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Since Roentgen’s day imaging has contributed to the diagnosis and understanding
of cardiovascular diseases. In the first half of the twentieth century, radiographic
plain films and fluoroscopy provided essential tools to the clinical cardiovascular
specialist. In the latter half of the twentieth century the advent of image intensifica-
tion, contrast angiography, and the introduction of cross-sectional imaging modali-
ties such as computed tomography and magnetic resonance augmented the
armamentarium of radiographic imaging tools modalities applied to cardiovascular
disease. Simultaneously, the development of echocardiography beginning with
M-mode, and evolving to two-dimensional and ultimately three-dimensional echo-
cardiography, not only permitted the in vivo evaluation of ventricular function and
cardiac structure but also enabled the in-depth assessment of cardiac valves. These
tools opened the door to a golden era of non-invasive cardiovascular imaging that
permitted the study of pathophysiology of cardiac and valvular diseases in intact
humans and indeed experimental animals and, in the case of ultrasound, without
using ionizing radiation. The concurrent evolution of nuclear imaging offered the
opportunity to reach beyond defining structures to probe metabolism and perform
quantitative and regional flow studies, further expanding the repertoire of imaging
tools available to the cardiovascular specialist and investigator.

In the twenty-first century, molecular or functional imaging has provided a new
frontier for advancing the field of cardiovascular imaging [1, 2]. This approach joins
the traditional quest for defining structure and physiologic function with advances
in understanding the cells and molecules involved in the pathogenesis of cardiovas-
cular diseases. Molecular imaging weds basic science discoveries to imaging in a
manner that promises to transform cardiovascular medicine and science.

This volume edited by Elena Aikawa provides us with an updated and comprehen-
sive overview of this promising landscape. Much of the initial foray into the applica-
tion of molecular imaging to cardiovascular diseases targeted atherosclerosis, which
is the subject of Part I of this book [3]. After a masterful review of the basic pathobio-
logical mechanisms at play in atherosclerosis (Chap. 1), a series of authoritative chap-
ters reviews modalities ranging from contrast enhanced ultrasound (Chap. 2), magnetic
resonance imaging (MRI) (Chap. 3), and optical approaches such as near-infrared
fluorescence and optical coherence tomography (Chaps. 4, 5, 6, 7, and 8). Various
chapters emphasize different pathophysiologic targets such as inflammation (Chap. 5),
endothelial activation (Chap. 2), macrophage activity (Chap. 3), protease activity
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(Chap. 4), oxidation and lipid content (Chap. 6), thrombosis (Chap. 8), and calcifica-
tion (Chap. 5.) The laboratory applications of intravital microscopy that have proven
of immense value to cardiovascular researchers also receive expert discussion in this
part (Chap. 7).

The second part of this book delves more deeply into the imaging of calcification
as applied particularly to cardiac valves, an area that has evolved far beyond the
fluorographic estimation of calcification in cardiac structures by traditional roent-
genography. Long-regarded as a passive degenerative process, we now appreciate
the active nature of calcification, its relation to inflammation (a special interest of
Dr. Aikawa herself [4, 5]), and its importance not only in atherosclerosis, but also in
the growing epidemic of sclerocalcific aortic valvular disease. After an authoritative
and up-to-date review of the pathobiology of aortic valve calcification (Chap. 9), a
report on work from the Edinburgh group on fluoride imaging sheds new light on
the investigation of calcification as an active process in humans (Chap. 10). Other
chapters by established experts focus on the well-validated use of ultrasound in the
imaging of aortic valve disease in humans (Chap. 11), and on experimental
approaches to the imaging of microcalcification (Chap. 12.) Indeed, foci of micro-
calcification not only provide a nidus for the growth of calcium mineral deposits in
cardiovascular structures but may also have important biomechanical consequences
that relate to the stability of atherosclerotic plaques [6, 7].

The third part strives to illustrate the clinical applications of molecular and func-
tional imaging to the cardiovascular system. This includes expert reviews on MRI
of atherosclerosis (Chap. 13), positron emission tomography (PET) in coronary
artery disease (Chap. 14), and the use of PET combined with computed tomography
for the clinical imaging of inflammation and anti-inflammatory interventions as
well as calcification (Chaps. 15 and 16.)

The timely and comprehensive compilation assembled in this volume gives an
overview of the established and emerging tools provided by molecular and func-
tional imaging. As with all emerging fields, however, a number of issues regarding
their use remain unsettled. One area of application related to these techniques
engenders no controversy: their use in animal and human investigation. The ability
to probe pathophysiologic functions in vivo using minimally invasive approaches
has transformed cardiovascular research. Well-controlled animal studies using
molecular imaging now permit in vivo probing of mechanisms unraveled by studies
conducted in cell culture or in excised specimens of human tissues. The nascent
application of molecular imaging to patients has provided a pathway to affirming
the human relevance of laboratory studies or inferences obtained from soluble bio-
marker studies in humans.

A major unmet investigative need revolves around resolving contemporary bar-
riers to the clinical evaluation and development of new cardiovascular therapies [8].
In face of the efficacy of the current standard of care, for many cardiovascular dis-
eases, event rates have fallen, raising the bar for clinical trials required to demon-
strate the value of new therapies and obtain registration of new pharmacologic
agents. Molecular and functional imaging provide a potential path to overcome
some of the hurdles facing current cardiovascular drug development.
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Before embarking on a lengthy and resource-intensive clinical endpoint trial,
illumination of two critical issues would help to attenuate the risk inherent in clini-
cal drug development. First, such programs would profit enormously from the abil-
ity to obtain signals that a novel agent actually alters the intended particular
biological pathway in intact humans. Molecular imaging promises an avenue to
achieving this goal. Second, many clinical trials fail because they test doses of a new
agent that seem ill-chosen in hindsight. Molecular and functional imaging can fur-
nish a way in which doses can be evaluated in a relatively small number of intact
humans using imaging biomarkers to help ascertain the most appropriate dose to use
in a clinical endpoint trial. Such in vivo methodologies in humans would comple-
ment the usual inferences based on pharmacokinetic modeling and observations on
non-human species that may vary substantially in their responses to various doses
of agents.

Beyond these clear unmet needs in investigation, the human application of
molecular and functional imaging requires careful consideration regarding clinical
and cost-effectiveness. For imaging modalities to prove clinically useful as addi-
tions to the current panel of validated biomarkers of prospective risk, they require
rigorous evaluation. While coronary calcium scanning indubitably predicts pro-
spective risk of cardiovascular events, adding to traditional risk and emerging bio-
markers, its clinical utility remains incompletely validated. No study has yet tested
whether the targeting of therapy based on coronary calcium score leads to greater
cardiovascular event reduction than therapy directed by already validated markers
such as the Framingham covariates or high-sensitivity C-reactive protein. The con-
tention that imaging studies such as coronary artery calcium scores can motivate
patients to adopt a healthy lifestyle or adhere to therapies has not received consistent
validation when studied rigorously [9].

Much of the interest in molecular and functional imaging of the cardiovascular
system over the last decade or so has focused on the quest to identify the so-called
“vulnerable” plaque. This goal assumes implicitly that identification of a plaque
that has characteristics associated in post-mortem studies with plaque rupture and
fatal thrombosis could direct a local therapy that would forestall such complications
of atherosclerosis. Multiple lines of evidence cast doubt on this simplistic notion
[7]. First, plaques with thin fibrous caps, large lipid cores, and active inflammation
tend to occur in clusters rather than singly within the coronary circulation. Moreover,
patients who harbor such plaques in their coronary arteries likely have activated
atherosclerotic plaques in other arterial beds, such as in the carotid circulation.
Many plaques that have the characteristics of “vulnerability” may not rupture.
Autopsy studies provide us with a numerator but not a denominator with regard to
the fatal thrombotic potential of plaques with the characteristic attributed to “vul-
nerability”. Indeed, in the PROSPECT study, during a more than 3-year observation
period, fewer than 5 % of plaques, judged by intravascular ultrasound virtual histol-
ogy study to have characteristics of vulnerability, actually caused clinical events
[10]. Thus, the vast majority of so-called “vulnerable” plaques will not cause a
clinical complication over a period of several years. These various observations sug-
gest that systemic therapy, often directed by non-imaging biomarkers, may prove
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more clinically effective at targeting therapy and reducing events than the applica-
tion of imaging modalities.

Likewise, as illustrated in this volume, while calcium provides an attractive
imaging target, its mutability remains questionable. Although the ability to prevent
or retard calcification of cardiovascular structures such as the aortic valve, the ath-
erosclerotic plaques, or the mitral annulus might be desirable, we currently lack
clinical tools to this end. Perhaps the application in investigation of the modalities
described in this volume will enable research that renders the modulation of calcifi-
cation a realistic therapeutic target. Molecular and functional imaging of the cardio-
vascular system, like any emerging tool, must overcome a number of challenges.
First, while well-developed preclinically, molecular imaging must traverse the “val-
ley of death” to clinical application for it to achieve its promise of transforming the
practice of cardiovascular medicine [8, 11].

Clinical use of molecular imaging probes requires toxicologic evaluation and
preparation of material according to “good manufacturing practices” (GMP) [11].
These expensive undertakings lie beyond the resources of most academic research
groups. While many have made experimental animals “glow in the dark” by the use
of molecular imaging modalities, the realization of the promise in patients remains
rudimentary. As illustrated in the excellent chapters in Part III of this volume, some
of the most mature modalities for clinical application include PET and MRI. The
work with fluorodeoxyglucose and sodium fluoride uptake provide examples of the
application of the principles of molecular imaging to human patients. Yet, we must
remain mindful of the need to validate the interpretation of the origin of signals
attributed to inflammation in the case of FDG or calcification, as in the case of
sodium fluoride imaging [12]. We must also require rigorous clinical validation of
the relationship between these imaging biomarkers and clinical events and patient
outcomes.

The compendium of chapters in this collection provide with a proper support and
guidepost to the future of realizing the promise both in investigation and in the
clinic of molecular and functional imaging of the cardiovascular system.

Peter Libby

Division of Cardiovascular Medicine
Brigham and Women’s Hospital
Harvard Medical School

Boston, MA 02115, USA
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Due to population aging in Western countries, cardiovascular calcification is a
growing burden and contributes significantly to cardiovascular risk. Recent evi-
dence suggests that microcalcifications in thin fibrous caps increase the mechanical
vulnerability of atherosclerotic plaques and promote acute myocardial infarction.
Aortic valve macrocalcifications cause aortic stenosis and heart failure. Despite this
vast clinical impact, calcification remains a neglected pathology, and the cellular
mechanisms of cardiovascular calcification are poorly understood. Therefore, no
effective medical therapies are available for calcification. Clinical and preclinical
studies, including our own, suggest that inflammation contributes to calcification
through the expression of high levels of osteogenic molecules and reactive oxygen
species by activated macrophages and other inflammatory cells. Critical barriers to
progress in the field include a lack of high-resolution imaging techniques that can
detect preclinical calcification. Our studies demonstrated that molecular imaging
can identify early stages of calcification undetectable by conventional histological
and imaging methods, thus providing a potentially powerful tool for exploring
microcalcifications and their association with inflammation in the clinic. The
National Heart, Lung and Blood Institute of the National Institutes of Health has
emphasized the importance of understanding the underlying mechanisms of calcifi-
cation, particularly the identification of novel pathways, and the need to develop
imaging modalities for the detection of subclinical calcification.

Cardiovascular Imaging: Arterial and Aortic Valve Inflammation and
Calcification covers the contemporary understanding of the basic pathobiology and
the mechanisms of atherosclerosis and calcific aortic valve disease, and provides
insights into the modern imaging modalities that visualize various stages of these
diseases. Preclinical studies, including our own, provided the in vivo evidence of
temporal and spatial association of cardiovascular inflammation and calcification in
experimental animals. Clinical studies have confirmed the feasibility of such tech-
nologies in patients. I hope that this book, written by the top experts in the fields of
vascular biology and cardiovascular imaging, will enable readers to comprehend
our current knowledge and focus on the possibility of preventing calcification dis-
ease progression in the near future.

I would like to acknowledge my mentors: Dr. Frederick J. Schoen, for introduc-
ing me to the exciting pathology of cardiac valve disease; Dr. Ralph Weissleder for
empowering me to link cardiovascular pathology and imaging; and Dr. Peter Libby

xi
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for his continuous support and inspiration. I would also like to thank my research
fellows and students, whose perspicacious questions challenged me to find new
answers, develop innovative hypotheses, and look into novel pathways for
cardiovascular calcification. And I can never thank my family enough—especially
my husband, Dr. Masanori Aikawa—for believing in me and encouraging me
throughout my career.

Boston, MA, USA Elena Aikawa, MD, PhD, FAHA
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ALP Alkaline phosphatase

CT Computed tomography

CTA CT angiography

CVD Cardiovascular disease

EC Endothelial cell

ECM Extracellular matrix

FCH Fluorocholine

FDG Fluorine-labeled 2-deoxy-D-glucose

Gp IIb/Illa  Glycoprotein IIb/Illa

HMGCOA  3-hydroxy-3-methylglutaryl-coenzyme A

HSP Heat shock proteins

ICAM-1 Intercellular adhesion molecule 1

IPH Intraplaque hemorrhage
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LDL Low-density lipoprotein

LOX-1 Lectin-like oxidized LDL receptor
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MGP Matrix Gla-protein
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NIR Near infrared
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PS Phosphatidylserine

RBC Red blood cells

RGD Arg-Gly-Asp



1 Pathobiology and Mechanisms of Atherosclerosis 5

ROS Reactive oxygen species

SMC Smooth muscle cell

SPECT Single-photon emission computed tomography
SPIO Superparamagnetic iron oxide probes
SR Scavenger receptors

SR-A Scavenger receptor-A

TF Tissue factor

TGF-p Transforming growth factor-f§

TLR Toll-like receptor

TNF-a Tumor necrosis factor-a

t-PA Plasminogen activator

u-PA Urokinase plasminogen activator

USPIO Ultrasmall superparamagnetic iron oxide

VCAM-1 Vascular cell adhesion molecule 1
VH-IVUS  Virtual histology IVUS

Atherosclerosis is a disease of medium and large arteries in which atherosclerotic
plaque narrowing of the arterial lumen causes obstruction of blood flow and tissue
ischemia. Vascular inflammation is central to the pathobiology of atherosclerosis,
and inflammatory processes play critical roles in early plaque formation, plaque
progression, and atherothrombotic plaque complications. Advances in anatomic
and molecular imaging techniques have enhanced the ability to quantify atheroscle-
rotic plaque burden and to study the cellular and molecular processes that promote
atherogenesis. This chapter provides an overview of the mechanisms of atheroscle-
rosis and focuses on structural and physiological entities that can be evaluated by
anatomic or molecular imaging techniques.

1.1 Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide.
Atherosclerosis and its complications are the most common cause of CVD-related
death. Atherosclerosis develops when pathogenic dysregulation of vascular and
immune cell function results in altered blood vessel structure and stenotic narrow-
ing of the lumen of large- and medium-sized arteries. Over the past two decades, a
tremendous amount of basic and clinical research has emerged which supports the
premise that inflammation is at the heart of atherosclerosis pathobiology. In addi-
tion, we now understand that atherosclerosis is an insidious process that can remain
clinically silent for years until a complication such as plaque rupture results in arte-
rial thrombosis and tissue ischemia.

Vascular imaging research and methods have greatly advanced our understand-
ing of the cellular and molecular mechanisms that cause atherosclerosis, and mov-
ing forward, advanced imaging techniques have the potential to elucidate novel
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atherogenic mechanisms while improving diagnostic and prognostic capabilities.
This chapter reviews the critical inflammatory mechanisms that underlie the patho-
biology of atherosclerotic vascular disease and highlights the anatomic, cellular,
and molecular targets which are the focus of vascular imaging techniques.

1.2  Plaque Formation

In healthy arteries, endothelial cells (EC), which cover the inner surface of blood
vessels, regulate blood flow, control vessel wall permeability, and inhibit blood clot-
ting and activation of circulating leukocytes and platelets [1]. In the normal or
“healthy” state, endothelial cells maintain vascular homeostasis by producing pro-
tective compounds that inhibit coagulation, prevent leukocyte and platelet adhesion,
and modulate the contractile and proliferative state of underlying smooth muscle
cells. Nitric oxide (NO) is one of the key EC-derived molecules that control vascu-
lar health and inflammation. The pathobiology of arterial disease begins with an
inciting injury that activates inflammatory mechanisms and leads to a reduction in
bioavailable NO. Under normal circumstances, the cellular and molecular processes
that control vascular injury responses direct repair and vascular healing. In patho-
logical conditions, dysregulation of inflammatory responses results in persistent
vascular inflammation and adverse arterial remodeling.

Atherogenic stimuli such as tobacco, hyperlipidemia, and elevated glucose
levels from diabetes cause endothelial damage that is characterized by decreased
NO, altered EC permeability, and increased expression of adhesion molecules that
control leukocyte homing. In diabetic patients who are at risk for CV disease,
hyperglycemia increases reactive oxygen species (ROS) in vascular cells and
leads to the induction of proinflammatory signaling pathways and production of
proinflammatory cytokines [2].

A century ago, Anitchkov and Khalatov demonstrated in rabbits that lipid con-
sumption was strongly associated with the formation of atherosclerotic lesions.
Consistently, numerous epidemiological studies have strongly linked plasma cho-
lesterol levels with the occurrence of atherosclerotic thrombotic complications in
humans. Accumulation of cholesterol-containing lipoproteins in the arterial wall is
the hallmark of plaque development. This progressive process is associated with
endothelial dysfunction. Sera from hypercholesterolemic human volunteers or puri-
fied low-density lipoproteins (LDL) reduce NO production by endothelial cells,
promoting an atherogenic microenvironment [3]. HMGcoA (3-hydroxy-3-
methylglutaryl-coenzyme A) reductase inhibitors or statins, which block choles-
terol biosynthesis, have shown a major beneficial clinical impact in the prevention
of atherothrombotic events, reflecting the critical importance of hyperlipidemia in
the pathobiology of atheroma [4].

Tobacco smoke constituents also damage the vascular endothelium by increasing
ROS. Studies have demonstrated that sera from active smokers decrease NO avail-
ability from ECs by altering the expression and activity of the endothelial NO syn-
thase enzyme [5, 6]. Similarly, multiple studies have demonstrated that cigarette
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Fig. 1.1 Leukocyte adhesion cascade. Leukocytes are attracted by chemokines and recruited by
activated endothelial cells. Leukocyte rolling is mediated by selectins, activation is mediated by
chemokines, and arrest is mediated by integrins. Additional adhesion molecules like ESAM (endo-
thelial cell-selective adhesion molecule), JAM (junctional adhesion molecule), cadherins, and
PI3K signaling allow leukocytes firm adhesion and ultimately the transmigration of leukocytes
through the endothelial layer (Adapted from Ley et al. [12])

smoke extract or isolated components, such as nicotine, decreased NO availability
and promote atherogenic EC inflammation [7, 8].

Hemodynamic forces in the vasculature also play a major role in the initiation of
atherosclerotic disease. Blood vessel segments that experience low shear stress
(LSS) and disturbed blood flow (e.g., at inner curvatures or bifurcations) have a
predilection to develop atheromatous plaques [9]. Areas of altered shear stress have
reduced NO production and increased expression of atherogenic cytokines and pro-
inflammatory leukocyte adhesion molecules [10]. In addition, low shear areas have
increased EC permeability that heightens accumulation of atherogenic LDL in the
subendothelial matrix [11].

By inducing endothelial inflammation and increased vessel permeability, athero-
genic stimuli enable progressive accumulation of lipids such as oxidized LDL in the
arterial wall. Intimal lipid deposition induces vascular and immune cell inflamma-
tory responses. LSS and LDL specifically stimulate EC and platelet expression of
leukocyte chemokines (e.g., monocyte chemotactic protein 1 [MCP-1]) and the leu-
kocyte adhesion molecules vascular cell adhesion molecule 1 [VCAM-1], intercel-
lular adhesion molecule 1 [ICAM-1], E-selectin, and P-selectin. These leukocyte
adhesion molecules direct a well-characterized series of multistep adhesion events
where leukocytes roll, arrest, and transmigrate through inflamed vascular endothe-
lium (Fig. 1.1) [12].

In the early phases of atherosclerosis, monocytes enter the arterial intima and dif-
ferentiate into macrophages. Recent work has demonstrated that hyperlipidemia
increases a subpopulation of particularly proinflammatory monocytes in blood that
preferentially home to nascent plaques. These proinflammatory monocytes, which
are identified in mice by high expression of the surface marker Ly6C and low expres-
sion of CD43 (Ly6Chieh CD43'""), produce high levels of atherogenic signaling mol-
ecules [13—17]. It is currently unclear whether similar subpopulations of atherogenic
monocytes exits in humans; however, recent data suggest that monl monocyte sub-
sets found in spleen and atherosclerotic lesions (CD14++ CD16- CCR2+ CX3CR1";
CD62L+ CDI115+) are functionally similar to proatherogenic murine Ly6Chih
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CD43'"v cells. More investigation will be required to refine our understanding of the
role of monocyte heterogeneity in human atherosclerotic disease.

Following infiltration into the vascular wall, monocytes differentiate into macro-
phages, which predominantly have an M1 proinflammatory phenotype [18, 19].
These classically activated macrophages develop in response to the inflammatory
cytokines tumor necrosis factor-o (TNF-a), interferon-y (IFN-y), and Toll-like
receptor (TLR) agonists. Plaque-resident macrophages produce inflammatory
mediators, which direct recruitment of additional immune cells into the evolving
atherosclerotic plaque. Macrophage differentiation is marked by an increased
expression of scavenger receptors (SRs), such as scavenger receptor-A (SR-A
(CD204)), CD36, macrophage receptor (MARCO), and lectin-like oxidized LDL
receptor (LOX-1), which mediate macrophage internalization of LDL particles and
apoptotic bodies. Macrophages also engulf cholesterol particles by micropinocyto-
sis of native LDL and phagocytosis of aggregated LDL [20, 21]. In the setting of
hyperlipidemia, intimal cholesterol deposition overwhelms the ability of mono-
cytes/macrophages to clear these noxious molecules, and lipid-overloaded macro-
phages turn into “foam cells,” which contain abundant cholesteryl ester droplets
within the cytosol. Foam cell formation is the hallmark feature of fatty streaks
which are the earliest stage of an atherosclerotic plaque. Foam cells have a highly
inflamed phenotype, constitutively active NFkB inflammation pathways, and pro-
duce atherogenic cytokines and matrix metalloproteinases (MMP) [22].

1.3  Plaque Progression

As atheroma formation progresses, lipid-engorged foam cells undergo apoptosis,
and the buildup of apoptotic bodies and necrotic debris results in the formation of a
“necrotic” plaque core (Fig. 1.2). Inflammatory mediators stimulate plaque expres-
sion of the prothrombotic clotting protein tissue factor (TF) on cells within the
plaque [23, 24].

The proinflammatory milieu within the nascent plaque stimulates migration and
proliferation of smooth muscle cells (SMC) in the burgeoning atheroma. Cytokines
such as transforming growth factor-p (TGF-f), which are released by vascular and
immune cells, promote SMC proliferation and drive a phenotypic switch from a
quiescent SMC contractile form to a proliferative and hypersynthetic phenotype.
The accumulation of these SMCs in the plaque is associated with the production of
several extracellular matrix (ECM) proteins (i.e., collagen, elastin), which increase
plaque mass. Importantly, the plaque ECM components also create a scaffold that
provides tensile strength to the atheromatous lesion [25]. In addition to ECM depo-
sition, impaired macrophage clearance of apoptotic debris (impaired efferocytosis)
also promotes plaque expansion.

Curiously, plaques often enlarge outward (outward or positive remodeling), pre-
serving the lumen until later phases of the disease when the direction of plaque
expansion shifts inward to obstruct blood flow by impinging on the vessel lumen. In
this manner, the clinical manifestations of atherosclerosis often only become
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Fig. 1.2 Development and complications of atherosclerotic plaques. Illustration of longitudinal
and transversal sections of an artery from the initiation of the lesion (/) to the thrombotic compli-
cations of atherosclerosis (5—7). In the early phase of plaque formation (2), dysfunctional endothe-
lium induces an increased vascular permeability allowing the progressive accumulation of lipids in
the artery wall. Dysfunctional endothelial cells recruit inflammatory leukocytes by releasing che-
mokines and expressing adhesion molecules. (3) Accumulating macrophages in the lesion engulf
modified lipoproteins and form lipid-laden foam cells. Leukocytes and vascular cells release
inflammatory cytokines that sustain and amplify the recruitment of inflammatory cells within the
intima and promote smooth muscle cell migration and proliferation. (4) Progressive accumulation
of lipids and necrotic cells forms an acellular “necrotic core” in the lesion, overlapped by a fibrous
cap, composed by extracellular matrix and smooth muscle cells. Inflammation further increases the
production of prothrombotic molecules and proteinases that can cleave extracellular matrix pro-
teins of the fibrous cap and weaken its resistance from rupture. (5) When the fibrous cap ultimately
breaks, coagulation factors in blood gain access to prothrombotic molecules in the necrotic lipid-
rich core, forming a thrombus. If fibrinolytic mechanisms fail to overcome clot formation, an
occlusive thrombus may form and provoke an acute coronary syndrome. (6) Plaques can evolve
towards a more fibrous lesion, rich in extracellular matrix and smooth muscle cells, and often calci-
fied nodules. These more “stable” lesions can however become significantly stenotic. (7) Superficial
erosion can occur in advanced lesions. Erosion is characterized by a local desquamation of endo-
thelial cells, exposing procoagulant signals, and associates with the formation of a mural thrombus
without any visible signs of plaque rupture (Adapted from Libby [10])

apparent in the later phase of the disease when luminal obstruction and arterial
insufficiency result in tissue ischemia (Fig. 1.2).

As the expanding plaque outstrips its oxygen supply, the artery wall adventitial
vasa vasorum sprout new blood vessels that penetrate the media and intima to aug-
ment plaque oxygen delivery. Neoangiogenic processes may attenuate cell death
and necrotic core accumulation by providing nutrients and oxygen to cells deep
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within the plaque. Neoangiogenic blood vessel also provides a pathway for the entry
of additional immune cells into the center of inflamed plaques [26].

As the plaque progresses, the necrotic core remains covered by a fibrous cap that
supports the luminal endothelial cells. This fibrous cap critically maintains blood
vessel integrity and prevents exposure of the prothrombotic atheroma core to the
circulating blood pool. In the setting of ongoing inflammation, cells within the ath-
eroma (primarily macrophages, ECs, and SMCs) produce enzymes that degrade
arterial ECM proteins to enable geometrical remodeling. These enzymes, which
include MMPs and cathepsins, directly breakdown interstitial fibrillar collagen and
elastin which provide tensile strength to the plaque fibrous cap [27, 28].

1.4  Plaque Complications

The complications of atherosclerotic plaques are largely related to adverse effects
on delivery oxygen and nutrients to tissues. In cases where inward remodeling pro-
gressively results in obstruction of blood flow, patients experience ischemic symp-
toms caused by arterial insufficiency. In the insidious setting of stable plaque
progression, the symptoms of tissue ischemia often develop gradually and may be
prompted by activities which increase utilization and oxygen demand of the affected
organ. Symptomatic atherosclerotic complications also occur acutely, when a previ-
ously asymptomatic atherosclerotic plaque causes sudden arterial thrombosis and
tissue ischemia. Indeed, it is estimated that thrombosis of subclinical atherosclerotic
plaques accounts for the majority of fatal myocardial infarctions annually [29].
Subclinical and clinical plaque-associated thrombosis and healing is also a common
mechanism for plaque expansion that promotes inward remodeling and narrowing
of the arterial lumen [30]. The three main types of acute plaque complications dis-
cussed below are plaque rupture, intraplaque hemorrhage, and plaque erosion.

1.4.1 Plaque Rupture

Plaque rupture is the most common form of atherosclerotic plaque complications,
and it accounts for ~70 % of fatal myocardial infarcts (MI) [31]. Plaque rupture
occurs when shear forces of flowing blood or microcalcification impurities cause
physical rupture of the fibrous cap that underlies the endothelium and separates the
prothrombotic atheroma core from luminal blood. Exposure of the TF-rich plaque
core to flowing blood results in clotting cascade activation, platelet deposition, and
thrombus formation that can acutely obstruct arterial blood flow.

Importantly, rupture prone or “vulnerable atherosclerotic plaques” have charac-
teristic features that include thin fibrous caps (<65-55 um), a large lipid-rich core
(>40 % of plaque’s volume), and active inflammation as evidenced by extensive
accumulation of macrophages [32]. Inflamed plaques produce numerous proteases
that cleave the ECM proteins in the fibrous cap and weaken the cap structure, and it
is well established that inflammation-induced ECM proteolysis promotes plaque
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rupture. The major classes of proteinases expressed in atherosclerotic plaques are
MMPs (MMP1, 2, 8, 9, 13, 14), and cathepsins (S, K, L) [33-39]

As plaques expand, inflammation promotes macrophage and SMC-mediated cal-
cium deposition within the plaque and plaque calcification heightens plaque vulner-
ability by increasing stiffness and biomechanical inhomogeneity [40]. Plaque
calcification occurs in response to cytokines that alter local expression of the pro-
teins that promote calcium deposition (e.g., alkaline phosphatase (ALP), osteopon-
tin, Runx2/Cbfal, osteocalcein, members of the Notch family) and inhibit calcium
resorption (e.g., Matrix Gla-protein (MGP), fetuin, osteoprotegerin). In clinical
studies, vascular calcification markedly increases the risk of acute cardiovascular
events and sudden cardiovascular death [41, 42].

1.4.2 Plaque Erosion

Plaque erosion, which accounts for ~20-25 % of fatal MIs, predominantly affects
young women and patients with dyslipidemia [43]. Plaque erosion occurs when
there is local desquamation of luminal endothelial cells in the absence of physical
signs of fibrous cap rupture. In the setting of plaque erosion, exposure of the suben-
dothelial ECM stimulates clotting cascade activation and arterial thrombosis. Unlike
plaque rupture, cap thinning, and macrophage do not appear to be associated with
plaque erosion. In fact, plaques undergoing erosion tend to have a high content of
SMCs and proteoglycans [44]. Although the drastic differences in composition
between rupture and erosion prone plaques suggest that the two processes have dif-
ferent pathologic mechanisms, the molecular mechanisms of plaque erosion are
largely unknown. Notably, patients with plaque erosion have high levels of circulat-
ing myeloperoxidase (MPO), and in vitro analysis has demonstrated that MPO and
its associated ROS (hypochlorous acid) can trigger EC apoptosis which promotes
EC sloughing and erosion [45].

1.4.3 Intraplaque Hemorrhage (IPH)

IPH is an important contributor to plaque destabilization and in some cases can
promote acute plaque rupture. The neovessels which develop in complex atheroma
are fragile and prone to rupture. Following neoangiogenic rupture, the influx of
immune cells, red blood cells (RBC), and blood proteins dramatically influence
plaque biology.

ROS, oxidized LDLs, and lipids extracted from human atheromatous plaques
promote RBC lysis and hemoglobin release [46, 47]. Within the plaque, free hemo-
globin amplifies the oxidative stress responses which drive EC damage, apoptosis,
and accumulation of necrotic debris [48, 49]. Blood-derived proteases also act on
plaque ECM components and promote fibrous cap thinning and rupture. In line with
this concept, studies have demonstrated that markers of IPH associate with rupture
prone vulnerable plaque morphology [50]. Plaque neutrophil infiltration also
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increases following IPH, and the neutrophil-derived proteases including tissue plas-
minogen activator (t-PA), urokinase plasminogen activator (u-PA), plasmin, gelati-
nase, and serine proteases also degrade fibrous cap components and increase chance
of rupture [51]. In addition to directly degrading ECM component of the fibrous
cap, neutrophil-derived serine proteases break down atheroprotective SMC-secreted
heat shock proteins (HSP) [52, 53].

1.5  Atherosclerosis Imaging

Advanced imaging strategies have a central role in the detection, treatment, and
prevention of atherosclerotic vascular disease and its ischemic complications.
The insidious nature of atherosclerosis is such that plaque development contin-
ues for years until lumen obstruction or thrombotic complications result in clini-
cally apparent symptoms. The majority of acute CV events occur in patients who
were previously asymptomatic, and thus, there has been a concerted effort to
develop novel diagnostic imaging strategies that can identify patients before ath-
erosclerotic complications occur. Once identified, the goal would be to treat
these patients with risk-reduction therapies. In the following section, we will
describe the general categories of CV imaging techniques with a focus on the
vascular pathology which can be interrogated with each method. This general
introduction will frame subsequent in-depth chapters which are focused on spe-
cific imaging modalities.

1.6  Anatomic Atherosclerotic Plaque Imaging

Several types of anatomical imaging methods are available to study cardiovascular
anatomy and vascular structures. These modalities can be stratified by whether they
involve noninvasive or invasive imaging methods (Table 1.1). With regard to vascu-
lar imaging of atherosclerosis, anatomic imaging provides excellent assessment of
blood vessel structure and lumen stenosis; however, most anatomic techniques pro-
vide little information about plaque physiology or composition (as reviewed in
depth [54]).

1.6.1 X-Ray Computed Tomography

X-ray computed tomography (CT) is a noninvasive method that uses high-resolution
X-ray imaging systems to generate images of cardiac and vascular structures. CT
angiography (CTA) involves the intravenous administration of iodinated contrast
agents to visualize luminal features of blood vessels (Fig. 1.3). Although CTA is a
rapid and noninvasive method for assessment of flow-limiting peripheral and coro-
nary artery stenosis, the spatial resolution of CTA is less than invasive coronary
angiography (see below). Thus, invasive coronary angiography has superior
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Table 1.1 Invasive and noninvasive imaging modalities

Technology | Resolution Depth Imaging moieties
Noninvasive
CT/CTA X-ray 50 pm No limit Iodinated molecules
MRI/MRA Magnetic 10-100 pm No limit Gd chelates, SPIO, USPIO
PET/SPECT | Nuclear ~2 mm No limit I8F, %4Cu, '"'C Tracers/”™Tc,
123/124/125/131L1111n tracers
Invasive
Angiography | X-ray ~0.5-1 mm No limit Iodinated molecules
OCT/OFDI Optical ~10 pm 1-3 mm None
Angioscopy Optical 10-50 pm Surface None
imaging
Ivus/ Ultrasound | ~150 pm 4-10 mm None
IVUS-VH

CT angiogram

Invasive angiography

Fig. 1.3 Computed tomography coronary angiogram (a) and invasive coronary angiogram (b) in
the same patient. Yellow arrows denote an obstructive atherosclerotic plaque in the mid-segment of
the left anterior descending artery (LAD)

sensitivity for identifying obstructive stenosis in medium- and small-caliber blood
vessels. CTA also performs poorly in calcified or previously stented arteries where
imaging artifacts limit interpretation of lumen patency. When compared to invasive
angiography, the sensitivity and specificity of CTA for detecting flow-limiting ste-
nosis of 50 % or greater are typically 96 and 86 %, respectively [55].
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Fig.1.4 Magnetic resonance
angiogram (MRA) showing
origin of the left main
coronary artery from the
aorta, giving rise to the

left anterior descending
artery (LAD), Red arrow

1.6.2 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is another noninvasive cardiovascular imaging
method that utilizes a magnetic field and radiofrequency detection to visualize cardio-
vascular structures with high spatial and temporal resolution. MRI frequently utilizes
intravenous gadolinium-contrast enhancement to perform magnetic resonance angiog-
raphy (MRA) (Fig. 1.4). Although MRA does an excellent job imaging large arteries
and veins, its clinical use for the assessment of flow-limiting coronary artery stenosis
has been hampered by significant limitations in visualizing distal segment and small
branch disease. With the advent of advanced 3 tesla MRI systems, there is renewed
interested in developing MRA for diagnostic imaging of obstructive coronary artery
disease [56-58]. In research applications, combination of cardiovascular MRI with an
invasive intracoronary MRI detector coil enables characterization of lipid-rich, fibrotic,
and calcified plaques with favorable sensitivity and specificity [59].

1.6.3 Angiography

Angiography is an invasive cardiovascular imaging technique that involves direct injec-
tion of an iodinated radiopaque contrast agent into the blood vessel to enable imaging
with an X-ray-based video fluoroscopy technique (Fig. 1.5). Historically, angiography
has been the gold standard for diagnosing obstructive vascular disease because it has
excellent sensitivity and specificity and is frequently coupled with invasive methods to
treat obstructive vascular disease with angioplasty and stenting. Although angiography
is excellent at outlining the luminal border of the vasculature, this method provides no
information about blood vessel structure or size beneath the endothelial surface.
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Fig.1.5 Coronary angiogram. (a) Angiogram of a right human coronary artery. (b) Angiogram of
a left human coronary artery prominently showing the left anterior descending artery (black arrow
denotes the injection catheter; white arrow denotes the artery)

1.6.4 Angioscopy

Angioscopy is an invasive imaging modality that utilizes a high-intensity light
source and optical imaging fibers to produce a full-color, 3-dimensional picture of
the artery surface. Angioscopy requires that the imaging catheter be placed into the
lumen of the artery, and because angioscopy utilizes standard light-based imaging,
image acquisition cannot be done in the opaque blood medium. Thus, the angios-
copy method requires occlusion of the artery with a balloon that enables arterial
perfusion with a clear medium such as saline during the imaging sequence.
Angioscopy generates images of the coronary artery lumen; however, it is only able
to focus on a small part of the artery at a single time (Fig. 1.6). The limited imaging
area and cumbersome process of balloon occlusion and saline perfusion have lim-
ited the widespread use of angioscopy in clinical practice or for research
applications.

1.6.5 Intravascular Ultrasound

Intravascular ultrasound (IVUS) is an invasive vascular imaging method that uti-
lizes an intracoronary ultrasound catheter that is placed into the lumen of the artery.
The IVUS catheter contains a small ultrasound probe which employs reflected
sound waves to generate an image of the blood vessel structure (Fig. 1.7). Standard
clinical IVUS catheters have a spatial resolution of 150-200 pm and can image
4—10 mm deep into the blood vessel wall. IVUS can operate without balloon occlu-
sion because the presence of blood does not impede sound wave imaging. IVUS
imaging enables analysis of lumen and vessel dimensions and the distribution of
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Fig.1.6 Coronary artery angioscopy. (a) Angiogram of the right coronary lesion (Black arrow) in
a patient with unstable angina. (b) Before percutaneous angioplasty, angioscopy shows mural
thrombus (TH), (White arrow). (¢) After percutaneous angioplasty, angioscopy shows the guide-
wire (W) in the lumen and persistent mural thrombus (7H) within an intimal dissection (White
arrows) (Adapted from White et al. [187])

atherosclerotic plaques. Because of the high spatial resolution, IVUS provides
information about intravascular anatomy that far exceeds the level of detail obtained
from conventional contrast angiography.

