-glucose (18FDG) is commonly used in cancer imaging as a 

marker for areas with high metabolic activity.  In atherosclerosis, the relatively avascular plaque 
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creates an anaerobic microenvironment, increasing the glucose metabolism of inflammatory 

cells.  Therefore, 18FDG-PET is a sensitive marker of vascular atherosclerosis.  Specifically, 

multiple studies have indicated that the major source of this signal is from macrophages.(35, 43) 

In particular, 18FDG-PET is taken up preferentially by proatherogenic, M1 macrophages 

compared to M2 macrophages.(44) Additionally, plaque hypoxia has been found to correlate 

with an increase in 18FDG-PET signal.(45)  However, the low resolution of PET imaging (4mm), 

difficulty with cardiac gating, and the high background signal of the myocardium limit the use of 

this modality to the carotid arteries and aorta in humans, with just a few examples in human 

coronary arteries.(35)  

To reduce the background signal from the myocardium, various more targeted PET tracers have 

been developed, generally an adaptation of cancer imaging agents.  For example, the 

somatostatin receptor, which is upregulated in multiple diseases including neuroendocrine 

tumors, was found to be upregulated in inflammatory macrophages and activated endothelium 

in atherosclerosis.  Therefore, a somatostatin receptor targeted tracer, 68Ga-DOTATATE, was 

looked at retrospectively in a cohort of patients receiving the tracer for cancer diagnosis.  They 

found that the tracer uptake correlated with calcified plaques and previous cardiovascular 

events. This has been verified in animal models and is currently being studied clinically in the 

VISION study.(46) Recently, 18F-Sodium fluoride (18F-NaF) was compared to 18FDG-PET in a 

prospective clinical trial of patients with myocardial infarction and stable angina. 18F-NaF is 

thought to incorporate with hydroxyapatite within plaque calcifications and microcalcifications. In 

patients with MI, 18F-NaF showed higher uptake in the culprit lesion, while 18FDG-PET showed 

no increase in signal - largely due to the high background signal.  Additionally, in patients with 

stable angina, 18F-NaF uptake correlated with high-risk features on IVUS.(47) 

Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is used for molecular imaging of atherosclerosis due to its 

high spatial resolution, good soft tissue contrast and the existence of two major contrast agents 

that can be conjugated to multiple imaging targets: gadolinium and iron oxide.(25)  

Gadolinium is a T1 shortening agent that has been conjugated to multiple targets, including 

albumin, fibrin and elastin.  A gadolinium based albumin-binding agent, gadofosveset, has been 

used in an apoE(-/-) mouse model to detect endothelial dysfunction based on permeability of the 

vessel wall.(48) A fibrin target agent, EP-2104R, has been shown to detect thrombi in vivo in a 

phase II clinical trial.(49, 50) Elastin is initially broken down by proteases as a result of 
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inflammation in the atherosclerotic plaque, however, over time there is a response of 

overproduction of elastin. Therefore, elastin has been investigated as a sign of vascular 

remodeling, particularly in the context of stent placement.(51) 

Iron oxide molecules are the second major category of MRI contrast agents, which exert a 

strong T2 shortening effect.  Iron oxide is divided into superparamagnetic iron oxide (SPIO) and 

ultrasmall superparamagnetic iron oxide (USPIO) particles.  SPIOs have a shorter blood half-life 

(~5 minutes) and are primarily used clinically for imaging the liver.  USPIOs, which have a 

longer half-life (~10-24 hours), have now been used for molecular imaging of atherosclerosis, 

myocardial infarction and cancer.(25) These agents can be directly detected using MRI because 

the superparamagnetic nature creates a disturbance of the magnetic field that can be visualized 

as a decreased signal on a T2
*- weighted image. USPIOs can be differentiated based on the 

composition of the iron oxide core or the surface coating.  The hydrophilic surface coating on 

USPIOs is necessary to stabilize the particle and prevent aggregation.(52) 

USPIOs have been used in a wide variety of clinical applications.  Ferumoxtran-10, a USPIO 

with a dextran coating, has been used in human research studies to study atherosclerosis in the 

aorta, pelvic arteries and carotid artery.(52) Additionally, ferumoxytol, an FDA approved USPIO 

for treatment of iron deficiency anemia in the context of chronic kidney disease, has been used 

clinically to detect acute MI.  However, it is unclear if there is sufficient sensitivity to detect 

atherosclerosis in the coronary arteries using this method. In the ATHEROMA study, USPIOs 

were used to assess the effects of high-dose vs. low-dose atorvastatin on macrophage activity 

in human carotid arteries by detecting a decrease in USPIO-induced signal loss.(53) Similarly, 

in a rabbit model of atherosclerosis, monocrystalline iron oxide nanoparticles (MIONs) were 

used to visualize atheroma in a study determining the effect of treatment with rosuvastatin.  This 

study showed that MIONs colocalized with macrophages and in vivo imaging could show a 

decrease in macrophages in animals treated with statins.(54)   

Another important subset of USPIOs, called cross-linked iron oxide (CLIO), are synthesized by 

cross linking the outer dextran surface coat of MIONs.(55)  CLIO can be conjugated to improve 

the specificity of the particle and to develop multimodal imaging particles, e.g. magneto-optical 

nanoparticles.  For example, VCAM-1 is an adhesion molecule that is expressed on the surface 

of endothelial cells in an inflammatory state, like atherosclerosis. A VCAM-1 targeted CLIO-

fluorescence agent has been used to identify sites of atherosclerosis in the ApoE-/- mouse 

model.(56)  Additionally, CLIO particles have been conjugated to both a fluorochrome for optical 

imaging and a nuclear imaging agent to allow multimodal imaging with MRI, PET and optical 
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imaging techniques.(57-59) 

Protease Imaging 

Another destabilizing factor in inflamed atherosclerotic plaques is the presence of MMPs, also a 

target for molecular imaging.  One method of specifically imaging proteases is tagging nuclear 

imaging probes to small molecule protease inhibitors that can bind to the active site of the 

protease.(60) A second approach is the use of optical imaging agents that are activated by 

protease cleavage.(61-63) These protease sensors are an inert, non-immunogenic polylysine 

backbone with MPEG chains covalently linked and conjugated to a near infrared fluorescence 

dye. The polylysine backbone can then be cleaved by serine proteases to release the 

fluorescence agent.  Due to the close proximity of the fluorophores on the polylysine backbone, 

these agents are autoquenched in their inactive form and are only visible on exposure to 

proteases.  Therefore, the circulating form of the agent is inactive, lowering the background 

signal.  This has been imaged by an intravascular near infrared fluorescence system through 

blood, eliminating the problems of cardiac motion and resolution.(63)   

Despite these advances in molecular imaging of atherosclerosis, much is still unknown about 

the progression of atherosclerosis and how to predict the course of this disease.  Therefore, 

new higher-resolution strategies to specifically target biological processes are being 

approached.  Importantly, due to the complex nature of atherosclerosis, it will likely be 

necessarily to combine multiple imaging tools to create a truly predictive strategy for the 

diagnosis and management of high-risk vulnerable plaques. 