A recent adaptation of IVUS imaging has been termed virtual histology IVUS
(VH-IVUS). VH-IVUS utilizes radiofrequency of reflected ultrasound signals and
frequency domain analysis to generate a color-coded tissue map of plaque composi-
tion which is superimposed on the standard gray scale IVUS cross-sectional images.
VH-IVUS improves characterization of the lipid content and necrotic core of ather-
oma, and in small studies, VH-IVUS-correlated plaque lipid content increased risk
of adverse embolization events during therapeutic coronary artery intervention [60].

1.6.6 Optical Coherence Tomography

Optical coherence tomography (OCT) is an invasive intravascular imaging modality
that utilizes near-infrared light to generate cross-sectional blood vessel images. OCT
catheters, placed into the blood vessel lumen to enable imaging, generate images of
coronary arteries with 10-15 pm of spatial resolution that is an order of magnitude
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Fig.1.7 Intravascular ultrasound and optical coherence tomography of the left anterior descend-
ing coronary artery. IVUS (left) and OCT (right). Black arrows denote corresponding cross section
of the artery coregistered to the angiogram. Panels (B) and (E) show a stenotic atherosclerotic
plaque (white arrow). Panel A-C, LAD IVUS images. Panel D-F LAD OCT images.

more precise than the 150-200 pm resolution of IVUS (Fig. 1.7). Although the spa-
tial resolution of OCT is markedly superior to IVUS, near-infrared light does not
penetrate tissue as effectively as sound, and thus, OCT can only image from 1 to
3 mm into the vessel wall. In addition, because near-infrared light is scattered by red
blood cells, OCT is similar to angioscopy because it requires transient blood clear-
ance during image acquisition. Importantly, recent technological advances in OCT
console and catheter design (i.e., optical frequency domain imaging (OFDI)) have
enabled rapid imaging element pullback that allows image acquisition to occur dur-
ing the brief blood-free interval when standard angiography contrast is injected into
the artery. This improvement in catheter speed eliminated the need for the arterial
balloon occlusion, and OCT imaging is now a convenient, high-resolution imaging
modality that is widely used in many centers. In addition, several recent studies have
demonstrated that OCT is a highly effective method for identifying and quantifying
thin cap fibroatheroma which are predisposed to plaque rupture [61-63].

1.7  Functional Atherosclerotic Plaque Imaging

Although anatomic imaging methods provide some insights into plaque lipid com-
position, fibrous cap thickness, and plaque volume, anatomic imaging methods lack
the ability to define critical components of plaque physiology that predict plaque
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complications. These physiological characteristics such as plaque inflammation,
metabolic activity, and protease function are key determinants of atheroprogression
and clinical complications of atherosclerotic disease. In the past decade, we have
made great strides in our understanding of the molecular processes that promote
plaque progression, vulnerability, and atherothrombotic events. Plaque character-
ization with molecular phenotyping can now be done using a spectrum of imaging
modalities. Advances in molecular imaging methods greatly facilitate research on
vascular disease mechanisms, and several molecular and functional imaging tech-
niques have the potential to be used in the clinical setting to identify vulnerable
plaques, to follow disease activity, and to monitor therapeutic responses. In general,
functional imaging methods employ specific molecular imaging probes that are
linked to one or more detectable imaging constituents such as fluorophores, radio-
nuclide compounds, magnetic particles, or microbubbles.

The detection methods for functional imaging vary considerably. Nuclear, posi-
tron emission tomography (PET), and single-photon emission computed tomogra-
phy (SPECT) rely on radioactive tracers for imaging detection, and these method
often have high sensitivity and quantitative ability but relatively low spatial resolu-
tion. Optical modalities for functional imaging typically utilize fluorescent detectors
and probes that are in the near-infrared (NIR) spectrum to visualize vascular tissues.
Fluorescent detection methods include confocal and multiphoton microscopy for
invasive intravital imaging and fluorescent tomography for noninvasive imaging. The
limited penetration of light through tissues currently prevents the noninvasive use of
optical and fluorescent methods to image the human vasculature. The invasive, cath-
eter-based, InfraRedx Lipiscan™ combines IVUS and intravascular fluorescence to
define vessel architecture and plaque lipid content [64]. The following sections will
highlight physiologic processes and specific targets that are the focus of current func-
tional and molecular imaging techniques (Table 1.2, Fig. 1.8).

1.7.1 Cell Activation Imaging

Endothelial and inflammatory cell activation is an attractive target for functional
imaging of atherosclerosis because vascular inflammation (1) is increased in early
atherogenesis, (2) correlates with atheroprogression, and (3) is a marker of plaque
vulnerability. VCAM-1 is an adhesion molecule expressed by activated ECs and
macrophages at sites of vascular inflammation and within inflamed atherosclerotic
lesions. Various imaging strategies have targeted VCAM-1 expression with very late
antigen-4 (VLA-4) peptides, anti-VCAM-1 antibodies, or an MHCI peptide that
interacts with VCAM-1. These VCAM-1 targeting moieties have been coupled to
radionuclides (I, ®™Tc, ®F), near-infrared fluorescent dyes, superparamagnetic
iron oxide (SPIO) particles, or microbubbles. After injection, these probes accumu-
late in inflamed tissues and on activated cells, with little or no toxicity [65-71].
Preclinical analysis in mouse models established that there is selective increase in
VCAM-1 probe concentration in atherosclerotic lesions in vivo and that probe uptake
correlates with lipid content and VCAM-1 expression [72-76].
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Table 1.2 Molecular targets of atherosclerotic plaques and associated imaging moieties and

modalities

Biological process
Adhesion

Phagocytic
activity
Metabolic activity

Lipid uptake

Oxidative stress

Cell death

Proteinase activity

Neoangiogenesis

Osteogenesis
Thrombosis

Molecular target
VCAM-1

ICAM-1
E-selectin

P-selectin

FDG
FCH
HDL/LDL

CD68

LOX-1

SRs

Oxidized epitopes
MPO
Phosphatidylserine

MMPs

Cathepsins
Collagen

avp3 integrin

Ca*™ hydroxyapatite
Glycoprotein IIb/I11a
Fibrin

Factor XIII

Imaging moieties
123 9mTc. 18F, SPIO,
NIRF, microbubbles

Gd, microbubbles
SPIO

SPIO, Gd, microbubbles
SPIO

Cu, '*F-SPIO

]8F

IXF

]231’ lZSL 131L ]llIn’
PmTe, Gd

1241

HUn, #mTc, Gd
Microbubbles

1251, Gd, SPIO

Gd

]’_73L ]241’ 99mTC, Gd7
SPIO

1231’ 99mTC, ]81::’ Gd’
SPIO, NIRF
NIRF

Gd, NIRF

BF, Gd, NIRF,
microbubbles

MR-contrast agent
(K'™n), microbubbles

'8F, NIRF

®mTe, SPIO, NIRF,
microbubbles

Cu, Gd
Gd, SPIO, NIRF

Imaging platforms
PET/SPECT, MRI,
optical imaging,
CEU

MRI, CEU

MRI

MRI, CEU

MRI

PET/SPECT

PET

PET

PET/SPECT, MRI

PET/SPECT
SPECT, MRI
CEU
PET/SPECT, MRI
MRI

PET/SPECT, MRI

PET/SPECT, MR],
optical imaging
Optical imaging
MRI, optical
imaging

PET, MRI, optical
imaging, CEU
MRI, CEU

PET, optical imaging
PET, MRI, optical
imaging, CEU

PET, MRI

MRI, optical
imaging

Similar strategies target other cell adhesion molecules that play a critical role in
the pathobiology of atherosclerosis. Specific probes for I[CAM-1, E-selectin, and
P-selectin effectively identify activated endothelial cells in atherosclerotic lesions
[77-81]. Theranostic imaging strategies have coupled molecular imaging with thera-
peutic compound delivery; ICAM-1 antibody-targeted echogenic immunoliposomes
that contain NO donors deliver vasculoprotective NO to areas of inflamed EC [82].
Combination of targeting moieties for adhesion molecules increases the sensitivity
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ANATOMICAL IMAGING
-stenosis

-plaque morphology
-composition heterogeneity
-thermal heterogeneity
-advanced calcification

MOLECULAR IMAGING
-cell activation

-cell apoptosis

-cell metabolism
-proteinase activity
-calcification
-intraplaque hemorrhages
-lipid uptake

-oxidative stress

Fig.1.8 Anatomical and molecular imaging for atherosclerosis. Top panels: OCT optical frequency
domain imaging (OFDI) (a) shows a thick fibrous cap (white arrows) and a large necrotic core with
typical low-intensity appearance (*). IVUS (b) demonstrates a narrowed coronary lumen with a focal
heterogeneous plaque overlapped by a fibrous layer (white arrows). The signal drops out due to the
plaque thickness (*). Computed tomography angiography (c) detects a large noncalcified plaque seg-
ment. Bottom panels: (d) VCAM-1 expression in atherosclerosis using '®F —4 V PET/CT. (e) Lower
uptake is seen in ApoE~~ mice treated with statins. (f) PET/CT with macrophage targeting nanopar-
ticles. (g) MRI with pseudocolored T2-weighted signal intensity, which decreased because of accu-
mulation of iron oxide nanoparticles (Adapted from Refs. [14, 15, 188, 189])

and specificity of inflammation imaging and can provide information about the colo-
calization of physiologic processes and anatomic structures in vivo [67, 83-85].

1.7.2 Phagocytosis Imaging

Macrophages are the predominant immune cells in atherosclerotic plaques and their
presence correlates with plaque inflammation and risk of rupture [86]. To detect mac-
rophage accumulation in lesions, researchers developed iron-based MRI probes (i.e.,
superparamagnetic iron oxide probes (SPIO, >50 nm) and ultrasmall superparamag-
netic iron oxide (USPIO, <50 nm) probes) that are engulfed and concentrated in
plaque-resident macrophages. These iron MRI compounds were first in class among
a growing number of novel enhanced MRI nanoagents. The prototypical phagocyto-
sis MRI agent has an iron oxide crystal core and a synthetic monomeric or polymeric
polysaccharide coating [87, 88]. Phagocytic cells avidly take up these nanoparticles
which causes them to accumulate preferentially in inflamed plaques that have large
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number of activated macrophages [89-91]. Macrophage phagocytic probes have
been used to assess the effect of atherosclerosis therapies. In the ATHEROMA study
(Atorvastatin Therapy: Effects on Reduction of Macrophage Activity), atorvastatin
reduced plaque USPIO uptake in humans which is reflective of decreases in macro-
phage-mediated plaque inflammation [92]. The plaque specificity of agents that tar-
get macrophage phagocytic activity can be increased by conjugating macrophage-avid
nanoparticles with lipoproteins that undergo receptor-mediated endocytosis or by
conjugating particles with phosphatidylserine (PS)-coated vesicles that mimic apop-
totic bodies (discussed in detail below) [93, 94].

In experimental models of atherosclerosis, dual coupling of radiolabeled ele-
ments (**Cu, 8F) and/or fluorescent dyes to nanoparticles allows combined multi-
modal optical and PET/SPECT imaging of plaque [95, 96]. Combination imaging
strategy offers the benefits of high spatial anatomic resolution of fluorescence and
excellent sensitivity and quantification of PET/SPECT. CT imaging also has the
potential to detect plaque-resident macrophages. In experimental rabbit studies,
high-resolution CT readily detects iodinated nanoparticles within inflamed
macrophage-rich plaques [97].

1.7.3 Imaging of Lipid Uptake/Foam Cell Formation

Macrophage lipid uptake is critical to the pathobiology of early plaque development
when foam cell formation is occurring, and heightened lipid uptake also occurs in
lipid-rich plaques that are vulnerable to plaque rupture [98]. Lipid-based imaging
agents can potentially identify areas of early plaque formation and progression.
These probes include high-density lipoprotein (HDL) and LDL compounds conju-
gated to radioisotopes for nuclear imaging (**1, 12°I, B!, !"!In, ®™Tc) or magnetic
compounds for MRI visualization [99, 100]. As discussed above, monocytes and
macrophages engulf lipids using specific scavenger receptors, and thus, an alterna-
tive approach for imaging lipid uptake involves selective targeting of lipoprotein
receptors such as LOX-1 or CD68. A preclinical study using *"Tc-labeled anti-
LOX-1 antibody quantified rabbit atherosclerotic plaques by PET. In this study,
signal enhancement colocalized strongly with postmortem LOX-1 plaque expres-
sion, albeit the signal intensity did not correlate with histological plaque grading
[101]. LOX-1 targeted USPIO compounds are promising MRI agents that colocal-
ize with plaque macrophage accumulation [102]. LOX-1 targeting moieties also
function well in MR, PET, and fluorescent imaging investigations [103]. NIRF-
conjugated anti-oxLDL antibodies enable imaging of plaque progression and statin-
induced plaque regression by fluorescent reflectance imaging in mice [104].

1.7.4 Imaging Metabolic Activity
Plaque progression strongly correlates with vascular cell proliferative activity and

with heightened metabolic activity of cells within the atheroma. Several studies
demonstrate that atherosclerotic plaques have greater metabolic activity compared
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to healthy vascular tissue, and this increased metabolic state can be exploited to
study plaque physiology [105]. Metabolically active cells readily uptake glucose
and its analog, fluorine-labeled 2-deoxy-D-glucose (FDG). '®F-FDG is widely used
to image the myocardium by PET, and it is currently under development as a vascu-
lar imaging agent. Early work demonstrated that FDG uptake in plaques colocalizes
with macrophages more than with SMCs [106, 107]. Furthermore, in vivo preclini-
cal studies provide evidence that '*F-FDG PET signal is increased in atherosclerotic
rabbit aortas compared to controls [107]. Recently, experimental work using human
tissues confirmed that FDG selectively accumulates in inflamed atheromatous
plaques [108-116], and clinical studies have showed that FDG PET can be used to
follow beneficial vascular effects of lipid or lifestyle therapies aimed at reducing
atherosclerotic risk [117-125].

In order to enhance the signal to noise ratio of cardiovascular metabolism imag-
ing, scientists are developing new metabolic biotracers that will preferentially enter
plaque and/or macrophages over the metabolically active myocardium. Indeed,
compared to the myocardium, macrophages have a higher avidity for the PET agent
BE- fluorocholine (FCH), which incorporates into the cell membrane. In preclinical
studies, macrophages in mouse atherosclerotic lesions take up FCH more readily
than FDG [126]. Further investigations are needed to determine if FCH performs
better than FDG for human plaque imaging.

Intravascular thermography (IV thermography) is an invasive method that exam-
ines plaque metabolic activity. Thermography is similar to angioscopy, IVUS, and
OCT in that it requires placement of a catheter into the artery. The thermography
catheter utilizes a miniaturized thermal sensor to measure temperature heterogeneity
along the length of the blood vessel. Heightened plaque inflammation and metabolic
activity are associated with increase cellular thermogenesis, and thus, inflamed or
proliferative plaques can be identified because they have an increased temperature
and greater thermal signals. Although elevated IV thermography temperature signals
have been shown to correlate with plaque inflammation [127], this technology is still
under development and is not currently approved for widespread clinical use.

1.7.5 Apoptosis Imaging

Cellular apoptosis contributes prominently to accumulation of the debris that com-
prise the necrotic core of advanced atheroma. In addition, plaque inflammation is
associated with increased apoptosis because several inflammatory cytokines acti-
vate apoptotic pathways in vascular cells [128]. In non-apoptotic cells, there is
asymmetric phospholipid distribution of the cellular membrane in which negatively
charged PS is sequestered on the cytosolic (inner) layer of bilipid membrane. Upon
activation of apoptotic pathways, PS becomes present on the outer surface of the
cell, and thus, PS is a marker of cellular apoptosis and PS-targeted imaging agents
can enable visualization of cell death.

One of the most widely used PS probes is the protein annexin V, which binds
avidly to PS-containing cell membranes. Iron and radiolabeled annexin V (**1, 124,
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PmTc and F) identify plaques, plaque macrophages, and vascular apoptosis by
MRI and SPECT [129-133]. Notably, *™Tc-annexin V concentrates preferentially
in lesions that contain macrophages and necrotic debris compared to lesions that
have a non-inflamed fibrous core [132]. In a clinical study of orthotopic heart trans-
plant patients who were suffering from rejection, there was increased uptake of
PmTc-annexin radiotracer in areas of myocardial infarction [134]. Based on early
success in preclinical studies, new investigations are underway to examine whether
annexin V probes can quantify the vasculoprotective anti-apoptotic effects of angio-
tensin inhibitory medications [135].!%*I-hypericin is a new necrosis-avid PET agent
that accumulates in areas of cell death. Preliminary studies using '**I-hypericin
demonstrate enhancement of carotid plaques in atherosclerotic mice [136, 137].

1.7.6 Oxidative Stress Imaging

Oxidative stress markedly increases in atherogenic conditions, and ROS promote
inflammatory cell activation, lipid oxidation, and apoptosis events that drive plaque
development and progression [138]. One method of oxidative stress imaging has
focused on developing antibodies that detect by-products of lipid oxidation. Studies
that employed radionuclide or MRI-conjugated antibodies against oxidized
malondialdehyde-lysine (MDA) or oxidized phospholipid epitopes (e.g., MDAZ2,
E06, and IK17) showed the feasibility of assessing qualitatively and quantitatively
oxidative stress in atherosclerotic lesions [139, 140]. Another strategy for oxidative
stress imaging involves targeting the ROS-producing enzymes that are made by
cells within atherosclerotic plaques. MPO is an enzyme that generates hypochlo-
rous acid (HOCI/OCI-) which is a marker of oxidative stress. To detect MPO activ-
ity, investigators designed a small-molecule, gadolinium-based MRI sensor for
MPO activity. This MPO probe detected increased MPO activity in the infarcted
myocardium of mice 2 days after coronary artery ligation. Moreover, serial imaging
sessions with this MPO agent accurately reflected the therapeutic beneficial effect
of statins after ischemia-reperfusion injury [141]. Similarly designed fluorescent
MPO nanosensors have also been used to detect ROS in preclinical studies [142].

1.7.7 Angiogenesis Imaging

The utility of neoangiogenesis imaging extends well beyond the realm of cardiovas-
cular disease, and much of the pioneering work in this field has been applied to the
study of tumor angiogenesis in oncology. Many angiogenic imaging agents target
expression of proteins that are critically involved in new blood vessel growth. The
cell surface receptor o,f; is an integrin adhesion molecule that regulates cell migra-
tion, proliferation, and survival [143]. o, 3 expression increases during angiogene-
sis, and Arg-Gly-Asp (RGD) peptides that bind to this integrin are effective
angiogenesis probes. Ferromagnetic RGD MRI probes enable detection of angio-
genesis in the abdominal aorta of atherosclerotic rabbits and rats [144, 145]. These
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imaging agents also effectively quantify reduction in angiogenesis following treat-
ment with antiangiogenic drugs [146, 147]. Several investigations have also utilized
PET-, optical-, and CEU-based o,f; integrin probes to assess plaque burden in ani-
mal models of atherosclerosis [148—150]. With regard to atherosclerosis imaging, it
is currently unclear whether o,p; imaging techniques are detecting neoangiogenic
process or the accumulation of macrophages in lesions, because macrophages and
angiogenic cells both express o,f3; receptors [148].

One method of angiogenesis imaging exploits the fact that atherosclerosis-
associated angiogenesis results in the production of fragile blood vessels that have
markedly increased vascular permeability. Because neoangiogenic vessels have
increased permeability, intravascular contrast agents can detect the presence of new
vessels based on the leakage of intravascular contents into the perivascular space.
Dynamic contrast-enhanced MRI is an angiogenesis imaging method that detects
the extravascular presence of an MRI contrast agent. This functional imaging
method relies on altered blood vessel physiology rather than a singular molecular
target to obtain information about angiogenic responses.

1.7.8 Proteinase Imaging

Proteinases are important catalytic enzymes that play a central role in all aspects of
atherosclerotic plaque biology. These enzymes, which include matrix metallopro-
teinases (MMP) and cathepsins, directly break down interstitial fibrillar collagen
and elastin and contribute to fibrous cap thinning and plaque rupture. Imaging
“smart” probes for proteinases take advantage of their proteolytic activity because
the probe signal intensity increases dramatically upon cleavage by the proteinase.

Investigators have successfully imaged vascular MMP activity in preclinical
models using a NIRF MMP-cleaved smart probe [151, 152]. Pharmacotherapy
experiments demonstrated that NIRF MMP smart probes can quantify the therapeu-
tic effect of MMP-13 and peroxisome proliferator-activated receptor PPARY inhibi-
tors on plaque MMP activity and macrophage accumulation [153, 154]. NIRF smart
probe technology has been adapted to image the activity of several plaque protein-
ases including MMP-2 and MMP-9 [155], and cathepsin B, C, and S [38, 156—158].
The majority of these NIRF smart probes have only been tested in animal models,
and there are technical hurdles related to the fact that most smart probes have poor
plaque penetration and rapidly diffuse out of the plaque once they are activated. To
address the issue of probe diffusion and the overall low sensitivity of NIRF smart
probes agents, investigators have developed invasive intraluminal optical imaging
catheters that can detect NIRF probes with higher sensitivity and spatial resolution
than noninvasive detectors [159]. New activatable, cell-penetrating NIRF peptide
probes may also improve NIRF proteinase imaging because these agents are retained
and concentrate within cells following proteinase cleavage [160, 161].

Researchers have labeled a variety of proteinase inhibitors with SPECT imaging
isotopes (121, Tc, and “F) to facilitate multimodal plaque imaging. Experiments
using *"Tc- or !!'In-labeled MMP inhibitors (MMPI) identify macrophages and acti-
vated MMP-2 and MMP-9 in atheromata and aneurysms [162, 163]. Gd-conjugated
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MMP peptides are also effective imaging agents for experimental MRI-based protein-
ase imaging of mouse atherosclerotic lesions [164], and several studies demonstrate
the feasibility of imaging gelatinase with MRI probes [165, 166]. One important point
regarding the physiology of inhibitor and peptide-based probes is that they may only
reflect proteinase expression, rather than activity; proteinase expression and activity
can be discordant because activity is tightly controlled by posttranslational regulation
and by the expression of endogenous proteinase inhibitors [167].

1.7.9 Imaging Thrombosis

As described above, atherothrombosis is a frequent mechanism of plaque complica-
tion, and sub-occlusive plaque thrombosis and intraplaque hemorrhage are major
contributors to plaque progression. Molecular imaging of thrombotic process has
the potential to identify high-risk plaques and facilitate diagnosis of atherothrom-
botic events.

Platelets play a central role in thrombotic processes, and they are viable targets for
cellular and molecular plaque imaging. The platelet surface adhesion receptor
P-selectin (CD62P) is an attractive target for platelet-based thrombosis imaging
because this molecule is only expressed by activated platelets. SPECT- and MRI-
based P-selectin binding peptides and antibodies enable imaging of plaques in ani-
mal models of atherosclerosis, and signals derived from those agents correlate with
plaque progression [81, 168]. The platelet membrane glycoprotein IIb/Illa (also
called integrin oyPm,, or Gp IIb/Illa) is another potential platelet imaging target.
Upon platelet activation, GPIIb/IIla undergoes a conformational change that exposes
ligand binding epitopes. These activation epitopes interact with specific peptides,
and studies using molecular MRI with GPIIb/IIla peptide imaging have demon-
strated the presence of activated platelets on the surface of symptomatic human ath-
erosclerotic plaques [169-171]. Although P-selectin and GPIIb/Illa targeting
approaches to thrombosis imaging are promising, these methods will require further
diagnostic and prognostic validation before they can be adopted for clinical use.

Fibrin as another thrombosis imaging target and the fibrin-binding peptide,
EP-2104R, identifies thrombosis in noninvasive imaging studies. When coupled to
Gd for MRI or %Cu for PET, EP-2104R detects arterial and venous clots in rodents
and humans [172-175]. Fibrin-based probes also successfully identify late stage
atherosclerotic plaques [176]. Investigations which utilized probes that target factor
XIII show promising results in preclinical studies that examined thrombus forma-
tion by PET, NIRF, and MRI [177-181].

1.7.10 Imaging Calcification

Vascular calcification is associated with adverse cardiovascular outcomes, and
emerging evidence suggests that calcification promotes plaque rupture by increas-
ing biomechanical inhomogeneity [40]. Standard imaging modalities such as CT,
MRI, IVUS, and OCT can readily detect vascular macrocalcification without using
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molecular imaging probes. In addition, several novel molecular imaging probes
have the potential to detect early vascular calcification events which are below the
sensitivity of standard anatomic imaging techniques.

8F-sodium fluoride (**F-NaF) is readily incorporated at sites of osteogenic calci-
fication, and this agent performed well with PET/SPECT vascular calcification imag-
ing studies [182]. A 51-patient pilot investigation demonstrated increased '*F-NaF
signal in advanced plaques in coronaries and the degree of the tracer enhancement
correlated with the severity of arterial stenosis [109]. Despite this early success, it is
entirely unclear if 8F-NaF uptake is a marker of plaque vulnerability.

Experimental studies in animal models of atherosclerosis have successfully
employed novel fluorescent bisphosphonate-conjugated imaging agents to examine
early vascular calcification with optical imaging methods [183, 184]. These fluores-
cent probes, which are incorporated at sites of calcium deposition, readily detect
vascular calcification of atherosclerotic plaques and calcification of heart valves
[184-186].

Conclusion

Vascular inflammation is a central mechanism in the pathobiology of atheroscle-
rosis, and although there has been much progress in the past two decades, there
are still large gaps in our understanding of the molecular mechanisms of athero-
sclerotic vascular disease. In addition, there is an urgent need to identify novel
methods to identify and treat patients with atherosclerotic vascular disease before
they develop devastating ischemic complications. Advanced imaging techniques
have the potential to greatly facilitate discovery of new disease mechanisms
which can be the target of novel atherosclerosis treatments, and theranostic
imaging agents have the potential to simultaneously monitor progression and
treat disease. In the near future, molecular imaging methods may also help clini-
cians identify “at risk patents” so that they can receive preventative personalized
therapies before they develop symptoms.
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Abstract

Atherosclerosis is a gradual process that evolves over decades with variable
plaque morphologies that can lead to atherothrombotic complications such as
stroke and acute coronary syndromes. The ability to image the structural, cellu-
lar, or biochemical signatures of high-risk plaque phenotype has been a major
goal for essentially all forms of clinical and preclinical imaging. These efforts
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have been based on the need to better understand pathobiology, the need to have
a biologic readout for the testing of efficacy for new treatment strategies, and for
the clinical purposes of potentially selecting patients for more aggressive forms
of anti-atherosclerotic treatments that are in development stage. Ultrasound-
based evaluation of plaque severity and plaque composition is already an integral
part of the practice of cardiovascular medicine in the form of extracorporeal and
intravascular imaging. New ultrasound-based techniques are being developed
that may provide incremental information to structure alone. Some of these tech-
niques are based on the ability to detect vascular inflammation by either regional
abnormalities in the mechanical properties of the vessel wall or presence of
plaque neovessels using contrast ultrasound imaging. Molecular imaging with
acoustically active agents targeted to endothelial cell adhesion molecules, plate-
lets, and microthrombosis has also been used to evaluate high-risk phenotype.
Although clinical translation is a distant goal, the impact of ultrasound-based
molecular imaging is already being felt through its application to better define
pathophysiology and evaluate new therapies in atherosclerotic disease.

2.1 B-Mode Ultrasound Imaging of Atherosclerosis
2.1.1 Focused Review of Ultrasound Physics

In its simplest manifestation, sound is the propagation of pressure fluctuations that
produce alternating compression and rarefaction of the medium through which it
travels. Ultrasound imaging is performed by applying an electric field through
piezoelectric materials which undergo mechanical vibrations at a specific frequency
and secondary directional sound waves [1]. The alternating peaks and nadirs of an
ultrasound wave can be defined by its propagation velocity, frequency or array of
frequencies (or its inverse function wavelength), pressure amplitude, and length
(pulse duration) [1-3]. The two factors, frequency and power, are the primary deter-
minants of how ultrasound interacts with tissue with regard to acoustic reflection,
scatter, attenuation, damping, and bioeffects such as heating and cavitation.

The diagnostic range of ultrasound frequencies for humans is generally between
1 and 20 MHz, whereas therapeutic ultrasound is often performed at lower acoustic
frequencies [1]. High-resolution 2-D diagnostic ultrasound relies on the use of short
pulses of ultrasound that can be steered and focused by altering the timing of piezo-
electric element activation along a line or 2-D matrix of elements. As the focused
ultrasound waves propagate through tissue, they can be influenced by tissue in many
ways including wave reflection, ultrasound scatter, refraction, attenuation or damp-
ing, and frequency shift. Acoustic reflection and backscatter are the basis for images
created whereby returning ultrasound energy is sensed by the piezoelectric elements
and, if not filtered based on frequency and amplitude, are displayed as pixel
enhancement [1].

Basic principles of acoustic physics are important in understanding the princi-
ples of contrast-enhanced and non-contrast ultrasound imaging in the assessment of
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endothelial activation and atherosclerosis. For example, the discrimination of differ-
ent tissue types is made possible by the differences in the acoustic impedance of the
tissue, angles of reflection, and scatter properties [3]. Frequency and pulse duration
are important considerations for determining differences in acoustic response of
different tissues as well as the axial spatial resolution for distinguishing these differ-
ences. High frequencies are optimal for axial and lateral resolution for 2-D and
strain imaging and for tissue characterization. However, there is also the need for
tissue penetration which is inversely related to frequency. These principles have
defined the ability to evaluate intimal thickening and the presence of different
plaque compositions in the vascular wall for both intravascular and surface imaging
probes. Likewise, the signal generated by ultrasound contrast agents relative to tis-
sue that have been used to evaluate atherosclerosis and spatial resolution of contrast
enhancement is influenced by frequency, pulse-repetition frequency, and acoustic
pressures.

Conventionally, temporal resolution for 2-D ultrasound refers to the ability to
characterize tissue motion. Temporal resolution is determined by the pulse-repetition
frequency, which in turn is influenced by the depth of the ultrasound field, pulse
duration, and transmit frequency and by the number of ultrasound lines which for
conventional imaging systems is controlled by ultrasound sector width and line den-
sity [2]. For this reason, M-mode ultrasound which is composed of single-line imag-
ing from one or two elements is still used on occasion to structurally evaluate rapid
or brief events. However M-mode imaging provides only 1-D information on tissue
motion, and it cannot be used for speckle-tracking strain imaging where speckle
patterns from radiofrequency data are analyzed to determine frame-to-frame differ-
ences in the rate or extent of tissue deformation. Alternatively, temporal resolution
can also refer to either how often a physical or molecular event can be assessed with
ultrasound. For example, temporal resolution with contrast ultrasound imaging
relies on how much time is required for contrast agent injection, site-targeted attach-
ment, and sufficient clearance of free tracer from the blood pool to distinguish
attached from nonattached agent.

2.1.2 Ultrasound of Imaging of Plaque Burden

Atherosclerotic lesion formation is a gradual process that often evolves over the period
of decades. In its simplest form, ultrasound can and has been used for years to evaluate
the extent and rate of progression of atherosclerotic disease. Plaque dimensions and
degree of luminal narrowing by carotid, peripheral, and coronary artery ultrasound
imaging have been used to determine severity of stenosis and to determine whether
luminal encroachment is sufficient to explain symptoms attributable to hypoperfusion
at rest or during stress (angina, claudication, TIAs, left ventricular dysfunction).
However, the ability to accurately assess total atherosclerotic burden also has signifi-
cant clinical value [4]. Because of adverse outward remodeling of the vessel wall,
atherosclerotic burden may be underestimated by simply evaluating luminal stenosis
[5]. Clinical trials have clearly indicated the importance of plaque volume on
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prognosis for adverse cardiovascular or cerebrovascular events, and there are recent
findings that indicate that plaque biology and burden are interactive features that pre-
dict adverse coronary events in patients with known coronary artery disease (CAD)
[6]. The types of imaging approaches that have been used to quantify plaque burden
differ according to scale and distance from the body surface. For example, carotid
plaque volume can be estimated by live or post-processed 2-D or 3-D ultrasound
imaging techniques using surface ultrasound at medium frequencies (5-14 MHz) [7,
8]. In contrast, coronary artery plaque volume has been quantified primarily by high-
frequency intravascular ultrasound because of the smaller arterial dimension, arterial
tortuosity, intervening lung, motion, and distance between the chest wall and anterior
cardiac surface which limit transthoracic imaging. On ex vivo or postmortem histol-
ogy, quantification of plaque or neointimal burden is best determined by measuring
the area or volume that is within the confines of the internal elastic lamina. Accordingly,
ultrasound-based assessment of plaque volume is based on the ability to use acoustic
signatures produced by changes in composition or anisotropic transitions to define the
intima-media border, and post-processing programs have been developed to automati-
cally recognize and quantify plaque volume during calibrated transducer positioning
along the axial direction of the vessel (Fig. 2.1) [9].

2.1.3 Imaging Plaque Composition

There has been extensive study of what constitutes disadvantageous plaque biology
with regard to likelihood for rapid progression or susceptibility to atherothrombotic
complications such as stroke and acute coronary syndromes. Some of the high-risk
morphologic or cellular characteristics of a plaque include eccentricity, inflamma-
tory cell burden and cell type, necrotic core, high lipid or foam cell content, thin
fibrous cap which is defined differently for carotid and coronary vessels, microcal-
cifications, evidence of recent intraplaque hemorrhage, cellular apoptosis, prolifera-
tion of the vasa vasorum or plaque neovessels, and plaque ulceration or erosion
[10-12].

The most basic attempts to identify high-risk plaque phenotype have been based
on detecting either echolucency of plaques which have been correlated with
increased lipid and necrotic core content and plaque calcification which has been
associated with enhanced inflammatory activity. In cross-sectional studies, these
ultrasound features have been shown to be more prevalent in unstable than stable
plaques, and more recently they have been shown to provide a modest estimate of
risk in prospectively followed patients [4, 10, 13]. The presence of echolucent
plaques in one location (e.g., carotid artery) has also been shown to be an indicator
of greater disease burden in other vascular beds [14]. With regard to calcification,
the presence of a high degree of coronary calcification for age has been demon-
strated to be one of the most useful markers for reclassifying risk for patients after
taking into account non-imaging risk factors [15]. Although with these findings and
the demonstration on histology of the relation between calcium with inflammation,
it is generally accepted that lack of calcium does not necessarily denote low risk,
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Fig.2.1 Images obtained by
mechanical 3-D acquisition.
The top panel represents 3-D
imaging of a plaque phantom
with corresponding x-, y-, and
z-plane sample acquisitions at
the plaque level. The bottom
panel illustrates a 3-D
reconstruction with half-
volume cutaway of a carotid
artery bifurcation from a
patient with lumen-
encroaching plaque (From
Graebe et al. [9], with
permission). In the top figure,
panel 4 represents the 3-D
reconstruction with x-, y-,
and z-planes represented in
panels 1-3 to the right. In the
bottom figure, arrows depict
regions of plaque in different
regions of the carotid
including the common carotid
(A), the bifurcation (B), and
the internal (D) and external
(C) carotid

since lipid-rich lesions with thin fibrous cap may not have much detectable calcium
particularly in young individuals.

The ability to produce robust images at high transmit frequencies and the increased
computational power in imaging systems have resulted in techniques that have been
able to discriminate tissue types beyond simply “echolucent” and “calcified” by
advance radiofrequency spectral analysis (frequency spectrum, amplitude, extinc-
tion) of backscattered signals (Fig. 2.2) [11]. Such radiofrequency analysis can char-
acterize tissues as fibrous, fibrofatty, necrotic, and calcified with high spatial
resolution and can provide a modest measure to identify plaques that may have a
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I Fibrous tissue (FT”) Fibrofatty tissue (“FF”)
B Necrotic core (“NC”) [ ] Dense calcium (“DC”)

Fig.2.2 B-mode ultrasound imaging of a coronary artery with eccentric plaque. (a) Gray-scale
2-D intravascular ultrasound image and (b) corresponding color-coded virtual histology image
produced from radiofrequency spectral analysis demonstrating different plaque components
according to the key at botfom (From Konig and Klaus [11], with permission)

high likelihood for progression or for atherothrombotic complications [11, 16, 17].
The ultrasound signatures that have been used to discriminate tissue type have been
based on both modeling and radiofrequency signatures of tissue type from ex vivo
vascular specimens. Some of the high-risk features of radiofrequency tissue charac-
terization include fibrous cap thickness, volume or circumferential extent of necrotic
tissue, and heterogeneity in tissue types. Although there are no prospective studies to
suggest that the findings of these techniques can be used to select any therapy, they
have been shown to provide a measure of risk for acute adverse atherosclerotic events
particularly when paired with information on plaque size or disease burden [17].

2.1.4 Mechanical Properties

Mechanical properties are what determine the 3-D deformation of a vessel under vari-
ous degrees and directions under stress. In turn, the mechanical properties are deter-
mined by the physical dimensions and composition of the vessel wall. Methods for
globally assessing arterial mechanical properties in a rapid fashion have been devel-
oped, some involve ultrasound measurements such as pulse wave velocity (time delay
in the onset of a systolic pulse from a proximal to more distal site in large conduit
vessels) and elastic modulus which reflects stress-strain relationships by any number
of mathematical approaches to correlate pulse pressure to the change vascular
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Fig. 2.3 Correlation of B-mode and elastography ultrasound with histology in a coronary artery
with eccentric plaque. Ultrasound images include (a) intravascular ultrasound 2-D imaging and
(b) corresponding elastogram map with yellow areas demonstrating a region of high strain and blue
areas demonstrating low strain. (¢, d) Histology revealing a plaque with large volume, eccentric
remodeling, and thin-cap atheroma (From Schaar et al. [24], with permission)

dimension [18, 19]. Methods for spatial quantification of arterial mechanical proper-
ties have been developed but are still investigational. One approach has been to use
either Doppler data or speckle-tracking echo to measure vascular strain (the degree
radial or circumferential deformation) or strain rate [20—22]. This can be done in a
transmural approach or just for the immediate luminal region which is sometimes
referred to as palpography (Fig. 2.3) [20, 23, 24]. These approaches have been used to
detect reduced vascular compliance due to longstanding hypertension [18]. They have
also been used in a global or regional fashion to detect increases in vascular distension
that occur in high-risk plaque due to inflammatory response, necrosis, and abnormal
matrix homeostasis or in patients with high risk for unstable aortic complications
from medial aortopathy (Marfan’s, bicuspid aortic valve) [20, 21, 24, 25]. In particular
regions with high heterogeneity of strain have been correlated with high risk for vas-
cular rupture [24, 26, 27]. These findings suggest that shear rates within the vessel
wall may be as important as shear rate at the luminal surface. Some of the limitations
of the technology include that it cannot be performed for coronary vessels noninva-
sively, lack of studies evaluating 3-D or longitudinal strain patterns, and the inability
to accurately measure focal stress (pressure) which can be influenced flow streams
that become non-laminar from eccentric stenosis or at arterial branch points.

2.1.5 VasaVasorum and Plaque Neovessel Imaging

Expansion of the vasa vasorum (VV) and development of plaque neovessels that
penetrate into the tunica media and intima have been causatively linked with risk for
unstable atherosclerotic progression and plaque rupture [28]. These neovessels may
promote instability in a number of ways. They can be a portal of entry for immune
cells, lipoproteins, platelets, and erythrocytes that contribute to adverse plaque com-
position and inflammation. Conversely, VV may also be a reflection of high-risk
plaque phenotype, since the growth factors, cytokines, and proteases that mediate
neovascularization are in part triggered by the inflammatory response, intraplaque
hemorrhage, and/or by oxidative stress [29].
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While the density of VV and plaque microvessels on histology can be very high,
often very few of these vessels are actively perfused at any one time. This functional
inactivity and the very slow flow velocity in vasa vasoral vessels make them very
poorly amenable to detection by standard Doppler-based techniques. More recently,
ultrasound contrast agents which are composed of acoustically active encapsulated
microbubbles have been applied to characterize the degree of plaque neovascular-
ization. These contrast agents are approved for use in many countries for left ven-
tricular cavity opacification on echocardiography and for liver imaging to better
discriminate intrahepatic masses [30]. The degree of neovascularization in severe
carotid artery plaques has been shown to be higher in those with unstable versus
stable plaques based on clinical presentation and has been shown to correlate well
with the number of plaque neovessels on histology from carotid endarterectomy
specimens [31, 32]. The degree of plaque neovascularization on noninvasive
contrast-enhanced ultrasound has also been shown to be greater in plaques that are
echolucent [32, 33]. This finding is not unexpected, since the density of vessels
making up the vasa vasorum by histology has been shown to increase with macro-
phage density and to be higher in plaques with thin-cap fibroatheromas rather than
stable plaques [12].

A finding common to all studies that have compared contrast ultrasound to his-
tology is that the degree of plaque neovascularization is much greater than one
would predict from the contrast ultrasound enhancement. This finding likely reflects
the low fraction of vessels that are actively perfused at any time and/or the very low
blood flow through the vasa vasorum network. As a consequence, microbubble tran-
sit through plaque neovessels is in most circumstances an infrequent event com-
pared to what is seen in the blood pool adjacent to the plaque surface. Because the
presence and extent of plaque neovessels is probably more important than network
flow, maximum intensity projection processing has been used which provides a
more robust method for detecting these vessels even if flow and/or microbubble
concentration is low (Fig. 2.4) [34, 35].

Fig. 2.4 Contrast-enhanced ultrasound imaging of rabbit femoral arteries with maximum inten-
sity projection processing. (a) Normal femoral artery with minimal vaso vasorum. (b) Femoral
artery in an atherosclerotic rabbit model of vasa vasoral proliferation (arrows) (From Lee et al.
[34] with permission)
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2.2  Ultrasound Molecular Imaging of Atherosclerosis

Molecular imaging of components of atherosclerotic plaque has become possible
for all forms of noninvasive medical imaging. This advance has been based primar-
ily on the creation of customized targeted imaging probes, although innovations in
detector technology have also been important. Although a clinical application is yet
to be established, molecular imaging of atherosclerosis could potentially be used to
detect disease at an early and more “intervenable” stage, provide unique prognostic
or pathophysiologic information that can be used to select or guide therapy, or to
evaluate response to therapy. In the research realm, molecular imaging is already
beginning to play an important role in the investigation of new pathophysiologic
mechanisms that can be targeted for therapy or for the high throughput testing of
new targeted therapies.

Key considerations when choosing a molecular imaging technique are whether it
has adequate sensitivity to detect early events, whether it has adequate resolution to
resolve spatial heterogeneity, and whether it is selective for the pathologic event of
interest [36]. Molecular imaging of atherosclerosis with ultrasound has been used in
the research realm primarily because it offers a balance between spatial resolution
and sensitivity, multiple targets can be evaluated in a short imaging timespan, and
the technology required to perform imaging is relatively inexpensive.

2.2.1 Basics of Ultrasound Molecular Imaging

2.2.1.1 Ultrasound Contrast Agents

Nontargeted contrast-enhanced ultrasound imaging relies on the ultrasound detec-
tion of acoustically active microbubbles or nanoparticles. Ultrasound contrast
agents are currently used clinically in many countries for delineating the blood pool
during echocardiography, enhancing Doppler signals, and characterizing vascular
patterns and phagocytic properties in the liver [37, 38]. Ultrasound contrast agents
are also used for off-label indications such as the evaluation of myocardial or tumor
perfusion [39].

Ultrasound contrast agents are typically composed of gas-filled encapsulated
microbubbles, liposomes, or nanoparticles. All agents that are approved for human
use are composed of microbubbles that are filled with a high molecular weight gas
(perfluorocarbons or sulfur hexafluoride) and have a shell composed of lipid or albu-
min which enhance stability. These agents are generally around 1-3 pm in diameter
and do not coalesce after in vivo injection. For most vascular beds, these contrast
agents are confined to the vascular compartment and they possess a rheologic profile
similar to that of RBCs [40]. Accordingly, these agents transit through the microcircu-
lation of most organs unimpeded. In general, most microbubbles are removed from
the circulating blood pool by reticuloendothelial organs within 5—8 min [41, 42].

When exposed to ultrasound, microbubbles undergo volumetric oscillation with
compression and expansion during the pressure peaks and nadirs of the ultrasound
field [37, 43]. When stimulated at or near their ideal resonant frequency (which is
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Fig.2.5 Typical composition of targeted lipid-stabilized perfluorocarbon microbubble agent

determinated by size and shell properties), microbubbles will undergo nonlinear
oscillations which produce harmonic signals (ultrasound emissions at multiples of
the transmission frequency). These harmonic signals are used to enhance ultrasound
imaging by increasing signal to noise ratio [44]. The tissue is less compressible and
therefore produces fewer nonlinear signals and can be distinguished from the non-
linear signals generated from the microbubbles particularly when using new multi-
pulse signal subtraction techniques that eliminate most linear signal. High acoustic
pressure amplitudes result in exaggerated microbubble oscillation and subsequent
microbubble destruction which is termed inertial cavitation. When this occurs, there
is often formation of transient free microbubbles which also produce strong and
broadband acoustic signals. Many factors affect the cavitation properties of micro-
bubbles including shell properties, gas core compressibility, microbubble radius,
temperature, and viscosity of the surrounding medium [37].

2.2.1.2 Targeted Microbubble Contrast Agents
Microbubbles can be targeted to disease-specific ligands to characterize disease phe-
notype. Targeting can be achieved by either chemical modification of the microbub-
ble shell or direct attachment of ligands (e.g., antibodies, peptides, glycoproteins) to
the microbubble surface which usually also involves a molecular spacer in order to
reduce steric hindrance during cell-microbubble interaction (Fig. 2.5) [36, 37].
Albumin- and lipid-shelled microbubbles are capable of attachment to activated
leukocytes or even activated endothelial cells via integrin or complement-mediated
interactions (Fig. 2.6) [45]. The addition of negatively charged lipids, in partic-
ular phosphatidylserine, to the microbubble shell is a simple chemical modifica-
tion that can amplify complement-mediated interactions for lipid-shelled agents
[37, 45-47]. These nonspecific cell-microbubble interactions result in some degree
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Fig.2.6 Potential mechanisms for microbubble retention from endothelial attachment in inflamed
tissues

of background signal enhancement when imaging inflammatory processes with
specific ligand-directed ultrasound contrast agents.

Specific molecular targeting is achieved through surface conjugation of ligands
to the surface of microbubbles or nanoscale contrast agents. In general, several
thousand ligands per square micron are conjugated to the cell surface [47, 48].
Accordingly, contrast ultrasound imaging does not rely on one-to-one relation
between targeted molecule and imaging tracer, but rather relies on attachment of a
multivalent particle in a fashion that in many ways mimics the recruitment of circu-
lating blood cells to the vessel surface.

Successful targeting of ultrasound contrast agents depends upon multiple consid-
erations. For atherosclerosis imaging, these considerations include: (1) selection of
a targeting ligand with high affinity and specificity for the target, (2) selection of a
target molecular that is specific for the disease process of interest, (3) selection of a
target molecule that is accessible by a pure intravascular tracer such as microbub-
bles, (4) sufficient stability of agent to generate a strong acoustic signal after attach-
ment to target, (5) the ability to bind in vessels characterized by high shear forces,
and (6) the ability to differentiate signals that come from attached versus freely
circulating microbubbles [36, 49, 50]. The most important challenge when design-
ing ultrasound molecular imaging agents is not in the preparation of the imaging
probe, but rather the selection of appropriate high-performance targeting ligands
that are able to bind with sufficient bond force despite the presence of endogenous
competitive ligands. With regard to stability, freely circulating microbubbles are
generally cleared within 5-10 min after intravenous injection. Studies have con-
firmed that retained microbubbles are not only able to retain their acoustic proper-
ties over this course of time but are not substantially damped through the process of
attachment [51].

2.2.1.3 Targeted Contrast-Enhanced Ultrasound Molecular Imaging
Microbubble signal on ultrasound imaging is generated either by stable cavitation
(stable radial oscillation which produces fundamental and harmonic frequencies) or
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by inertial cavitation whereby microbubbles undergo destruction from exaggerated
nonlinear oscillation and transient formation of free gas nuclei which can serve as
cavitation nuclei which produces not only harmonic but broadband frequencies. The
type of cavitation depends on both the ultrasound frequency and acoustic amplitude.
On clinical imaging systems, the ultrasound power is often displayed as the mechan-
ical index (MI) which reflects the peak negative rarefactional pressure divided by
the square root of the transmit frequency. Most microbubble agents are destroyed at
the high MlIs that are frequently used during diagnostic imaging. Techniques have
been developed to avoid destruction and to maximize signal-to-noise ratio through
elimination of tissue signals [43, 44]. Both low and high mechanical index (MI)
imaging protocols have been used with different applications for contrast ultrasound
imaging. In general, high MI imaging techniques can be used when signal needs to
be amplified due to low contrast density.

Targeted molecular imaging using contrast-enhanced ultrasound utilizes a single
bolus intravenous injection of an optimized microbubble dose according to the
organ of interest, the expected adhesion density, and the magnitude of signal
expected according to ultrasound frequency and power. In order to allow clearance
of freely circulating bubbles, imaging is usually initiated 5—-10 min after the initial
bolus injection. If imaging is not delayed, then the majority of microbubble signal
from most organs is attributable to the freely circulating microbubble pool. The
delay in imaging allows targeted attachment and clearance of freely circulating
tracer [52]. The time delay is also dictated by the tissue that is imaged. For example,
a short period of time is sufficient for an organ with a low blood volume and high
expected retention fraction for targeted tracer. On the other hand, targeted imaging
of atherosclerosis in large blood vessels requires detection of retained agent that is
directly adjacent to the blood pool so that time delay must be sufficiently long for
removal of most of the freely circulating tracer.

When imaging retained tracer, signal at low or high MI can be used. If high MI
is used, only the first one or two frames can be used to for analysis due to subse-
quent destruction of agent. Regardless of the power used to record targeted micro-
bubble signal, the contribution from freely circulating microbubbles can be
eliminated through an algorithm that has been frequently employed for in vivo
imaging. The initial imaging frame signal obtained at high or low MI includes total
bubble concentration of freely circulating and adhered microbubbles. All micro-
bubbles within the imaging sector can then be destroyed by high MI imaging. After
destruction the mechanical index is returned to its initial setting and the images
captured post-destruction represent freely circulating bubbles. Digital subtraction of
post-destruction averaged frames from the initial pre-destruction frame then creates
the targeted molecular signal [52, 53]. Because in certain organs, the number of
microbubbles retained depends on blood flow (which determines total number of
microbubbles fluxing through tissue), methods have been developed that are able to
estimate retention fraction of microbubbles [54]. This approach employs continu-
ous low-MI imaging and deconvolution of the time-intensity curve into a gamma-
variate function to reflect those microbubbles passing through after a bolus without
retention and an integral of a gamma-variate to reflect the population that is retained.
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Retention fraction is not necessarily germane to plaque imaging where most of the
target molecules are directly adjacent to a large blood pool and, hence, flow is not a
major determining factor of retention.

The methods for imaging targeted contrast ultrasound tracer discussed above
have largely relied on external imaging using contrast-specific ultrasound detection
schemes and low-to-medium frequency (<10 MHz). However, IVUS has also been
used to assess molecular and cellular components of atherosclerosis. In these stud-
ies, echogenic liposomes or lipid-shelled perfluorocarbon nano-emulsion agents
have been used based on a smaller size than microbubbles and higher likelihood to
produce acoustic signal rather than attenuation at the high frequencies usually used
during IVUS [55, 56]. Signal-to-noise ratios for all acoustically active agents are
generally not very high for these frequencies, and, when adhered microbubble con-
centration is high, the degree of attenuation relative to signal enhancement is also
somewhat unfavorable. Hence, newer techniques using lower frequency probes or
even photoacoustic imaging are being explored.

2.2.2 Molecular Targets of Atherosclerosis Accessible
to Ultrasound Contrast Agents

Target selection for molecular imaging requires clear purpose of how the informa-
tion is to be used. Nowhere is this more important than in atherosclerosis where the
molecular environment can vary according to stage of development. For example,
evaluation for a “vulnerable plaque” or “vulnerable patient” defined as heightened
susceptibility to acute atherothrombotic complication is best accomplished by
imaging the specific processes that lead to plaque rupture or thrombotic occlusion.
On the other hand, molecular imaging of future risk of aggressive disease decades
before disease becomes symptomatic would rely on detection of events that lead to
initiation and progression of plaque. For contrast ultrasound molecular imaging, the
array of targets must also be honed to those that are accessible to the micro- or
nanoscale contrast agents that are normally confined to the vascular compartment.
Endothelial activation is an early event in the development of atherosclerosis and
plays a role in the progression of disease. One aspect of endothelial activation is the
expression of adhesion molecules that participate in the recruitment of leukocytes
from the blood pool [42]. Leukocyte recruitment involves a multistep process of cell
capture, rolling, activation, adhesion, and transmigration [57]. All of these pro-
cesses involve the cytokine-mediated expression and/or activation of endothelial
cell adhesion molecules and leukocyte counter receptors. Initial capture and rolling
involves primarily selectins on endothelial cells (P- and E-selectin) interacting with
leukocyte glycoprotein counter receptors (e.g., P-selectin glycoprotein ligand-1 or
PSGL-1) or leukocyte selectins (e.g., E-selectin). There are data that rolling can also
be supported by fractalkine (CX3CL-1) on endothelial cells and its leukocyte recep-
tor CX3CR-1, as well as endothelial vascular cell adhesion molecule-1 (VCAM-1)
interaction with leukocyte VLA-4 (o, integrin) [58]. Leukocyte rolling can lead to
further activation and/or expression of integrins. Integrin interactions with
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endothelial cell adhesion molecules such as intercellular adhesion molecule-1
(ICAM-1) and VCAM-1 are largely responsible for leukocyte adhesion followed by
eventual migration into the subendothelial space. These steps are critical in the
recruitment of inflammatory cells to regions of atherosclerotic plaque.

The importance of imaging adhesion molecule expression is underscored by the
importance of monocytes/macrophages and T-cells that are recruited by these mol-
ecules which participate in the initiation, growth, and destabilization of plaque [59].
Inflammatory cells are present at both early and late stages of atherosclerosis, but
they are also found in high concentrations in ruptured plaques demonstrating not
only their role in plaque initiation but also in plaque disruption. It has also been sug-
gested that imaging of selective monocyte subtypes may be useful in evaluating
higher-risk disease [59].

Defining and identifying plaque ruptures that do not lead to overt acute coronary
syndrome may represent another approach for examining unstable plaque pheno-
type. At the time of plaque rupture or vascular injury, thrombogenic materials such
as collagen, VWE, and fibronectin are exposed which triggers a cascade of events
including platelet activation, adherence, and aggregation [60]. Platelets adhere to the
damaged vessel and further aggregation occurs in a large part from glycoprotein
GPIIbllIa integrin cross-linking via fibrinogen. While the role of platelets in throm-
botic complications of atherosclerosis is well defined, their role in early atheroscle-
rosis is less understood. Platelets have been identified in early stages of atherosclerosis
and may be involved in the inflammatory process that initiates plaque formation
[61-63]. Three mechanisms by which platelets interact with the endothelium in situ-
ations other than plaque rupture include: (1) direct platelet-endothelial interactions
such as via GPIb and Mac-1, (2) platelet-vWF interactions, or (3) platelet-leukocyte
interactions which are largely mediated by P-selectin. Attachment of ex vivo plate-
lets to atherosclerotic lesions has been detected in both atherosclerotic rabbit and
apolipoprotein E —/— (ApoE—/—) mouse models [63, 64]. In the latter, reduction of
platelet-endothelial interactions was associated with reduced lesion formation.

2.2.3 Ultrasound Molecular Imaging of Atherosclerosis

Ultrasound molecular imaging of endothelial cell activation and atherosclerosis can
be achieved via two different approaches. The first relies on nonspecific interaction
between microbubble contrast agents and either endothelial cells or leukocytes in
tissues where there is inflammatory activation or by direct ligand-targeting
approaches.

2.2.3.1 Non-ligand Microbubble Targeting

Early studies using myocardial contrast echocardiography perfusion imaging in
postischemic tissues detected the persistence of microbubble signal [65]. It was sub-
sequently shown that albumin- and lipid-shelled microbubbles adhere to activated
leukocytes on the endothelium and are retained in areas of inflammation in propor-
tion to the degree of inflammation [41, 45, 65]. Inhibitory studies demonstrated that
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albumin and lipid microbubble-leukocyte interactions are mediated by leukocyte
Mac-1 (B,-integrin) and complement dependent, respectively [65]. After demonstrat-
ing the adherence of microbubbles to leukocytes, further studies were done to define
microbubble-leukocyte interactions. Transmission electron and intravital micros-
copy studies demonstrated that microbubbles can undergo phagocytosis by activated
leukocytes which results in persistent albeit damped signal generation on ultrasound
imaging [41]. In order to amplify complement-mediated interactions by lipid micro-
bubbles, phosphatidylserine has been added to the shell which results in significant
signal enhancement on myocardial and renal ischemia reperfusion.

Subsequent studies used these nonspecific microbubble interactions to assess
atherosclerosis. In a swine model with balloon injury-induced carotid artery endo-
thelial dysfunction, albumin microbubbles have been found attached not only to
leukocytes but to the injured endothelium [66]. These microbubble-endothelial
interactions were confirmed to be complement mediated [67]. Subsequent studies in
several different animal models have demonstrated the direct binding of nontargeted
albumin-shelled microbubbles to damaged endothelium at early to multiple differ-
ent stages of disease. Despite the simplicity of using nonspecific interactions
between microbubbles and endothelial cells, signal generated from these interac-
tions is probably not sufficiently robust for clinical use. However, this background
level of adhesion serves to explain the findings in many other studies of ligand-
directed molecular imaging where “control nontargeted”” microbubble signal in ath-
erosclerosis is not negligible.

2.2.3.2 Endothelial Cell Adhesion Molecules

Endothelial activation is thought to be a critical event in the initiation and progres-
sion of atherosclerotic disease and the predisposition to atherothrombotic events.
The ability to examine the interface between the blood pool and endothelial surface
with an intravascular ultrasound contrast agent allows interrogation for adhesion
molecule expression and cell-cell interactions. Moreover, the use of a multivalent
particle-based contrast agent provides some form of biologic mimicry for evaluat-
ing the actual biologic significance of adhesion molecule expression with regard to
site density.

P-Selectin

P-selectin is responsible for the capture and rolling of leukocytes on endothelial
cells [57]. It is released from Weibel-Palade bodies in activated endothelial cells and
a granules of activated platelets [68]. It acts as an adhesion receptor for leukocytes
by interacting with glycoprotein counterligands primarily on the leukocyte surface
such as P-selectin glycoprotein ligand 1 (PSGL1) [68]. Studies in P-selectin defi-
cient mice show a lack of leukocyte rolling and an extended delay in leukocyte
recruitment in inflammatory tissues thus confirming the critical role of P-selectin in
leukocyte-endothelial interactions [57, 68]. Histology studies have positively con-
firmed that P-selectin is upregulated on the endothelial luminal surface in athero-
sclerosis and gene-deletion studies have shown that P-selectin plays a role in lesion
development and growth.
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Microbubbles have been targeted to P-selectin via a variety of different surface
ligands including monoclonal antibodies, sialyl lewis-X (a key carbohydrate moiety
on PSGL-1), and recombinant PSGL-1. Early experiments using microbubbles
bearing P-selectin antibodies employed intravital microscopy of inflamed cremaster
muscles to evaluate endothelial adhesion in both wild-type mice and P-selectin
knockout mice. P-selectin-targeted microbubbles adhered to activated endothelium
in postcapillary venules in wild-type mice, but targeted microbubbles did not adhere
in P-selectin-deficient mice demonstrating the specificity of P-selectin microbubble
binding to P-selectin. Subsequent contrast ultrasound molecular imaging studies
confirmed that microbubbles targeted to P-selectin were retained within the renal
cortex of wild-type but not P-selectin deficient mice after renal ischemia-reperfu-
sion injury [53]. Examination of P-selectin as a marker of vascular inflammation in
atherosclerosis has been performed in murine models of age-dependent atheroscle-
rosis [69]. In these studies, P-selectin molecular signal on contrast ultrasound imag-
ing was strong not only at the stage of advanced inflammatory plaques but also at
the stage of the earliest appearance of fatty streaks (Fig. 2.7) [69]. There was, how-
ever, an age- or stage-dependent increase in P-selectin signal relative to control
agent signal. These data suggest that contrast-enhanced ultrasound molecular imag-
ing of P-selectin can detect the inception of atherosclerosis and that the degree of
signal enhancement provides some measure of disease severity.

ICAM-1 and VCAM-1
While leukocyte capture and rolling is in a large part mediated by selectins, firm
adhesion is mediated primarily by the interaction between leukocyte heterodimeric
integrins and endothelial cell glycoprotein adhesion molecules in the immunoglob-
ulin family including ICAM-1 and VCAM-1. The latter have been detected on the
endothelium of not only late-stage but early stage atherosclerotic lesions in animal
models of atherosclerosis (e.g., rabbits, mice) and in humans [58, 70, 71]. There is
evidence that VCAM-1 expression in particular can be detected even at the earliest
appearance of fatty streaks. These findings as well as inhibitory studies implicate
the critical role of ICAM-1 and VCAM-1 in the pathogenesis of atherosclerosis.
Early studies evaluating the feasibility of targeting I[CAM-1 demonstrated that
perfluorocarbon microbubbles bearing monoclonal antibodies against ICAM-1
could adhere to activated cultured human coronary artery endothelial cells [72]. In
subsequent studies, acoustically active liposomes bearing ICAM-1 antibodies were
shown to produce vascular contrast enhancement in a model of arterial injury in
miniswine fed a high-fat diet. Acoustically reflective liposomes conjugated with
antibodies to ICAM-1, when injected intra-arterially demonstrated signal enhance-
ment in areas of early atherosclerosis using intravascular- and transvascular-targeted
contrast-enhanced ultrasound [27, 73]. Echogenic immunoliposomes have been
conjugated with anti-VCAM-1 and anti-ICAM-1 antibodies. Using IVUS, these
immunoliposomes generated rapid significant signal enhancement at the site of
endothelial injury and atherosclerotic plaque compared to unconjugated immunoli-
posomes allowing for identification of endothelial adhesion molecule expression at
disease sites. There have been subsequent studies with the intent of improving
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Fig.2.7 Contrast-enhanced ultrasound imaging of endothelial cell adhesion molecule expression
in progressive atherosclerosis in mice with homozygous deletion of the LDL-receptor and
Apobec-1 editing peptide (DKO). The images at the top are from a 10-week-old DKO mouse
illustrating (a) a high-frequency 2-D imaging of the thoracic aorta, (b) contrast-specific ultrasound
imaging prior to the injection of agent (dashed lines illustrating aortic border), and (c¢) contrast-
specific imaging 8 min after injection of a VCAM-1-targeted microbubble agent (after digital sub-
traction of circulating agent). (d) Quantitative CEU molecular imaging for control,
P-selectin-targeted, and VCAM-1-targeted microbubbles in wild-type and DKO mice illustrating
signal enhancement as early as 10 weeks of age. *p<0.05 vs wild-type (From Kaufmann et al.
[69], with permission)

plaque visualization with three dimensional IVUS reconstructions [56]. While tar-
geted immunoliposomes have had in vivo success for IVUS molecular imaging,
there has been difficulty imaging microbubbles as targeted contrast agents with
IVUS given the high-frequency transmission which ranges from 20 to 40 MHz and
are generally above the typical resonant frequency of microbubbles [74].

Studies using aortic contrast-enhanced ultrasound (CEU) and VCAM-1 targeted
microbubbles in apo-E-deficient mice were the first to demonstrate that different
degrees of plaque inflammation could be evaluated with molecular imaging of an
endothelial cell adhesion molecule. In these studies, there was a stepwise increase
in both plaque macrophage content and VCAM-1 signal enhancement in wild-type
mice fed on high-fat diet, ApoE-deficient mice on chow diet, and ApoE-deficient
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Fig.2.8 Contrast-enhanced ultrasound molecular imaging of early endothelial activation in obese
insulin-resistant adult male rhesus macaques produced by high-fat diet. (a) Mean carotid intima-
media thickness showing very mild intimal thickening over time (¥p<0.05 versus baseline).
(b) Mean video intensity on CEU molecular imaging of the carotid artery using control and
P-selectin-targeted and VCAM-1-targeted microbubbles. (¢) Example of a carotid artery bifurcation
using high-frequency B-mode imaging (leff) and color-coded contrast-enhanced molecular imaging
of P-selectin from a macaque after 1 year of diet (From Chadderdon et al. [75], with permission)

mice on high-fat diet. In an effort to determine whether VCAM-1 signal can detect
disease at a very early stage, molecular imaging with CEU of the aortic arch was
performed at various ages (10-40 weeks) in mice that develop reproducible age-
dependent atherosclerosis on a chow diet due to genetic deletion of both the LDL-
receptor and Apobec-1 editing peptide [69]. In these studies, the signal enhancement
from VCAM-1 could be detected at the earliest stages of fatty streak formation and
increased as with plaque progression [69]. It has also been shown that CEU molecu-
lar imaging of both VCAM-1 and P-selectin is able to detect the earliest stages of
carotid atherosclerosis in a nonhuman primate model of the disease [75]. In these
studies, signal enhancement in obese insulin-resistant rthesus macaques preceded
intima-media thickening by over a year (Fig. 2.8) [75].

Molecular imaging of endothelial cell adhesion molecules has also been used to
better understand the mechanisms through which new or established therapies for
atherosclerosis act. In an effort to better understand how statin therapy influences
endothelial activation, mice deficient for both LDL-receptor—/— and Apobec-1-
editing protein were studied after treatment with 8 weeks of atorvastatin. Statin ther-
apy resulted in less plaque burden, less VCAM-1 on western blot, and lower
noninvasive CEU molecular imaging signal for VCAM-2 compared to untreated
mice [76]. These data illustrate not only the capability of CEU molecular imaging to
evaluate therapeutic response but also provide unique functionality, since CEU
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signal is attributable only to endothelial adhesion receptor expression at the blood
pool interface. Novel antioxidant therapies aimed at reducing endothelial inflamma-
tion have also been evaluated using CEU molecular imaging as an in vivo readout of
tissue response. Apocynin, an inhibitor of NADPH oxidase subunit transport, when
given to mice deficient for both LDL-receptor—/— and Apobec-1-editing protein at
late stages of disease reduced monocyte accumulation, reduced platelet adhesion on
aortic histology, and improved aortic distensibility after 10 weeks of treatment com-
pared to untreated [77]. CEU molecular imaging showed that apocynin produced a
substantial decrease in aortic VCAM-1 and P-selectin signal, implying that benefi-
cial changes in plaque phenotype and mechanical properties of the aorta were related
to reduced endothelial activation. These studies indicate that molecular imaging
using targeted CEU can be an important asset in the preclinical assessment of drug
therapies aimed at decreasing endothelial inflammation in atherosclerosis.

Platelets and Thrombus

Early ultrasound-targeting thrombus in atherosclerotic disease focused on targeting
thrombogenic processes. In some of the earliest studies, a lipid-stabilized perfluoro-
carbon nano-emulsion agent targeted to fibrin was shown to produce signal enhance-
ment in canine femoral arteries where thrombus was produced by electrostimulated
injury and partial ligation [78]. In a Yucatan miniswine model, echogenic liposomes
targeted to both fibrin and to tissue factor have been shown to produce signal
enhancement on IVUS imaging of the femoral or carotid artery after direct intra-
arterial injection [55]. Tissue factor-targeted nano-emulsion particles were also
shown to produce signal enhancement injured by balloon catheter overinflation. In
aggregate, these studies suggested that large or small thrombi formed in response to
severe vascular injury or advanced atherosclerosis can be imaged with CEU molec-
ular imaging.

More recent studies that have focused on platelet-targeted imaging has been
platelet activation, adhesion, and aggregation which are important events in most
atherothrombotic complications of atherosclerosis and are initiated by exposure of
subendothelial matrix to von Willebrand factor (VWF) and circulating platelets.
There is also evidence that adhesive interaction between platelets and endothelial
cells play role in promoting vascular inflammation and plaque formation in athero-
sclerosis. These interactions could potentially be mediated by platelet-endothelial
interaction, binding of dysregulated VWF on the endothelium, or via platelet-
leukocyte complexes. Hence, it is likely that platelet-targeted imaging may not only
provide a biologic readout of highly unstable plaque phenotype in advanced disease
but also likelihood for aggressive course of plaque development at much earlier
stages of disease.

As mentioned previously, targeting of microbubbles to platelets has been
achieved primarily through the targeting moieties that bind either GPIIb/IIla or
GPIba. Since platelet aggregation is a critical event for the formation of occlusive
thrombi and because fibrinogen cross-linking of activated platelet GPIIb/IIIa is a
critical event in aggregation, microbubbles targeted to GPIIb/IIIa have been used to
evaluate the presence of platelet-rich thrombosis in atherosclerosis. Abciximab, a
monoclonal antibody against GPIIb/IIla receptors, has been conjugated to
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immunobubbles and has been shown to produce ultrasound enhancement of human
thrombi transplanted into rat carotid artery [79]. In vivo imaging of acute thrombo-
sis in the mouse carotid artery using ferric chloride-induced injury has also been
achieved using high-frequency ultrasound and microbubbles targeted to activation-
specific epitopes of GPIIb/IIIa (Fig. 2.9) [80]. Results from this study were impor-
tant since contrast ultrasound signal could be used for real-time assessment of the
efficacy of pharmacological thrombolysis.

Molecular imaging of platelet-endothelial interactions before the formation of
occlusive thrombi has been performed using microbubbles targeted to platelets via
surface conjugation of the Al-domain (GPIba-binding domain) of VWF or with
microbubbles targeted to VWF via surface conjugation of recombinant GPIba
(platelet mimicry). CEU molecular imaging of these two molecular markers in mice
deficient for both LDL-receptor—/— and Apobec-1-editing protein has been used to
better understand the extent and mechanisms for platelet-endothelial interactions in
atherosclerosis [77, 81]. Imaging of platelets with GPIba-targeted microbubbles has
also been used to show that potent antioxidant therapy can reduce platelet-endothelial
interactions, presumably through less oxidative modification of VWF regulatory
pathways [77].

23 Summary

Ultrasound-based evaluation of plaque severity and plaque composition is already
an integral part of the practice of cardiovascular medicine. In particular, the catheter-
based intravascular ultrasound assessment of disease is used to better define athero-
sclerotic lesion severity and success of percutaneous intervention. Assessment of
carotid intima-media thickness to detect risk for future atherosclerotic events is
beginning to lose favor because of alternative methods that can better reclassify
patient risk (MESA). However, other forms of ultrasound imaging are now being
applied in clinical studies to better understand plaque composition (vasa vasorum
imaging) and vascular mechanical properties (palpography, pulse wave velocity).
Perhaps the greatest achievement will be when ultrasound-based molecular imaging
can provide unique information on plaque or vascular phenotype that can either be
used to diagnose and treat aggressive disease at a more “manageable” stage or be
used to select therapy based on a given molecular profile. Only the first steps have
been taken toward this goal by the completion of preclinical studies illustrating
feasibility of ultrasound molecular imaging to detect either proinflammatory or pro-
thrombotic phenotype. Although clinical translation is a distant goal, the impact of
ultrasound molecular imaging is already being felt through its application to better
define pathophysiology and evaluate new therapies in atherosclerotic disease.



2 Ultrasound Molecular Imaging of Endothelial Cell Activation 59

3 oo c — .
Before MB injection ™ _ —

10- 1

3 AL

=

o

L

_ e A s *4p < 0.01
.. Immediately after MB injectien

MNB LIBS-MB Control-MB
mn=298) n=10) n=28)

b MB 20 min after mju.uon
. ‘!‘-:

LIBS-MB 20 mn after: m}uctlon

Control-MB 20 min after injection

Fig. 2.9 In vivo imaging of acute thrombosis in the mouse carotid artery using ferric chloride-
induced injury. (a) High-frequency ultrasound imaging of the carotid artery before and after micro-
bubble injection showing blood pool enhancement. (b) Ultrasound image of thrombi 20 min after
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ble signal at the site of thrombus (From Wang et al. [80], with permission)
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Abstract

Activated macrophages play central roles in various stages of the pathogenesis of
atherosclerosis. Particularly, the role macrophages play in the onset of acute throm-
botic complications including myocardial infarction, a global health burden, has
the large clinical impact. It is thus important to identify high-risk patients for these
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thrombotic complications to improve the prognosis by detecting macrophage-rich,
subclinical lesions. In addition, macrophage imaging of vascular lesions in humans
would facilitate understanding of the disease mechanisms and also help to monitor
the effects of new therapies in the near future. These clinical needs have driven
recent efforts on the development of molecular imaging modalities to visualize
macrophages. Various imaging agents which are taken up by macrophages (e.g.,
superparamagnetic iron oxide for magnetic resonance imaging) or target a macro-
phage-specific biological process (e.g., proteinase activity for optical imaging)
have become available. In the field of nuclear medicine, FDG-PET already has
been in the stage of clinical trials. This chapter reviews current states and future
perspectives of macrophage-targeted molecular imaging.

3.1 Conventional Imaging Modalities for Atherosclerotic
Vascular Diseases

Ischemic cardiovascular diseases, including acute myocardial infarction and cere-
bral infarction, are life-threatening disorders. In addition, peripheral arterial disease
is a growing health problem due to diabetes epidemic. Atherosclerosis is a common
pathological feature in these disorders. Angiography, one of the most conventional
imaging modalities, is performed by injecting a radiocontrast agent into the blood
vessel and imaging by X-ray-based techniques. This modality visualizes the lumen
of blood vessels but not the size of atherosclerotic plaques nor their inflammatory
burden such as activities of macrophages. Other modalities including computed
tomography (CT) and magnetic resonance imaging (MRI) also provide anatomical
information but do not visualize biological processes within the plaques.

3.2 Macrophages in Atherosclerotic Diseases

Inflammation, especially mediated by activated macrophages, is one of the central
mechanisms of atherosclerotic cardiovascular diseases. Macrophages promote the
pathogenesis of atherosclerosis from the initial lesion formation to advanced lesions
which cause acute thrombotic complications [1]. Monocytes in peripheral blood
infiltrate into the subendothelial space and differentiate into macrophages. Then,
macrophage takes up oxidized low-density lipoprotein (0xLDL) and results in foam
cell formation. These lipid-laden macrophages produce proinflammatory cytokines
and exacerbate chronic inflammation in vessel wall. In advanced lesions, activated
macrophages release proteases including matrix metalloproteinases (MMPs) and
cathepsins [2, 3]. These proteases may degrade extracellular matrix, particularly
fibrillar collagen, a molecular determinant of tissue stability. Collagen loss leads to
thinning of the fibrous cap of plaques and impair their strength against mechanical
stresses, causing physical disruption (“plaque rupture”) and acute thrombotic events
such as myocardial infarction and stroke [4]. Therefore, identification of subclinical
inflamed atherosclerotic plaques by macrophage imaging may help to predict and
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prevent acute thrombotic events. Macrophage imaging in experimental animals and
humans also provides new insight into the pathogenesis of atherosclerotic vascular
diseases. In addition, noninvasive macrophage imaging would be useful to monitor
the effects of new therapeutics in clinical trials.

3.3  Molecular Imaging

Molecular imaging visualizes various biological processes at molecular levels and
is also called “functional imaging.” This modality has rapidly developed in recent
years in the field of cardiovascular medicine accompanied with fuller understating
of the molecular pathogenesis of atherosclerotic vascular diseases. Technical inno-
vations in MRI, nuclear medicine (e.g., single-photon emission computed tomogra-
phy, SPECT; positron emission computed tomography, PET), near-infrared
fluorescence (NIRF) imaging, and ultrasound have contributed to this expansion.
Advances of nanotechnology also have enabled preparations and chemical modifi-
cations of small materials, facilitating the development of various new imaging
probes that recognize specific cell types or biological processes.

Critical points in the development and application of novel molecular imaging
probes may include: (1) The biology of target molecule/cell type is well understood.
(2) Target molecules or phenomenon is not substantially seen in normal tissues and
is induced in diseased organs. (3) Relatively high expression levels of target mole-
cules. (4) The specificity and pharmacokinetics of an imaging agent are well exam-
ined from various aspects. (5) The possibility of enhancing signals. (6) Safety for
human and environments.