Animal Models of Atherosclerosis and Thrombosis 

Animal models of atherosclerosis and plaque rupture are essential for studying the 

mechanisms, treatment and diagnosis of vulnerable plaque rupture. Analogous to human 

vulnerable plaques, animal vulnerable plaques are defined as having a necrotic core, thin 

fibrous cap, and high inflammatory content.  The most commonly used animal model of 

atherosclerosis is the ApoE -/- mouse model.  On a high cholesterol diet, ApoE-/- mice develop 

atherosclerosis with spontaneous plaque rupture, especially in the brachiocephalic arch.  

However, detection of plaque rupture often depends on identification of buried caps, thought to 

be healed, non-occlusive plaque ruptures.(64)  Additionally, this model does not produce 

coronary plaques. The mouse model is useful due to the ease of genetic manipulations to test 

mechanisms in atherosclerosis.  However, the size of the mouse limits the use for clinical 

imaging investigations, especially intravascular, coronary artery-relevant approaches. 
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The most commonly used large animal model of atherosclerosis is the rabbit, as the rabbit aorta 

and iliac arteries are similar in caliber to the human coronary artery and recapitulate many 

aspects of human atheroma.  This is especially useful in the study of clinical imaging systems, 

including intravascular imaging.  Generation of atherosclerosis in the New Zealand white rabbit 

requires prolonged high cholesterol diet (HCD) along with endothelial denudation by aortic 

balloon injury.  Additionally, there is a transgenic rabbit, called the Watanabe-heritable 

hyperlipidemic rabbit, that has a mutation causing an LDL receptors deficiency similar to familial 

hypercholesterolemia.(64, 65)  These rabbits spontaneously produce atherosclerosis on a 

normal diet. After development of atherosclerosis in either model, plaque rupture has been 

induced using pharmacological triggering, direct perturbation of the endothelium using a balloon 

catheter, and electrochemical injury.(66-68)  

The Constantinides rabbit model of atherothrombosis was created over 50 years ago to produce 

plaque disruption as a result of pharmacological triggering using Russell’s Viper Venom (RVV), 

a procoagulant and endotoxin, and histamine, a vasoconstrictor.(69) Recently, this animal 

model has been optimized and has gained traction as a method for imaging vulnerable plaque 

rupture.(70) Histological analysis of this model has shown that ruptured plaques contained 

inflamed, thin fibrous caps, cholesterol crystals, and both medial and adventitial changes 

consistent with human vulnerable plaques.  Additionally, inflammation, cholesterol content, and 

positive remodeling were found to be predictors of plaque rupture in this model.(70)  

Multiple in vivo studies have been performed using the Constantinides model to determine risk 

factors for plaque rupture.  It has been found that the structural characteristics, as determined 

by MRI, that increase susceptibility to plaque rupture are similar to those found in the 

PROSPECT trial, including larger plaque area, vessel area, remodeling ratio, and positive 

remodeling.(71) Additionally, MRI imaging has identified that regions of low endothelial shear 

stress are associated with these high risk characteristics and increased vulnerability to plaque 

rupture.(72) CT imaging has been shown to be unreliable in differentiating between tissues of 

varying composition, specifically between fibrous or lipid rich plaques.(73) Aziz et. al. used 
18FDG-PET with this rabbit model of atherothrombosis to assess the role of inflammation in 

plaque rupture.  They found increased SUVmax in areas of plaques with rupture.  However, due 

to the low resolution of PET imaging the 18FDG signal analyzed covers a third of the aorta, 

potentially including multiple individual plaques. This study also showed a significantly higher 

macrophage density in plaques with thrombus, supporting the role of macrophages in plaque 

rupture.(74) 
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Near-Infrared Fluorescence Molecular Imaging of Atherothrombosis 

In this study, a novel near-infrared fluorescence (NIRF) cellular imaging agent, CLIO-CyAm7, 

was used to detect inflammation using a catheter based intravascular NIRF imaging system.  

This agent consists of a cross-linked dextran coated monocrystalline iron oxide core conjugated 

to a fluorophore in the near-infrared light spectrum (650-1000nm). USPIOs and CLIO typically 

target inflammatory macrophages, but can also localize to abnormal endothelial cells and SMCs 

in atherosclerosis disease models.(57, 59) Both water and hemoglobin minimally absorb light at 

this wavelength, allowing NIR light to pass through blood and tissue efficiently, increasing the 

depth of signal penetration. Intravascular NIRF imaging has been developed by the Jaffer 

laboratory as a clinically translatable imaging tool for investigating human coronary arteries.(40, 

62, 63) Intravascular imaging, as discussed previously, is ideal for the coronary arteries 

because it has gained widespread clinical acceptance for providing high-resolution coronary 

imaging, whereas noninvasive strategies are susceptible to large motion artifacts and 

insufficient spatiotemporal resolution. NIRF imaging is particularly translatable to clinical use 

because efficient light penetration allows imaging through blood. 

Imaging of CLIO-CyAm7 with the intravascular NIRF imaging system allows a high-resolution 

investigation of in vivo progression of atherosclerosis and vulnerable plaque rupture. Using the 

Constantinides’!model of atherothrombosis, we were able to image inflammation distribution 

prior to triggered plaque thrombosis.  Because the CLIO-CyAm7 imaging agent has not been 

previously used in a large animal model, extensive ex vivo investigation was performed to better 

characterize the distribution of the imaging agent in rabbit atherosclerosis.   

While human coronary plaque inflammation is clearly linked to plaque rupture and acute 

myocardial infarction, there is scant data regarding whether in vivo measures of plaque 

macrophages predict plaque rupture.  Previous studies using PET and MRI in this model have 

indicated that macrophages and inflammation are likely to play an important predictive role in 

the development of plaque rupture.  However, the relatively low resolution of these imaging 

modalities, compared to intravascular approaches, limits the ability to assess predictive value on 

a per-plaque basis.  Therefore, intravascular NIRF imaging with CLIO-CyAm7 provides a 

clinically translatable approach to assess the role of inflammation in vulnerable plaques in vivo 

prior to plaque rupture.  We hypothesized that more inflamed plaques, as measured by 

fluorescence signal from CLIO-CyAm7 both through in vivo 2D NIRF imaging and ex vivo 
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fluorescence imaging, will be more likely to rupture and develop thrombosis after 

pharmacological triggering. 

METHODS 

Animal Model of Atherothrombosis 

We used an established rabbit model of aorta atheroma that reliably developed inflamed 

macrophage-rich lesions that later generated plaque rupture under triggering conditions.(70-72, 

75) An overview of the triggered plaque rupture model is shown in Figure 1.  New Zealand white 

rabbits (n=28, weight 3-4kg, Charles River Laboratories) at 3-4 months of age were fed a HCD 

(1% cholesterol, Research Diets, Inc., New Brunswick, NJ) to promote atheroma formation. At 

two weeks, a trained animal surgeon in the Jaffer Lab (Adam Mauskapf) performed balloon 

denudation of the aorta to cause endothelial injury and accelerate atheroma formation. For 

balloon injury, anesthesia was induced using injection of Ketamine (45mg/kg) and Xylazine 

(5.5mg/kg), and was continued using inhaled isoflurane (2% mixture). A 3F Fogarty catheter 

(Edwards Lifesciences, Irvine, CA) was advanced to the abdominal aorta via the femoral artery 

using a cut down of the femoral artery and fluoroscopic guidance.  The balloon was inflated to 

tension and 3 pullbacks were performed over a 6 cm area distal to the renal arteries.   

After balloon injury, rabbits continued on 1% HCD for six weeks, followed by four weeks of 

normal diet. Alternating diets along with balloon injury produced a variety of plaques, including 

inflamed, macrophage-rich and stable fibrous plaques. At 10 weeks after balloon injury, survival 

imaging was performed.(70-72) CLIO-CyAm7 (2.5 mg Fe/kg or 5.0mg Fe/kg) was injected 

intravenously twenty-four hours prior to in vivo imaging.   CLIO-CyAm7 is a dextran coated 

cross-linked iron oxide core conjugated to a CyAm7 fluorophore.  The agent was synthesized in 

the laboratory of our collaborator, Dr. Jason McCarthy (MGH Center for Systems Biology).  

Earlier studies determined that a 2.5mg/kg dosage 24 hours prior to imaging provided sufficient 

signal-to-noise ratio (SNR) and prevented toxicity to the rabbits.  However, due to the broad 

spectrum of Evans Blue fluorescence there was some overlap with the near-infrared spectrum, 

so a higher dose of CLIO-CyAm7 (5.0mg/kg) was used in rabbits injected with Evans Blue to 

increase the CLIO-CyAm7 signal. Immediately following survival imaging, a subset of rabbits 

(n=6) was sacrificed for control microscopy of CLIO-CyAm7.  In the remaining rabbits (n=22), 

pharmacological triggering was initiated by injection of Russell’s Viper Venom (0.15mg/kg IP, 

Sigma Chemical Co, St Louis, MO) followed 30 minutes later by histamine (0.02mg/kg IV, 

Sigma Chemical Co).  This triggering protocol was performed twice at a twenty-four hour 
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interval.  Forty-eight hours after imaging, animals were reimaged using x-ray angiography and 

IVUS imaging to detect thrombus in vivo, as described below. Rabbits receiving 5.0mg Fe/kg 

CLIO-CyAm7 (n=7) were injected with Evans Blue (6mL 0.5%, Sigma Chemical Co) 30 minutes 

prior to sacrifice to measure permeability of atheroma.(48) All rabbits were then sacrificed and 

perfused with saline. All animal protocols were approved by the Massachusetts General 

Hospital Subcommittee on Research Animal Care.  

Multimodal Arterial Imaging 

At the time of survival imaging, rabbits were anesthetized as described previously and a 5F 

introducer was placed into the right carotid artery, followed by a 5F catheter advanced to the 

abdominal aorta. X-ray angiography with iodinated contrast was performed at this time (Varic, 

Siemens).  

Intravascular Near Infrared Fluorescence Imaging 

Imaging of the macrophage signal in atheroma was performed using a custom-built 2D 

intravascular NIRF imaging system that allows 360 degree imaging through blood.(62) A 

diagram of this system is included in Figure 2.  A clinical-type intravascular catheter was placed 

percutaneously through the carotid artery into the rabbit aorta. A continuous wave near-infrared 

fiber-coupled laser (ex 750nm) was interfaced to the catheter. The optical fiber was encased in 

a polyethylene sheath to allow smooth rotation of the fiber.  The laser light excited 

fluorochromes in the artery wall, and the emitted fluorescent light was filtered and transmitted 

back down the catheter to be captured. The wire was mechanically rotated and retracted to 

produce a 2D image of the vessel wall, which was visualized using MATLAB version 7.12.0 

(2011, MathWorks, Natick, MA).(62, 63, 76, 77)  

Four pullbacks from the iliac bifurcation to the renal arteries of approximately 90mm were 

performed, with two different placements of the lead wire.  During in vivo NIRF imaging, x-ray 

fluoroscopy of the radiopaque tip was used to determine the exact location of the beginning and 

end points of each pullback to coregister in vivo NIRF with IVUS radiopaque markers and ex 

vivo fluorescence reflectance imaging (FRI).  

NIRF Signal Analysis 

Analysis of NIRF images was completed using MATLAB.  Raw signal from the imaging system 

was converted into a two-dimensional matrix representing the length of the aorta and the 

rotational angles.  The raw signal was filtered using a low pass filter and the background was 
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subtracted.   

To analyze NIRF images, the filtered signal was averaged over 3mm segments along the length 

of the aorta (MATLAB).  Using pre-trigger IVUS images, segments were characterized as either 

plaque or normal vessel based on neointimal thickening.  Additionally, using post-trigger IVUS 

images and ex vivo histology, plaque segments were determined to be either non ruptured or 

ruptured, defined as attached luminal thrombus on IVUS or determined by ex vivo Carstairs� 

staining of red fibrin.  Due to the distance dependent sensitivity of 2D NIRF imaging, the NIRF 

signal was excluded for any segments with an average vessel diameter greater than 5mm as 

measured on IVUS images. 

Images were quantified using target-to-background ratio (TBR) and SNR analyses. TBR was 

defined as the signal from an area of plaque divided by the signal from a normal, uninjured 

segment of the aorta. SNR was defined as the signal measured in vivo divided by the standard 

deviation of the background noise, measured at each imaging session prior to insertion of the 

catheter into the body.  The length of the aorta was divided into six 1.5cm segments, correlating 

with ex vivo imaging and histology for analysis.  For each segment, the maximal TBR from each 

of the four 2D NIRF pullback images was calculated (MATLAB). 

Intravascular Ultrasound Imaging 

IVUS allows high resolution imaging of arterial structure and atherosclerotic plaques (plaque 

volume, remodeling index) during in vivo imaging. IVUS is routinely used in clinical coronary 

imaging.  The 3.2 French IVUS catheter (40mHz 0.5mm/sec pullback Galaxy IVUS System, 

Boston Scientific, Natick, Massachusetts) was inserted into the carotid artery.  Serial helical 

pullbacks from the iliac bifurcation to the renal artery produced a three-dimensional data set. 

Fluoroscopy was used before and after IVUS imaging for future co-registration with other 

imaging modalities.  IVUS imaging was also performed at the time of sacrifice to visualize 

luminal thrombus after pharmacological triggering.  Vessel diameter was calculated by 

averaging the diameter in two perpendicular planes 

Ex Vivo Imaging 

Fluorescence Reflectance Imaging (FRI) 

FRI imaging allows macroscopic imaging and quantification of fluorescence signals from CLIO-

CyAm7 and autofluorescence along the entire length of the aorta.  Resected vessels were 
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imaged using FRI (Kodak Carestream 4000 MMPro) with NIR filter set (Omega Optical, 

Brattleboro, Vermont): bandpass excitation: 716 to 756 nm, bandpass emission: 780 to 820 nm.  

A 16 second exposure time was used to image CLIO-CyAm7 and autofluorescence signals.  

Due to vessel shrinkage after resection of the artery, the vessel was elongated to the in vivo 

length determined by angiography. A segment of the renal artery, which has not been 

instrumented, was used as a normal control for TBR analysis.  Additionally, a portion of the 

Kupffer-cell rich liver was imaged as a positive macrophage control for CLIO-CyAm7.  