3.4 Macrophage Imaging by Iron-Based Nanomaterials

Magnetic nanomaterials with iron cores, for example, magnetite (Fe;O,) or
maghemite (y-Fe,O;), are used as contrast agents in MRI. These iron cores are often
modified with hydrophilic polymers including dextran, carboxymethylated dextran,
polyvinyl alcohol, starches, chitosan, polymethyl methacrylate, polyethylene glycol
(PEG), polylactic-co-glycolic acid (PLGA), polyvinylpyrrolidone, and polyacrylic
acid [5]. These so-called superparamagnetic iron oxide (SPIO) nanoparticles are
used as negative contrast agent in macrophage imaging in MRI. Especially,
ultrasmall SPIO (USPIO) nanoparticles (<50 nm) coated with dextran remain in the
blood stream for a long time by escaping from reticuloendothelial system-mediated
clearance. The half-life of SPIO nanoparticle is approximately 24 h and this enables
macrophage imaging in vivo. In addition, high soft-tissue contrast and resolution of
MRI enables detailed observation of vessel walls [6]. Morishige et al. used 3.0 Tesla
MRI and USPIO and reported in a rabbit model of atherosclerosis that (1) change in
MRI signal intensity correlates with histologically evaluated macrophage accumu-
lation, and (2) macrophage imaging with USPIO is available to monitor anti-inflam-
matory efficacy of lipid-lowering therapy by statins (Fig. 3.1) [7].
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Fig. 3.1 Macrophage imaging in hyperlipidemic rabbits 6 months after balloon injury of the aorta.
(a) MR images taken 72 h after intravenous administration of the USPIO MION-47. MION-47 admin-
istration decreased T2 signals in the aorta (upper right), but did not affect T1 signals (lower right).
(b) Effects of lipid-lowering therapy by rosuvastatin on T2 signal reductions. MION-47-induced reduc-
tion of T2 signals was decreased by 3 months of rosuvastatin treatment. (c) Correlation between T2
signal reduction in MRI and histologically determined macrophage accumulation (Edited from Ref. [7])
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These iron-based nanoparticles could be modified with various proteins or fluo-
rescences. USPIO modified with peptidic scavenger receptor-Al (SR-AI) ligand
showed 3.5-fold higher accumulation into atherosclerotic plaques compared to non-
conjugated USPIO [8]. Lectin-like oxLDL receptor 1 (LOX-1)-targeted USPIO co-
localizes with LOX-1, macrophages, and MMP-9 in atherosclerotic plaque of
apolipoprotein E-deficient (ApoE—/—) mice [9]. USPIO already has been tested in
humans and reported to be useful to monitor the effects of statins in carotid artery
plaques [10, 11].

How these small nanoparticles are taken up by tissue macrophages or peripheral
blood monocytes remains incompletely understood. Relatively large particles are
taken up by phagocytosis, but the uptake of small-sized (<100 nm) particles may
involve other mechanisms. For example, the uptake of cross-linked dextran iron oxide
nanoparticles (CLIO) is not inhibited by phagocytosis inhibitor, cytochalasin D, but
inhibited by macropinocytosis inhibitor, amiloride [5, 12]. These results suggest that
these particles are taken up by macropinocytosis by monocytes/macrophages.

3.5 Macrophage Imaging by Nuclear Medicine

Nuclear medicine is one the promising modalities to visualize macrophage burden
and activity in atherosclerotic plaques in patients and has dominated the field of clini-
cal molecular imaging. PET with ®F-fluorodeoxyglucose (FDG-PET) visualizes
cells with active glucose metabolism, although a recent study challenged this theory
by demonstrating that hypoxia promotes macrophage uptake of FDG [13]. Validation
studies used histological assessment to positively correlate high FDG signals with
greater macrophage accumulation [14]. Clinical studies have established that FDG-
PET monitors therapeutic effects of various drugs on macrophage-rich carotid arter-
ies, suggesting that FDG serves as a biomarker of the inflammatory burden of
atherosclerotic plaques [15-18]. Interestingly, one of these studies reported that
FDG-PET detected a reduction of FDG uptake as early as 4 weeks after statin treat-
ment. The advantage that ®)FDG systemically circulates enables imaging of various
tissues in the same patient. Bucerius et al. reported significant correlations between
obesity, fat tissue inflammation, and vascular inflammation by imaging fat tissue and
carotid/ascending arteries at the same time [19]. In several reports on diabetic
patients, pioglitazone, an agonist of peroxisome proliferator-activated receptor-y
(PPAR-y), reduced inflammation evaluated by FDG-PET/CT in human coronary
arteries or aorta [20, 21]. Arterial FDG uptake is affected by blood glucose level
before scanning and FDG circulation time [22]. Therefore, imaging protocols should
be optimized for each target vessel to obtain sufficient )FDG signals.

Preclinical research has continued to actively study FDG-PET. For example,
Nishimura et al. compared images of intravascular ultrasound (IVUS) and FDG-
PET with histological images and reported that FDG-PET can detect foamy macro-
phages in atherosclerotic plaques in Watanabe heritable hyperlipidemic (WHHL)
rabbits [23]. Vucic et al. reported that FDG-PET/CT evaluated anti-inflammatory
effects of liver X receptor (LXR) agonist R211945 in hyperlipidemic New Zealand
white rabbits [24]. Millon et al. compared sensitivity of FDG-PET and MRI with
USPIO. They monitored the effects of atorvastatin on vascular inflammation and
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found that FDG-PET is more sensitive to detect early changes in atherosclerotic
lesions [25].

Active research also has focused on the development of new FDG agents.
HC-PK11195, which binds to peripheral benzodiazepine receptors (PBRs)
expressed by macrophages, has been tested in a clinical trial using PET-CT as an
imaging agent for plaque macrophages [26]. The study involves patients with
symptomatic or asymptomatic carotid stenosis. Signals were correlated with
macrophage content in carotid endarterectomy specimens and higher in symp-
tomatic stenosis. Furthermore, new radionuclides targeting mannose receptor are
reported [27]. Mannose receptors expressed on a subset of the macrophage popu-
lation in high-risk plaques may be good targets for macrophage imaging.
2-deoxy-2-["*F]fluoro-D-mannose (‘*F-FDM) were taken up by cultured macro-
phages more efficiently than 'F-FDG, suggesting that '*F-FDM serves as a novel
macrophage-targeting tracer [27]. Beer et al. reported PET/CT imaging which
targets integrin avp3. ["*F]Galacto-RGD, a novel tracer specifically binding to
avP3 integrin, increased the target/background ratio in human carotid arteries
with stenosis [28]. The target/background ratio significantly correlated with his-
tologically examined ovf3 expression. Seo et al. reported a novel tracer
%Cu-Labeled LyP-1-Dendrimer. LyP-1, a cyclic 9-amino acid peptide, recog-
nizes and binds to p32 proteins on activated macrophages. This tracer accumu-
lated in atherosclerotic plaques in ApoE—/—mice [29]. Hatori et al. reported
N-benzyl-N-methyl-2-[7,8-dihydro-7-(2-["®F]fluoroethyl)-8-ox0-2-phenyl-9H-
purin-9-yl]acetamide(['* F]JFEDAC). This tracer is delivered to macrophages and
neutrophils in a rat acute liver damage model [30].

3.6 Imaging of Macrophage-Derived Proteases
in Atherosclerotic Plaques

Extracellular matrix such as collagen enables atherosclerotic plaques to withstand
hemodynamic stresses. Matrix metalloproteinase (MMP) and cathepsins, mainly
produced by plaque macrophages or smooth muscle cells, may promote plaque
instability by degrading extracellular matrix. Therefore, imaging of protease activ-
ity should help to screen high-risk vessels in clinical settings. Enzyme-activatable
NIRF imaging probes (excitation/emission wavelength between 600 and 900 nm)
have been used to visualize proteolytic activity. Such probes have a protease-
specific quenched substrate, inserted between fluorescence and carrier vehicle.
Once the substrate is cleaved by target proteinases (MMP, cathepsin, etc.), the
probe elaborates NIRF signals (activated state). Due to its tissue penetration, NIRF
imaging has been developed to visualize inflammation in deep tissues. We used
mouse models of atherosclerosis to demonstrate the feasibility of visualizing mac-
rophage-derived MMP activity and evaluating changes due to the pharmacological
inhibition (Fig. 3.2) [2, 31]. The evidence suggests that macrophage accumulation
promotes cardiovascular calcification, as established by molecular imaging [32].
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a  Macrophage-rich plaque
Autofluorescence J;EAS

Fig.3.2 Visualization of MMP activity by NIRF imaging in the aorta of ApoE—/— mice. Imaging
agent, which is activated by gelatinase (MMP-2, MMP-9) and emits NIRF signal was injected 24 h
before imaging. (a) In a macrophage-rich plaque, NIRF signal was detected in Mac-3-positive
macrophages (arrowhead). Autofluorescence was observed in the media, but not in the intima
(arrow). (b) NIRF imaging in a macrophage-poor plaque (Cited from Ref. [2])
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NIRF imaging can co-map macrophages and osteoblastic activity and evaluate the
effects of genetic manipulations or pharmacologic interventions (Fig. 3.3) [33, 34].
More recently, the Jaffer and Tearney groups have developed an intravascular
molecular imaging modality [35, 36]. This technology involves a catheter-assisted
dual imaging approach — optical frequency domain imaging (OFDI) and NIRF
imaging. This dual-modality intra-arterial catheter can visualize atherosclerotic
plaques with high protease activity in a hyperlipidemic rabbit model.

3.7 Imaging of Plaque Macrophages by HDL-Based Probes

High-density lipoprotein (HDL) mediates cholesterol efflux from cholesterol ester-
enriched plaque macrophages and transfers the excessive cholesterol to the liver for
excretion [37]. Therefore, HDL-based imaging agents have a possibility to visualize
macrophages in atherosclerotic plaques. Macrophage-specific MRI contrast agent based
on Gd-modified HDL was tested in ApoE—/— mice [38]. This agent accumulated in
atherosclerotic plaque in the aorta 24 h after administration. Marrache et al. used a bio-
degradable HDL nanoparticle platform for the detection of macrophage apoptosis by
targeting the collapse of mitochondrial membrane potential that occurs during apoptosis
[39]. This particle contains quantum dots and is intended to apply for optical imaging.

3.8 Macrophage Imaging in Other Cardiovascular Diseases

Active research has attempted to establish imaging modalities for inflammation in
various other cardiovascular diseases. The pathogenesis of aortic abdominal aneu-
rysms (AAA) involves accumulation of activated macrophages. Macrophage imag-
ing in patients may thus help identify high-risk aneurysms that may enlarge and
rupture. Preclinical studies reported the feasibility of detecting macrophages by
MRI enhanced with iron nanoparticles in experimental AAA [40]. A recent clinical
study demonstrated that a similar approach with MRI and USPIO (ferumoxtran) can
visualize macrophages in AAA and predict future growth [41]. FDG-PET/CT has
been used to image macrophages in aortic or cervical artery dissection in patients
[42, 43]. Excessive accumulation of activated microglia and macrophages after
acute myocardial infarction may worsen tissue injuries. An interesting study by Lee

>
>

Fig. 3.3 Antibody blockade of the Notch ligand Delta-like 4 (DI/4) reduces aortic and valvular
calcification in Ldlr—/— mice. (a) Histological assays for alkaline phosphatase activity (fop) and
calcium deposit demonstrate that D114 antibody administration reduced calcification in the aortas
of fat-fed Ldl-/— mice. (b) NIRF imaging co-localized macrophages and osteogenic activity in
excised aortas of Ldlr—/— mice. D14 blockade diminished macrophage accumulation and osteo-
genic activity in parallel. (¢) DIl4 suppression reduced osteogenic activity in aortic valves of
Ldl-/— mice (Cited from Ref. [34])
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et al. demonstrated that PET/MR imaging involving FDG-PET combined with
delayed enhancement MRI after Gd-DTPA administration detected macrophage
accumulation in the remote zone in infarcted hearts. Using MRI enhanced with
USPIO (ferumoxytol), a clinical study showed the feasibility of visualizing macro-
phages after acute myocardial infarction [44]. Schroeter et al. used PET with a
double tracer strategy involving ''C-PK11195 and FDG to image activated microg-
lia and macrophages in peri-infarct zones after ischemic stroke [45].

3.9 Macrophage Imaging in Fat Tissue

Recent studies suggest that fat tissue inflammation causes insulin resistance and
plays important roles in the pathogenesis of metabolic syndrome [46]. Metabolic
overload induces adipocyte enlargement, oxidative stress, and production of adipo-
cytokines. These responses cause macrophage-mediated inflammation and a vicious
cycle of chronic inflammation. Metabolic syndrome is recognized as one of the risk
factors for atherosclerotic vascular diseases. Visualization of fat tissue inflammation
may thus be useful to identify high-risk patients. In ob/ob and high-fat diet-induced
obese mice, real-time in vivo imaging system visualized dynamic interaction
between macrophage and other types of cells in fat tissues [47].

3.10 Future Perspectives

All cardiovascular diseases mentioned in this article are global health threats. We
have summarized the status of preclinical and clinical development of molecular
imaging of macrophages targeting such devastating diseases. In the last several
decades, tremendous efforts have used histopathology, molecular and cell biology,
and animal experiments to explore the mechanisms by which inflammation pro-
motes cardiovascular disorders. Effective therapies for these diseases remain lim-
ited. Macrophage imaging, particularly in humans, would provide new insight into
the disease mechanisms and the development of new therapies. Molecular imaging,
particularly by noninvasive modalities, should help to identify subclinical lesions
rich in activated macrophages and initiate an intense anti-inflammatory therapy as
an example of personalized medicine. In addition, macrophage imaging may be
used in the near future to monitor changes in vascular inflammation during clinical
trials for new therapies, contributing to establishing more cost-effective and shorter
clinical drug development. Whether imaging as a biomarker can add additional ben-
efits to the current strategies using conventional risk markers, however, remains
uncertain. In addition, each modality has advantages and disadvantages. Thus, the
combined use of multiple modalities may play a major role in clinical imaging [48].
Furthermore, as we have witnessed in the last decade, active multidisciplinary
research facilitates technological advancements of molecular imaging. More
dynamic cross-sector collaboration may speed clinical translation of new technolo-
gies and preclinical findings.
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Abstract

Atherosclerotic plaque disruption leads to myocardial infarction and stroke, but
current clinical diagnostic tests lack the ability to predict which patients will suf-
fer these complications. New strategies to define high-risk plaque biology in vivo
hold promise to differentiate stable from vulnerable atherosclerotic plaques.
Plaque proteolytic activity has emerged as a key target for identifying vulnerable
plaques given its association with plaque inflammation and role in mechanical
destabilization of plaques. Protease activity can now be evaluated in vivo with
intravascular molecular imaging, a leading technology to identify inflammation
in high-risk atherosclerotic plaques in coronary-sized arteries. In particular,
hybrid catheters combining micrometer-resolution optical frequency domain
structural imaging and high-sensitivity near-infrared fluorescence molecular
imaging are proving to be powerful tools to investigate plaque biology in living
subjects with clear translational potential for human use. Ultimately, through
additional validation in human clinical trials, intravascular imaging of proteo-
Iytic activity and inflammation could inform new treatment strategies for athero-
sclerotic vascular disease that are likely to have significant impact on
cardiovascular health.

4.1 Background

Complications of atherosclerotic vascular disease, mainly evident as myocardial
infarction and stroke, continue to be a leading cause of morbidity and mortal-
ity throughout the world [1]. Recent decades have witnessed major advances
in the diagnosis and treatment of atherosclerosis, including the development of
improved diagnostic tests and pharmacologic agents that have greatly improved
clinical outcomes. Despite these significant gains, the ability to identify high-
risk “vulnerable” atherosclerotic plaques in coronary arteries of patients remains
elusive [2].

Traditionally, coronary atherosclerosis severity is determined with x-ray angiog-
raphy by calculating the percent vessel lumen stenosis. A major pitfall of angio-
graphic plaque risk assessment includes an inability to assess the atherosclerotic
plaque beyond the lumen, which substantially limits its ability for plaque risk pre-
diction. Before causing lumen narrowing, many plaques exhibit positive vessel
remodeling in which the plaque expands outward while maintaining the lumen
diameter [3]. Angiographic mild or moderately stenosed plaques may harbor high-
risk features and are the suspected culprit lesions in the majority of acute coronary
syndromes by autopsy studies [4].

Clinical intravascular imaging modalities such as intravascular ultrasound
(IVUS) and optical coherence tomography (OCT) can visualize plaque structures
beyond the lumen border outlined by angiography but are primarily able to describe
plaque anatomy [5]. Therefore, stand-alone IVUS and OCT lack the ability to deter-
mine important biological aspects within the plaque that may promote vulnerability.
While plaque structural composition can be discriminated further through analysis
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of the backscattered IVUS signal [6] or by near-infrared spectroscopy to identify
lipid pools [7], the clinical use of these technologies remains under investigation.

Cardiovascular molecular imaging strategies, built on synergistic advances in
chemistry, molecular biology, nanomaterials, and imaging technology, aim to move
beyond anatomy and structure to characterize plaque biology in vivo [8,9]. In ath-
erosclerosis, specialized molecular imaging agents that can detect high-risk vulner-
able plaque features such as inflammation, neovascularization, apoptosis, and
oxidative stress in preclinical studies have been developed on multiple imaging
modalities including magnetic resonance imaging (MRI), positron emission tomog-
raphy (PET), computed tomography (CT), and optical and ultrasound platforms.
Increasingly, molecular imaging approaches are being translated to human cardio-
vascular clinical trials [10], primarily employing noninvasive 18-fluorodeoxyglucose
(FDG) PET imaging to report on inflammation in large arteries (e.g., carotids,
aorta). Although noninvasive approaches for coronary molecular imaging have been
pursued [11,12], they are significantly limited by suboptimal spatial resolution and
sensitivity. To overcome these obstacles, an intravascular molecular imaging
approach that provides comprehensive plaque assessment could be invaluable.

Intravascular molecular imaging of important plaque biology, such as proteolytic
activity that destabilizes plaque collagen and elastin, holds promise to enhance
detection of high-risk coronary artery plaques and provide additive risk stratifica-
tion that surpasses anatomic plaque burden. If high-risk plaques can be identified in
advance, then preventative treatment with intensified medical therapy or mechanical
interventions may be instituted earlier. The evolution of concerning plaques in
response to treatment can then be followed by serial studies to determine stabiliza-
tion of the high-risk phenotype. In this chapter, we discuss emerging intravascular
imaging approaches to identify coronary plaque inflammatory protease activity
in vivo using near-infrared fluorescence (NIRF) optical molecular reporters.

4.2 High-Risk Plaque Features

Atherosclerosis is a chronic, systemic, and progressive disease involving medium-
to large-sized arteries in the cerebral, coronary, and peripheral beds [13]. Affected
vessels develop lesions comprised of variable amounts of lipid, inflammatory cells,
fibrous tissue, and calcium that can grow over time triggered by ongoing lipid depo-
sition, oxidation, and local inflammation. Atherosclerotic plaques initiate at sites of
low wall fluid shear stress and endothelial cell dysfunction, attracting circulating
monocytes to migrate into the vessel wall and become activated tissue macrophages,
the key cellular mediator of atherosclerotic plaque inflammation and progression.
Chapter 1 provides additional detailed information on mechanisms of atheroscle-
rotic plaque formation.

Once resident, atherosclerotic plaques are highly heterogeneous and encompass
different risk phenotypes based on their underlying composition and biological
framework [14,15]. Structurally, thin-cap fibroatheromas (TCFA) are the prototypi-
cal vulnerable plaques consisting of a dense lipid-rich core sealed by a thin,
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Fig. 4.1 Stable and unstable human coronary artery atherosclerotic plaque histopathology.
Example cross-sectional photomicrographs from human coronary artery autopsy specimens with
mild to severe luminal stenosis demonstrating plaque rupture, prototypical high-risk “vulnerable”
plaques known as thin-cap fibroatheroma (TCFA), and stable plaques. Ruptured plaques exhibit
intraluminal thrombus (7hr) that may be (a) nonocclusive, (b) partially occlusive, or (¢) com-
pletely occlusive. (d—f) TCFA are notable for the presence of a large necrotic core (NC) separated
from the lumen by a thin-walled fibrous cap, without intraluminal thrombus formation as observed
in ruptured plaques. (g—i) Stable plaques, also known as fibroatheroma, reveal relatively smaller
necrotic core with regional calcification (Ca**) (Reprinted with permission from Narula et al. [15])

rupture-prone fibrotic cap (Fig. 4.1). Other types of high-risk lesions include plaque
erosion, where the endothelium has denuded often with the formation of overlying
thrombus, and superficial microscopic calcified nodules that can precipitate focal
plaque disruption.

Biologically, autopsy studies following sudden cardiac death have identified
enhanced inflammation, neovascularization, and apoptosis as histological markers
associated with plaque disruption [4,16]. Inflammation is of particular interest given
its potential as a treatment target in high-risk individuals. Macrophages function as
the primary effector cells in inflamed atherosclerotic plaques, where they orches-
trate the release of cytokines and proteases that cause plaque growth and destabili-
zation and undergo apoptosis and necrosis to expand the necrotic core [17].
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4.2.1 Plaque Proteolytic Activity

Proteases liberated from plaque macrophages have been heavily evaluated with
respect to plaque vulnerability [18,19]. Precursor proteases mobilized to the macro-
phage surface become activated and mediate degradation of the collagen and elastin
extracellular matrix network, thus structurally weakening the plaque in general and
compromising the integrity of the overlying protective fibrotic cap [20]. This
sequence of events has been implicated in the development and evolution of high-
risk TCFA from more stable plaque phenotypes [21] and with mechanical instability
of the rupture-prone fibrous cap shoulder regions that experience high wall stresses
[22,23].

In vascular disease, activated serine and cysteine proteases, as well as matrix
metalloproteinases (MMP), have been shown to be critical elements in plaque desta-
bilization [19,24]. Histologic studies of inflamed plaques demonstrate overexpres-
sion of cathepsins, a family of cysteine proteases [25,26], and MMPs [18,27,28].
Given their association with plaque rupture and remodeling, proteases have proven
to be a rich source of high-value plaque imaging targets [29-34], and hold particular
promise as agents for intravascular coronary artery imaging applications [35].

4.3  Coronary Artery Molecular Imaging

Compared to larger-sized arteries, imaging the coronary arteries poses special chal-
lenges. First, most epicardial coronary arteries of interest are 2—4 mm luminal diam-
eter necessitating imaging platforms with high spatial resolution to resolve local
phenomena. To enable interrogation of individual plaques, resolution demands
increase significantly, on the order of tens of micrometers. Second, cardiac and
respiratory motion requires high temporal resolution systems and often gating to the
electrocardiogram, in order to sample rapidly enough to avoid blurring. In compari-
son, large arteries such as the carotids are relatively fixed in space, making motion
artifacts less problematic. Overall, meeting the stringent requirements for success-
ful coronary artery imaging remains a major challenge.

4.3.1 Clinical Trials

Current efforts to apply molecular imaging strategies to human coronary arteries
have employed noninvasive techniques with PET imaging of FDG and '¥F-sodium
fluoride (NaF) to measure coronary plaque metabolism/inflammation and osteogen-
esis, respectively. FDG PET has preliminarily identified a subset of inflamed coro-
nary plaques in pilot studies of patients with acute coronary syndromes, stable
angina, and following coronary stenting (Fig. 4.2) [12,36-38]. NaF PET, histori-
cally used in bone scans, has more recently been employed in small studies to detect
coronary artery osteogenesis in different patient populations and has the advantage
of having minimal myocardial background uptake compared to FDG [11]. Ultrasmall
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Fig. 4.2 Noninvasive coronary artery hybrid FDG-PET/CT imaging of inflammation in patients
presenting with stable angina or acute coronary syndrome (ACS). (a, d) ACS subjects demonstrate
increased FDG uptake in the left main (LM) coronary artery (hatched arrows) and at a newly
placed stent (solid arrows). (b, ¢) While FDG activity is present in stable syndrome patients, it is
of lower intensity than ACS. Furthermore, a more recently placed “healing” stent exhibits rela-
tively greater FDG signal than an older “healed” stent that was implanted months earlier. CT
computed tomography, FDG fluorodeoxyglucose, PET positron emission tomography (Reproduced
with permission from Rogers et al. [12])

superparamagnetic iron oxide (USPIO) nanoparticles, another clinically tested
macrophage-targeted agent detectable by MRI, have shown utility for large-artery
inflammation imaging [39—41], but the relatively lower temporospatial resolution of
MRI to image-small plaques in the highly dynamic coronary environment has lim-
ited its utility.

Coronary plaque imaging with FDG-PET and NaF-PET has important limita-
tions, however, as they both possess lower spatial resolution and require ionizing
radiation. Furthermore, due to intense FDG uptake in the highly metabolically
active myocardium that obscures coronary wall FDG signal, only the left main and
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most proximal coronary artery segments can be reliably evaluated by FDG [12].
Attempts to suppress myocardial FDG uptake with high-fat dietary protocols have
met moderate success [38], but still a significant number of segments remain
uninterpretable.

Given the challenges of noninvasive clinical coronary molecular imaging, new
approaches to evaluate coronary inflammation in vivo are being investigated. A par-
ticularly promising translational imaging technique that can detect inflammation
and protease activity in coronary-sized arteries involves intravascular optical imag-
ing using near-infrared fluorescence (NIRF) [42,43].

4.4 Intravascular NIRF Imaging

Offering high resolution and good sensitivity to fluorescence imaging agents,
NIRF molecular imaging has advantageous technical specifications to enable ath-
erosclerotic plaque imaging in coronary arteries. NIRF employs light wavelengths
in the near-infrared window (700-900 nm) with relatively low blood absorbance
and reduced tissue autofluorescence at a reasonable depth penetration [44,45].
These properties are highly favorable for intravascular NIRF imaging of the
2-4 mm diameter epicardial coronary arteries, which can be obtained through
blood without the need to displace blood from the imaging field by vessel occlu-
sion and flushing [46]. Furthermore, light-based NIRF imaging is safe and does not
expose the patient to the hazards of ionizing radiation associated with CT and
nuclear imaging (e.g., PET, SPECT). On the other hand, catheter placement for
intravascular imaging carries risk to the subject (e.g., vessel spasm, perforation,
dissection), and, therefore, decision tools for appropriate selection of patients that
may benefit from intravascular NIRF imaging will be important for clinical transla-
tion of this technology.

NIRF has been utilized extensively in preclinical and clinical imaging studies in
cardiovascular disease and oncology, illuminating important in vivo pathobiology
not previously available for interrogation by structural imaging modalities. A broad
and versatile range of NIRF molecular imaging agents have now been established,
utilizing the latest advances in nanotechnology and bioengineering [10,47].
Specifically for atherothrombosis applications, in vivo NIRF agents have success-
fully exposed enhanced endothelial adhesion molecule expression, upregulated
macrophage inflammation, thrombin activity, and plaque proteolysis.

4.4.1 Intravascular NIRF Imaging Platforms

Recent technological advances have witnessed a growing presence of optical intra-
vascular imaging systems available for clinical use [5,35,48,49]. Currently, physi-
cians have access to two FDA-approved catheters for light-based atherosclerosis
imaging, optical coherence tomography (OCT), and near-infrared spectroscopy
(NIRS). OCT, and its second-generation high-speed counterpart termed optical
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frequency domain imaging (OFDI), generates excellent axial resolution (~10 pm)
structural images of the vessel wall by analyzing reflected near-infrared light [50].
OCT/OFDI can visualize all three layers of the artery wall, thrombus, stent struts,
and plaques with lipid pools, calcification, and thin fibrous caps. OCT is limited by
relatively arterial wall penetration depth (1-2 mm), and the need for a blood-free
imaging field. NIRS is a newer spectroscopic approach that can identify lipid within
the vessel wall based on near-infrared cholesterol absorbance patterns [51-53].
Since intravascular NIRF is also a light-based imaging approach utilizing flexible
optical fibers that can be housed in a catheter design similar to the currently FDA-
approved devices, the development of NIRF imaging catheter systems applicable
for human coronary artery imaging is feasible. Recently, promising translational
intravascular NIRF molecular imaging platforms have been developed and tested
in vivo in large animal models of atherosclerosis and stent healing.

4.4.1.1 One-Dimensional In Vivo Intravascular NIRF Sensing

A first-generation intravascular NIRF imaging prototype was developed in 2008 to
test the feasibility of detecting NIRF activity in living subjects [54]. This early sys-
tem was constructed from a near-infrared optical sensing fiber that was manually
pulled back through the vessel to identify local NIRF signal (Fig. 4.3). Performance
characteristics demonstrated NIRF detection in a 40 pm diameter focal spot approx-
imately 2 mm from the catheter imaging source. However, without automated trans-
lation and rotation capabilities, this one-dimensional NIRF system lacked
comprehensive 360° vessel NIRF detection and therefore could only collect data
from a localized sector of the vessel wall. In addition, this stand-alone NIRF imag-
ing system did not provide anatomic information and therefore required the use of a
sequential structural intravascular imaging platform (e.g., IVUS, OCT/OFDI) to
attempt localizing NIRF signal to endovascular regions of interest.

Fig. 4.3 One-dimensional intravascular NIRF catheter prototype. (a) Atherosclerotic-prone rab-
bits developed iliac artery plaques (arrowheads) following balloon injury. (b) A 90° NIRF-sensing
guidewire without rotational capability (lower inset), fabricated to specifications of 0.48 mm/0.019
inch maximum outer diameter with a 0.036 mm/0.014 inch radiopaque tip, was easily maneuvered
across the stenoses within the iliac artery (arrowhead). As a working distance of 2+ 1 mm, phan-
tom testing revealed a 40+ 15 pm NIRF spot size (upper inset). (c) Resected tissue grossly con-
firms the presence of iliac atherosclerosis in the balloon-injured areas (Reproduced with permission
from Jaffer et al. [54])
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Fig.4.4 Two-dimensional intravascular NIRF catheter schematic. Near-infrared light is delivered
from a laser through specialized optical fibers within the catheter and then redirected 90° by a
coated prism at the fiber tip to illuminate the artery wall (bottom right circular inset). Fluorescent
light emissions from molecules excited by the near-infrared laser are collected via the prism, trans-
mitted through the fiber, filtered by wavelength-selective mirrors (fop right inset show filter spec-
tra), and detected by a photomultiplier tube (PMT) for computer display and analysis. The catheter
position is controlled by an automated pullback motor with rotational and translational capabilities
(Reproduced with permission from Jaffer et al. [46])

4.4.1.2 Two-Dimensional In Vivo Intravascular NIRF Imaging

To overcome the lack of circumferential NIRF detection and inability for precise
longitudinal anatomic localization in the one-dimensional NIRF catheter design, a
second-generation NIRF imaging system was engineered [46]. This two-dimensional
NIREF catheter was coupled to computer-controlled motors for automatic 360° rota-
tion and 0.5 mm/s translation pullback (Fig. 4.4). In fluorescent phantom experi-
ments submerged in an artificial blood-like media, the two-dimensional NIRF
system had an angular resolution of 35-42° (i.e., ability to resolve >8 sectors) and
longitudinal resolution of 1.0 mm at catheter-to-phantom distances of 3.0 and
2.0 mm, respectively. Although the two-dimensional intravascular NIRF imaging
system marked a major step forward toward achieving detailed, comprehensive
plaque characterization, it suffered from the same drawback as the one-dimensional
NIRF prototype — being a stand-alone modality without accompanying structural
imaging information.

4.4.1.3 In Vivo Intravascular NIRF-OFDI Molecular-Structural Imaging

In a major advance for intravascular NIRF imaging, NIRF was recently paired with
OCT/OFDI in a hybrid catheter system to overcome the limitations of earlier one-
and two-dimensional stand-alone NIRF catheter systems [55]. As intravascular
NIRF imaging lacks anatomical information, the addition of exactly co-registered
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Fig. 4.5 Integrated NIRF-OFDI molecular-structural imaging catheter design. Coupled by a
custom-engineered rotary junction to allow automated rotation and translation, NIRF and OFDI
imaging systems are combined within a specialized dual-clad optical fiber housed in a clinical-
grade intravascular imaging catheter to simultaneously deliver NIRF and OFDI laser light to image
the artery wall. The dual-clad fiber contains concentric rings with different optical properties to
separate the NIRF and OFDI light paths, and a custom-fabricated ball lens at the fiber tip that
focuses incident light to a small spot and redirects it 90° into the tissue (scale bars, 100 pm).
Returning light from the tissue collected by the ball lens is transmitted through the optical fiber and
selectively filtered for detection by sensitive photomultipliers. OFDI microstructural information
(depth profile) is constructed by analyzing the interference pattern between the back-reflected light
with a reference arm as the laser wavelength source is rapidly cycled. Quantitative NIRF molecular
information (fluorescence emission) is simultaneously acquired at every OFDI depth profile acqui-
sition (Reproduced with permission from Yoo et al. [55])

OFDI allows precise mapping of the local NIRF signal with plaque microstructure.
The design of the NIRF-OFDI system employs specialized fiber optics that can
simultaneously transmit NIRF through the outer fiber cladding and OFDI through
the central core. The distal end of the imaging fiber is coupled to a hand-drawn ball
lens that directs light into the tissues at 90° to the optical fiber axis. At the back end,
the optical fiber is coupled to the image-processing interface by a customized rotary
junction that allows high-speed image acquisition simultaneously from both NIRF
and OFDI channels during catheter pullback (Fig. 4.5). In benchmark testing, the
NIRF-OFDI system performance was excellent at approximately 7 and 30 pm axial
and transverse resolution, respectively, 25.4 frames per second image acquisition,
up to 20 mm per second automated pullback speed, a 4.6 mm imaging field depth in
saline, and <1 nM sensitivity for near-infrared fluorochromes. Overall, the NIRF-
OFDI imaging system offers distinct advantages for enhanced diagnosis over either
imaging platform alone and holds great promise for clinical use.

4.4.1.4 In Vivo Intravascular NIRF-IVUS Imaging

New catheter designs pairing intravascular NIRF with IVUS are also being devel-
oped, given the longstanding experience with IVUS in modern-day cardiac cathe-
terization laboratories, where IVUS has been the clinical standard intravascular
imaging modality [56,57]. Furthermore, NIRF-IVUS holds technical advantages
over NIRF-OFDI in certain areas, despite OFDI exhibiting higher spatial resolution
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than IVUS. Compared to OCT/OFDI that requires rapid flushing with saline or,
more commonly, iodinated contrast to displace blood from the imaging field, both
IVUS and NIRF can image the vessel wall through blood without the need for flush-
ing. Eliminating coronary artery flushing by using a NIRF-IVUS system can be
time saving, decreases the small incremental risk of vessel trauma and arrhythmias
associated with flushing, and lessens the overall contrast load that can result in acute
kidney injury. Furthermore, IVUS has improved tissue depth penetration over OCT/
OFDI and the ability to image coronary ostia that cannot be evaluated with OCT/
OFDI due to difficulty effectively flushing blood from these locations. In evaluation
of the left main coronary artery, these characteristics give IVUS a distinct competi-
tive advantage over OCT/OFDI [58].

4.4.2 Intravascular NIRF Imaging Applications
to Atherosclerosis

NIRF molecular imaging has the ability to uncover critical in vivo biological aspects
of high-risk, “vulnerable” atherosclerotic plaques. The fundamental assumption
underlying this approach to plaque imaging is that through in vivo detection of high-
risk features previously linked to plaque rupture and progression by detailed histo-
pathology that the morbidity and mortality associated with atherosclerosis
complications may be lessened through early pharmacological or mechanical inter-
ventions. For example, these interventions may take the form of more aggressive
medical management with traditional lipid-lowering agents or employ new anti-
inflammatory and plaque-stabilizing therapeutics currently being benchmarked in
preclinical and early phase clinical trials. In select cases, there may be opportunities
for invasive treatment with catheter-based local drug delivery or even preventative
stenting. While the opportunities for atherosclerosis management based on intravas-
cular NIRF molecular imaging reporters are yet to be established and will require
large-scale outcomes trials for validation, there is significant expectation that the
biological information garnered from intravascular NIRF will inform new treatment
targets and the development of goal-directed strategies.

4.4.2.1 NIRF Imaging of Cysteine Protease Activity
in Inflamed Plaques

Complications related to atherosclerotic plaques prototypically involve rupture of
the overlying protective fibrous cap, exposing thrombogenic elements to the circu-
lating bloodstream [16,59]. Enhanced plaque proteolytic activity, which results in
degradation of structurally important collagen and elastin fiber networks, has been
mechanistically linked to plaque rupture [19]. In particular, cathepsins, a well-
described cysteine protease family, have been implicated in important atherosclero-
sis pathology [25]. Cathepsins S and K are present at sites of plaque rupture at
autopsy in humans [26], and other cathepsin family members such as cathepsin B
associate with atherosclerotic plaque complications [60—63]. Therefore, cathepsins
represent high-value molecular imaging targets for identifying high-risk atheroscle-
rotic plaques.
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Fig.4.6 Example of a protease-activatable NIRF molecular imaging biosensor. (a) Schematic of
the protected graft copolymer backbone containing a peptide sequence substrate (Gly-His-Pro-
Gly-Gly-Pro-GIn-Gly-Lys-Cys-NH2) specific for cathepsin K (CatK) linked to tightly packed
nonfluorescent (quenched) NIRF reporters. In the presence of activated CatK, fluorescent probes
are released by CatK substrate cleavage to liberate NIRF signaling. (b) In vitro testing with differ-
ent cathepsin and matrix metalloproteinase (MMP) enzymes demonstrated preferential cleavage of
the targeted agent by CatK (*p <0.05) (Reproduced with permission from Jaffer et al. [31])

In a significant technological achievement, smart tissue-activatable cathep-
sin protease NIRF molecular imaging agents have been developed [31,64,65],
preclinically tested for cathepsin imaging [29,46,54,61], and commercialized
(ProSense/VM110, PerkinElmer, Waltham MA). These specialized agents tightly
pack 15-20 near-infrared fluorochromes onto an inert protected graft copolymer
scaffold that causes the fluorochromes to be “quenched” and thus nonfluorescent
at baseline [65,66]. The polymer scaffold backbone is comprised of the amino
acid polylysine covalently bound to methoxypoly (ethylene glycol) chains, which
in the presence of protease activity is cleaved to liberate individual fluorochromes
detectable by NIRF imaging systems (Fig. 4.6). Compared to constitutively
reporting agents, these smart bioreporters have major signal-to-noise advantages,
since they exhibit minimal background at baseline, emit NIRF only when active
tissue proteolysis is present, contain an intrinsic signal amplification strategy that
liberates multiple fluorochromes from each nanosensor, and have proven to be
nontoxic. To date, NIRF protease-activatable molecular imaging agents have been
engineered to report on cathepsin B [65], cathepsin D [67], cathepsin K [31], and
MMP 2 and 9 [68]. For further development potential, the oligopeptide, graft
copolymer design of these agents form a versatile platform, enabling linkage of
additional drugs or molecules.