Histopathology 

Resected vessels were systematically divided into 1.5 cm segments after elongation to in vivo 

length, marked with tissue marking ink, and embedded in optical cutting temperature compound 

(Sakura, Finetek, Torrance, CA). The aorta was cut in 6µm cryosections. Adjacent sections 

were stained using Carstair’s stain to assess general morphology, collagen structure and to 

identify fibrin rich thrombi, RAM-11 macrophage specific immunofluorescence (IF), CD31 IF for 

endothelial cells, and α-smooth muscle actin (aSMA) IF for smooth muscle cells. For 

immunofluorescence, mouse anti-Rabbit RAM11 primary antibody (1:200 dilution, Dako), mouse 

anti-CD31 primary antibody (1:200 dilution, Abcam), and mouse anti-aSMA (1:100 dilution, 

Abcam) were incubated on adjacent sections with secondary goat anti-mouse Texas Red 

antibody (1:200 dilution, Abcam) for 45 minutes and then mounted with a coverslip.  RAM11 

IHC was also performed using mouse anti-Rabbit Ram11 primary antibody (1:500 dilution, 

Dako), then incubated with secondary anti-mouse Alkaline Phosphatase-conjugated antibody, 

stained using Vulcan fast red chromagen (Biocare medical) for 5 minutes, and counterstaining 

with hematoxylin. 

Fluorescence microscopy 

Fluorescence microscopy (FM) was performed using an epifluorescence microscope (Eclipse 

90i, Nikon Instruments, Melville, New York).  CLIO-CyAm7 was visualized on unstained sections 

and after IF staining with filters for NIRF (ex/em: 710/810nm, 500ms exposure).  Evans blue and 

IF secondary antibodies (RAM11, CD31, and aSMA) were imaged using Texas Red filter (ex/em 

590/620nm, 100ms exposure).  Autofluorescence (ex/em 480/535nm; 500ms exposure) was 

measured during all fluorescence microscopy. Unstained CLIO-CyAm7 FM was acquired at 10x 

magnification.  Immunofluorescence Images were acquired at 40x magnification. All FM 

analysis was done using ImageJ (National Institutes of Health, Bethesda, MD).   

CLIO-CyAm7 distributions were analyzed in unstained, noncoverslipped sections of all rabbits at 
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0.5cm intervals along the aorta at 10x magnification. Thresholded images were used to define 

location of CLIO-CyAm7 as surface intima (superficial 100µm), deep intima (below 100µm, 

superficial to the internal elastic lamina), media (between the internal and external elastic lamina 

as seen on autofluorescence), and adventitia. A region of interest (ROI) for analysis included all 

tissue from the luminal edge of the vessel to 100um deep, in order to include all CLIO-CyAm7 

signal from the superficial intimal layer without including any signal from the media or adventitia 

due to the surface predominance of in vivo NIRF imaging. Images were quantified by 

thresholding CLIO-CyAm7 signal at a constant level for all sections and calculating percent 

positive area.  Each section was determined to be either plaque or normal vessel based on 

neointimal thickening and as rupture or non-rupture based on adjacent Carstair’s staining 

identification of attached fibrin-rich thrombi. For analysis, the maximum value (% positive area) 

was chosen for each 1.5cm segment to correspond with NIRF analysis given the uncertainty of 

precise location of plaque rupture given ex vivo processing.  

Statistical Analysis 

All statistical analyses were completed using GraphPad Prism version 5.0c for Mac OSX 

(GraphPadSoftware, San Diego California USA, www.graphpad.com).  For all 2D NIRF TBR 

and microscopy analyses between two groups, the nonparametric Mann-Whitney U test.  Data 

is presented as mean ±!standard deviation. 

RESULTS 

Rabbit Model of Atherothrombosis 

Twenty-eight rabbits completed the 12-week alternating high cholesterol diet protocol.  Six were 

sacrificed after in vivo imaging 24 hours after CLIO-CyAm7 injection, and seven were treated 

with Evans Blue to detect plaque permeability after triggered plaque thrombosis.  Of the 

remaining fifteen rabbits completing the triggering protocol, 10 rabbits developed plaque 

thrombosis (67%).  For analysis of both in vivo and ex vivo data, the length of each aorta was 

segmented into six 1.5 cm segments spanning from the bifurcation of the iliac arteries to the 

renal arteries.  

The animal protocol used in this study produced a variety of plaque pathologies.(70) Aortic 

balloon denudation was initially performed by animal surgeon Adam Mauskapf on a section of 

the abdominal aorta between the iliac bifurcation and the renal arteries. This resulted in plaque 

formation in all rabbits with at least 1.5cm of control, uninjured aorta as measured by IVUS.  To 
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confirm the presence of atheroma and categorize the different plaques, adjacent 6µm sections 

were stained with Carstairs’ stain for morphology, collagen and fibrin. 

In the areas of balloon injury a variety of plaque types developed in response to endothelial 

denudation and HCD.  For example, a subset of plaques was fibrofatty with thick fibrous caps 

overlying a core of foam cell macrophages (Figure 3A).  Additionally, a subset of inflamed, fatty 

plaques with very thin fibrous caps was present (Figure 3B).   The diversity of plaques allowed a 

more comprehensive study of plaque vulnerability to pharmacologically triggered rupture. 

Distribution of CLIO-CyAm7 

As a novel agent, we investigated the cellular targeting of the CLIO-CyAm7 in atheroma. We 

utilized the fluorescence capability of the imaging agent by examining the distribution using 

immunofluorescence and fluorescence microscopy. CLIO-CyAm7 distribution along the length 

of the rabbit aorta was systematically and quantitatively assessed by calculating the percent 

positive area of CLIO-CyAm7 signal in a luminal 100µm band (ImageJ) in histological sections 

spaced every 0.5cm along the length of the atheroma. There was an increase in CLIO-CyAm7+ 

area in atheroma compared to control sections (Figure 4A, 1.73±1.9% and 0.13±0.28%, 

p<0.0001).  CLIO-CyAm7 primarily accumulated in superficial, intimal macrophages with a small 

component in the media and adventitial layers. (Figure 4B) 

Iron oxide nanoparticles have generally been thought to localize to macrophages; however, they 

have been found in multiple other cell types including endothelial cells and SMCs in 

atheroma.(59, 62) The major cell types in an atheromatous plaque capable of phagocytosing 

CLIO-CyAm7 include macrophages, smooth muscle cells and endothelial cells. These were 

assessed using immunofluorescence using RAM11, aSMA, and CD31 antibodies, respectively.  

CLIO-CyAm7 signal was found to correlate with each of these three cell types (Figure 5).  

However, CLIO-CyAm7 signal was only present within a subset of each cell type. For example, 

although RAM11+ macrophages may be identified throughout the intima, only a subset of 

superficial macrophages emanated CLIO-CyAm7 signal, suggesting that CLIO-CyAm7 cell 

uptake in part may be diffusion limited. 

Mechanism of CLIO-CyAm7 Distribution 

To better understand the mechanism of selective uptake of CLIO-CyAm7, two hypotheses were 

tested: CLIO-CyAm7 distribution is limited by permeability of the atheroma; and deeper 

penetration of CLIO-CyAm7 is dependent on the presence of local neovascularization.  To 
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determine the permeability of the atheroma compared to CLIO-CyAm7 a subset of rabbits (n=7) 

were injected with Evans Blue 30min prior to sacrifice.  Atheroma showed variable Evans Blue 

uptake which correlated well with the depth of penetration of subendothelial CLIO-CyAm7 

(Figure 6).  Additionally, Carstairs’ imaging showed plaques with increased surface collagen 

(appearing blue with staining), indicating a thickened fibrous cap, in atheroma with decreased 

permeability and decreased CLIO-CyAm7 uptake. (Figure 6) 

Neovascularization of the deep intima was identified from CD31+ endothelial cells lining the 

nascent blood vessels on immunofluorescence. CLIO-CyAm7 was detected in the deep intima, 

often at the intimal-medial border, only in plaques showing evidence of neovascularization. This 

subset of CLIO-CyAm7+ cells corresponded with RAM11+ macrophages, but not aSMA+ 

smooth muscle cells (Figure 7). 

In Vivo Imaging of CLIO-CyAm7 

We used multimodal imaging, including angiography, IVUS, and NIRF imaging, to obtain both 

the structural and inflammatory status prior to triggered plaque rupture.(62, 76, 77) All in vivo 

imaging data was co-registered using fluoroscopy and internal fiducials.  IVUS readily identified 

areas of atheroma, as before. Additionally, both IVUS and angiography identified areas of 

aneurysmal enlargement in the aorta due to injury to the vessel.  The average luminal diameter 

was 3.41±0.78mm, with a range of 1.93mm to 5.87mm.  Aneurysmal segments limited the 

sensitivity of NIRF imaging due to attenuation of light by blood, therefore 2D NIRF data was 

excluded for segments with average diameters greater than 5mm.  This is a reasonable 

exclusion threshold as most coronary arteries undergoing intravascular imaging have a 

diameter of 2.5-3.5mm.  IVUS imaging was repeated after pharmacological triggering, prior to 

sacrifice, and macrothrombi were visible as luminal masses (Figure 8D,E,H). 

To investigate the relationship of CLIO-demarcated atheroma cellular phagocytic activity in vivo, 

we used a 2D intravascular NIRF imaging system to measure CLIO-CyAm7 signal in vivo, prior 

to triggered plaque rupture.(62) Intravascular NIRF imaging had sufficient sensitivity to detect 

CLIO-CyAm7 signal through blood and identify areas of enhanced atheroma (Figure 8C).  

Atheroma had a significantly higher peak TBR compared to control, uninjured areas of the aorta 

(peak TBR 2.86±1.82 and 1.55±0.65, p=0.001, Figure 8I).  This result shows the potential for in 

vivo NIRF imaging to identify macrophage-rich and phagocytically active plaques prior to plaque 

rupture and atherothrombosis.  There was no significant difference in NIRF signal between 
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plaques showing thrombosis and no thrombosis.  NIRF signal was verified ex vivo using FRI 

imaging and histology. (Figure 8F,G) 

CLIO-CyAm7 Underlies Areas of Plaque Rupture 

Of the 51 plaques analyzed, 21 showed evidence of attached thrombus on Carstairs’ staining 

(41%).  Thrombi were divided into two categories, macrothrombi (average area 3.96±3.97mm2, 

n=13) and microthrombi (average area 0.19±0.13mm2, n=8) based on size of thrombi on 

Carstairs’ staining with a threshold of 0.5mm2 due to the likelihood of visualization on IVUS. 

In plaques with overlying thrombus, there was significantly higher percent CLIO-CyAm7+ area 

than atheroma without attached thrombus (2.1±1.7% and 1.5±1.9%, p=0.0446, Figure 9I).  

Microscopically, there was increased CLIO-CyAm7 accumulation directly underlying the 

thrombus and at the shoulder of plaques (Figure 9).  IVUS images before and after plaque 

triggering showed that the thrombus formed as a result of triggering plaque rupture, after the 

injection of CLIO-CyAm7 (Figure 9G,H).   

DISCUSSION 

The pathogenesis and progression of atherosclerosis involves multiple biological processes 

dependent on interconnected pathologies. In this study, we translated a novel NIRF molecular 

imaging agent, termed CLIO-CyAm7, into a large animal model to track the role of inflammation 

and atheroma cell phagocytic activity in plaque rupture.  We found that atheroma with greater 

CLIO-CyAm7 uptake correlated with an increased risk of plaque rupture for individual plaques. 

CLIO-CyAm7 identified inflamed macrophages and a subset of atheroma endothelial cells and 

smooth muscle cells linked to increased plaque permeability and increased vascularity. 

Animal Model of Atherothrombosis 

The atherothrombosis model used in this project had not been previously established within the 

Jaffer laboratory.  Therefore, it was important to verify the diversity of plaques developed in this 

model and the success of triggered plaque thrombosis.  The variety of plaques developed in 

these rabbits mimicked the diversity found in human disease, including stable fibrous plaques 

and thin cap, macrophage rich atheroma. The rate of plaque rupture (67%) was similar to the 

rates (60-70%) identified in the literature.(70-72, 74) This rate of rupture and diversity of plaques 

allowed a robust comparison of different plaque types. 

Characterization of CLIO-CyAm7 Uptake 
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Although USPIOs have been used previously in the atherosclerosis literature, the new 

nanoparticle CLIO-CyAm7 had not been used in large animal models, like the rabbit.(52-54, 71, 

78) CLIO-CyAm7 fluorescence microscopy demonstrated that this agent colocalized with a 

subset of plaque macrophages, endothelial cells and smooth muscle cells.   

Previous studies of USPIO nanoparticles have shown various distributions in the rabbit model of 

atheroma.  The majority of studies have shown a similar distribution of USPIO, both cross-linked 

and uncross-linked, uptake particularly in the subendothelial space with limited uptake along the 

internal elastic lamina.(54, 79-81)  However, other studies have shown a deeper penetration of 

USPIOs with minimal subendothelial uptake.(82, 83) In our study, CLIO-CyAm7 showed a 

predilection for the subendothelial space with variable uptake along the internal elastic lamina 

and within the media. Additionally, CLIO-CyAm7 specifically accumulated at the shoulder 

regions of plaques, a site highly implicated in plaque rupture due to the mechanical stress in the 

region. Traditionally, iron oxide nanoparticles have been considered to be phagocytosed by 

macrophages, particularly due to the high uptake of iron oxide particles by macrophages in 

vitro.(57)  However, our study and previous studies have shown that USPIOs are taken up 

heterogeneously by multiple cell types in macrophage-rich plaques in both rabbits and mice.(57, 

59, 79) 

Endothelial Cells 

Endothelial cell dysfunction plays an important role from the first stage of atherosclerosis 

progression. CLIO-CyAm7 was found to colocalize with CD31+ endothelial cells on 

immunofluorescence.  In the study by Cui et al, a similar CLIO NIRF particle called CLIO-

VT680, was shown to localize to endothelium in a mouse model of arteriovenous fistula which 

similarly produced a phenotype of pathological endothelium and neointimal hyperplasia.  In 

particular, they showed that uptake by endothelial cells was limited to abnormal endothelium as 

shown by VCAM-1 expression and increased permeability to Evans Blue.(59)  Uptake of 

USPIOs by endothelial cells in the rabbit model of atherosclerosis has similarly been shown by 

electron microscopy.(80)   

Smooth Muscle Cells 

Uptake of CLIO-CyAm7 by aSMA+ smooth muscle cells has not been shown in the literature to 

play a major role in CLIO uptake.  In fact, most IHC studies of rabbit atheroma using aSMA 

have failed to show a correlation with USPIO uptake.(63, 82, 83) The true extent of USPIO 

uptake by SMCs in the literature may be difficult to assess due to the various SMC phenotypes 
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thought to exist in atheroma. The typical contractile SMCs retain the SMC markers, such as 

alpha smooth muscle actin; however, these markers may be lost as SMCs undergo phenotypic 

change in the inflammatory mileu of the atheroma. 