4.4.2.2 Stand-Alone In Vivo Intravascular NIRF Sensing

Using the early prototype one-dimensional intravascular NIRF imaging system,
cathepsin protease activity was assessed in the balloon-injured atherosclerotic iliac
arteries of hypercholesterolemic rabbits [54]. Prosense VM110 injected 24 h prior
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Fig.4.7 In vivo NIRF sensing of plaque proteolytic activity with the one-dimensional intravascu-
lar NIRF catheter. (a) X-ray angiography of the aortoiliac vasculature in a balloon-injured athero-
sclerotic rabbit demonstrates the presence of left iliac artery (LIA) atherosclerotic plaque (white
solid arrow in panels a, ¢, and d). Twenty-four hours after administration of a protease-activatable
NIRF reporter (Prosense VM110), replicate manual NIRF catheter pullbacks from the distal LIA
to the aorta (Ao) were performed through the blood without flushing over approximately 20 s each
(White dotted arrow indicates catheter pullback trajectory in panels a, ¢, and d). (b) Strong NIRF
protease signal was repeatedly detected at the location of the LIA plaque. (¢) Similar findings of
elevated plaque NIRF activity were observed in a different rabbit with right iliac artery (R/A) ath-
erosclerosis given Prosense VM 110 the day prior, but (d) not in those administered saline control
that exhibited only background NIRF signal (Reproduced with permission from Jaffer et al. [54])

to NIRF imaging revealed increased cathepsin protease activity at sites of atheroma
formation by manual catheter pullback that was confirmed by ex vivo macroscopic
fluorescence reflectance imaging (FRI) and matched histopathology (Fig. 4.7).
Significantly, NIRF plaque detection was accomplished through flowing blood
without the need for vessel flushing of occlusion, demonstrating the advantageous
in vivo light transmission properties of NIRF light wavelengths. Normal, healthy
rabbits injected with Prosense VM110 and atherosclerotic rabbits injected with a
saline control vehicle exhibited minimal tissue NIRF signal consistent with back-
ground autofluorescence, thus demonstrating the specificity of this agent for NIRF
protease detection. Since the rabbit iliac artery is of similar caliber to a small coro-
nary artery (2.0-2.5 mm), this study demonstrated the feasibility of NIRF catheter
detection systems to imaging human coronary plaques.

Atherosclerotic plaque cathepsin proteolytic activity in the high-cholesterol
rabbit model was assessed more comprehensively with the second-generation,
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two-dimensional NIRF imaging catheter that provides automated pullback with cir-
cumferential imaging capabilities [46]. Furthermore, this study extended in vivo
NIRF imaging to the larger 3.0-4.0 mm diameter aorta, more consistent with the
typical size range of proximal epicardial human coronary arteries. Eight weeks
after aortic balloon injury, rabbits were administered i.v. Prosense VM110 or saline
control 24 h prior to performing in vivo NIRF imaging. Anatomic plaque informa-
tion was evaluated by x-ray angiography and grayscale IVUS and then carefully
matched to the NIRF data set using side branches and other fiducial markers. Fusion
images revealed co-localization of enhanced NIRF cathepsin protease activity
with aortic atherosclerotic plaques, demonstrating the ability to identify inflamed
plaques in vivo using the second-generation NIRF system (Fig. 4.8). Quantitative
analysis of the plaque NIRF signal revealed excellent performance characteristics
with significantly greater signal-to-noise (SNR) and target-to-background (TBR)
ratios in aortic plaques from rabbits receiving Prosense VM110 compared to saline
control (SNR 12.6 vs. 1.3, p=0.02; TBR 6.3 vs. 1.1, p=0.02). Ex vivo tissue anal-
ysis confirmed the in vivo NIRF findings, including the presence of histological
plaque inflammation (i.e., cathepsins and macrophages) in all balloon-injured ani-
mals regardless of whether they were administered saline as a control injection with
minimal in vivo NIRF signal or Prosense VM110. Notably, immunohistochemistry
for plaque cathepsin proteases may be positive in regions without Prosense VM110
NIREF signal, since Prosense VM110 reports only on biologically active cathepsin
protease activity rather than total (inactive plus active) protease content.

4.4.2.3 In Vivo Intravascular NIRF-OFDI

Building on prior experiments with earlier-generation stand-alone NIRF imaging
systems, inflamed aortic atherosclerotic plaques in cholesterol-fed, balloon-injured
rabbits were assessed with integrated NIRF-OFDI molecular-structural imaging
using Prosense VM110 injected 24 h beforehand [55]. OFDI-defined plaques
revealed enhanced NIRF cathepsin protease signal that was absent in normal vessel
segments. Within a single plaque, heterogeneous NIRF proteolysis was observed at
high spatial resolution and precisely mapped to the OFDI microstructure (Fig. 4.9).
At histopathology, NIRF-positive aortic plaques exhibited increased macrophage
infiltration and cathepsin B expression. By combining exact anatomically matched
biological and structural plaque information as demonstrated in this feasibility study,
intravascular NIRF-OFDI is poised to inform upon previously unappreciated and
inaccessible high-risk atherosclerotic plaque features in vivo such as cysteine prote-
ase activity, with the possibility to perform serial imaging studies that evaluate drug
treatment effects on plaque inflammation in living subjects. Furthermore, as OFDI
signal standard deviation threshold measurements can detect resident plaque macro-
phages in macrophage-dense lesions [69], ongoing studies are attempting to under-
stand whether adding NIRF imaging of proteolytic activity can identify a subset of
the OFDI macrophage population that represent activated or M 1-type macrophages.
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Fig. 4.8 In vivo molecular imaging of atherosclerosis protease inflammation with the
two-dimensional intravascular NIRF catheter in a coronary-sized artery. (a) Non-contrast angiog-
raphy shows placement of the two-dimensional NIRF catheter in the rabbit abdominal aorta (dotted
yellow inset highlights radiopaque marker at the catheter tip). (b) Contrast angiography of the
aortoiliac vasculature with mild atherosclerotic disease (yellow line indicates catheter tip location).
(c) Mild plaques (P1, P2; arrowheads) are observed on the longitudinal IVUS, with more detail on
(f, g) higher magnification long view and (h, i) axial IVUS images. (d) Two-dimensional NIRF map
(top panel) aligned with angiography and IVUS demonstrates elevated plaque NIRF proteolytic
activity, displayed as one-dimensional angle-averaged NIRF signal (bottom panel). (e) NIRF
signal superimposed on longitudinal IVUS co-localizes elevated NIRF protease inflammation
(vellow/white = high-intensity NIRF signal, red/black = low intensity NIRF signal) to regions of
IVUS-defined plaque (Reproduced with permission from Jaffer et al. [46])
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Fig. 4.9 In vivo NIRF-OFDI molecular-structural imaging of atheroma protease activity.
(a) OFDI cross-sectional image demonstrates a focal lipid-rich (L) plaque (arrowheads) in an
atherosclerotic rabbit aorta associated with (b, ¢) strong quantitative NIRF protease inflammation
(vellow/white). In comparison, areas of normal vessel wall by OFDI have low NIRF signal (red/
black). Immunochemistry staining for (d, g RAM-11 and (f, i) cathepsin B shows dense macro-
phage and cysteine protease infiltration, respectively, throughout the atheroma. (e, h) Fluorescent
microscopy revealed plaque NIRF signal (red) in a similar pattern (i.e., greater NIRF at the green
asterisk compared to the blue asterisk) to the matched in vivo NIRF-OFDI axial image from (c)
that was distinct from tissue autofluorescence (green). Scale bars, 200 pm (¢, g—i) and 500 pm (a,
b, d—f) (Reproduced with permission from Yoo et al. [55])

4.4.2.4 NIRF Imaging of Lipid-Rich, Inflamed Plaques

with Indocyanine Green
For clinical translation of intravascular NIRF imaging technology, targeted NIRF
molecular imaging agents for patient administration must be made available. At
present, Prosense VM110 is not approved for human use, and therefore, alternative
NIRF inflammation-sensing molecular probes have been pursued to speed clinical
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translation. Indocyanine green (ICG) is a candidate near-infrared fluorochrome
already approved by the Food and Drug Administration (FDA) for intravascular
blood flow measurements in ophthalmic retinal imaging and for assessment of car-
diac output and hepatic function [70,71]. ICG is an amphiphilic fluorescent dye that
binds circulating plasma proteins including atherogenic low-density lipoprotein
(LDL) [72] and has been reported to localize within inflamed tissues [73].

Given these promising attributes, ICG was selected for further evaluation of its
ability to identify inflamed atheroma and plaque lipid accumulation in vivo with
one-dimensional stand-alone NIRF imaging [74]. Eight weeks following aortoiliac
balloon injury, hyperlipidemic rabbits were injected with an FDA-approved ICG
dose (1.5 mg/kg) prior to in vivo NIRF imaging. Automated pullbacks matched
with IVUS for plaque topography revealed locally increased ICG signal in atheroma
that was durable for up to 45 min after ICG administration (Fig. 4.10). Ex vivo FRI
macroscopically corroborated the in vivo NIRF ICG signal. Detailed fluorescence
microscopy and histopathology matched to NIRF and IVUS was then performed to
localize the tissue source of ICG plaque signal. Within atheroma, ICG co-localized
with lipid (Oil Red O neutral triglyceride staining) and macrophages (RAM-11 anti-
body). Extending this association further to human tissues, in vitro testing revealed
ICG binding to acetylated LDL and ingestion by human macrophages and experi-
mentally derived foam cells, and ex vivo incubation of resected carotid endarterec-
tomy specimens with ICG demonstrated ICG uptake in plaque regions with
increased lipid and macrophage content. Therefore, although additional mecha-
nisms of ICG binding to lipid populations and macrophage subsets need to be elu-
cidated, ICG appears to be a promising clinically available NIRF molecular imaging
agent for inflamed, lipid-rich atherosclerotic plaques that may accelerate human
translation of intravascular NIRF imaging studies.

4.4.3 Intravascular NIRF Imaging of Proteolytic Activity
in Coronary Stents

Coronary stent procedures in the United States alone are performed in greater than
one million patients annually [1] and carry measurable risks of future stent throm-
bosis and stent restenosis [75]. Although occurring relatively infrequently at rates
from 0.3 to 4 % per year depending on the patient population studied, stent throm-
bosis is a major adverse event that often results in sudden cardiac death [76,77].
Even in survivors of stent thrombosis, a 30-day mortality is reported as high as
10-25 %. While generally less catastrophic, stent restenosis is a more common
phenomenon (5-20 %), particularly in diabetic patients, and a significant contribu-
tor to recurrent angina, myocardial infarction, and repeat invasive procedures
[78,79]. While the development of drug-eluting stents (DES) with antiproliferative
coatings to antagonize smooth muscle cell ingrowth has diminished stent restenosis,
DES heal slower than uncoated bare-metal stents (BMS) thus leaving metal exposed
to flowing blood that may trigger local thrombosis [80-82]. Furthermore, the drug
itself and/or polymer coating has been implicated in promoting stent struts that lack
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Angiography

NIRF-WL fusion

Fig.4.10 In vivo NIRF sensing of indocyanine green (/CG) uptake in lipid-rich, inflamed plaques
with the one-dimensional intravascular NIRF catheter. (a) Contrast angiography shows multiple
sites of rabbit aortic and iliac artery atherosclerosis (arrowheads). Automated NIRF catheter pull-
back was performed between the green and red dotted arrows, and fiducial markers (e.g., renal and
iliac artery branch points; asterisks) were used to anatomically register NIRF signal with IVUS for
plaque structural characterization. Scale bar, 1 cm. (b) Longitudinal IVUS revealed small plaques
(dotted line) that were eccentric on cross-sectional images (arrowheads). (c) Fifteen minutes after
injection, in vivo ICG NIRF signal mapped to the location of IVUS atheroma (yellow pseudo-
color). (d, e) Ex vivo fluorescence reflectance imaging (FRI) confirmed plaque ICG uptake (fire
look-up table) within atherosclerotic segments on white light (WL) fusion images (Reproduced
with permission from Vinegoni et al. [74])

endothelial coverage, are inflamed, and develop fibrin deposition [83]. Stent reste-
nosis is routinely visualized with IVUS and OCT/OFDI [50,56,84], and stent strut
endothelial coverage can be identified with good accuracy by OCT/OFDI given its
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high-resolution images [85,86]. However, despite these structural guideposts, there
is great need to better understand the in vivo pathobiology that predisposes particu-
lar stents and patients to stent thrombosis or stent restenosis.

Intravascular NIRF molecular imaging approaches are ideally situated to improve
understanding of the complex microenvironment present during stent healing that
has been previously undetectable in vivo. Identification of overtly inflamed or fibrin-
covered stents may facilitate early detection of stents at risk of stent thrombosis or
aggressive restenosis and allow preventative measures to be undertaken to lessen
this risk. Of particular interest is hybrid intravascular NIRF-OFDI [48,55], given
the superior in vivo structural resolution of OFDI to resolve individual stent struts
including the degree of stent strut coverage (i.e., endothelialization) that marks
stent healing. In this way, stent-associated inflammation and fibrin deposition can
be detected with NIRF-OFDI imaging strategies, revealing new biological insights
into the stent healing response with potentially important clinical implications.

4.4.3.1 NIRF Imaging of Stent Inflammatory Proteolytic Activity

Efforts to understand the role of inflammation on stent healing in vivo with
intravascular NIRF imaging have been undertaken in preclinical animal models.
Clinical-grade BMS implanted in the rabbit aorta for 1 week were imaged with
two-dimensional intravascular NIRF following intravenous Prosense VM110
injection 24 h earlier [46]. For anatomical information, IVUS and angiography
were performed in serial fashion. Increased cathepsin protease NIRF activity was
greatest at the stent edges, identified surrounding stent struts by in vivo NIRF and
fluorescence microscopy, and also noted beyond the stent boundaries likely related
to arterial injury from extension of the stent delivery balloon (Fig. 4.11). Based
on this early demonstration, intravascular NIRF detection of stent inflammation
is feasible in living subjects, may allow serial assessment of stent inflammation
during the healing process and response to therapeutic intervention, and holds
great potential for translation to human coronary stent risk assessment including
informing the engineering of next-generation safer stent designs. Intravascular
NIRF-OFDI molecular-structural imaging of stent NIRF protease inflammation
and OFDI structural healing (i.e., endothelialization and neointimal formation,
respectively) is also being actively pursued in preclinical BMS and DES stent heal-
ing studies. Given its advantageous technical properties, NIRF-OFDI is likely to
propel the interrogation of coronary stent healing to the next level by enabling
high-resolution longitudinal assessment of stent healing and biology with exact
anatomical co-registration.

4.4.3.2 NIRF Imaging of Stent Fibrin Deposition

Stent strut fibrin accumulation has been implicated as a precursor of stent thrombo-
sis [76,80] and therefore represents a potential high-value in vivo molecular imag-
ing target. Given the need to interrogate individual stent struts, the high-resolution
integrated intravascular NIRF-OFDI system is an ideal tool to evaluate the ability to
visualize uncovered stent struts with associated fibrin deposition. In initial testing,
BMS coated with exogenously NIRF-labeled fibrin was implanted in a cadaveric
human coronary artery and ex vivo NIRF-OFDI performed [55]. NIRF fibrin signal
overlapped with OFDI-detected thrombi on simultaneously acquired images, and
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Fig.4.11 In vivo NIRF molecular imaging of stent protease activity with the two-dimensional
intravascular NIRF catheter. (a) X-ray angiography delineates the position of a bare-metal stent
(dotted rectangle) implanted in a rabbit abdominal aorta 7 days earlier. (b, ¢) Twenty-four hours
following intravenous injection of Prosense VM 110, co-registered IVUS and NIRF maps obtained
through blood without flushing reveal a stent strut-based pattern of NIRF protease inflammation.
(d) One-dimensional angle-averaged NIRF signal plot of each axial NIRF acquisition. (e) NIRF
and long view IVUS fusion image (yellow/white = high-intensity NIRF; red/black = low intensity
NIRF) highlighting enhanced stent NIRF protease activity. (f~h) Respective IVUS cross-sectional
images from zones of balloon angioplasty, bare-metal stent placement, and the normal artery
(Reproduced with permission from Jaffer et al. [46])
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NIREF fibrin signal at stent strut zones was verified by en face FRI. Next, BMS incu-
bated with NIRF fibrin were implanted in the iliac arteries of living rabbits and
in vivo NIRF-OFDI performed. As in the cadaveric coronary artery, NIRF fibrin
deposition co-localized with OFDI thrombus, but NIRF fibrin imaging also detected
a population of stent strut NIRF-positive microthrombi that were resolved beyond
OFDI capabilities, demonstrating the improved sensitivity of targeted NIRF molec-
ular imaging over OFDI structural imaging alone for fibrin detection (Fig. 4.12).
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Fig.4.12 In vivo NIRF-OFDI molecular-structural imaging of stent fibrin deposition. (a) A bare-
metal stent coated ex vivo with a fibrin-reporting NIRF probe and implanted in the iliac artery of a
rabbit was imaged in vivo with the dual-modality NIRF-OFDI catheter system. In cross-section,
OFDI microstructural thrombus (red arrows) and stent struts (yellow asterisks) are apparent.
(b) Angular NIRF plot with high-intensity NIRF fibrin signal (red arrows) co-localized at loca-
tions with visual OFDI thrombus. Zones without OFDI thrombus (blue arrowheads in a—c) lacked
detectable NIRF fibrin signal. (¢) OFDI thrombus segmentation (left column, purple) closely paral-
leled NIRF fibrin localization (middle column, yellow) anatomically matched with histological
H&E staining (right column; red asterisk = side branch, yellow or black asterisks = stent struts,
white asterisks = stent strut shadows, thrombus = red arrows). Insets are high-magnification views
of red- or yellow-bordered rectangular regions of interest. (d) Three-dimensional rendered images
of the NIRF-OFDI data set illustrating extensive overlap of OFDI thrombus (purple) and NIRF
fibrin (yellow) deposition. Scale bars, 500 pm (Reproduced with permission from Yoo et al. [55])
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As new clinical NIRF fibrin biosensors emerge, such as NIRF-labeled FTP-11 that
is based on an MRI fibrin agent already tested and shown to be safe in humans
[87-90], intravascular NIRF-OFDI evaluation of stent strut fibrin deposition is posi-
tioned to gain clinical traction as an intriguing novel method for stent thrombosis
risk prediction.

Conclusion

Intravascular NIRF imaging of arterial proteolytic activity represents a promis-
ing new translational molecular imaging approach for the in vivo assessment of
the biology of atherosclerosis and vascular injury and also for detecting high-risk
plaques and stents. Early preclinical studies using prototype systems have dem-
onstrated the feasibility of intravascular NIRF to detect plaque cysteine protease
activity, lipid- and macrophage-rich plaques, stent inflammation, healing, and
microthrombi with good sensitivity. The addition of high-resolution integrated
structural OFDI to stand-alone NIRF imaging systems has spurred a major leap
in technology to enable detailed investigation of stent and plaque biology in vivo.
While a number of NIRF agents are translationally promising including protease
sensors, preliminary data suggests that existing FDA-approved NIRF molecular
probes such as ICG may allow even earlier human testing with intravascular
NIRF technology. Going forward, however, intravascular NIRF molecular imag-
ing must demonstrate improved risk prediction that extends beyond traditional
risk scores in order to make a NIRF imaging approach clinically viable. Overall,
given the broad appeal of molecular imaging to illuminate biology beyond ana-
tomic imaging modalities, intravascular NIRF imaging has great potential to
uncover important discoveries by engaging diverse future applications in cardio-
vascular disease diagnosis, treatment, and discovery.
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Abstract

Atherosclerotic plaque development is characterized by the presence of active
inflammation, collagen remodeling, and the deposition of calcific mineral, and
these processes have proven to be the main determinants of the biomechanical
stability of the plaque. Collagen degradation due to proteases from inflammatory
cells and/or the formation of spotty microcalcifications within the atherosclerotic
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fibrous cap can lead to plaque rupture and subsequent myocardial infarction or
stroke. Therefore, the ability to monitor inflammation and calcification in situ
could inform patient treatment options and prevent serious acute cardiovascular
events. Commonly utilized imaging techniques lack the resolution to image
these processes. In this chapter, we will discuss the promise of optical molecular
imaging in imaging inflammation and calcification within atherosclerotic
plaques. We will focus on data from preclinical studies performed in animal
models of atherosclerosis, and we will extend our discussion into how these tech-
niques may be fully realized in a clinical setting.

5.1 Imaging Criteria for Atherosclerotic Inflammation
and Calcification

Growing epidemiological evidence conclusively demonstrates that arterial calcium
burden is a significant predictor of cardiovascular morbidity and mortality. These
findings have challenged previously held notions that arterial calcification serves as
a biomechanical stabilizer of atherosclerotic plaques. Rupture of vulnerable athero-
sclerotic plaques and subsequent vessel occlusion via thrombus formation is the
leading cause of myocardial infarction and stroke. Classically, atherosclerotic
plaque vulnerability has been attributed to a reduction/degradation of collagen in
the fibrous cap [1]; however, recent studies have identified that microcalcifications
in the cap of vulnerable plaques may also contribute to its biomechanical failure [2,
3]. The presence of microcalcifications leads to significant stress accumulation
resulting in plaque instability, whereas larger calcifications within the plaque may
serve to stabilize the plaque. This presents a challenge for imaging vascular calcifi-
cations that contribute to plaque rupture. Due to their small size, dangerous micro-
calcifications are beneath the detection resolution of traditional CT-based imaging
modalities that are commonly utilized to detect vascular calcification.

Calcific mineralization that forms both microcalcifications and larger calcifications
within atherosclerotic plaques may be an irreversible endpoint of plaque development
[4]. This mineralization is preceded by active inflammation within the plaque, and
histopathological characterization of vulnerable and ruptured plaques reveals high
levels of proinflammatory leukocytes within the growing neointimal region of the ves-
sel wall [5]. These inflammatory cells release collagen-degrading proteases, compro-
mising the biomechanical integrity of the fibrous cap [1]. Emerging evidence suggests
that inflammatory macrophages may also directly contribute to the deposition of cal-
cium phosphate mineral [6] in addition to releasing inflammatory cytokines that
induce calcific phenotypic changes in vascular smooth muscle cells (SMC) [7, §]. In
contrast, stable atherosclerotic plaques contain few markers of active inflammation
and are characterized by the presence of SMC with a synthetic phenotype that is
responsible for the formation of a collagen-rich fibrous cap [9]. These stable plaques
also often contain large calcifications that form beneath the fibrous cap.

In addition to their lipid-lowering benefits, the anti-inflammatory action of statins
is believed to be responsible for their role in preventing acute cardiovascular events
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[10]. By reducing inflammation within the plaque, these drugs favor the SMC-rich
stable plaque phenotype. Many patients develop vulnerable plaques that lead to
subsequent cardiovascular morbidity and mortality independent of traditional risk
factors that would necessitate statin prescription. Updated guidelines set by the
American Heart Association and American College of Cardiology are aimed at pre-
ventative treatment of these patients [11], but the clinical decision to begin statin
treatment must currently be made without the benefit of positive identification of
vulnerable plaque development within patients. Therefore, these guidelines will
result in a portion of patients being prescribed statins unnecessarily. Additionally, a
large number of patients fail to respond to statins [12]; however, currently clinicians
are not able to assess changes in plaque vulnerability in patients taking statins.

Imaging modalities are needed that can monitor atherosclerotic plaque develop-
ment to delineate vulnerable plaques with microcalcifications and inflammation
versus collagen-rich stable plaque phenotypes. In this way, new criteria can be gen-
erated to target patients most at risk for plaque rupture, and clinicians can gauge the
success of patients taking statins or other drugs that are intended to enhance plaque
stability. Further, imaging techniques that are sensitive enough to detect the earliest
stages of plaque development may present the opportunity to reverse and/or prevent
atherosclerosis. Optical molecular imaging has exhibited promise in detecting all
phases of plaque development including endothelial dysfunction and lipid accumu-
lation, subsequent leukocyte infiltration into the plaque neointima, matrix remodel-
ing resulting from inflammation and SMC migration, and finally the deposition of
calcium phosphate mineral forming macrocalcification and microcalcification.
Therefore, the advent of these techniques may lead to new paradigms in the detec-
tion and treatment of cardiovascular disease.

5.2  Optical Molecular Imaging Strategies

Both fluorescent and bioluminescent techniques are often utilized in optical molecu-
lar imaging of atherosclerotic plaques [13]. For fluorescent imaging, fluorophores
are attached to the molecular probe, and light from an excitation source leads to an
emission of fluorescent light where the molecules are present [14]. Bioluminescent
probes employ similar targeting concepts; however, no excitation light is needed to
observe sight produced by these molecules [15]. In both cases, the bioluminescent or
fluorescent compounds may be directly attached to a targeting moiety, whereupon
accumulation of the probes and targeting construct at the site of interest yields a
signal that is detectable above the background. Alternatively, to detect enzymatic
activity, the probes may be attached to a cleavable sequence in close proximity to
quenchers that inhibit the output of detectable signal. Cleavage of these sequences by
the enzyme of interest liberates these probes to reveal detectable signal. Three com-
mon detection modalities are utilized to receive the signal from the probes.
Fluorescence reflectance imaging is the term used when the light source and detector
lie on the same side of the imaged object [16]. When the detection and illumination
sources are on opposite sides, it is termed transillumination fluorescence imaging
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[17]. Finally, fluorescence-mediated tomography is the term used when the detector
is set at a fixed position relative to a light source that is at a different location [18].
Near-infrared fluorescent (NIRF) dyes have emerged as a powerful tool for optical
molecular imaging. Near-infrared light has relatively low absorption in biological
tissues, allowing for a greater detectable penetration depth into tissues. Further, the
advent of catheter-based modalities for intravascular detection of molecular imaging
agents circumvents the limitations of tissue penetration depth that has traditionally
limited optical molecular imaging in cardiovascular tissues [14].

5.3  Leukocyte Infiltration via Endothelial Cell Activation

Leukocyte infiltration into the vesicle wall and subsequent inflammation has long
been known to play a role in plaque development and stability [9]. Activation of
endothelial cells in regions of disturbed blood flow (e.g., arterial branch points) is
believed to be an initiating event in the development of atherosclerotic plaques.
Activated endothelial cells exhibit elevated expression of adhesion molecules on the
apical surface (proximal to the lumen) that directs the infiltration of leukocytes into
the vessel wall [19]. The leukocytes adhere to these adhesion proteins and migrate
into the underlying intima. These adhesion proteins offer easily targetable sites [20]
for optical molecular imaging of locations of plaque development. Due to the expres-
sion of these molecules on endothelial cells in direct contact with blood flow, molec-
ular imaging agents designed for the detection of adhesion proteins do not have to
diffuse into the vessel wall to bind to the intended target [21]. In a mouse model of
atherosclerosis, injection of a magneto-optical reporter agent targeted to a specific
adhesion protein, vascular cell adhesion molecule-1 (VCAM-1), was shown to iden-
tify plaque regions in vivo using MRI and ex vivo by employing NIRF imaging [19,
21]. NIRF VCAM-1 signal was validated using traditional immunohistological tech-
niques, and endothelial expression of this protein was found to be associated with
underlying leukocytes as shown by the expression of the macrophage protein Mac-3
(Fig. 5.1). Similarly, an in vitro study utilizing activated human umbilical vein endo-
thelial cells subjected to physiologically relevant shear showed that iron oxide mic-
roparticles dually conjugated to antibodies against VCAM-1 and another adhesion
molecule, E-selectin, exhibited significantly greater retention and signal-to-noise
properties by optical coherence tomography compared to microparticles conjugated
to antibodies against either adhesion molecule alone [22]. Similar techniques may be
utilized in vivo to enhance sensitivity and specificity of plaque identification [23].
Following adhesion to the endothelial cells and migration from the lumen to the
subendothelial space, monocytes give rise to macrophages that play a central role in
the growth of the neointimal atherosclerotic plaque. Scavenger receptors on the
plasma membrane allow these macrophages to phagocytose, or engulf, cholesterol
within the early lesion forming foam cells that serve as a means of cholesterol clear-
ance from the plaque. Molecular probes targeting macrophage scavenger receptors
have shown the ability to detect inflammation by accumulating in macrophage-rich
atherosclerotic plaques of mice with the amount of detectable signal proportional to
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Fig. 5.1 Molecular imaging of endothelial VCAM-1 expression. A VCAM-1-targeted NIRF
probe shows co-localization with VCAM-1 staining by immunohistochemistry in mouse aorta.
This signal is also associated with CD31 expression, indicating the presence of endothelium, and
Mac-3 expression that reveals underlying macrophages. Original magnification x400. Bar = 50 pm
(Figure is courtesy of Dr. M. Nahrendorf)

the degree of macrophage number [24]. Similarly, due to their phagocytic action,
dextran-coated magnetofluorescent nanoparticles were shown to exhibit the highest
uptake in plaque macrophages compared to other cell types within the plaque [25].
The specificity of these nanoparticles can be further enhanced using ligands to
known macrophage markers.

Inefficiency in removing apoptotic foam cells leads to the formation of a necrotic
core within the plaque that has been shown to be associated with plaque destabiliza-
tion. Therefore, the identification of macrophage apoptosis within lesions would
allow the detection of potentially vulnerable plaques prior to rupture. High-density
lipoprotein (HDL) mimicking polymer nanoparticles with a quantum dot core and a
cationic ligand that targets the mitochondria of apoptotic cells and a quantum dot
core were recently developed [26]. The fluorescent quantum dots allowed optical
imaging of macrophage apoptosis in vitro as the nanoparticles accumulated in the
mitochondria of dying cells. Elevated plasma HDL has been shown to reduce



112 J.D. Hutcheson and E. Aikawa

cardiovascular risk by promoting reverse cholesterol transport. In a mouse model,
injection of the HDL-mimicking nanoparticles led to a reduction in total serum
cholesterol in the mice. These results demonstrate the combined therapeutic and
diagnostic (“theranostic”) potential of agents designed with molecular imaging
components. Further, nanoparticle-based imaging strategies provide an efficient
means of targeting ligands and imaging probes to the atherosclerotic plaque [27].

5.4  Proteolytic Activity and Matrix Remodeling

In addition to — and perhaps more importantly than — their role in plaque destabiliza-
tion associated with necrotic core formation, macrophages within the plaque release
proteases that degrade extracellular matrix components, directly compromising the
structural integrity of the plaque [28]. Increased protease activity due to macro-
phage accumulation has been shown to lead to a reduction of collagen within the
atherosclerotic fibrous cap [1]. Thin fibrous cap atheroma is not able to withstand
the stresses caused by hemodynamic shear and systolic pressure, and biomechanical
failure of the cap leads to the formation of thrombi causing vessel occlusion that
results in myocardial infarct and stroke. Therefore, early detection of matrix degra-
dation due to the presence of proteases within the plaque represents an attractive
target for molecular imaging probes. Researchers have taken advantage of the enzy-
matic activity and extracellular localization of these proteases to develop com-
pounds that exhibit NIRF signal following proteolytic activation.

Cysteine protease activity was the target of the first generation of enzymatically
activated NIRF molecular probe agents [29, 30]. These probes were synthesized by
incorporating NIRF molecules on cysteine peptide chains. The close proximity of the
NIRF agents quenches the fluorescent signal due to fluorescence resonance energy
transfer. Cleavage of the chains by cysteine proteases liberates the NIRF molecules,
leading to observable fluorescent signal. Cysteine proteases include members of the
cathepsin family of enzymes, namely, cathepsins B, K, and S that are the most rele-
vant targets for atherosclerosis [30, 31]. An activatable cathepsin B-targeted NIRF
agent shows lysosomal uptake and accumulation in plaque inflammatory cells [30].
Similarly, catheter-based intravascular imaging of cysteine protease activity follow-
ing injection of these agents in a rabbit model of arteriosclerosis revealed strong
NIRF signal in inflamed plaques that was associated with cathepsin B activity [32].
Incorporating peptide sequences targeted to enzymes of interest (rather than the non-
specific cysteine peptide chain) enables the detection of specific proteases within the
plaque and can give insight into biomolecular mechanisms of plaque development.
Using this strategy, cathepsin S, an elastolytic cysteine protease, was found to be
increased in atherosclerotic plaques of a mouse model of chronic renal disease
(CRD) with a strong association to calcification [33] (Fig. 5.2a). Osteogenic activity
and mineral deposition were abolished in mice lacking cathepsin S activity, demon-
strating a causative link between cathepsin S and calcification (Fig. 5.2b).

In a similar manner to the probe for cathepsin S, second-generation activatable
NIRF agents were developed to measure collagen-degrading matrix metalloprote-
ase (MMP) activity by replacing the cysteine chain with a gelatinase substrate
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Fig.5.2 Molecular imaging of cathepsin S and calcification. (a) Fluorescence reflection imaging
of a NIRF probe targeted to cathepsin S revealed the highest cardiovascular activity in an ApoE™"-
mouse model of chronic renal disease (CRD). This increased activity was also associated with
aortic calcification as identified by von Kossa staining of histological sections. (b) Using the NIRF
cathepsin S probe in combination with a NIRF probe for calcification showed a strong association
between the two. Further, by knocking out cathepsin S in the mice, calcification of the aorta was
mitigated (Modified from Aikawa et al. [33])

(collagenase MMPs also recognize gelatin as a substrate) [34]. An atherosclerotic
mouse model on a high-cholesterol diet was given injection of the MMP-sensitive
NIRF agent 24 h prior to imaging with fluorescence-mediated tomography reveal-
ing significant signal in the aortic root, arch, and thoracic aorta corresponding to
sites of atheroma. These agents may provide a means for early identification of
particularly vulnerable plaques. MMPs have been shown to mediate collagen deg-
radation within the atherosclerotic fibrous cap, leading to diminished biomechanical
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Fig.5.3 (a) Early osteogenic activity detected by alkaline phosphatase (ALP) in macrophage-rich
lesion. (b) Prominent calcification in advances plaque. Cryosections stained with anti-macrophage
Mac-3 antibody (left), ALP (middle), and von Kossa (right). Original magnification x400. Bar =
50 pm (Modified from Aikawa et al. [5])

integrity, plaque rupture, and thrombosis. Therefore, imaging MMP activity in early
atheromas could allow clinicians to identify areas of concern prior to rupture.

5.5 Inflammation, Osteogenesis, and Calcification

In addition to their participation in plaque remodeling via the release of matrix-
degrading enzymes, inflammatory cells also contribute to the formation of calcific
deposits within the plaque (Fig. 5.3). In vitro studies have demonstrated that
macrophage-derived cytokines (e.g., IL-1p, IL-6, IL-8, TNF-a, IGF-1, and TGF-f) can
induce osteogenic differentiation of vascular SMC [7, 8]. Evidence also suggests that
macrophages can actively participate in the nucleation of calcium phosphate mineral
[6]. Imaging mineral deposition by macrophages and SMC in the vessel wall has been
achieved using bisphosphonates conjugated to NIRF molecules [35]. Bisphosphonates
have a structure similar to the calcification inhibitor pyrophosphate and are believed to
bind to calcium and accumulate in mineralized crystals [35, 36]. The accumulation of
NIRF-bisphosphonates in calcific regions of atherosclerotic plaques yields detectable
NIRF signal that is spectrally distinct from the protease agents discussed in the previ-
ous section [37]. Imaging these processes in parallel has provided new insight into the
relationship between inflammation and calcification [5, 38].

Whether by priming the matrix, stimulating SMC, or actively depositing mineral,
inflammation is closely linked with calcification within the atherosclerotic plaque
and ultimately to plaque stability [39]. This point was shown in an atherosclerotic
mouse model, wherein fluorescence reflection imaging of explanted aortae from the
mice revealed a strong association between inflammation and calcification [5]
(Fig. 5.4). NIRF signals from both processes were noted in regions associated with
high shear stress including the aortic arch and root, the innominate artery, and the
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Fig.5.5 Longitudinal study: NIRF probes with different emission wavelengths allow for simulta-
neous imaging of inflammation (green fluorescence) and calcification (red fluorescence). Using
this technique in an ApoE~~ mouse model of atherosclerosis, it was shown that inflammation not
only co-localizes with calcification, but also seemed to precede calcific mineral deposition.
Twenty-week-old mice exhibited high arterial signal corresponding to the macrophage-targeted
probe but did not exhibit signs of calcification. In 30-week-old mice, inflammatory cells and calci-
fication were either within close proximity or co-localized (yellow fluorescence). Representative
histomorphological images shown on the right. Hematoxylin and eosin. Magnification x400. Bar
=50 pm. L depicts lumen; arrows depict internal elastic lamina (Modified from Aikawa et al. [5])

carotid bifurcation. The elevated mechanical stress in these regions has been shown
to associate with plaque development in both mouse and humans. Longitudinal
studies in Apolipoprotein E (ApoE) deficient mice further demonstrated that not
only do the inflammation and calcification signals overlap but also the inflammation
seemed to necessarily precede calcific mineral deposition [5] (Fig. 5.5). Therefore,
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Fig. 5.6 Atherosclerotic plaque development initiates with the infiltration of proinflammatory
macrophages that stimulate propagation of plaque development through matrix remodeling and the
release of pro-osteogenic cytokines. The initiation and propagation phases may provide the most
appropriate window for therapeutic intervention. End-stage calcification may be an irreversible
endpoint of plaque development (Figure reprinted from New and Aikawa [4])

it has been proposed that inflammation-dependent calcification in the atheroscle-
rotic plaque can be divided into three phases: initiation, propagation, and end-stage
calcification [4]. The initiation phase consists of macrophage infiltration and matrix
remodeling. Subsequently, the macrophages promote a pro-osteogenic environment
where both SMC and macrophages participate in the propagation of plaque devel-
opment through the deposition of calcium phosphate mineral. Once the mineraliza-
tion begins, the final phase, end-stage calcification, progresses quickly and may be
an irreversible endpoint of plaque development (Fig. 5.6).