The role of SMCs is important for understanding plaque progression and rupture because 

production of extracellular matrix by synthetic SMCs is vital to maintaining a strong fibrous cap. 

Macrophages are known to induce apoptosis of SMCs, but there is increasing evidence of 

phenotype switching in atherosclerosis to an inflammatory SMC that produces adhesion 

molecules and cytokines that drive plaque progression. SMCs have been shown to express LDL 

and scavenger receptors that allow them to take up lipids similar to macrophages.(15, 17, 84)  

Due to the similarity in size between LDL and USPIOs, it is reasonable that these cells would be 

capable of phagocytosing CLIO-CyAm7. Interestingly in Ruehm et al, the clinically available 

uncross-linked USPIO Sinerem was found on electron microscopy to localize to cells with both 

macrophage and SMC characteristics, including the presence of both vacuoles and myosin.(79) 

The predilection of CLIO-CyAm7 for a subset of active smooth muscle cells with may provide a 

new tool for better understanding the interplay of different SMC phenotypes in atherosclerotic 

plaque progression and rupture. 

Macrophages 

Previous studies of USPIOs in the rabbit and mouse model have shown heterogenous uptake of 

USPIOs in macrophage rich plaques. Although the majority of macrophages in this model of 

atheroma are in the form of inactive foam cells, USPIO uptake does not occur in these cells, but 

rather occurs in smaller more active subendothelial macrophages.(80, 81, 83) 

Further research into CLIO-CyAm7+ macrophages may contribute to the evolving field of plaque 

macrophage heterogeneity.   Established categories of macrophage phenotypes include 

classically activated (M1) and alternatively activated (M2) macrophages.(12)  Broadly speaking, 

M1 macrophages are proinflammatory and are associated with Th1 lymphocytes.  M2 

macrophages are associated with Th2 responses and are more commonly associated with 

regulating inflammatory responses and wound healing.  Both cell types have been found in 

human and murine macrophages.(85) In the ApoE-/- mouse model of atherosclerosis, M2 

macrophages dominated early lesions, with M1 macrophages dominating later.  However, both 

macrophage types have been found to exist in plaques concurrently with different spatial 

distributions.  Additionally, each macrophage subtype produces its own array of MMPs, 

contributing to destabilization of plaques. As the balance between different macrophage 
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phenotypes is better understood, the CLIO-CyAm7+ subset of cells may provide insight into 

macrophage diversity and subsequent plaque complications. 

Mechanism of USPIO delivery 

Distinct from the uptake of CLIO-CyAm7 on a cellular level, there is much controversy over the 

mechanism of delivery of USPIOs to atheroma.  The prevailing theories are (1) recruitment of 

new USPIO+ monocytes to existing atheroma, (2) increased permeability due to endothelial 

dysfunction and (3) delivery of USPIO by the vaso vasorum. In our study, we investigated the 

role of permeability and vaso vasorum on CLIO-CyAm7 distribution. 

Permeability of atheroma is due to endothelial dysfunction and fibrous cap thickness. CLIO-

CyAm7 signal correlated with Evans blue-identified regions of increased permeability. 

Additionally, correlation with Carstairs imaging showed that areas of dense collagen deposition 

had limited CLIO-CyAm7 accumulation and Evans Blue penetration.  Conversely, in thin cap 

fibroatheroma with minimal collagen, CLIO-CyAm7 penetrated deeper into the tissue and also 

exhibited increased Evans blue uptake.  

During plaque progression, neovascularization occurs with growth of the vaso vasorum from the 

adventitia to the media and eventually into the deep intima. Increased angiogenesis may 

promote intraplaque hemorrhage and has been correlated with an increased risk of plaque 

rupture.(86) In the subset of rabbits with deep CLIO-CyAm7 signal, the agent accumulated 

along the internal elastic lamina in areas with evidence of CD31+ lined neovasculature. This 

indicates that neovascularization plays a role in delivery of CLIO-CyAm7 in a small subset of 

atherosclerotic plaques.  

Multimodal In vivo imaging of CLIO-CyAm7 in Atherothrombosis 

A reliable method of predicting plaque rupture will likely involve the integration of various 

parameters based on multimodal imaging. In this study, we utilized IVUS and intravascular 

NIRF imaging to provide both a structural and biological assessment of each plaque. IVUS 

imaging provided vital structural information about the location of atheroma in relation to 2D 

NIRF and the size of the lumen. Additionally, comparisons of pre- and post-trigger IVUS 

identified the location of macrothrombi in the lumen to provide an accurate correlation between 

2D NIRF images and the location of plaque rupture, as well as ex vivo gross pathology, 

histology, and FRI. Unlike optical coherence tomography, IVUS does not have sufficient 

resolution to provide structural data about the thickness of the fibrous cap or location of 
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macrophages.   Multimodality imaging can integrate inflammation status with already known risk 

factors for plaque disruption, like positive remodeling, fibrous cap thickness, and presence of 

lipids. 

In vivo NIRF imaging detected a significant increase in CLIO-CyAm7 TBR in atheroma 

compared to the control, uninjured aorta.  This indicates that 2D NIRF imaging is capable of 

detecting CLIO-CyAm7 fluorescence signal.  Although FM showed a significant difference 

between ruptured and non-ruptured plaques, in vivo NIRF imaging did not have sufficient 

sensitivity to detect these changes with this limited sample size.  The major obstacle to truly 

predictive imaging in this model is the propensity for aneurysm formation as a result of balloon 

injury.  Human coronary arteries housing high-risk plaques are typically 2.5-3.5mm in diameter, 

and the 2D NIRF system has been developed to accurately assess fluorescence in vessels of 

this size.(62) However, in this rabbit model of atherosclerosis the diameter of the imaged 

arteries often exceeded 4mm, with the highest diameter of 5.88mm.  This is beyond the 

distance detectable using the current 2D NIRF imaging system due to greater NIR light 

attenuation through blood.  Contributing to this failure is the increased incidence of rupture in 

aneurysmal segments, limiting the in vivo imaging of vulnerable plaques.   

CLIO-CyAm7 Signal is Increased in Plaques Susceptible to Thrombosis 

The multiple mechanisms of CLIO-CyAm7 distribution incorporate the major drivers of plaque 

vulnerability: inflammation, endothelial dysfunction, reduced fibrous cap thickness and 

neovascularization. We found that plaques that developed thrombosis after pharmacologic 

triggering had a higher accumulation of CLIO-CyAm7 compared to atheroma without evidence 

of thrombosis.  This supports the initial hypothesis that inflamed plaques with increased 

phagocytic capabilities, as measured by CLIO-CyAm7, may facilitate plaque disruption and 

subsequent thrombosis. In a previous study of this model using lower resolution 18FDG-PET, it 

was found that rupture occurred in aortic segments with higher percent of RAM11+ 

macrophages. But specific local areas of increased macrophages and subsequent thrombosis 

were not demonstrated.(74) Although CLIO-CyAm7 does not appear to target a specific cell 

type or receptor, this agent identifies plaque cells with evidence of multiple factors contributing 

to plaque vulnerability.  