5.6  Future Perspectives

As mentioned in the introduction to this chapter, plaque phenotype determines the
biomechanical integrity of the atheroma, and both inflammation and calcification
play a major role in the biomechanical state of the plaque. The persistence of inflam-
mation in the plaque leads to both heightened protease activity resulting in thin-
ning of collagen in the fibrous cap and the progression of calcification. Further,
the presence of macrophages seems to be associated with the formation of
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microcalcifications within the fibrous cap. Cellular-derived matrix vesicles are
believed to serve as nucleating foci for the formation of microcalcifications, and
these matrix vesicles may be derived from both the macrophages themselves or
from SMC stimulated to undergo osteogenic reprogramming by macrophage releas-
ing proinflammatory cytokines. Though their role in plaque destabilization is now
clear, much remains unknown about the mechanisms of microcalcification forma-
tion. As we learn more about these mechanisms, new molecular targets for imaging
probes may be created to visualize the absolute earliest phases of the calcification
process.

Recent advancements using positron emission tomography/CT (PET/CT) with
BF_sodium fluoride (*®F-NaF), an established PET tracer for bone formation and
remodeling, and '®F-fluorodeoxyglucose (18-FDG), shown to accumulate in regions of
inflammation, may provide new strategies for honing in on regions of plaque vulnera-
bility [40]. Coronary uptake of '*F-NaF was found overlaying, adjacent to, and distal
from regions of CT-identified calcifications [41]. Additionally, large areas of calcifica-
tion with no "*F-NaF uptake were observed. This suggests that, as with bone, '®F-NaF
uptake in the vasculature is a marker of ongoing calcific remodeling [41]. Large, stable
calcifications do not exhibit *F-NaF update, whereas active regions of mineralization
accumulate '®F-NaF. The 'F-NaF regions faraway from the CT-identified calcific
regions may represent the dangerous microcalcifications that cannot be detected by
traditional imaging modalities [41]. In support of this hypothesis, a prospective clinical
trial showed high "®F-NaF accumulation in the culprit coronary plaques in cases of
myocardial infarction and in ruptured carotid artery plaques [42]. Histological evalua-
tion of these plaques revealed active calcification processes. These PET/CT techniques
exhibit promise in identifying particularly vulnerable regions within the vasculature;
however, they still do not have the resolution necessary to identify specific microcalci-
fications that may contribute to plaque rupture.

Owing to the lack of tissue penetration depth of optical molecular imaging,
these techniques are and will continue to be invasive for the near future. New
fluorescence-mediated tomography techniques are increasing the tissue depths at
which optical signals may be resolved. In the future, these techniques may provide
the most noninvasive means of atherosclerotic plaque detection. However, in the
meantime one strategy may be to first employ PET/CT imaging to identify particu-
larly prone atherosclerotic regions. These regions could then be further probed
using catheter-based optical molecular imaging techniques [43] to further assess
the morphology of the plaque in order to determine the best approach to stabilize
the plaque and, with the advent of a better understanding of the molecular under-
standing of the disease and resultant therapeutic strategies, potentially reverse
atherosclerosis.

In addition to the potential for in situ plaque detection, molecular probes can
be readily employed for preclinical research and ex vivo diagnostics. NIRF
probes for hydroxyapatite, the calcium phosphate-based mineral involved in cal-
cification, allow earlier detection of calcification in human plaques than light
microscopy techniques currently used by pathologists (Fig. 5.7a) [5]. This
enhanced resolution may allow researchers to understand the nucleation of
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Fig.5.7 Histological staining of calcific tissues with NIRF molecular probes. (a) A commercially
available bisphosphonate NIRF probe, OsteoSense, exhibited greater sensitivity in detecting
regions of calcification than the traditionally used von Kossa stain. Magnification x200. Bar =
200 pm (Modified from Aikawa et al. [5]). (b) OsteoSense labeling of a mouse atherosclerotic
plaque revealed numerous spotty microcalcifications throughout the plaque. Magnification x400.
Bar = 50 pm (Image modified from [6])

microcalcifications and allow pathologists to readily identify the presence of
microcalcifications in subclinical atherosclerotic plaques from autopsy or tissues
excised for other indications (Fig. 5.7b). Findings from these types of studies
may provide new insight that could be used to design future iterations of optical
molecular imaging strategies.
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Abstract

The oxidation of lipoproteins is a critical factor in the initiation, progression, and
destabilization of atherosclerotic lesions. Reactive oxygen species and enzymes
in the vessel wall modify lipoproteins to generate a variety of oxidation-specific
epitopes (OSE). OSE are pro-inflammatory, immunogenic, and pro-atherogenic
by activating macrophages leading to foam cell formation, apoptosis, and necrotic
cores. OSE activate the innate and adaptive immune systems that lead to
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pro-inflammatory responses. The immunological properties of OSE have facili-
tated the generation and characterization and modification of murine and human
monoclonal antibodies as imaging agents. Nuclear and magnetic resonance tech-
niques have been used to visualize OSE in preclinical models. OSE-targeted anti-
bodies have been derivatized with radioisotopes or complexed with gadolinium,
manganese, and iron oxide nanoparticles to facilitate in vivo imaging of athero-
sclerotic lesions. OSE-targeted antibody uptake in the vessel wall is proportional
to plaque burden in early and intermediate lesions allowing quantitation of the
extent of atherosclerosis. In intervention studies, imaging of OSE allows the
detection of atherosclerosis regression and features of plaque stabilization.
Translation of these approaches to humans may provide sensitive techniques to
image, diagnose, and monitor high-risk atherosclerotic lesions, guide optimal
therapeutic interventions, and evaluate efficacy of novel therapeutic agents.

6.1 Introduction

It is well established that oxidized stress plays a key role in the initiation, progres-
sion, and destabilization of atherosclerosis [1-6]. The concept of oxidative stress as
it relates to cardiovascular disease encompasses the overproduction of reactive oxy-
gen species (ROS) and upregulation of prooxidant enzymes in the vessel wall that
are generated in response to physiologic and metabolic disturbances and potentiated
by genetic predisposition [7], leading to the formation of atherosclerotic lesions [8].
ROS modify polyunsaturated fatty acids, amino acids, and lipoproteins, thereby
producing a variety of pro-atherogenic and pro-inflammatory oxidation-specific
epitopes (OSE) [3]. Oxidized phospholipids (OxPL) are a subset of OSE that induce
the upregulation of pro-inflammatory genes and mediate localized inflammatory
responses in the arterial wall [3, 9].

OxPL, malondialdehyde (MDA) epitopes, and oxidized cholesteryl esters are
well-characterized OSE that are present on lipoproteins and in atherosclerotic
lesions of preclinical models of atherosclerosis [10], in humans with vulnerable
coronary and carotid plaques [11], and in patients undergoing percutaneous inter-
ventions [12—14]. OSE upregulate adhesion molecules that attract monocytes to the
arterial wall, upregulate pro-inflammatory genes releasing cytokines, and mediate
macrophage retention [3, 9, 15-17]. Intra-plaque macrophages in atherosclerotic
mice take up OSE via a variety of scavenger receptors leading to foam cell forma-
tion, macrophage apoptosis, plaque progression and plaque rupture, and ultimately
to clinical events [18].

In direct response to this pro-inflammatory cascade, immune effector proteins,
such as natural antibodies and acquired autoantibodies directed to OSE, are pro-
duced by activated T and B cells [2, 19]. Strong experimental and clinical evidence
demonstrates that IgM autoantibodies are atheroprotective, as manifested by accel-
erated atherosclerosis in mouse models of IgM knockout mice [20, 21] and by stud-
ies showing that patients with higher levels of IgM autoantibodies at baseline have
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Fig. 6.1 Representations of well-characterized oxidation-specific epitopes and antibodies.
Oxidation-specific antibodies recognize protein and lipid epitopes on oxidized LDL (OxLDL).
These epitopes include malondialdehyde (MDA), phosphocholine-containing oxidized phospho-
lipids (PC-OxPL), and 4-hydroxynonenal (HNE)

a reduced risk of subsequent anatomical cardiovascular disease (CVD) and CVD
clinical events [22—24]. In addition, a large number of studies have also shown that
OxPL are present on lipoprotein (a) [Lp(a)], which functions as a preferential lipo-
protein carrier of OxPL, and that the content of OxPL on Lp(a) is a major driver of
CVDrisk [6, 24-27]. Lp(a) is an independent, causal risk factor for CVD and aortic
valve calcification and stenosis [28—-34].

We have taken advantage of the immunological properties of OSEs and their
influence on generation of antibodies to OSE to generate, characterize, and evaluate
murine and human monoclonal antibodies as molecular imaging agents. Below we
highlight the antibodies generated and their diagnostic utility for in vivo detection
of OSE (Fig. 6.1).

6.2 Antibodies and Peptides to Oxidation-Specific Epitopes

Table 6.1 summarizes the murine and human OSE autoantibodies and peptides with
potential in clinical diagnostic imaging applications.

MDA?2 was one of the first monoclonal antibodies (IgG2a type) isolated and gen-
erated against OSEs that are formed during the oxidative modification of LDL [35].
MDA?2 was generated from hybridomas derived from mice immunized with homolo-
gous murine malondialdehyde(MDA)-modified LDL. MDA?2 is a hapten-specific
antibody that recognizes MDA-modified proteins, such as MDA-LDL and other
modified proteins present within atherosclerotic lesions, without any binding to
native LDL, high-density lipoprotein, or very low-density lipoproteins [10, 36, 37].
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Table 6.1 Properties of murine and human OSE autoantibodies and peptides proposed for imag-

ing applications

Antibody
MDA2

E06

IK17 (scFv)

IK17 (scFab)

Mimotope
P1

P2

Source
Murine monoclonal IgG

Natural murine
monoclonal IgM

Human monoclonal IgG

Human monoclonal IgG

Characteristic
12-mer linear peptide

7-mer cyclic peptide

Epitopes bound
MDA-LDL

MDA-modified
proteins

PC on oxidized
phospholipids

MDA-LDL
Copper OxLDL

MDA-LDL

Copper OxLDL
Epitopes mimicked
MAA

MDA-LDL

Copper OxLDL

MAA
MDA-LDL
Copper OxLDL

Conjugated labels
]25L 99TC

Gd micelles

Mn micelles

Mn dendrimers
LUSPIO micelles
LSPIO micelles
Rhodamine micelles
Gd micelles

Mn micelles
LUSPIO micelles
LSPIO micelles
Rhodamine micelles
Gd micelles

Mn micelles
LUSPIO micelles
LSPIO micelles
Rhodamine micelles
Gd micelles
Rhodamine micelles
Antibodies bound
LRO4

IK17

Human IgG
autoantibodies

Human IgM
autoantibodies

LRO4

IK17

Human IgG
autoantibodies
Human IgM
autoantibodies

The “natural” monoclonal antibody E06 (IgM type) antibody was discovered and
characterized from splenic lymphocytes of apoE”-mice [38, 39]. EO6 binds to the
phosphocholine (PC) head group of oxidized, but not native, phospholipids [40].
EO06 effectively blocks the uptake of OxLLDL and apoptotic cells by mouse macro-
phages [41] and protects mice against atherosclerosis [42], thereby demonstrating
potential therapeutic benefit [14]. Interestingly, the variable region of E06 is
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structurally identical to “natural” murine T15 IgA antibodies that bind unoxidized
PC of pneumococcus PC and protect mice against lethal infection [43]. It is believed
that this class of autoantibodies may have evolved and been preserved through natu-
ral selection in response to defense against PC-containing organisms such as pneu-
mococci and clearance of apoptotic cells [3].

IK17 Fab, the first fully human OSE monoclonal antibody, was generated from
lymphocytes of a patient with coronary artery disease [44]. Total RNA was isolated
from the patient’s peripheral blood mononuclear cells and was used to synthesize
cDNA. Reverse transcription-polymerase chain reactions were performed, and the
polymerase chain reaction products pooled according to isotype. The isotypes were
then cloned into the phage display vector, pComb3H, to generate 2 phage display
libraries, VH/Vx and VH/VA. The resultant phagemid DNA was transformed into
XL-1 blue Escherichia coli, rescued with a helper phage, and panned against MDA-
LDL. The phagemid DNA was then prepared from infected bacteria and manipu-
lated to express IK17 by removing gene III, which is fused to the C-terminus of the
heavy chain gene and is essential for anchoring the Fab on the phage surface. IK17
binds to an advanced MDA-like epitope, malondialdehyde-acetaldehyde (MDA-
MAA), which is expressed during extensive oxidative modification and in advanced
human atherosclerotic lesions and vulnerable and ruptured plaques [11, 44-48].
IK17 has been shown to inhibit the uptake of OxLDL and apoptotic cells by macro-
phages similar to E06 [44]. For diagnostic imaging, both the Fab fragment and the
lower-molecular-weight single-chain Fv (scFv) fragment have been used [44—47].
Overexpression of scFv IK17 with adenovirus or infusion of IK17 Fab results in
reduced progression of atherosclerosis in susceptible mouse models [48]. The dis-
covery of this human autoantibody has clinical implications not only from a diag-
nostic standpoint (reduced immunological concerns relative to the clinical use of
murine antibodies) but also as a therapeutic agent.

Peptides are advantageous from a clinical and commercial point of view as they
are less immunogenic and are more cost-effective to produce, relative to their anti-
body counterparts. However, in order for a peptide to maintain the efficacy of the
native antibody, the functional group of the antibody needs to be fully understood
and sequenced. Currently 12-mer linear (P1) and one 7-mer cyclic (P2) peptides
have been identified using phage display libraries and screened using binding speci-
ficity to murine and human anti-MDA monoclonal antibodies [49]. Additionally,
these peptides mimic MDA and related epitopes that are present on the surface of
murine apoptotic cells. Immunization of mice with the cyclic P2 peptides resulted
in the generation of MDA-LDL-specific autoantibodies. In human studies, mimo-
topes will provide standardized, chemically defined antigens and are a paradigm in
the generation of potential antibody mimics for diagnostic imaging.

Overall, these findings suggest that the OSE-targeted antibodies and mimotopes
may have significant potential in biotheranostic (biomarker, diagnostic imaging,
and therapeutic) applications [14, 50]. Table 6.2 summarizes the characteristics of
all OSE molecular probes.
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6.3  The Role of OSE in Atherogenesis and Disease
Progression

The direct correlation between OSE generation and deposition in the arterial wall
and the presence of atherosclerosis and plaque progression has been demonstrated
using direct extraction of modified LDL from the vessel wall [35, 57] and with
immunostaining techniques in a variety of atherosclerotic animal models, including
different strains of mice and rabbits, as well as monkeys and humans [11-13, 35—
37, 39, 4346, 48, 51-55, 58-60]. In general, these studies document the strong
presence of oxidized lipids in early and late atherosclerotic lesions and in lesion
progression. Furthermore, in dietary regression studies in LDLR™~ mice and cyno-
molgus monkeys, the deposition of OSE was greatly reduced in the arterial wall
during atherosclerosis regression [53, 58]. Reduced OSE by immunostaining within
the atheroma correlated strongly with features of plaque stabilization, including
reduced macrophage content and increased collagen and smooth muscle cell
content.

In humans with sudden cardiac death, there is evidence of differential expression
of OSEs and apolipoprotein (a) [apo(a)] in different stages of plaque progression
and plaque rupture [11]. In the normal coronary artery, OSEs and apo(a) could not
be detected using the current immunostaining techniques. In early lesions, only
nominal OSEs and apo(a) deposition was observed. Interestingly, as the lesions
progressed, apoB and MDA epitopes did not significantly increase. However, OxPL
and IK17 epitope expression increased linearly with advancing plaque stage. These
OSEs were mainly associated with foam cell-rich areas, lipid pools, and necrotic
cores that are associated with advanced, unstable, and/or ruptured plaques.
Correlations have also been observed with iron deposition and IK17 epitopes in
human abdominal aortic lesions in patients with the Hp2-2 genotype associated
with increased oxidative stress [60]. Finally, in humans undergoing coronary,
carotid, renal, and peripheral procedures, direct evidence of the presence of specific
OxPL and typo, as identified by liquid chromatography and tandem mass spectrom-
etry, was documented in distal protection devices (Fig. 6.2) [12, 13].

6.4  Molecular Imaging Probes for In Vivo OSE Detection

Table 6.3 summarizes the imaging studies using OSE-specific antibodies.

For nuclear imaging techniques such as PET and SPECT, probe design is focused
on specificity, pharmacokinetics, biodistribution, and radioactive tracer half-life.
Typically, an antibody or peptide is directly labeled with a radioactive tracer, and
PET or SPECT imaging is performed once the antibody or peptide has cleared cir-
culation, so that background signal from blood does not interfere with accurate
imaging. When designing a probe for these modalities, it is critical that the antibody
or peptide has a blood clearance that is faster than the half-life associated with the
radioactive tracer. Additionally, the antibody must exhibit specificity to the target
tissue. In the case of OSE imaging, the antibody or peptide can bind to and
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Fig. 6.2 The presence of macrophages and oxidation-specific epitopes in thin cap fibroatheroma
(TCFA, left panels) and ruptured coronary plaques (right panels) detected by immunohistochem-
istry and coronary and carotid distal protection devices (middle panels) detected by LC-MS/MS
(Reprinted with permission from van Dijk et al. [11])

accumulate in the extracellular space and also can be taken up by the scavenger
receptors associated with intra-plaque macrophages, but with limited uptake in tis-
sue associated with the reticular endothelial system (RES, such as spleen and liver)
and mononuclear phagocytic system (MPS, such as lymph, lung, and bone).

Preclinical studies using '*I-MDA?2 were performed in atherosclerotic mice and
rabbits, and imaging was performed 24 h after intravenous injection of the radiola-
beled antibody [37, 44, 51], showing accumulation of 'I-MDA?2 in atherosclerotic
lesions, as confirmed by autoradiography, ex vivo imaging, lipid staining, and
immunohistochemistry. The uptake of '®I-MDAZ2, evaluated as the percent of the
injected dose determined by autoradiography, was highest in the aorta compared to
all other tissues examined. Additionally, the uptake of *I-MDAZ2 in the arterial wall
was directly proportional to plaque burden, as measured by en face % plaque area
as well as aortic weight which is an excellent surrogate of plaque burden, as
measured by autoradiography (Fig. 6.3) [51].

This initial approach also provided novel insights into the changes in OSE during
plaque progression and regression induced by dietary changes in mice, rabbits, and
monkeys in a series of experimental studies [51-53, 58]. It was observed that during
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Progression Regression

Fig. 6.3 Autoradiographic and immunohistochemistry representations of '*I-MDA2 accumula-
tion in Sudan-stained aortas of LDLR” mice undergoing progression and regression diets.
Representative en face mouse aortas stained with Sudan red and corresponding autoradiographs of
II-MDAZ2 accumulation in mouse aortas following intravenous injection, in progression (a) and
regression. (b) groups. Arrowheads display discordance between lipid stained plaque and 1251-
MDAZ2 accumulation during dietary regression. Representative aortic atherosclerotic lesions from
LDLRmice from progression (left middle panel) and regression (right middle panel) groups.
Immunostaining for OxLDL, SMCs, and 1IK17 appears pink/purple. Collagen is stained with
Masson Trichrome and appears bright blue. E06 staining appears as brown product of peroxidase
reaction (Reprinted with permission from Tsimikas et al. [S1] and Torzewski et al. [53])

atherosclerosis progression induced by western diet (high fat, high cholesterol),
OSE deposition in the vessel wall is relatively proportional to plaque burden, with
evidence of strong expression of several unique OSE, along with macrophage mark-
ers and reduced smooth muscle cell and collagen content. However, when the west-
ern diets were removed and the animal placed on a normal chow diet (typically
~5 % fat and no added cholesterol), atherosclerosis progression was either reduced
or regression induced. However, despite the fact that many lesions were unchanged
in size, there was evidence of significant loss of OSE and macrophages, along with
substantial gain in smooth muscle cells and collagen (Fig. 6.3) [53], accepted mark-
ers of plaque stabilization [61]. Furthermore, there was evidence that with loss of
OxPL in the vessel wall, OxPL/apoB in plasma were increased [58], suggesting, but
not proving, a reverse flux of OxPL from the vessel wall to the circulation. Finally,
reduced immunostaining for OSE with concomitantly reduced '*I-MDA2 uptake
was noted in aged (~4 years old) Watanabe heritable hyperlipidemic rabbits with
extensive (essentially 100 % of aortic surface area) atherosclerosis but with reduced
OSE staining due to the presence of fibrotic and calcified lesions [53]. A clinical
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equivalent of this would be an obstructive, heavily calcified fibrotic lesion with
reduced OSE content that would have a lower propensity to rupture [62]. If trans-
lated to clinical imaging, these observations suggest that loss of OSE may be a very
early event in plaque stabilization, before any significant change in plaque size.
Ultimately, linking such changes to clinical events would provide proof that this is
a clinically relevant pathophysiological pathway for plaque surveillance.

Studies using *"Tc-MDA?2 were also performed in atherosclerotic rabbits and the
results confirm the ability to detect lipid-rich, oxidation-rich plaques [37]. However,
a major limitation of the nuclear imaging techniques using whole antibodies is
related to the pharmacokinetics where the blood clearance (measured as the plasma
half-life) of the radiolabeled OSE antibody is significantly longer than the half-life
associated with the isotope. As a result, translation to clinical imaging is not feasible
due to the relatively short radiolabel half-life of *™Tc and the relatively long biologi-
cal half-life of antibody clearance. Thus, for this approach, an optimal window where
the maximal antibody uptake and binding coinciding with the maximal photon flux
of "Tc is not possible. Longer-acting radioisotopes such as [63] copper, ¥zirco-
nium, and '"'indium have not been evaluated as alternatives to *™Tc.

6.5 Paramagnetic Probes for In Vivo OSE Imaging

Due to the limitations associated with the plasma half-lives of the radiolabeled OSE
antibodies, alternatives to nuclear imaging techniques were sought. MRI was con-
sidered optimal due to its submillimeter resolution, intrinsic tissue contrast, and the
ability to void the signal of blood by altering the MRI pulse sequences used.
However, despite the potential of MRI for in vivo OSE detection, the full utility of
this method may be limited by factors such as resolution (i.e., signal-to-noise ratio
[SNRY]), partial volume effects, and the fact that the molecular targets (scavenger
receptors associated with intra-plaque macrophages) are present in very small num-
bers (10°-107!* M/g tissue). To overcome these limitations, novel molecular imag-
ing probes were designed to deliver a high payload of MR active metal to the
molecular targets. The probes are separated into two classes: paramagnetic and
superparamagnetic (SPIO) molecular imaging agents. Both classes have advantages
and limitations associated with their magnetic properties and ability to detect in vivo
OSE in the arterial wall of atherosclerotic animals.

However, despite which class the probe resides, all molecular imaging agents for
MRI must meet the following criteria for clinical translation:

1. Safety. The probe must be safely metabolized or excreted without any safety issues
related to the active MRI metal (such as gadolinium (Gd) or iron) or the nanopar-
ticle/scaffolding material. The active MRI metal must be metabolized or excreted
within an acceptable time frame, postinjection. This time frame is dependent upon
the metal, but in all cases, intra-arterial macrophages should excrete or metabolize
the metal within 3 weeks postinjection. This is critical not only from a safety point
of view but also will allow for longitudinal studies to be performed.
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2. Specificity. There should be no or limited unspecific uptake of the molecular
imaging probe. This means that the untargeted nanoparticle or scaffold exhibits
limited uptake within the arterial wall of atherosclerotic animals.

3. Small particle size. Studies have clearly shown that if nanoparticles are used to
deliver the active MRI metal, the size must be less than 25 nm, preferably in the
range of 5-20 nm [45]. This is due to the fact that the probes must penetrate the
arterial wall in order to meet their targets, which are scavenger receptors associ-
ated with the intra-plaque macrophages. Particles that are too large are not able
to penetrate the arterial wall, thereby never reaching their target. It should be
mentioned that some nanoparticles are more flexible than others, so that the
25-nm cutoff is for rigid iron oxide-type materials. Micelles and other lipid-
based particles may have a degree of flexibility allowing them to squeeze through
the non-normal fenestrae associated with the plaque, despite their larger size.
However, size is a real limitation when designing probes for OSE imaging.

4. Pharmacokinetics. Preclinical studies have shown that the probes must exhibit
some degree of prolonged circulation (half-lives, t1/2, >4 h) to allow for ade-
quate uptake into the arterial wall. However, excessive circulation times (t1/2
>24 h) are not desirable either, as they require scanning to be performed at late
time points postinjection. The MR signal of the blood should be close to baseline
during the postinjection scans of the arterial wall. There are, however, ways to
reduce the wait time required postinjection by either optimizing the MR imaging
sequences (to void out the signal of blood) and/or by creating probes that only
modulate MR signal when they reach their molecular targets.

5. Efficacy and payload. MR signal will be modulated by the payload of the MRI
active metal. For paramagnetic materials, typically the larger the number of metal
ions associated with the nanoparticle or scaffolding, the better the signal modula-
tion in the desired tissue. However, there are some considerations when creating
paramagnetic OSE probes that will be discussed further in the paramagnetic
probe section. For superparamagnetic materials, the MR signal modulation is
directly linked to the size and quality of the iron oxide crystalline core. To main-
tain superparamagnetic properties, the core must be mono-domain. However, the
larger the core, the higher saturation magnetization, and the greater the MRI sig-
nal efficacy. Iron oxide cores for OSE imaging are crystals of magnetite (spindle
form) with a core of 4-5 nm. To allow for targeting and to hinder aggregation, the
cores are coated with a lipid, as discussed in the superparamagnetic section.

Phospholipids are naturally occurring amphiphilic molecules that contain both
a hydrophilic head group and a hydrophobic tail. Due to the energetically unfavor-
able contact between the lipid tails and water, amphiphiles self-associate into
aggregates. The length of the hydrophobic chains and the size of the head group
determine if micelle-like structure (single layer) or a bilayer (liposome) structure
is formed. The rationale for using a lipid-based nanoparticle for OSE imaging is
related to the ability to deliver a high payload of paramagnetic metal to the
intra-plaque macrophages. For in vivo OSE imaging, we used a combination of the
following lipids to allow for the self-assembly of paramagnetic micelles that
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Fig. 6.4 (Panel a) is a schematic of Gd- and Mn-containing micelles with respective antibodies
attached to the micelles using S-acetylthioglycolic acid N-hydroxysuccinimide ester (SATA). (Panel
b) shows lipid-coated, ultrasmall, iron oxide nanoparticles (LUSPIO) attached to respective SATA-
modified antibodies. (Panel ¢) shows representative noninvasive MRI of abdominal aortas of LDLR-
/- mice using IK17-Gd micelles. There is no signal at the preinjection scan and maximum signal
(white contrast) at 48-72 h. (Panel d) shows confocal microscopy of apoE”mouse aortic atheroscle-
rotic plaque after intravenous administration of MDA2 micelles demonstrating nuclei (blue), macro-
phages (green), and micelles (red). (Panel e) shows noninvasive MRI with Mn-MDA?2 micelles with
the accompanying panels showing the Sudan (lipid) and MDA-immunostained aortas. (Panel f) shows
noninvasive MRI with IK17-LUSPIO micelles displaying GRE and GRASP images pre and post
Ik17-USPIO injection with accompanying panel H&E-stained apoE—/— mouse aorta with Per!’s stain
for iron oxide and lumen associated with the abdominal aorta (yel/low arrow). Iron oxide causes signal
loss and it can be seen that the abdominal aorta plaque becomes darker following injection. The gradi-
ent echo acquisition for superparamagnetic particles with positive contrast (GRASP) sequence dif-
ferentiates between iron oxide deposition (now shown as white signal) and artifacts that are often
present when imaging the arterial wall (Reprinted with permission from Briley-Saebo et al. [45-47])

exhibited a hydrated particle size of 14 nm: PEG-DSPE (1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-n-methoxy(polyethylene glycol-2000), Gd or Mn DTPA-
bis(stearyl-amid) (GdADTPA-BSA or MnDTPA-BSA), and PEG-maleimide-DSPE
(molar ratio of 49:50:1). Targeted nanoparticles were created by covalently
attaching the antibodies (MDA?2, E06, or IK17) to the micelles by using SATA
modification techniques (Fig. 6.4a, b) [46, 47]. Chemiluminescent ELISA showed
that the activity (ability to bind OSEs) of the antibodies were not hindered by the
association with the nanoparticles. Characterization of the micelles revealed that
there were approximately 50 Gd or Mn ions per micelle. For the targeted formula-
tions, approximately 1 out of 30 micelles was conjugated with an antibody. After
association with the antibodies a slight increase in hydrated size was observed
(15-20 nm, depending on the antibody used).
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6.5.1 Gd OSE-Targeted Micelles

Gd was used as the active MR metal ion due to the fact that Gd is the most effective
of all paramagnetic metal ions for the enhancement of the MR signal (increase the
longitudinal relaxation rate, R1). The efficacy of paramagnetic probes is defined by
the R1, and is defined as the slope of the correlation between the R1 values and
metal ion concentration. These values are often obtained in vitro in aqueous solu-
tion at 40 °C. The Gd micelles exhibited in vitro R1 values that were three times
greater than GdDTPA (the linear chelate not bound to the nanoparticle) at clinical
imaging field strengths [64]. Additionally, the blood half-life was =1.5 h for both
targeted and untargeted formulations in wild-type non-atherosclerotic mice follow-
ing i.v. administration of a 0.075-mmol Gd/kg dose. However, in atherosclerotic
mice (cholesterol fed apoE~~ mice) the MDA2, IK17, and EO6 micelles exhibited
significantly longer half-lives (14-20 h) relative to the untargeted and nonspecific
IgG micelles (1.3—1.5 h). Although the mechanism of this is not clear, it is a consis-
tent effect of all antibody-nanoparticle formulations and suggests a delayed clear-
ance, possibly by binding to circulating OSE and remaining in plasma longer.

The diagnostic efficacy of the OSE-targeted micelles was evaluated over a
3-week time period postinjection. Due to the residual circulating micelles in athero-
sclerotic mice at 24 h postinjection, black-blood T1-weighted sequences were used
to remove any signal from blood (repetition time, 600 ms; echo time, 8.6 ms; flip
angle, 30°; number of excitations, 14; field of view, 2.6 x2.6 cm) with 16 contigu-
ous 500-pm-thick slices with a microscale in-plane resolution of 101 pm. An inflow
saturation band of 3—5 mm was used with a slice gap of 3 mm for additional luminal
flow suppression. Fourteen signal averages were used for a total imaging time of
36 min per scan. A saturation pulse was used to eliminate signal from fat tissue, to
better delineate the boundary of the aortic wall, and to minimize chemical shift
artifacts. At each time point after injection, the slices were matched to the baseline
preinjection scans by using the unique vertebral anatomy and paraspinous muscular
anatomy as anatomic landmarks.

To quantitatively analyze the MRI results, signal intensity measurements were
obtained from regions of interest on the aortic wall and liver on slices (n>5) exhibit-
ing signal modulation after contrast. The mouse aorta is typically four pixels thick,
so only 10-20 pixels will make up any given region of interest. Because of the small
number of pixels involved, the areas associated with the regions of interest were
kept constant between the before and after images. Signal intensity measurements
of the aortic lumen, muscle, and noise also were obtained for each slice. The
percent-normalized enhancement (%NENH) relative to muscle was then deter-
mined for the aortic vessel wall and liver according to established methods. The
%NENH values reflect the percent change in the contrast-to-noise ratios obtained
before and after injection as follows:

%NENH = (CNR ,,, /CNR . ) 1% 100,

post
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where CNR is the contrast-to-noise ratio defined as CNR=SNR,.//SNR ;e
(SNR is the signal-to-noise ratio). CNR, is the CNR value obtained after injection;
CNR,. is the CNR value obtained before administration of the micelles.

The biodistribution and confocal microscopy results show significant accumula-
tion of the targeted micelles within atherosclerotic lesions with peak aortic wall
concentration at 24 h but optimal enhancement at 72 h. In addition, co-localization
of targeted micelles with macrophages in atherosclerotic plaques was observed 24 h
to 3 weeks postinjection of the OSE-targeted formulations. At 72 h postinjection,
the OSE-targeted micelles demonstrated higher signal enhancement (125-231 %,
depending on the OSE antibody used), relative to adjacent muscle. Nonspecific IgG
and untargeted micelles exhibited nominal (<15 %) signal enhancement (Fig. 6.4c).
Consistent with a specific targeting mechanism, preinjection of unlabeled OSE anti-
body before intravenous injection of the OSE-targeted micelles resulted in ~6-fold
reduction in %NENH at 72 h postinjection. Histology and confocal microscopy
(rhodamine label associated with the micelles) shows the high specificity of the
OSE-targeted micelles to intra-plaque macrophages (Fig. 6.4d). Additionally,
ICP-MS of apoE™ mice injected with OSE-targeted micelles revealed maximum
uptake in the aorta at 48 h after injection (24 h, 0.30%ID; 48 h, 0.48%ID; 72 h,
0.12%I1D). No Gd was detected in the aortas of apoE~~ mice after the administration
of either the untargeted or IgG micelles.

Although chelated Gd is 99.9 % renally excreted, bioretention and in vivo bio-
transformation of Gd(III) micelles was observed due to the prolonged blood half-
life of the OSE-targeted micelles in atherosclerotic mice. Studies have clearly
demonstrated that prolonged circulation of linear Gd chelates (such as GdADTPA)
may lead to systemic toxicity in renally impaired patients. In vitro vascular stability
studies were performed on the untargeted and OSE-targeted micelle formulations.
The results of these studies show 3-4 % transmetallation of the Gd formulations
following a 24-h incubation in 2 % bovine serum albumin spiked with 10 pmol/L of
zinc and copper (clinical human range for these metal cations that is known to com-
pete with Gd for the DTPA ligand). The biodistribution data showed significant
uptake of the untargeted and OSE-targeted micelles in the liver (20-30 % ID at 24 h
postinjection) and spleen (1-2 % ID). Any bioretention or biotransformation of Gd
may be problematic, as studies have reported that intracellular uptake of Gd chelates
might result in de-metallation and subsequent cell apoptosis. Cell viability studies
were performed on ex vivo macrophages over a 48-h time frame following uptake
of the OSE-targeted Gd micelle’s. These studies clearly show increased apoptosis of
ex vivo macrophages when compared to OSE-targeted micelles that do not contain
Gd (67 % vs. 23 %). The prolonged (>3 week) MR signal enhancement within the
arterial wall following administration of the OSE-targeted Gd micelles strongly
suggests the transmetallation of the Gd metal ion and the formation of toxic Gd salts
[47, 65]. No significant differences in the %NENH values were observed between
72 h and 3 weeks postinjection. Due to these issues potentially interfering with the
safety of this agent, it was apparent that Gd is not ideal as the active MR label for
in vivo OSE imaging.
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6.5.2 Manganese OSE-Targeted Micelles

Manganese (Mn(Il)) is an endogenous biocompatible paramagnetic metal ion. The
Food and Drug Administration (FDA) has already approved the use of MnDPDP
(Teslascan) as a contrast agent for MR liver indications. It should be noted that the
MR efficacy of MnDPDP is linked to the Mn that is able to de-chelate from the
DPDP ligand thereby allowing for uptake into normal hepatocytes [63, 66]. All Mn
that remains bound to DPDP is renally excreted and does not contribute to the MR
efficacy for liver indications. Experimental studies have shown that a bolus injection
of MnCl2 causes cardiotoxicity and even death due to competition of the “free” Mn
metal ions with the calcium channels in cardiomyocytes. However, slow infusion of
MnCI2 does not result in cardiotoxicity as there is never a high concentration of
“free” Mn metal ions. Mn metal ions will bind proteins in the plasma thereby reduc-
ing their ability to compete with calcium. The DPDP ligand in the Teslascan forma-
tion allows for the slow release of Mn metal ions, so that there is never a high
concentration of free Mn metal ions (that are present in the bolus phase of MnCl2).
As a result, MR liver efficacy is possible without any toxic effects. Additionally,
studies have shown that “free” Mn metal ions can cross the blood-brain barrier
thereby inducing neurotoxicity. Again, as long as there is a slow release of Mn from
a chelate, the “free” Mn metal ions will bind with components in the plasma. These
endogenous Mn proteins do not cross the blood-brain barrier so that the risk of neu-
rotoxicity by Mn is limited.

Although Mn is safe as long as the metal ion is not injected as a bolus, it is typi-
cally not used as the MR active metal. This is due to the fact that Mn(II) has a low
magnetic moment (relative to Gd) that limits MR signal enhancement. However, if
Mn is delivered into a cell, interaction with intracellular components and metallo-
proteinase results in significant (>20-fold) increases in MR efficacy. As a result, we
decided to design a novel OSE-targeted Mn probe that would stay primarily che-
lated in the vascular phase (with limited biotransformation and de-chelation) and
would release the Mn(II) once taken up by intra-plaque macrophages. It was antici-
pated that the intracellular release of Mn would enhance the MR signal by increas-
ing the number of water exchange sites between the metal ion and water protons
(defined as q) and by decreasing the molecular tumbling rates due to interaction
with macromolecules and cell membranes. Chelation in the vascular phase has two
significant effects: (1) it reduces potential cardiotoxicity and neurotoxicity associ-
ated with bolus injection of free Mn (MnClI2), and (2) the background signal from
blood will be nominal if chelates such as DTPA are used that completely bind the
Mn metal ion so that there is no inner sphere water exchange sites available (g=0).
The OSE antibody associated with the surface of the particle will allow for binding
of the targeted Mn micelles to endogenous OSE found in circulation and/or within
the arterial wall. The Mn micelle-Ab-OxLDL complex is then taken up by intra-
plaque foam cells/macrophages, as shown with Gd micelles. This degradation was
expected to result in the intracellular release of the Mn metal ions that are then
either taken up by metalloproteinase or interact with the cell membrane.
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To test this hypothesis, OSE-targeted Mn micelles were synthesized, character-
ized, and tested in preclinical models of atherosclerosis [46]. The micelles were
prepared using the same synthesis as the Gd micelles, as described previously [47].
The results showed that the hydrated particle size of the OSE-targeted Mn micelles
were slightly less (12 nm) than that of the equivalent Gd micelles. As expected, the
in vitro saline and plasma R1 values were two to three times less (depending of
matrix) than that of the Gd micelles due to the magnetic properties of Mn as well as
the fact that MnDTPA is g=0 and GADTPA is g=1. Once taken up by macrophages,
the R1 of the OSE-targeted Mn micelles increased dramatically from 4 to
45 s mM™". No significant intracellular R1 values were observed for the untargeted
Mn micelle formulation; thereby supporting the specific uptake mechanism
observed previously for OSE-targeted micelles. Only 1.5 % de-transmetallation was
observed for the OSE-targeted Mn micelles 24 h after incubation in plasma spike
with Cu and zinc. This suggests that the vascular biotransformation will be rela-
tively low. Interestingly, the Gd formulation exhibited higher transmetallation
(3.5 %) as discussed previously. As a result the MR signal from black blood will be
nominal and with no issues related to cardiotoxicity. Neurotoxicity was evaluated
using Dy OSE-targeted micelles, with no Dy found in the brain of mice at any time
point postinjection, as determined by ICP-MS [46]. It should be noted that Dy was
used instead of Mn, due to the high endogenous concentration of Mn in tissue. Dy
is a lanthanide metal similar to Gd and can be detected with great sensitivity by
ICP-MS. The results confirm that the OSE-targeted micelles cannot cross the blood-
brain barrier. Since the Mn remains primarily chelated in the vascular phase (so that
the concentration of vascular “free” Mn is nominal), issues related to neurotoxicity
are not anticipated.

Most cells quickly metabolize or utilize soluble Mn either via integration into
Mn-specific metalloproteins or interaction with other cellular components such as
the cell membrane. The in vivo biodistribution data showed 97 % clearance of the
MDAZ2-Mn micelles within 1 week postinjection [46]. The MDA2-Gd micelles,
however, exhibited only 72.9 % clearance within 1 week postinjection. The varia-
tion in the retention is due to differences in the rate of metabolism of Mn and Gd
micelles. For example, confocal studies show that the targeted PEG micelles were
completely degraded within intra-plaque macrophages 72 h after injection (rhoda-
mine signal is no longer present). However, as confirmed by ICP-MS as well as MR
imaging, Gd is still present within the arterial wall. These data illustrate that the
targeted micelles and Gd or Mn label track together at early time points postinjec-
tion (<72 h). However, as the intra-plaque macrophages internalize and degrade the
particles, the lipids forming the micelles and MR label are no longer co-localized
within the arterial wall. During intracellular metabolism, the cells degrade the par-
ticles, and the MR label is released from the chelate. Released from micelles, the
Mn interacts with cellular components and eventually is either exocytosed or inte-
grated into the endogenous Mn pool. However, de-metallation of Gd results in the
formation of insoluble Gd salts that remains within the intracellular vesicles. So,
whereas the half-life of Mn within the arterial wall was approximately 60 h (or
2.5 days), MDA2-Gd micelles exhibit prolonged retention of Gd (>3 weeks).
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A comparison was made of the MR efficacy of OSE-targeted Mn and Gd micelles
(Fig. 6.4e). In short, all animals underwent a preinjection MR scan within 24 h prior
to the administration of the various micelle formulations. MRI was performed over
a I-week time interval after tail vein injection of either a 0.050-mmol Mn/kg dose
or a 0.075-mmol Gd/kg dose of micelles. MRI of the abdominal aorta was per-
formed using a T1-weighted black-blood spin-echo sequence, as described for the
Gd micelles previously. The %NENH values were determined for each formulation
at each time point. Significant and robust MR signal enhancement was observed in
the arterial wall of atherosclerotic mice following administration of a 0.05-mmol
Mn/kg dose of OSE-targeted Mn micelles, relative to untargeted formulations.
Maximum signal enhancement was observed 48—72 h after administration of the
OSE-targeted Mn micelles. Although MDA2-Mn micelles were administered at a
dose that was 33 % lower than that of Gd, equivalent MR signal enhancement was
observed for the OSE-targeted Mn and Gd formulations at the optimal imaging time
points postinjection. For targeted Mn micelles, maximum signal enhancement was
observed 48—72 h postinjection %NENH = 141 + 20 %), with no significant signal
observed after 1 week. MDA2-Gd micelles, however, exhibited maximum enhance-
ment after 1 week postinjection (%NENH = 156 + 21 %). The shorter time frame
between injection and optimal time point postinjection of the Mn formulations is
yet another reason the Mn may be preferred over Gd. The study clearly demon-
strated that OSE-targeted Mn micelles allow for the detection of OXLDL-rich intra-
plaque macrophages without the safety concerns associated with Gd formulations.

6.5.3 OSE-Targeted, Lipid-Coated, Superparamagnetic
Iron Oxide Particles (SP1Os)

Unlike the OSE-targeted paramagnetic micelles and dendrimers that promote MR
signal increase (T, contrast agents), superparamagnetic iron oxide (SPIO) particles
induce proton dephasing that results in MR signal loss (T2*or negative contrast
agents). SPIO agents are composed of iron oxide crystals (primarily magnetite) and
a coating material that prevents aggregation of the iron cores. As long as the core
crystal size is less than a Weiss domain, the iron oxide will exhibit superparamag-
netic properties with no magnetic magnetization (or remanence) observed at zero
field. Typically SPIOs used for MRI have core diameters of 4—6 nm. In the absence
of an external magnetic field, the individual magnetic moments that make up the
superparamagnetic SPIO are randomly oriented and no net magnetization is
observed. Application of a magnetic field causes the individual magnetizations to
align with the magnetic field so that the net magnetization increases with increasing
magnetic field until the magnetization is saturated, as defined by the saturation mag-
netization. The ability of iron oxide particles to induce MR signal loss is character-
ized by properties associated with both the iron oxide core and interactions between
the iron oxide core crystals due to aggregation or agglomeration. As a result, the
effective transverse relaxivity (12* s-1 M-1) is modulated by the magnetization of
the iron oxide core at the imaging field strength, the diffusion of water protons in the
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local magnetic field generated by the SPIO, and aggregation or agglomeration of the
iron oxide particles. For OSE imaging, the intra-plaque macrophages will take up
the targeted SPIO particles. Compartmentalization within the cells as well as the
possibility for intracellular agglomeration causes significant MR signal loss.

The sensitivity of SPIOs, relative to similar paramagnetic formulations is roughly
ten times greater due to the high magnetization associated with SPIOS at clinical
imaging field strengths. The increased sensitivity makes OSE-targeted SPIOs and
attractive platform relative to the paramagnetic micelle and dendrimer approaches.
Additionally, iron oxide particles are considered safe in that macrophages safely
metabolize iron oxide particles. These particles are degraded within the endosomes
and lysosomes associated with the cells, and the iron is bond to transferrin or other
proteins and is eliminated by the cell. Once eliminated the iron enters the endoge-
nous iron pool. The FDA has approved the use of iron oxide particles for MR liver
indications as well as anemia. It should be pointed out, however, in the case of the
arterial wall, the degradation of the iron oxide particles in the pro-inflammatory
environment of the plaque may lead to increased oxidation of lipids, in a similar
way that heme iron promotes peroxidase. This has yet to be confirmed, but it is a
concern worth mentioning.

OSE-targeted SPIOs were synthesized and characterized and the preclinical effi-
cacy evaluated. To eliminate in vitro aggregation or agglomeration, the 4 nm iron
oxide cores were coated with PEG lipids (Fig. 6.4f) [45]. The OSE antibodies were
attached to the modified PEG using the same methods described for the paramag-
netic micelles (SATA modification). The resultant OSE-targeted SPIOs exhibited a
mean hydrated diameter of 14—16 nm, which is not significantly different from the
size of the paramagnetic formulations. ELISA showed that conjugation did not
affect their binding specificity to OXLDL. The blood half-life of the OSE-targeted
SPIOS in atherosclerotic mice was approximately 9 h following the administration
of a 3.9-mg Fe/kg dose. This half-life is shorter than that observed for the paramag-
netic micelles, but longer than that observed by dendrimers (discussed in the next
section). ICP-MS, confocal microscopy, and Perl’s staining confirmed the uptake of
the OSE-targeted SPIOs in the arterial wall, specifically within intra-plaque macro-
phages/foam cells, of atherosclerotic mice. No uptake of the untargeted SPIO was
observed. Approximately 30 % of the injected dose was present in the liver 24 h
postinjection.

All MRIs were performed at 9.4-T using the same system that was used for the
paramagnetic micelles. Imaging was performed before and 24 h after the adminis-
tration of a 3.9-mg Fe/kg dose. To obtain in vivo R2* maps, multiple gradient echo
(GRE) sequences with the following pulse sequence parameters were applied: rep-
etition time =29.1 ms, echo time = 5.1-10 ms (n=5), flip angle = 30°, number of
signal averages = 6, in-plane resolution = 0.098 mm?, and 100 % z-rephasing gradi-
ent. Twenty slices were acquired from the level of the renal arteries to the iliac
bifurcation. The R2* maps were generated for the matched pre- and post-images on
a pixel-by-pixel basis using a custom Matlab. The R2* values were obtained with
regions of interest drawn on the arterial wall on slices (n=5) exhibiting either R2*
modulation after contrast or arterial wall thickening, indicative of plaque
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deposition. The relative percentage change in the R2* values was determined as: %
change = [R2*post-R2*pre]/R2*post) 100. Immediately after GRE acquisition, a
gradient echo acquisition for superparamagnetic particles with positive contrast
(GRASP) sequence was applied using 50 % of the z-rephasing gradient. The
GRASP sequence is extremely useful when trying to determine whether MR signal
loss is due to iron oxide deposition or other endogenous artifacts (motion, partial
voluming, and perivascular effects) that might also promote signal loss. The GRASP
sequence cannot be used alone, however, because this sequence does not provide
adequate anatomic information. In similarity to GRE sequences, GRASP signal
might be observed in lymphatic tissue that might also sequester the iron oxide par-
ticles. However, this sequence is extremely useful to differentiate between iron
oxide deposition and artifacts that are often present when imaging the arterial wall.
Because equivalent imaging geometry was used for both GRE and GRASP, the
imaging results obtained from these sequences were directly matched and com-
pared. The results are shown in Fig. 6.4f, and it was clearly demonstrated that OSE-
targeted SPIOs allowed for in vivo detection of OSE-rich atherosclerotic plaques, as
confirmed by confocal microscopy and Perl’s staining. No significant MR signal
loss was observed 24 h after the administration of the untargeted material.

6.5.4 Manganese OSE-Targeted Dendrimers

Although the OSE-targeted Mn micelles were safe and effective, there was a desire
to increase the payload of Mn so that imaging may potentially be performed at even
earlier time point postinjection (within 24 h). However, increasing the Mn payload
using lipid-based constructs will result in the formation of nanoparticles that are too
large (>20 nm) for intra-plaque imaging. Poly(amido amine) (PAMAM) dendrimers
are synthetic macromolecules composed of repeating beta-alanine subunits. The
rationale for using dendrimers is related to the ability to load large amounts of Mn
while keeping the particle size small enough (<20 nm) to allow for luminal diffusion
and intra-plaque macrophage uptake. Reported studies show that dendrimers can be
easily modified to allow for the addition of both paramagnetic ions (such as
GdDTPA) and antibodies for targeted delivery. Since in vivo MR efficacy is directly
related to the delivery of Mn payloads, it was hypothesized that dendrimers would
be ideal carriers since generation eight dendrimers (G8) contain 1,024 primary
amine groups that may be modified and labeled with MnDTPA. This would be a
significant improvement over the MnDTPA micelles where there are only ~ 50
gadolinium or manganese ions per micelle.

Again, the use of DTPA as a chelating agent for Mn was not random. DTPA
completely binds Mn so that g=0. Although cyclic chelating agents, such as DOTA,
may increase the vascular stability (thermodynamic stability constant of MnDOTA
= 19.89), it is uncertain if the high affinity to Mn would limit intracellular
de-chelation. The OSE-targeted dendrimers were prepared by concentrating
G8 PAMAM dendrimers to 10 mg/ml and diafiltering against 0.1 M sodium
phosphate buffer (pH 9), as described in the literature [67]. A 256-fold molar
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excess of isothiocyanatobenzyl diethylenetriaminepentaacetic acid (ITC-Bz-DTPA)
(Macrocyclics, Dallas Tx) was added, and the solution incubated at 40 °C and for
48 h (maintained at pH 9). Note that an excess of ITC-Bz-DTPA was added in order
to ensure optimal labeling. The solution was then purified by diafiltration using a
Centricon 30 and stochiometric amounts of MnCl, were added. A 1-mole equivalent
of tetramethylrhodamine-ITC (TRITC) was added drop wise to G8-MnDTPA in
DMSO. The resultant G8§ MnDTPA-TRITC-dendrimer was then purified (diafiltra-
tion), lyophilized, and stored at —40 °C under N, to prevent oxidation of the Mn.
Based upon elemental analysis, 75 % (768 MnDTPA/1,024 surface amines) of the
available amines on the dendrimer surface covalently attached to MnDTPA. In addi-
tion, 10 % (102 TRITC/1,024) of the surface amines were covalently attached to the
fluorescent probe. The remaining 154 surface amine groups associated with the G8
dendrimer were used to covalently link the OSE antibody to the dendrimer via inter-
action between thiol and maleimide (Fig. 6.5).

The OSE-targeted Mn dendrimers were characterized with respect to Mn con-
tent, hydrated particle size, in vitro MR efficacy, binding specificity, and in vitro
macrophage uptake [56]. The pKa and biodistribution was determined in athero-
sclerotic and WT following injection of a 0.05-mmol Mn/kg dose. All MRI was
performed using a clinical 3-T hybrid time-of-flight PET/MR system (Philips
Gemini MRI) and a specialized mouse coil in the prone position. Mice underwent a
preinjection MR scan within 24 h prior to the administration of the OSE-targeted
dendrimers, and MR imaging was then performed over a 72-h time interval after tail
vein injection of a 0.050-mmol Mn/kg dose. MR imaging of the abdominal aorta
was performed using a T1-weighted black-blood spin-echo sequence (TR/TE =
667 ms/9.9 ms, number of averages = 10, FOV = 2.5x%2.5 cm, slice thickness
0.5 mm, 30 slices, and total scan time of 59 min) with a microscale in-plane resolu-
tion of 0.15 mm? At each time point postinjection, the slices were matched to the
baseline preinjection scans by using the unique vertebral anatomy and paraspinous
muscular anatomy as anatomic landmarks. In order to evaluate the MR data, signal
intensity (SI) measurements were obtained using regions of interest (ROIs) within
the aortic wall on slices exhibiting signal modulation post contrast using OsiriX
software (Pixmeo Geneva, Switzerland). SI measurements of adjacent muscle and
the standard deviation associated with noise were also obtained. The percent-
normalized enhancement (%NENH), relative to muscle, was then determined.

The hydrated particle diameter and in vitro R1 values associated with the OSE-
targeted dendrimers were similar to the values reported for the targeted Mn micelles
(13.34 = 1.2 nm, R1 saline = 3.5 s! mM™"). Enzyme-linked immunosorbent assay
(ELISA) showed that OSE antibody was successfully conjugated to the dendrimers
without effecting OxLDL binding specificity. ICP-MS results showed limited
uptake of the untargeted dendrimers in J744A.1 macrophages. In wild-type mice,
the OSE-targeted dendrimers exhibited a blood half-life of 2.9 h. This is signifi-
cantly lower than the half-life observed for the OSE-targeted Mn micelles in athero-
sclerotic mice (16.4 h). Biodistribution studies in atherosclerotic mice show strong
uptake of the OSE-targeted dendrimers within the arterial wall 24-48 h
postinjection.
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Manganese DTPA (~1000)

Targeted G8 Dendrimers

Fig. 6.5 Schematic of dendrimer which covalently attached to MnDTPA and MDA (top).
Representative MRI images from two apoE—/— mice are shown (M1 = mousel and M2 = mouse?2).
The arrows point to regions within the abdominal aorta. There is increased scan signal (white
contrast) compared to preinjection of MDA2 dendrimers (Reprinted with permission from Nguyen
et al. [56])

Representative MR images obtained prior to and after the administration untar-
geted and OSE-targeted dendrimers (0.05-mmol Mn/kg) (Fig. 6.5). The OSE-
targeted dendrimers exhibited significantly greater arterial wall enhancement at all
time points postinjection, relative to the untargeted material. The maximum arterial
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wall enhancement was observed 48 h postinjection (62 + 3 %), with residual signal
present 72 h postinjection. The presence of Mn within atherosclerotic lesions was
confirmed using spectroscopic methods (>8-pg Mn/g vs. <l-pg Mn/g, P<0.001).
When compared to OSE-targeted Mn micelles, MR efficacy of Mn dendrimers was
reduced. The reasons for the decreased efficacy of the dendrimers, relative to the
micelles, may be summarized as: (1) differences in pKa values and (2) differences
in the imaging methodologies. Although the OSE-targeted dendrimers exhibited
hydrated diameters similar to that of the OSE-targeted Mn micelles, significant dif-
ferences in the vascular half-lives were observed. The difference in circulation times
is likely due to the presence of PEG (50 % wt/wt) present on the OSE-targeted Mn
micelles. Studies have indicated that prolonged circulation times allow for greater
accumulation of molecular probes within or on a target. As a result, the shorter cir-
culation times exhibited by the dendrimers may limit the efficacy of this platform to
some extent. Finally, MR imaging of the OSE-targeted Mn micelles was performed
using a high-resolution mouse MR scanner at 9.4 T with a microscale in-plane reso-
lution of 0.098 mm?. In the current study, a clinical imaging system (3 T) was used
with an in-plane resolution of 0.15 mm?. The arterial wall of the mouse is very small
(typically four pixels) so that the larger the volume imaged (larger voxel size), the
greater the partial volume effects. It should be noted that on pre-imaging scans, the
arterial wall is visible at 9.4 T (using black-blood T1-weighted sequences). At 3 T,
however, the arterial wall is not visible (due to the lower resolution) when similar
pulse sequences are applied. Despite the limitations related to spatial resolution and
partial voluming at 3 T, significant MR enhancement was still observed following
administration of the targeted dendrimers. Relaxation theory, however, predicts that
the imaging efficacy of the Mn micelles will be reduced at 9.4 T, relative to 3 T. In
order to allow for direct comparison, future studies will be performed to evaluate the
efficacy of targeted Mn dendrimers and micelles at both 9.4 and 3 T.
Table 6.4 summarizes the advantages and disadvantages of each MRI platform.

Conclusions

The robustness of OSE imaging by OSE-targeted nanoparticles is demonstrated
by the fact that all the platforms tested (*"Tc, Gd micelles, Mn micelles, Mn
dendrimers, SPIOs) resulted in the ability to detect OSE in vivo. From a clinical
perspective, the best approach relates to safety, efficacy, and ease of use. If one
considers safety first, then the Gd micelles are suboptimal due to significant and
prolonged bioretention in tissues. Regarding efficacy, the preclinical results indi-
cate that the Mn micelles may be more effective than the Mn dendrimers due to
the more favorable pKa. Since the safety of the dendrimer scaffold itself is not
fully determined, the Mn micelle formulation may be considered optimal com-
pared to the dendrimers. OSE-targeted Mn micelles and SPIOs may both be con-
sidered safe and result in good visualization of the arterial wall in atherosclerotic
mice. Since optimal imaging time postinjection for the SPIOs is lower than that
of the micelles (24 h vs. 48 h), the SPIOs may be considered optimal from an
ease point of view. However, the ability to evaluate GRE signal loss is not trivial,
requiring the use of GRASP sequences [45]. Several factors result in MR signal
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Table 6.4 Summary of the advantages and disadvantages of the MRI platforms

Platform
Gd micelles

Mn micelles

Mn
dendrimers

Iron oxides

Advantages

Able to detect OSE in the arterial wall of
atherosclerotic mice

Positive MR signal enhancement (T1
agent)
Easy and reproducible synthesis

Able to detect OSE in the arterial wall of
atherosclerotic mice. The agent is a
switch, with little or no signal in the
vascular phase and strong signal
enhancement (T1 agent) in the arterial
wall

No issues related to toxicity as Mn is an
endogenous metal ion that is safe when
chelated in the bolus phase

Easy and reproducible synthesis

Able to detect OSE in the arterial wall of
atherosclerotic mice

Dendrimers offer a high payload of Mn
relative to the micelles (1,024 vs. 300 Mn
ions/particle)

Positive MR signal enhancement (T1
agent)

No issues related to metal ion toxicity, as
Mn is an endogenous metal that is safe
when chelated in the bolus phase

Able to detect OSE in the arterial wall of
atherosclerotic mice

Iron oxides have better sensitivity than
paramagnetic agents due to the their
increased magnetic moment (10 times
more sensitive)

No issues related to toxicity, as Fe is an
endogenous metal ion

Optimal imaging time point at 24 h p.i.

Disadvantages

Toxicity-related issues due to
bioretention and
biotransformation

Optimal imaging time point >72 h
pAi.

Nontraditional approach
Optimal imaging time point at
48 hp.i.

Potential safety/toxicity of
dendrimers still not established
Blood half-life may be too low for
optimal arterial wall imaging
(may need PEG in formulation)
Optimal imaging time point at

48 hp.i.

Causes MR signal loss (T2*
agent)

Iron in the arterial wall may
induce oxidation

loss, such as motion, partial voluming, perivascular effect, etc. As a result, most
radiologists prefer paramagnetic contrast agents that give signal enhancement
over those that induce signal loss. Additionally, it is not known how long the
OSE-targeted SPIOs stay in the arterial wall after administration of a single dose.
Since the macrophages need to degrade and export the iron, this time may be
substantial, thereby limiting the ability to perform longitudinal studies pre- and
posttreatment. With all these considerations, the OSE-targeted Mn micelles may
allow for the best clinical translation of this platform. Efforts to optimize these
approaches and translate them to patients are ongoing.
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Abstract

Atherosclerosis is a chronic inflammatory disease with both innate and adaptive
immune components. Various static methods have been applied to investigate
mechanisms of atherosclerosis development. However, they did not allow for
monitoring dynamic changes in leukocyte behavior in normal and atherosclerotic
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aortas. Live cell imaging is necessary to study dynamic or transient leukocyte
functions relevant to disease pathology, such as antigen presentation, cell migra-
tion, and cell-cell interaction. We developed a protocol for ex vivo multiphoton
microscopy of atherosclerotic aortas and used it to demonstrate that antigen pre-
sentation may occur within the arterial wall. Aortas are harvested from trans-
genic reporter mice with fluorescent myeloid cells and then incubated with
labeled T cells. The cells are imaged with a multiphoton microscope, while a
superfusion system maintains the explant in physiologic condition. Cells are
tracked from the videos, and their motion is quantified. This system was used to
demonstrate antigen presentation in the arterial wall in the context of
atherosclerosis.

7.1 Introduction
7.1.1 Atherosclerosis

Atherosclerosis is an underlying cause of most heart attacks, strokes, and other
forms of cardiovascular disease, which is one of the leading causes of death world-
wide [1]. It is a chronic inflammatory disease, characterized by plaque buildup in
large and medium arteries. Within plaques, leukocytes actively mediate both pro-
and anti-inflammatory processes [2]. Disease progression and plaque content have
traditionally been studied using static end-point methods, including histology,
immunohistochemistry, immunofluorescence, and flow cytometry of aortas [3].
These methods provide qualitative and quantitative data on the numbers and pheno-
types of cells in the plaque, but cannot evaluate dynamic cell functions, such as cell
motion and cell-cell interaction. Live cell imaging is necessary to study these tran-
sient processes to better understand their contribution to disease progression.

One dynamic cell function that is integral to inflammation is antigen presentation.
This is a process by which an antigen-presenting cell takes up antigen from its micro-
environment and processes it to be recognizable by T cells in the context of MHC
molecules. When a T cell receptor (TCR) recognizes an antigenic peptide on MHC on
the surface of an antigen-presenting cell (APC) and coactivator signals are present, the
T cell becomes activated, proliferates, and produces cytokines that influence plaque
development [4]. During the typical immune response, dendritic cells, a type of APC,
take up antigen from the area of inflammation and migrate to local lymph nodes,
where they present this antigen to naive T cells, leading to the T cells’ initial activation.
These antigen-experienced T cells acquire new homing properties (adhesion molecules
and chemokine receptors), enabling them to traffic back to the original site of insult,
and they polarize to characteristic functional subsets. Interactions between APCs and
T cells have been observed in nonlymphoid tissues [5], and recent in vitro data sug-
gests that antigen presentation to antigen-experienced T cells occurs in the arterial
wall [6, 7]. Unlike static methods, live cell imaging can uniquely take advantage of
changes in T cell behavior (slowing down) while interacting with an APC [8, 9]
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to demonstrate antigen presentation in the cells’ native microenvironment. Here, we
describe a technique to visualize leukocyte activity in the wall of healthy and athero-
sclerotic aorta explants using multiphoton microscopy [10].

7.1.2 Live Cell Microscopy

The choice of microscopy technique for imaging live cells in vivo or ex vivo
depends on the optical properties of the target tissue and the spatial and temporal
resolution needed to observe the phenomena in question. The four most common
microscopy techniques for imaging ex vivo or in vivo are epifluorescence, spinning
disk confocal, laser scanning confocal, and multiphoton [11, 12]. Each of these
techniques has unique advantages and disadvantages for live cell fluorescence
imaging (Table 7.1) [13, 14].

7.1.2.1 Epifluorescence Microscopy

Epifluorescence, or widefield, microscopy is frequently used for live imaging because
of its high frame rate (up to 50 frames/s for a 512x 512 pixel frame, depending on the
camera [15]). Another advantage is that this technique can acquire transmitted light
images, allowing for visualizing of tissue structure in combination with fluorescence.
Unlike a confocal, all light that reaches the objective is collected, and therefore excita-
tion intensity can be lowered to reduce photobleaching and phototoxicity. However,
this leads to diminished lateral resolution due to out-of-focus light in thick tissues and
explants. Epifluorescence microscopes cannot distinguish depth except via

Table 7.1 Advantages and disadvantages of common live cell imaging modalities

Method Advantages Disadvantages
Epifluorescence Fast Poor axial and lateral resolution
Lower photobleaching than Limited to thin tissues
confocal Limited control of excitation
wavelength
Spinning disk Fast Low excitation tissue penetration

confocal (SDCM)

Laser scanning
confocal (LSCM)

Multiphoton

Good axial and lateral resolution
Less photobleaching than LSCM

Best resolution and contrast in
XYZ

Deep tissue penetration

Low photobleaching of
out-of-focus planes

Good lateral resolution

Single laser can excite broad
range simultaneously

Lower intensity and contrast than
LSCM

Slow

Low excitation tissue penetration
High photobleaching

Slow

Poor axial resolution compared to
LSCM and SDCM

Difficult to sequentially excite
different fluorophores



158 S. McArdle et al.

post-acquisition deconvolution [16] and so are inadequate for situations in which axial
resolution is important. Epifluorescence microscopes use broad-spectrum lamps and
control excitation wavelength through filter cubes. Filter wheels allow for rapid
switching of excitation wavelength; however, different fluorophores must be analyzed
sequentially, which decreases frame rate and may lead to poor registration between
different colors in rapidly moving cells. Therefore, this technique is typically only
used for samples with one or two fluorophores and only for thin tissues (<100 pm).

7.1.2.2 Confocal Microscopy

Confocal microscopy provides the best spatial resolution of the standard live cell
techniques and so is often chosen for applications requiring resolution of subcellu-
lar structures. Spinning disk confocal systems can image at very high speeds (theo-
retically up to 2,000 fps [17], in practice highly limited by the CCD camera), making
them ideal for imaging fast processes. If a very high speed is not necessary, laser
scanning confocal systems can provide higher lateral and axial resolution with less
noise (especially in weakly fluorescent samples), while still scanning up to 40 fps,
depending on the image size. However, laser scanning confocal systems typically
spend more time exciting each pixel, resulting in higher photobleaching and photo-
toxicity. Both types of confocal systems are limited by a small penetration depth
(two to three times smaller than the maximum of a multiphoton microscope [18])
due to high scattering of visible excitation light by the sample. Unlike epifluores-
cence systems which use similar excitation wavelength, confocal microscopes
retain high resolution in thick tissues by optically slicing with the confocal aperture.
However, the aperture blocks a portion of the emitted light that reaches the detector,
requiring more intense excitation and causing additional photobleaching than epi-
fluorescence or multiphoton microscopy. The use of lasers of defined wavelengths
makes it technically easier to image multiple fluorophores simultaneously, improv-
ing time resolution compared to epifluorescence microscopy. Typical imaging
depths achieved by confocal microscopy are 100-200 pm.

7.1.2.3 Multiphoton Microscopy

Multiphoton microscopes excite the sample with a high-intensity, pulsed femtosec-
ond laser with a long (infrared) wavelength to penetrate deeper into tissue with less
scattering than confocal or epifluorescence microscopes (up to 500 pm) [19].
Thanks to the two-photon excitation, which only takes place in the objective’s focal
point, true optical slicing is achieved so only a small volume is excited at one time,
minimizing the time each point in the sample is exposed to light while retaining
good spatial resolution. Because there is no need for a confocal aperture, all of the
emitted light that reaches the objective is collected, thus reducing the needed inten-
sity of the excitation. Together, these phenomena reduce photobleaching and
improve the signal intensity in thick tissues, making it a common choice for in vivo
imaging. Most fluorophores have a broader two-photon excitation range than single-
photon excitation [20], enabling the excitation of multiple fluorophores simultane-
ously. A disadvantage of this is that distinguishing fluorochromes by changing
excitation wavelength is generally not feasible. Multiphoton microscopy has lower
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resolution in all three axes than laser scanning confocal, dictated by the long excita-
tion wavelength (typically 800—1,000 nm). The use of low-noise, high-dynamic-
range photomultipliers improves sensitivity but drastically reduces acquisition
speed compared to spinning disk confocal and epifluorescence microscopy. Better
acquisition speeds can be realized by using a resonant scanner.

7.1.3 Choice of Multiphoton Microscopy for Studying
Atherosclerosis

Atherosclerotic plaques in mouse aortas can be more than 100 pm thick [21], mak-
ing two-photon excitation necessary for viewing the depth of the plaque. A low
frame rate is sufficient for visualizing leukocyte movement within the arterial wall,
because migration speeds are less than 1 pm/s. The low photobleaching inherent in
multiphoton microscopy enables acquisition of long (~1 h) movies, which is neces-
sary for quantifying slow migration. Multiphoton microscopy also uniquely enables
the visualization of unlabeled collagen in the wall through second-harmonic genera-
tion [22]. We used multiphoton microscopy to visualize antigen presentation in the
context of atherosclerosis [10].

7.2 Materials and Methods
7.2.1 Aorta Harvest

7.2.1.1 Background

Aortas can be obtained from healthy or atherosclerotic mice that have transgenically
labeled leukocytes. Mice deficient in apolipoprotein E (Apoe™), a protein involved in
lipoprotein transport, are a common model for atherosclerosis. They rapidly develop
plaques when fed a high-fat western diet (WD) [23]. To study the interaction between
antigen-presenting myeloid cells and T cells in atherosclerotic plaques, we used
CD1 1¢"F mice, which express yellow fluorescent protein under the CD11c¢ promoter
[24]. This mouse has CD11b+ CD11c+ macrophages and dendritic cells in the plaque
bright enough to be visualized with multiphoton microscopy. The precise relationship
between YFP brightness and cell phenotype, including CD11c expression, needs to be
established in each tissue and experimental setting. Non-atherosclerotic mice can be
injected with 30 pg of CpG class B oligonucleotides (ODN 1826, Integrated DNA
technologies), 2-3 h before sacrifice to induce myeloid cell recruitment to the aorta
wall. Within atherosclerotic plaques, myeloid cells phagocytose lipids, scavenge dead
cells, and secrete both pro- and anti-inflammatory cytokines [2].

7.2.1.2 Method

The mouse was killed by CO,, and 0.5-1 mL of blood was withdrawn via cardiac
puncture with a 25 G needle. The internal organs were removed, and then 10 mL of
PBS (containing 20 U/mL heparin) were perfused through the aorta through the
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Fig.7.1 The aorta of an
Apoe™~ mouse that was fed
WD for 12 weeks. After
sacrifice, the aorta was
perfused with PBS with 20
U/mL heparin and the artery
was cleaned of fat (see

Sect. 7.2.1.2) to reveal visible
atherosclerotic plaque
(opaque beige, white arrows).
IA innominate artery, LC
lesser curvature

heart. Using forceps and spring scissors, the fat and para-aortic lymph nodes were
removed from around the artery. To maintain cell viability, it is important to disturb
the wall of the aorta as little as possible, especially near the area that will be imaged,
and to keep the tissue moist with PBS. The aorta was harvested, from its origin from
the heart to above the renal arteries, including the branches to the innominate, left
common carotid, and left subclavian arteries. Solid plaques develop first at the
branch of the innominate artery from the aorta and also in the lesser curvature of the
aorta. Both areas are suitable for imaging (Figs. 7.1 and 7.2). The artery was incu-
bated overnight with T cells at 37 °C with 5 % CO, in complete RPMI 1640 media
containing 10 % FBS, 1 % pen/strep, 2 mM L-Glu, 1 % NEAA, 1 mM HEPES, and
1 mM sodium pyruvate before imaging.

7.2.2 T Cell Harvest

7.2.2.1 Background

Theoretically, every T cell in a mouse may express a unique TCR that is specific for
a different peptide. To investigate antigen-specific T cell activation, we used trans-
genic mice in which majority of CD4 T cells have a restricted TCR specificity to
well-defined exogenous antigenic peptides. These mice are useful tools for studying
antigen presentation because the presence of antigen can be easily controlled. We
employed two different strains of mice with transgenic TCRs: OT-II, which have T
cells specific for a peptide derived from ovalbumin [25], and SMARTA, which have
T cells specific for a peptide derived from lymphocytic choriomeningitis virus
(LCMYV) [26] (see Table 7.2). Having two distinct TCR transgenic mice allowed us
to image T cells with and without their cognate antigen in the same experimental
setup to more accurately assess the specificity of antigen presentation in the aorta.
Since neither antigen is present in a mouse, almost all T cells harvested from the
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Fig.7.2 Schematic timeline of procedure for imaging myeloid cells presenting antigen to T cells
in the aorta wall. (a) To image antigen presentation with a known, exogenous antigen, CD4+ T
cells with transgenic TCRs are harvested and purified from the spleen and restimulated in vitro.
YFP+ myeloid cells are recruited to the aorta with an injection of CpG, and after 2-3 h the aorta is
harvested. The T cells are labeled and incubated with the aorta in the presence of exogenously
added antigenic peptide, and then the tissue is imaged using two-photon microscopy. (b) To image
antigen presentation in the context of atherosclerosis, the aorta of an atherosclerotic mouse with
YFP+ myeloid cells is harvested. CD4+ T cells are harvested and purified from an atherosclerotic
mouse. The T cells are labeled and incubated with the aorta, and then the tissue is imaged using
two-photon microscopy

transgenic mice are naive. Naive cells must be activated in vitro with anti-CD3 and
anti-CD28 to maintain cell viability. To assay antigen presentation in the context of
atherosclerosis, we also used polyclonal T cells from WD-fed Apoe™ mice. The
specific peptide that these cells recognize is unknown, but it is likely to be
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Table 7.2 Sources of T cells and the peptides they recognize

Mouse strain | Antigen protein Peptide recognized by TCR
OT-1I Ovalbumin ISQAVHAAHAEINEAGR
SMARTA Glycoprotein P13 from LCMV GLNGPDIYKGVYQFKSVEFD
Apoe™- Unknown endogenous, possibly Unknown

ApoB100, HSP60, or oxLDL

endogenously found in the aortas of atherosclerotic mice (see Table 7.2) [27-29].
Many T cells isolated from WD-fed atherosclerotic mice are endogenously acti-
vated, and so these cells do not require additional stimulation in vitro.

7.2.2.2 Method

CD4* T cells were harvested from the spleens of atherosclerotic or TCR transgenic
mice using a Robosep-negative selection kit (Stem Cell Technologies). These cells
were stimulated for 48 h with 8 pg/mL anti-CD3 and 8 pg/mL anti-CD28 (eBiosci-
ence) in complete RPMI 1640 media containing 10 % FBS, 1 % pen/strep, 2 mM
L-Glu, 1 % NEAA, 1 mM HEPES, and 1 mM sodium pyruvate. T cells isolated
from WD-fed atherosclerotic mice were not restimulated in vitro. The cells were
differentially labeled with 2.5 pM SNARF (red fluorescent carboxylic acid, acetate,
succinimidyl ester, Molecular Probes) or 3 pM CMRA (CellTracker Orange,
Molecular Probes) for 10 min at 37 °C. 0.5 million labeled cells were incubated
with the explanted aorta in 750 pL media overnight. T cells from atherosclerotic
mice were incubated with an aorta from an atherosclerotic mouse, while T cells
from mice with transgenic TCRs were incubated with a healthy aorta with or with-
out 1 pM OVA peptide or SMARTA peptide (Table 7.2).

7.2.3 Tissue Maintenance During Imaging

To visualize realistic cell motion, it is necessary to keep the tissue under physiological
temperature, pH, oxygen tension, and osmolarity throughout imaging. Immediately
before imaging, we secure the aorta to a coverslip by gluing the ends of the tissue with
Histoacryl glue (TissueSeal LLC) or Vetbond (3 M). Tissue that touches the glue is
unsuitable for imaging, so only the ends of the aorta should be glued down and only
the middle used for imaging. A system (Fig. 7.3) was built to keep the tissue warm and
superfused with recirculating, oxygenated media throughout the imaging procedure.
A reservoir of oxygenated media was created by bubbling gas (95 % oxygen, 5 %
CO,) through ~25 mL of complete RPMI 1640 without phenol red, with 2 mM
L-glutamine, 1 % pen/strep, and 1 % FBS, in a 50 mL conical tube. The sample glued
to the coverslip was placed in a 60 mm dish with the same solution. A peristaltic pump
(Harvard Apparatus, MPII) circulated media at approximately 10 mL/min from the
reservoir through an in-line solution heater (Warner Instruments, SF-28) to the dish.
The dish was heated by a warmer (Warner Instruments, QE-2 Quick Exchange
Platform), and both this and the in-line heater were controlled by a dual feedback
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objective

7

Heating control unit

Fig. 7.3 Schematic diagram of recirculating superfusion and heating system to maintain aorta
under physiological conditions during imaging. An aorta explant is incubated with T cells for 12 h
to allow the T cells to migrate into the tissue. The artery is glued to a coverslip, and placed in a dish
with complete RPMI 1,640 without phenol red, with 2 mM L-glutamine, 1 % pen/strep, and 1 %
FBS. (1) A peristaltic pump (2) circulates the media from an oxygenated reservoir, (3) through an
in-line solution heater (4), to the dish and back to the reservoir. The sample is warmed by a dish-
warmer (5). The media temperature is monitored by a thermometer (6), and a control unit (7) regu-
lates both heaters to maintain a solution temperature of 37 °C. Arrows show the direction of fluid
flow

control unit (Warner Instruments, TC-334B) that maintained the liquid near the tissue
at 37 °C. The peristaltic pump also returned the media from the dish to the reservoir
so that the media constantly recirculate. The inlet and outlet to the dish must be as far
as possible from the tissue to not disturb the imaging.