This study is an important first step towards the development of intravascular molecular imaging 

in coronary arteries.  The two major current methods of assessing arterial inflammation in vivo 

use MRI and PET imaging.  USPIOs are ideal agents because a certain class of USPIOs, 

H 



 28!

ferumoxytol, is already FDA approved for clinical use.  Therefore, iron oxide particles have been 

used to image inflammation in atherosclerosis using MRI.(52, 54, 78) By conjugating CLIO with 

a fluorophore to make CLIO-CyAm7, the precise distribution can be better mapped using high-

resolution optical imaging, both in vivo and ex vivo.   While PET is emerging as growing clinical 

tool for large artery atherosclerosis, the low resolution of PET limits its utility in the small, 

moving coronary arteries, and tracers such as FDG are limited by high background signal in the 

myocardium.(43) Intravascular NIRF imaging has the advantages of increased resolution and 

potential for translation to human coronary arteries.(40, 62, 76) Therefore, intravascular NIRF 

imaging of CLIO-CyAm7 is a promising translational tool for both understanding the role of 

inflammation in experimental plaque rupture and potential transition into clinical practice.  

Limitations 

Animal models are inherently limited in translatability to human disease progression.  Although 

the atheroma developed using aortic denudation and HCD developed highly inflamed atheroma, 

some characteristics of human plaques, like large necrotic cores and cholesterol crystals, were 

not found in this rabbit model.  Additionally, the model of atherothrombosis has limited 

applicability to spontaneous human plaque rupture.  Although previous studies have reported 

identification of areas of discontinuous fibrous cap attached to thrombus, these specific rupture 

sites were not identified in this study.  The two possible explanations for this difference are that 

this model shows micro-disruptions of the fibrous cap, or the sites of plaque rupture were simply 

not in the areas selected for histological analysis.  Also, the aorta necessarily has different 

hemodynamic forces compared to human coronary arteries, like diastolic flow, which could 

affect atheroma rupture.   

A major limitation to the histological analysis of CLIO-CyAm7 is that histology occurred 72 hours 

after CLIO-CyAm7 injection, and 48 hours after in vivo imaging, due to the time necessary for 

pharmacological triggering.  This is the same limitation of all post-mortem analyses and 

histological studies and is the basis for continued development of in vivo imaging techniques 

that can map CLIO-CyAm7 distribution before pharmacological triggering.  Due to the use 

750nm wavelength of the CLIO-CyAm7 particle, we were unable to use commercial confocal 

microscopy systems to conclusively determine colocalization of the particle with various 

antibodies using IF.  Additionally, the well-established primary antibodies for 

immunofluorescence in rabbits (RAM11, aSMA, and CD31) are raised in mice. Therefore, it was 

not possible to simultaneously stain for multiple antibodies on the same slide.  
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In vivo imaging using 2D intravascular NIRF imaging has some drawbacks that limited the ability 

to detect differences in signal between ruptured and non-ruptured plaques, which were 

identified in histology.  One of the major limitations of in vivo 2D NIRF imaging is that the there 

is a distance dependent attenuation due to blood.  In the typical rabbit aorta (diameter ~3mm) 

this does not pose a problem.  However, in this model, there was often aneurysm formation, 

limiting the sensitivity of 2D NIRF imaging.  Therefore, data was excluded if the diameter of a 

segment was greater than 5mm.  However, even in included data points, this attenuation may 

have influenced the quantitative analysis of 2D NIRF signal. Using a combined 2D NIRF-OFDI 

system(40), structural information could be obtained simultaneously and allow for distance 

correction.  However, the focused laser used in this combined system would further decrease 

signal from aneurysmal segments, a problem increased by the necessity of flushing the vessel 

with saline and the resulting expansion of the artery.  

Future Directions 

There are two major areas for future study with this project: improving in vivo NIRF imaging and 

understanding the biology of CLIO-CyAm7+ atheroma cells. To improve the in vivo 2D NIRF 

data, a larger number of rabbits are needed to increase the number of ruptured segments to 

study without aneurysm and increased sensitivity of the system.  Increased sensitivity of the 

NIRF system could be obtained by either flushing with saline to remove attenuation by blood, or 

by utilizing an OFDI-NIRF combined system or newer IVUS-NIRF systems to be constructed.  

These systems allow post-imaging distance compensation for attenuation.   

Understanding the biological implications of CLIO-CyAm7 uptake is also crucial.  To further 

understand this aspect, further immunofluorescence and electron microscopy could be used. By 

using a different fluorochrome with excitation of <680nm, confocal microscopy would allow 

better colocalization of CLIO with immunofluorescence. In vitro cell culture of macrophages 

allows manipulation of levels of activation and analysis of the resultant changes in CLIO-CyAm7 

uptake.  Analysis of the expression of MMP9, MMP12, tissue factor, and other markers of 

macrophage activation can elucidate the activity of these macrophages to understand the 

importance of this subset of cells.  

CONCLUSIONS 

CLIO-CyAm7 is a novel magneto-optical NIRF molecular imaging agent that identified a unique 

subset of phagocytically active plaque macrophages, smooth muscle cells and endothelial cells 

in the rabbit model of atherothrombosis.  Importantly, there was increased CLIO-CyAm7 
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accumulation in thrombosis-prone plaques on analysis by fluorescence microscopy, indicating 

increased inflammation in these high-risk plaques.  In vivo intravascular NIRF imaging of CLIO-

CyAm7 had sufficient sensitivity to detect this agent through blood; however, current limitations 

of the technology, model and sample size prevent the development of a true predictive model of 

plaque rupture based on in vivo imaging.   This study lays a foundation for a deeper 

understanding of plaque cell heterogeneity as defined by CLIO-CyAm7 uptake and provides a 

promising future translational tool for high-resolution imaging of atheroma in human coronary 

arteries.
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SUMMARY 

Atherosclerosis is a systemic inflammatory disease that causes a thickening of the artery wall 

and contributes to major causes of death world wide, including coronary artery disease and 

stroke.  Acute coronary events, like unstable angina, acute myocardial infarction, and sudden 

death, are the result of sudden luminal thrombosis from disruption of an atherosclerotic plaque. 

However, current imaging tools are unable to adequately predict the occurrence of these 

events.   Inflammation is a major driving force behind the progression of atherosclerosis, 

providing an ideal target for molecular imaging.  Therefore, we used a novel fluorescence 

imaging agent, CLIO-CyAm7, to image inflammation in a rabbit model of triggered 

atherothrombosis.  We hypothesized that more inflamed plaques would be more susceptible to 

plaque disruption and thrombus formation. 

We found that not only was CLIO-CyAm7 increased in atheroma compared to control segments, 

but also more importantly, plaques with thrombosis showed increased CLIO-CyAm7 

accumulation compared to other areas of atheroma. CLIO-CyAm7 was found to localize to a 

subset of activated macrophages, smooth muscle cells and endothelial cells using 

immunofluorescence.  Additionally, the mechanism of delivery of CLIO-CyAm7 to atheroma was 

further elucidated by showing increased permeability in plaques with increased subendothelial 

CLIO-CyAm7 and increase neovascularization in plaques with deep CLIO-CyAm7 signal. 

Intravascular in vivo near infrared fluorescence imaging allowed visualization of macrophage 

rich atheroma in vivo prior to plaque thrombosis.  Nanoparticle enhanced fluorescence imaging 

may enhance our understanding of the role of inflammation in plaque thrombosis and provide a 

promising new method of detecting macrophage, smooth muscle cell and endothelial cell 

activity in human coronary arteries.
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FIGURES!

 

Figure 1: Schematic of the study design for the rabbit atherothrombosis model.  

Pharmacological triggering was performed using RVV (0.02mg/kg IV, Sigma Chemical Co) and 

histamine (0.02mg/kg IV, Sigma Chemical Co) 30 minutes apart.  After sacrifice ex vivo imaging 

was performed. 

 

Sacrifice of 
control animals 
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Figure 2: Diagram of 2D NIRF imaging system showing intravascular detection of a 

fluorescence agent in the vessel wall. Reproduced from Jaffer et al., JACC 2011.(62) A 750nm 

laser source is coupled to a catheter consists of an optical fiber within a polyethylene sheath to 

allow smooth pullback and rotation of the fiber within the sheath to generate a 2D signal.  At the 

tip of the optical fiber, a prism reflects the laser light at a 90-degree angle towards the vessel 

wall.  The resulting fluorescence light is then collected by the prism and reflected by a 

dichromatic mirror and beam splitter towards a photomultiplier tube (PMT) to be converted into a 

NIRF signal for analysis. 
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Figure 3:  Various atheroma pathologies in a rabbit injected with CLIO-CyAm7 (2.5mg/kg). (A) 

Thick cap fibroatheroma with minimal superficial CLIO-CyAm7. CLIO-CyAm7 is limited to the 

endothelial layer and corresponds to CD31+ endothelial cells and superficial RAM11+ 

macrophages. (B) Thin cap atheroma with increased, surface CLIO-CyAm7 signal 

corresponding to subendothelial RAM11+ macrophages and aSMA+ smooth muscle cells. FM 

fusion images: CLIO-CyAm7-red, autofluorescence-blue, CD31-green, aSMA-yellow, RAM11-

cyan. Carstairs’: collagen –!blue, fibrin –!red. Column 1: 4x magnification, scale bar 1mm.  

Column 2-5: 40x magnification, scale bar 50µm. 

A 

B 
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Figure 4: CLIO-CyAm7 accumulates within various layers of atheroma.  (A) Fluorescence 

microscopy showed significantly higher percent positive area of CLIO-CyAm7 signal in areas of 

atheroma compared to normal, uninjured aorta segments (1.73±1.8% and 0.13±0.28%, 

respectively, p=0.003).  (B) CLIO-CyAm7 localized in all plaques in both the surface intima, 

defined as the superficial 100µm segment, and the adventitia, beyond the external elastic 

lamina.  CLIO-CyAm7 was variably identified in the deep intima, defined as starting 100µm from 

the lumen until the internal elastic lamina, and media, between the internal and external elastic 

lamina.  

Surf
ac

e I
nti

ma

Dee
p I

nti
ma

Med
ia

Adv
en

titi
a

0

50

100

150

P
os

iti
ve

 S
ec

tio
ns

 (%
)

A B 



 37!

 

Figure 5: CLIO-CyAm7 uptake by endothelial cells, macrophages and smooth muscle cells. All 

images acquired at 40x magnification, L=vessel lumen. CLIO-CyAm7 = red, CD31 = Green, 

RAM11 = cyan, aSMA = yellow. (A) CLIO-CyAm7 signal correlated with surface CD31+ cells, 

indicating uptake of the agent by a subset of endothelial cells. (B) RAM11 positive macrophages 

showed uptake of CLIO-CyAm7 both on the plaque surface and in the subendothelial layer. (C) 

alpha-Smooth Muscle Actin (aSMA) + smooth muscle cells took up CLIO-CyAm7.  Scale bar 

25µm. 

A 

B 

C 
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Figure 6: Plaque permeability assessed with Evans Blue in CLIO-CyAm7 injected rabbits. 

CLIO-CyAm7 = red, Evans Blue = Yellow, Autofluorescence = green.  Different plaque types 

show varying in vivo Evans blue uptake.  (A) Fatty atheroma with a thin fibrous cap on Carstairs 

showing shows extensive Evans blue uptake throughout the intima limited peripherally by the 

internal elastic membrane (seen on autofluorescence in green).  CLIO-CyAm7 penetrates below 

the endothelial layer throughout the intima. (B) Atheroma with a thick fibrous layer, blue on 

Carstairs’ staining with minimal, superficial Evans blue uptake and CLIO-CyAm7 signal limited 

to the endothelial layer.  Scale bar 100µm. 

A 

B 
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Figure 7: CLIO-CyAm7 distribution depends on vascularlity. CD31 IF showing increased 

vascularization within the deep intima.  CLIO-CyAm7 signal occurs in the region of endothelial 

cell lined vessels, but also corresponds to RAM11 positive cells flanking the vessel.  No 

correlation is seen with aSMA+ smooth muscle cells. All fluorescence microscopy images 

acquired at 40x magnification, L=vessel lumen. CLIO-CyAm7 = red, CD31 = Green, RAM11 = 

cyan, aSMA = yellow. Scale bars: Carstairs 4x = 1mm, Carstairs and IF 40x = 25 µm and 50 µm 

for inset.
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Figure 8:  In vivo and ex vivo  imaging data for an atherothrombosis rabbit injected with CLIO-

CyAm7. (A,B) Pre- and post-trigger angiography.  (C,D) Pre-trigger in vivo IVUS and NIRF 

imaging showing a focal region of high CLIO-CyAm7 signal intensity. (E) Post-trigger 

intravascular IVUS imaging showing triggered luminal thrombus (yellow arrows) corresponding 

to the region of increased NIRF signal intensity on pre-trigger NIRF imaging. (F) Ex vivo FRI of 

CLIO-CyAm7 verifying in vivo 2D NIRF imaging. (G) Gross pathology of resected aorta. Black 

markings are tissue marking ink delineating 1.5cm segments for histological analysis. (H) Cross-

sectional IVUS images with columns 1 and 2 corresponding to the green and yellow dashed 

lines indicated on longitudinal IVUS imaging.  Luminal thrombosis is seen on post-trigger cross-

sectional area, indicated by yellow arrows.  (I) In vivo 2D NIRF imaging showed significantly 

higher TBR in areas with atheroma, compared to uninjured segments of the aorta (peak TBR 

2.86±1.82 and 1.55±0.65, p=0.001). (J) In vivo 2D NIRF showed no significant difference in the 

peak TBR between plaques with or without subsequent thrombosis (2.41±1.37 and 3.08±1.97, 

p=0.118). 
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Figure 9:  Histological and in vivo analysis of plaque rupture.  (A,B) FM of plaque showing 

increased CLIO-CyAm7 (red) at the shoulder of the plaque and underlying areas of thrombus. 

FITC autofluorescence in green. (C,D) RAM11 immunohistochemistry for plaque macrophages, 

corresponding to CLIO-CyAm7 on FM. (E,F) Carstairs’ staining with fibrin rich thrombus (red).  

(G,H) In vivo detection of thrombus using IVUS imaging in corresponding axial sections  before 

and after thrombosis in yellow.  Thrombus developed after triggering outlined in yellow. (I) (A) 

FM showed significantly higher percent positive area of CLIO-CyAm7 signal in areas of plaque 

thrombosis compared to areas without thrombosis (2.1±1.7% and 1.5±1.9%, p=0.0446).
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