7.2.4 Microscopy and Hardware

Imaging was performed on a Leica TCS SP5 multiphoton system. This system utilizes
a DM 6000 upright microscope with a 20x (NA=0.95) water-dipping objective
(Olympus, XLUMPLFL), attached to a piezo-controlled objective holder (Piezosystem
Jena, NV 40/1 CLE and MIPOS 500 SG) to set the focal plane. A Coherent Chameleon
Ultra II Ti:sapphire-pulsed femtosecond laser excites the sample with wavelengths
between 680 nm and 1,080 nm. Emitted light is split through a series of three dichroic
mirrors and four filters up to four non-descanned photomultiplier tube detectors
(PMT-NDD) (Fig. 7.4). The optical path to the detectors does not return through the
scanning mirror, improving the sensitivity of detection. Laser scanning is accom-
plished with either a conventional or resonant scanner, depending on the needs of the
experiment. The resonant scanner scans each line faster than the conventional scanner
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PMTNDD4
SNARF (593-644)

PMTNDD 1
Collagen (<495)

]

Filter D
624/40

Mirror 3
595 Long Pags

PMTNDD3
CMRA
(593-644)

Filter B
—) Empty

Filter C
585/40

PMTNDD2
YFP (495-560)

Filter A

Mirror 1 535/22

560 long Pass Mirror 2

495 long Pass

T Emission
light

Fig.7.4 Optical path with dichroic mirrors and filters to simultaneously detect emitted light from
an aorta with YFP+ myeloid cells, CMRA-labeled T cells, and SNARF-labeled T cells as well as
collagen via SHG. All dichroic mirrors are long-pass, and all filters are band-pass (width/middle).
Each PMT is labeled with the fluorophore detected and the approximate wavelength range that
reaches the detector

(8,000 lines/s compared to 200-1,400 lines/s). The speed can be effectively doubled
in the bidirectional mode which allows for horizontal scanning in both directions,
though this can lead to interlacing errors. The pixel dwell time of the resonant mode
is shorter, which leads to a higher frame rate and less photobleaching, but more noise.
Line or frame averaging can reduce this noise and may still allow for better time reso-
lution than with a conventional scanner.

To observe interactions between YFP* antigen-presenting cells and SNARF- or
CMRA-labeled T cells, the excitation laser was set to 920 nm. This wavelength
allows for imaging of all three colors as well as collagen in the arterial wall via
second-harmonic generation. The emitted light was split by three long-pass dichroic
mirrors (495, 560, and 593 nm) into four bands and passed through three band-pass
filters (535/22, 585/40, and 624/40 nm) (Semrock) (Fig. 7.4, Table 7.3). A large
field of view (pixel size of ~1 pm) was chosen to capture as many cells as possible,
although this does not allow for maximum spatial resolution as calculated by the
Nyquist sampling frequency. The Nyquist frequency, which is the pixel size neces-
sary to capture two points that are just optically resolved, is approximately 120 nm
for two-photon excitation under our imaging conditions. Due to the inherent low
axial resolution of two-photon excitation, 10-15 pm between z-planes was
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Table 7.3 Typical hardware settings on Leica TCS SP5 multiphoton system with conventional
scanner for imaging YFP + APCs, SNARF-labeled T cells, and CMRA-labeled T cells. See
Fig. 7.4 for mirror and filter name explanations

Settings
Dichroic 1

Dichroic 2
Dichroic 3

Filter A
Filter B
Filter C
Filter D
PMT voltage

PMT offset
Excitation
wavelength
Emitted laser
power

Excitation neutral

density filter
Laser gain
Laser offset

Frame size (pixels)

Zoom

Frame length (pm)

Pixel size (nm)
Scan speed
Scan direction

Line/frame
averaging
z-step

Number of z-steps

Stack frequency

Output format

Value

560 nm long
pass

495 nm long
pass

593 nm long
pass

535/22

None

585/40

624/40
1,000-1,250 V

-10-0 %
900-920 nm

2,200 mW

3% [97 %
blocked]

90-100 %
50-60 %
512x512

I1x-2x
375-750 pm
730-1,460 nm
400 lines/s

1

None
10-15 pm

8-20
1/min

LIF

Comments

Optimized for simultaneous detection of YFP, SNARF,
CMRA, and second-harmonic signal. Must be changed
for any other color combination

Detects YFP

Detects second harmonic — no filter needed
Detects CMRA

Detects SNARF

Set each PMT gain to almost the maximum and
minimize laser power to reduce photobleaching

Set such that tissue background is at or near 0

Optimized for combination of YFP, SNAREF, and
CMRA

Determined by wavelength

Highly dependent on individual laser and alignment.
Blocking more reduces photobleaching

Keep as low as possible while detecting signal
Set such that there is no signal at 0 % laser gain

Higher for better spatial resolution, lower for faster
scan speed and less photobleaching

Zoom is a balance between improving spatial
resolution by decreasing pixel size and increasing
frame size to image more cells

Higher for faster frame rate, lower for less noise

Bidirectional scanning raises scan speed, but can lead
to interlacing artifacts

Averaging improves picture quality, but reduces frame
rate and increases photobleaching

Lower for better axial resolution but more
photobleaching

From the adventitia to the deepest T cell

Faster scan rates lead to more photobleaching and
shorter movies, but better time resolution

Can be read by Imaris and ImageJ, or converted to TIF

sufficient for capturing cell location and shape while minimizing photobleaching. A
full stack of 10-20 z-planes was acquired once per minute. Most of the exogenously
added T cells were located in the adventitia, so typically only the outer layer of the
artery was imaged. Taking advantage of the motorized stage, two to three locations
were imaged concurrently by moving the sample between stacks. Aortas were
imaged for roughly an hour, at which photobleaching became noticeable (Table 7.3).
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These experimental settings were optimized for imaging with the conventional
scanner. The spatial or temporal resolution of the movies could be improved with
the resonant scanner by acquiring more z-planes or by acquiring stacks faster with-
out a significant increase in photobleaching.

7.2.5 Image Processing

Autofluorescence signal was extracted from low-intensity pixels from YFP, CMRA,
or SNARF channels, which were then combined and converted to a new channel.
Autofluorescence comes mainly from the elastic lamina in the media layer [30] and
can be used to distinguish the adventitia and intima. Collagen, visible through
second-harmonic generation, is found in both the adventitia and media. Cell motion
was quantified in three dimensions using an automated spot-tracking algorithm in
Imaris (Bitplane) with occasional manual correction. The software detects cells
based on difference in pixel intensity compared to background and then calculates
the centroid of the cell. The cell centers are automatically tracked between frames
using an auto-regressive motion algorithm, which assumes mostly random motion
that tends towards the velocity and direction calculated in the previous frame.
Dendritic projections of myeloid cells are often too thin (width <1 pm) or dim to be
detected, so contact between T cells and APCs could not always be directly visual-
ized. T cells were manually determined to be interacting with an APC when the T
cell remained in the vicinity of a YFP+ cell for at least 5 min. Interaction times often
ranged from 5 min to 1 h. Instantaneous velocity was calculated for each tracked
cell between each pair of adjacent frames. Average velocity was calculated for inter-
acting and noninteracting cells separately. Cells which did not move during the
entire movie were presumed to be dead and not included in the statistics.

7.3 Results

Ex vivo multiphoton imaging of an explanted aorta allows for the visualization of
live, active lymphocytes and myeloid cells within the intima and adventitia of the
arterial wall. Collagen and elastin autofluorescence separates the intima from the
adventitia. YFP+ myeloid cells were found in both the adventitia and intimal plaque
of the aorta of atherosclerotic mice (Fig. 7.5). These cells move at approximately
1-3 pm/min, with significant deformation in cell shape as they travel.
Exogenously added T cells were typically only seen in the adventitial layer,
although they can be found in intimal plaques when the plaque was exposed to the
cells during the overnight incubation. These T cells migrate through the tissue at
typical speeds of 10 pm/min (range 1-30 pm/min). When cognate antigen

>
>

Fig.7.5 (a) Three different views of an aorta from an Apoe”~ CD11cYFP mouse fed WD to show
localization of YFP+ cells to the intimal plaque and adventitia. Green, YFP+ cells; Red, SHG;
Blue, autofluorescence from the internal elastic lamina (Adapted from Andor Technology [15]).
(b) Cartoon depicting the anatomy of the aorta seen in (a)
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(exogenous or endogenous) is present, more T cells interact with YFP+ APCs, and
the average velocity of the T cells decreases to 1-3 pm/s [9], suggesting antigen
presentation is occurring within the arterial wall.

7.4 Conclusion and Future Work

This novel approach provides new opportunities to study cell activity that cannot be
investigated with traditional static methods. This protocol could be expanded to the
study of other questions relevant to disease pathology through the use of other trans-
genic reporter mice with a variety of fluorescently labeled cells or proteins. For
instance, imaging cell migration can reveal novel information about chemokine
function or the mechanism of how leukocytes enter and leave the aortic wall.
Currently, ex vivo multiphoton imaging is the most suitable tool for probing these
dynamic processes in their native environment to elucidate inflammatory mecha-
nisms in atherosclerosis.

However, explanted tissue cannot completely mimic the native microenviron-
ment that the leukocytes experience in vivo. Specifically, the absence of pulsatile
blood flow [31], the disruption of the extracellular matrix in the adventitia [32, 33],
and the alteration of oxygen concentration [34] or other changes from physiological
conditions can influence cell motion [8]. Certain questions can only be accurately
studied by imaging live mice, such as recruitment of monocytes from the blood to
the plaque. New technical challenges are introduced when imaging leukocytes in
arteries in vivo, because the blood vessel pulses with each heartbeat. This motion
leads to distortion of still images, misalignment of z-stacks, and inconsistency in
time series. These artifacts make tracking cells infeasible.

To circumvent these problems, we are currently developing a new technique that
will minimize these motion artifacts and enable imaging of the carotid artery in vivo.
Custom circuitry will trigger image acquisition based on the cardiac cycle, mea-
sured noninvasively through pulse oximetry. This ensures that the artery is in a
consistent position for each frame acquired, so that z-stacks and time series can be
reassembled accurately. Imaging only a small field of view with a fast acquisition
speed after each trigger helps minimize in-frame deformation. These small sections
can be stitched together in post-processing to assemble a large three-dimensional
reconstruction of the cells in the artery. This system will enable us to image athero-
sclerotic plaques in vivo and to study various questions involving cell motility,
including leukocyte recruitment from blood, antigen presentation, phagocytosis,
chemokine function, and the role of cell subsets in disease progression.
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Abstract

The thrombotic cellular mechanisms associated with cardiovascular events remain
unclear, largely because of an inability to visualize thrombus formation in vivo. In
this chapter, bio-imaging approach is introduced, mainly using in vivo imaging
technique based on single-photon and multiphoton microscopy. Recent progress
in optics enabled us to identify single-platelet behavior in the developing throm-
bus in living animals. In the physiological and pathological conditions, complex
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cellular interplay takes place, and bio-imaging can directly elucidate cross talks
among multiple cell types. We visualized that rapidly developing thrombi
composed of discoid platelets were triggered by reactive oxygen species photo-
chemically induced by laser irradiation, and developed thrombi occluded blood
vessels. Inflammatory cytokine and adhesion molecules dynamically control
these processes. Intravital imaging can be a powerful tool to analyze thrombus
formation and evaluate the therapeutic strategies against thrombotic diseases.

8.1 Introduction

Cardiovascular disease contributes significantly to morbidity and mortality in
developed countries. In addition to atherosclerosis in coronary and cerebral circula-
tion, peripheral artery disease (PAD) is a major cause of disability [1]. The most
common cause of PAD is atherosclerosis. In some cases, PAD may be caused by
blood clots that restrict blood flow. Left untreated, PAD can ultimately lead to limb
amputation. Each year, 1,000 new cases of limb ischemia are diagnosed per one mil-
lion of the population, with an estimated cost of more than $200 million [2]. Despite
this vast clinical significance, the methodological and imaging approaches to diag-
nose this disease early have not been successful due to various technical difficulties.

New evidence suggests a close etiological interrelationship between atherogen-
esis and thrombosis [3]. Thrombi can be incorporated within an adjacent plaque,
thereby accelerating plaque development via cell proliferation and increasing extra-
cellular matrix production [4]. This dynamic process of unstable plaque formation
is often followed by arterial occlusion and plaque rupture. Recent findings indicate
that inflammation contributes to these processes [5, 6]. Inflammatory processes play
important roles from early plaque development to plaque rupture. Thus, understand-
ing thrombotic events is a vital step for elucidation of the cellular mechanisms—not
only for ischemic PAD but also for atherosclerosis in general.

Several imaging modalities beyond traditional angiography are currently avail-
able for PAD imaging, including ultrasonography, magnetic resonance angiography
(MRA), computed tomographic angiography (CTA), digital subtraction angiogra-
phy (DSA), and intravascular ultrasound (IVUS). Several approaches to the in vivo
imaging of mice also are available, including magnetic resonance imaging (MRI),
X-ray computed tomography, ultrasonography, and positron emission tomography
(PET) [7]. These techniques have the advantages of deep imaging, but the time and
spatial resolution involved are not enough to visualize dynamic cellular interplay in
thrombotic events on a single-cell level, as compared to fluorescent-based intravital
visualization methods.

Previously, the complex and dynamic multicellular interactions during thrombus
formation were not understood due to a lack of available methods for direct visual-
ization of thrombus in living animals. Platelets, the smallest cell in the body, cannot
be visualized on a single-cell level by conventional imaging tools currently avail-
able in the clinic. In addition, human platelet composition can be evaluated only in
aspirated thrombus obtained from patients with acute myocardial infarction or in
autopsy samples. Both specimens, however, are susceptible to artifacts from sample
preparation processes. Aspirated thrombus contains platelets, packed fibrin,
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von Willebrand factor, tissue factor, and inflammatory cells [8]. Large numbers of
leukocytes (polymorphonuclear and mononuclear) indicate the contribution of
white blood cells to thrombus formation [9]. The presence of multiple cell types in
developing thrombus made it necessary to analyze multicellular interactions
overtime and in real time. Thus, in vivo fluorescent imaging could serve as a
powerful imaging tool to elucidate the kinetics of platelet activity, dynamic changes
in cell shape, and the contribution of the coagulation system.

This chapter covers some of the evolving research-based molecular fluorescent
imaging methods and their biological and technical aspects, particularly focusing
on the in vivo imaging of platelets.

8.2 The Significance of Fluorescent Live Imaging

Recent advances in molecular biological techniques, especially high-throughput
methodologies, have provided massive amounts of information about the (epi)
genomes of mice and humans. But most physiological and pathological phenomena
still cannot be explained or predicted due to their stochastic nature and dynamic
behavior, and a large gap still exists between basic research and clinical application.
There are also many differences between humans and mice at both the genetic and
cellular function levels. Consequently, the application of molecular biological tech-
niques—especially the use of “knockout mice”—is limited. Therefore, to gain fur-
ther understanding of normal and disease conditions and to establish new specific
therapies, we must reconsider current imaging approaches by using evolving tech-
nologies, including “imaging by light.”

In vivo imaging has several technical limitations, one being spatial resolution.
Fluorescent imaging has an advantage in spatial resolution compared to other meth-
odologies (e.g., PET, MRI). In fact, our resolution approaches a “diffraction limit”
with single-photon confocal microscopy in vivo [7]. Recently, new theoretical and
technical improvements have enabled “super-resolution” imaging, over the diffrac-
tion limit. Theoretically, a super-resolution intravital imaging technique also is pos-
sible in vivo.

Another limitation is imaging depth. Single-photon techniques usually provide
precise images only within 100 pm of depth from the tissue surface [10], but much
deeper penetration is vital for in vivo imaging. The use of a nonlinear microscope,
especially a “two-photon technique,” is more powerful for in vivo deep imaging
[11]. Briefly, in a femtopulse near-infrared microscope, two photons arrive almost
simultaneously within ~0.5 fs, providing energy to the molecule to reach an excited
state, which then proceeds along the fluorescence-emission reaction. Near-infrared
wavelength of 700-1,000 nm range is usually used, whereas emission occurs in the
visible spectrum. At this wavelength, light penetrates deeper into scattering
tissue with less phototoxicity. In addition, the two-photon excitation occurs only in
the focused area and provides better Z resolution. Recently, a more sensitive and
dynamic GaAs (gallium arsenide)-based avalanche photodiode detector for multi-
photon technique has been developed [12]. As a result of these multiple technical
improvements, a two-photon microscope can visualize deeper layers inside the
body—usually more than 200 pm from the organ surface.
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8.3  Visualization of In Vivo Cell Kinetics with High
Time Resolution and Spatial Resolution

Two major technical approaches are available for high-speed optics, which are vital
for in vivo imaging. Spatial resolution and time resolution are key features given the
rapid movement of in vivo cell kinetics. Previously, a spinning disk confocal system
with multibeam excitations frequently was used for these purposes [13]. But the
resonance scanning system, having recently become commercially available, now
represents the alternative solution [14]. Noting definitively which system advanta-
geous for specific visualization targets in living mice is difficult. The spinning disk
system allows the performance of very rapid scanning; when this system is com-
bined with high-speed C-MOS cameras, more than 1,000 frames per second (fps)
can be obtained, but multicolor imaging is technically difficult. Multicolor imaging
is easier to perform in resonance scanning systems, which are equipped with fast-
scanning mirrors that enable four-color imaging at 30 fps at full frame (512 x 512 pix-
els). In addition, multiphoton scanning can be performed in the same setups, but the
initial cost for the resonance setup is usually high.

There are two types of microscope systems: upright and inverted. For intravital
observations, the upright microscope is used more often, even though the inverted
system gives a more stabilized view. Except for the problems of motion artifact, the
two types of microscope are essentially not different.

A broad spectrum of fluorescent dyes, probes, and proteins are used for intravital
microscopy. Below, we show three major approaches to the design of fluorescent
probes utilized for in vivo visualization.

8.3.1 Fluorescent Probes (Dyes)

(a) Nonspecific distribution is the most commonly used approach to create con-
trasts for observation. For example, injected fluorescent dextran visualizes
small arteries and lymphatic vessels. Various fluorescent agents with several
color choices could be employed for this method. The advantage of this method
is that multicolor images can be obtained by combining several agents, allowing
for simultaneous visualization of different structures.

(b) Fluorescent agents can be conjugated to antibodies or other targeting mole-
cules. Fluorescent antibodies can be used to visualize specific cell populations
and phenotypes. In addition, fluorescent isolectins can unmistakably visualize
vessels in living mice.

(c) The most desirable imaging agent is a functional/activatable probe, which
allows visualization of specific molecules or environments. Usually functional
probes (e.g., calcium probe, proteolytic activity) stay in an “off” state but are
turned into an “on” state of fluorescent signals when the targeted reaction occurs
(e.g., increase of calcium level or proteolytic activity). These smart probes pro-
vide very high signal-to-noise ratios due to their specific nature (Fig. 8.1).
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8.3.2 Fluorescent Protein

Information about various biological processes and functions (e.g., specific cell
types, enzymatic reactions, molecule distribution) can be directly obtained using
transgenic mice labeled with fluorescent proteins. Recent progress in developmen-
tal biology techniques provides multiple choices for creating reporter mice, includ-
ing conventional knock-in or transgenic approaches. Fluorescent protein expression
can be induced in specific cell types and/or targeted organelles, using Cre/loxP sys-
tems. In addition, cell cycling can be directly monitored using “Fucci” mice [15].
Fluorescence resonance energy transfer (FRET) systems can visualize calcium
signaling and intracellular enzymatic reactions. But while using these mice is very
convenient, experiments need careful optimization and validation, as it is difficult to
expect consistent signal specificity, quality, and intensity due to animal variations.
In addition, there are technical difficulties related to protein excitation in red
spectrum in living animals using a multiphoton setup, due to excitation problems in
commercially available titan sapphire lasers with relatively low power for excitation
in red-spectrum wavelength.

8.3.3 Nonstaining Approaches

Nonstaining methods include autofluorescence imaging and second harmonic
generation observations [16]. Autofluorescence signals are often obtained from
specific cytoplasmic organelles or tissue extracellular matrix (e.g., lysosomes,
elastin). In some situations, autofluorescence signal is very useful, as it allows iden-
tification of specific cell types (e.g., macrophages) or serves as a helpful landmark
for tissue orientation (e.g., elastin in the vessel wall).

Second harmonic generation is an optical process, in which photons with the
same frequency interacting with a nonlinear material are effectively “combined” to
generate new photons with twice the energy and therefore twice the frequency and
half the wavelength of the initial photons. Combined second harmonic generation
and two-photon excited fluorescence microscopy allows for visualization of colla-
gen in living animals. These techniques are used to observe arterial adventitia, bone,
and skin collagenous architecture without staining.

Combining these techniques, we can visualize the vessels, muscles, kidneys,
liver, fat, and many other structures, as shown in Fig. 8.2. Imaging depth depends on
tissues, but usually varies from 200 to 1,000 pm (Fig. 8.3).
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Fig. 8.2 Two-photon microscopy penetrates deep inside the body. CAG-eGFP transgenic mice
with ubiquitous expression of eGFP in various tissues were used to visualize the muscle, intestine,
skin, kidney, artery, and tumor. Texas Red dextran was injected to visualize vessels and blood cells
(red), and Hoechst stain was used for nuclei contract (blue). Second harmonic generation signals
were simultaneously obtained
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Fig. 8.3 Diagram of the confocal microscope for real-time in vivo imaging. CAG-eGFP trans-
genic mice with ubiquitous expression of eGFP in various tissues were used to visualize the mus-
cle, intestine, skin, kidney, artery, and tumor. Texas Red dextran was injected to visualize vessels
and blood cells (red), and Hoechst stain was used for nuclei contract (blue). Second harmonic
generation signals were simultaneously obtained

8.4  Application of Fluorescence Imaging
to Cardiovascular Diseases

To understand the molecular and cellular mechanisms underlying cardiovascular
disease and its complications, including thrombosis, the fluorescence imaging
approach could serve as a powerful tool. Recent progress in optical technologies



8 Imaging of Complications in Atherosclerosis: Thrombosis and Platelet Aggregation 177

Fig. 8.4 Multi-scale heart tissue imaging. To visualize the heart tissue, endothelial cells were
distinctively labeled using fluorescent isolectin dye (red), nuclei were stained with Hoechst 33342
(green), and cardiomyocytes were stained using mitochondria probe (TMRE, blue) in intact living
heart tissue

and evolving knowledge in developmental biology enabled us to visualize biologi-
cal processes in living animals with minimal invasiveness. Fluorescent imaging has
advantages in temporal and spatial resolution, as discussed previously. As shown in
Fig. 8.1, ex vivo multi-scale imaging can obtain information not only on specific
heart structures, including cardiomyocytes and heart vessels, but also on single
sarcomeres.

In contrast, the living tissue imaging method yields three-dimensional images,
which enable the visualization of three-dimensional structures in the whole heart.
A spinning disk or resonance confocal microscope could be used for living imaging.
Lectin is a useful histochemical probe that specifically labels endothelial cells in
many species [17]. Information regarding mitochondrial membrane potential, which
reflects cardiomyocyte viability, also can be obtained. Lee et al. recently reported on
intravital visualization techniques using synchronization and compensation for
heartbeat movement [18], and we expect that in vivo observation will improve tar-
geting for specific cell types or molecule behavior (Fig. 8.4).

8.5 Imaging of Thrombus

The intravital visualization technique of thrombus formation could serve as a pow-
erful tool to analyze the complex cellular mechanisms underlying this cardiovascu-
lar complication, but due to technical difficulties, these techniques are not used
broadly to image thrombotic events and their rapid phenomena. We discuss here
the technical aspects of in vivo imaging and its application in thrombotic
diseases.

FeCls-induced thrombus formation in carotid arteries is a frequently used animal
model for thrombus imaging [19], but the reproducibility of results obtained using
this experimental approach is low. In addition, the effects from direct vessel injuries
by drug administration cannot be ruled out. Another major limitation is that this
technique cannot identify and track single-platelet kinetic during thrombus
formation.
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With the recent advance of optical technologies, we and others have successfully
visualized a single platelet in developing thrombus using the fluorescent microscope
or confocal microscope. Jackson et al. recently reported imaging of a single platelet
in a developing thrombus and elucidated the effect of shear stress for platelet
activations [20, 21]. Their studies suggested a two-stage theory of in vivo thrombus
formation. Under low shear stress conditions, platelets become activated and
undergo a dynamic shape change; under high shear stress conditions, discoid
platelets are incorporated into growing thrombi.

Furie et al. developed the in vivo imaging technique of thrombus formation
using laser injuries to endothelial cell layers and following extracellular collagen
exposure [22]. They reported that direct laser injuries increased tissue factor
expression in the vessel wall, followed by platelet accumulation. After the fibrin
network forms, the vessels become occluded by developed thrombus. This process
contrasts with classical models in which clot formation is a vital step for thrombus
stabilization. Von Willebrand factor (vWF) also plays a vital role in thrombus
development after laser injuries, and vWF-deficient mice show decreased platelet
attachment on endothelium after laser injuries. These results indicate the presence
of both vWF-dependent and vWF-independent pathways for thrombus formation
in this model [23].

Exposure of extracellular matrix, including collagen, takes place in platelet
activation processes during hemostasis, induced by ferric chloride models [24] or
direct laser injuries [22]. This platelet activation can be monitored by P-selectin
expression on the platelet surface, using fluorescent antibodies. In addition,
intracellular calcium mobilization occurs during platelet activation, and intracellu-
lar calcium concentration within platelets can be monitored by several fluorescent
indicators (e.g., FLUO-8AM probes) or FRET animals.

8.6  Visualizing Platelets In Vivo

Three different approaches exist for direct platelet visualization in vivo. The first
approach utilizes transgenic mice. For example, CAG-eGFP transgenic mice
express strong green fluorescent protein that exhibits bright green fluorescence sig-
nal in platelets when exposed to light. The second approach is based on antibody
binding to specific adhesion molecules detected in platelets, including CD41 and
CD42b. These fluorescent antibodies could be injected into living animals. Two
clones are commercially available for mouse injection (MWReg30 for CD41 and
X488 CD42). But the antibody treatment can produce a “blocking effect,” which
should be monitored after injection. The third approach is platelet labeling ex vivo,
followed by transfusion into mice. The platelets can be efficiently labeled
with 5-TAMRA dye (5-carboxytetramethylrhodamine, succinimidyl ester) without
platelet activation (Fig. 8.5).
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Fig.8.5 Single platelet
visualized by in vivo imaging
technique. Multicolor
visualization technique shows
leukocytes (Hoechst, blue),
erythrocytes (with the
negative image for injected
dextran, red), and platelets
(eCAG-GFP signal, green) in
both arteries and veins

8.7 Reactive Oxygen Species (ROS)-Induced
Thrombosis Models

Can platelet aggregation be visualized in real time?

Several methods for platelet activation could be combined with fluorescent
imaging in vivo. One of these approaches uses high-power laser irradiation, which
completely disrupts the endothelial cell layer [22]. In this technique, after laser
injuries, collagen extracellular matrix is exposed, platelets become activated, and
thrombus formation is induced and accompanied by in vivo thrombus formation of
activated and deformed P-selectin-positive platelets aggregate.

The other method uses photochemical reactions, visualizing single-platelet kinet-
ics within aggregations of discoid platelets in thrombi in single-platelet levels [25,
26]. In contrast, based on the findings that reactive oxygen species (ROS) play a
central role in atherosclerotic lesion formation and thrombotic diseases [27], we
induced ROS production within the vessel. Porphyrin (hematoporphyrin) was used
as a substrate. Thrombus formation could be observed with high reproducibility after
ROS production by photochemical reactions. In these models, the platelet keeps its
discoid shape, which is an important special feature of our method. We proposed that
in our model, thrombus formation was initiated by the binding of platelet GPIb-alpha
to endothelial vWF, followed by actin linker talin-dependent activation of alphallb-
beta3 integrin, required for thrombus stability, in a later phase.

The most important technical advantage of this approach is that a photochemical
reaction can be induced by the observation laser, and there is no need for two laser
lines. For these purposes, the spinning disk confocal or resonance scanning system
can be used.

Results can be quantified by software analysis, originally developed by modify-
ing commercially available products [25]. The dynamic changes in platelet number
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Fig.8.6 ROS-induced thrombus models. Platelet aggregation was induced by laser irradiation and
ROS production by photochemical reactions. CAG-eGFP mice were used for visualizing platelet
(in green). Hoechst (blue) and Texas Red dextran (red) were also injected. White arrow indicated
the direction of blood flow. Notice that the single platelet can be identified in the developing throm-
bus, and leukocyte was also incorporated

or thrombus area can be statistically analyzed with high reproducibility. By obtain-
ing intravital images and analyzing the results objectively, the effect gene manipula-
tion can be quantified, and a hypothesis can be obtained in combination with
conventional in vitro analysis by molecular biology technique (Fig. 8.6).

8.8 ExVivoIlmaging Techniques
In vitro platelet function analysis has several advantages. We can isolate platelet

factors from other in vivo environmental factors (e.g., endothelial signals, humoral
factors, shear stress). Analysis of gene or therapeutic interventions can be easily
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performed in vitro. Cytometry shows platelet activation status, and platelet
aggregations can be performed using a flow cytometry method [28]. Platelet
aggregometry showed dynamic reactions under agonist stimulations, but reproduc-
ibility is relatively low and clinical applications are limited.

Flow chamber assay is the gold standard for analysis of dynamic platelet
attachment to collagen or vVWF. Along with thrombus development, platelet
morphological changes (i.e., lamelapodia formation) also can be visualized with
high resolution [29]. Due to a small sample size, a microflow device must be used
for tissue analysis. Previous results show that platelet activation status depends on
shear stress rate, and thrombus formation in high shear stress conditions occurs via
vWF or fibrinogen as a single ligand for alphallb-beta3.

8.9 Applications for Visualization Techniques
for Metabolic Diseases

Fluorescent imaging techniques have many applications in metabolic diseases.
Inflammation plays a pivotal role in the development of metabolic diseases, as
well as atherosclerosis [30]. We previously showed that platelet activation via
inflammation takes place in adipose tissue under metabolic conditions, by direct
in vivo visualization [31]. In particular, in an obese environment, adipose tissue
exhibits hallmarks of chronic inflammation, and cellular interplay occurs—
including between macrophages, B cells, and CDS8 T cells [32, 33]. Moreover,
local and systemic inflammation directly alters adipose tissue function, leading
to systemic insulin resistance. Because adipose tissue contains multiple cell
types—including stromal cells, adipocytes, immune cells, and endothelial
cells—it is tempting to speculate that their multicellular interactions are crucial
to normal adipose tissue function and to dysfunction in pathological conditions,
such as obesity.

Fluorescent imaging can directly visualize increased leukocyte—platelet—endo-
thelial cell interactions in the microcirculation of visceral adipose tissue in obese
mice, which is indicative of activation of the leukocyte adhesion cascade, a hall-
mark of inflammation [31]. The increased expression of adhesion molecules on
stromal cells and platelet activation contributes to these cell dynamics, as shown in
the experiments utilizing neutralizing antibodies or genetically modified mice.
Thus, chronic inflammatory status might underlie metabolic diseases, and mole-
cules involved in proinflammatory phases of platelet activation could serve as thera-
peutic targets for metabolic conditions (Fig. 8.7).

8.10 Summary and Conclusions

Cellular reactions in thrombotic diseases are particularly dynamic and involve
multiple cell types. In vivo imaging represents a powerful tool for understanding the
molecular and cellular basis of thrombotic diseases. Fluorescent imaging has sev-
eral advantages and great potential to visualize biological processes on cellular and
molecular levels simultaneously. Several recent technical advances, including the
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Fig.8.7 Inflammatory cell dynamics in obese adipose tissue. Inflammatory cellular interrelation-
ships were directly visualized by intravital imaging. CAG-eGFP mice (to visualize platelet in
green) was injected with Hoechst (nucleus in blue) and Texas Red dextran (blood flow in red).
Veins in the visceral adipose tissue were visualized. Arrows indicate rolling and adherent inflam-
matory leukocytes

availability of new light sources, high-resolution microscopy, development of con-
focal and two-photon systems, and advances in vascular biology, have enabled us to
perform multiphoton and multicolor imaging with genetically modified or disease-
induced animal models. The results can be quantified with high reproducibility
using newly developed software and algorithms. Thus, we can not only “see” inside
the animals but also better understand the dynamic changes in living organisms. In
the future, imaging techniques combined with evolving molecular biology
approaches will have broad applications for understanding common diseases and
for the development of therapeutic approaches to combat them.
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Abstract

Calcific aortic valve disease (CAVD) is a major contributor to cardiovascular
morbidity and mortality, and given its association with age, the prevalence of
CAVD is expected to rise with an increase in worldwide life expectancy. Currently,
no therapies exist for the treatment or prevention of CAVD. Much of our
understanding of the progression of CAVD has originated from preclinical data
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using optical molecular imaging of animal models. Through these studies we now
know that CAVD is an inflammatory disease with a fibrocalcific endpoint. In this
chapter, we will review the preclinical molecular imaging data that have shaped
our current understanding of CAVD, and we will discuss the future role that
molecular imaging technologies may play in the clinical diagnosis and treatment
of this disease.

9.1 Aortic Valve Structure, Function, and Disease

The aortic valve is a highly dynamic tissue that is situated between the left ventricle
and the aorta and is responsible for maintaining unidirectional blood flow from
the heart to the systemic circulation. This function is highly dependent on the struc-
ture of three thin leaflets attached to the base of the valve annulus. The action of the
leaflets is governed largely by the pressure generated through the pumping action of
the heart [1]. Pressure generated in the left ventricle during systolic contraction
forces the leaflets to protrude into the aorta, opening the valve annulus such that
blood can pass from the heart into systemic circulation (Fig. 9.1a). As the heart rests
in diastole, the back pressure generated forces the leaflets back toward the ventricle,
whereupon the adjacent leaflets meet to seal the valve and prevent retrograde blood
flow (Fig. 9.1b).

a Systole
I Aortic Collagen

perspective orientation

Fig.9.1 Structure and function of the aortic valve. (a) Pressure generated in the left ventricle dur-
ing systolic contraction forces the aortic valve leaflets into the aorta, allowing blood to be ejected
from the heart. (b) As the heart rests during diastole, the leaflets strain radially to meet and close
the valve, preventing retrograde blood flow into the ventricles. The circumferentially aligned col-
lagen fibers give the leaflets strength to prevent prolapse. (¢) The aligned collagen fibers are shown
using polarized light imaging of picrosirius red staining. Original magnification x200 (Figure
adapted from Hutcheson et al. [14])



9 Pathobiology and Optical Molecular Imaging of Calcific Aortic Valve Disease 189

The leaflets must simultaneously exhibit the compliance necessary for opening
during systole and the biomechanical strength to resist prolapse back into the left
ventricle during diastole [2]. This is accomplished through a layered leaflet micro-
architecture that is crucial to ensure proper valve function [3]. The aortic side of the
leaflets, a region known as the fibrosa layer, is composed of circumferentially
aligned collagen fibers that straighten during diastole and serve as the main tensile
load bearing component of the leaflets (Fig. 9.1c) [4]. On the ventricular side of the
leaflets, an elastin layer, known as the ventricularis, confers radial elasticity that
allows the valve to open during systole and allows the leaflets to stretch radially and
meet to close the valve during diastole [5]. An intermediary layer, known as the
spongiosa, is enriched in glycosaminoglycans and is believed to serve as a lubricat-
ing layer between the fibrosa and ventricularis. This microarchitecture is maintained
by two resident cell populations: the aortic valve endothelial cells (VECs) that
sheath the leaflets and the aortic valve interstitial cells (VICs) that reside within the
leaflets. Inflammation and pathological differentiation of these resident cells have
been shown to lead to calcific aortic valve disease (CAVD). Histopathological anal-
yses of CAVD reveal fibrotic collagen accumulation and the formation of calcific
nodules on the aortic side of the leaflets [6]. These changes disrupt the microarchi-
tecture of the leaflets and thereby compromise the biomechanical integrity of the
aortic valve. The following sections detail the cellular and molecular changes
observed in CAVD and the role that molecular imaging may play in both research
and clinical intervention.

9.2 Imaging Criteria for Aortic Valve Disease

CAVD is a major contributor of cardiovascular morbidity and mortality. Of particu-
lar concern, the prevalence of CAVD is projected to increase dramatically due to the
shift in age-related population demographics with an aging baby boomer genera-
tion. Moderate-to-severe symptoms of CAVD are observed in 2.8 % of patients over
75 years of age [7, 8]. Given this strong association with age, for many years, CAVD
was presumed to be a passive, degenerative disease that occurs due to fatigue or a
wearing out of the tissue caused by the stresses and strains of cardiac function as the
aortic valve opens and closes more than three billion times over the course of an
average life span [9]. Recently, however, the results of many studies on the molecu-
lar signaling processes associated with valvular homeostasis have led to a paradigm
shift with CAVD now viewed as an active, cellular-driven disease [10]. This view
offers some hope to patients as cellular processes may be targeted therapeutically;
however, no clinically relevant therapeutic options for CAVD have been
discovered.

The development of a therapeutic for CAVD dovetails with the need for detec-
tion strategies to identify early changes within the leaflets [11]. Once calcium
deposits form within the valve, reversibility is unclear; however, inflammation and
the early extracellular matrix remodeling responses that presage gross fibrosis and
calcific nodule formation may fall within an appropriate therapeutic window
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Fig.9.2 Early tissue Therapeutic window
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(Fig. 9.2). Traditional detection of valvular insufficiency using echocardiography is
unable to identify these early leaflet changes as regurgitant blood flow and leaflet
thickening represent later stages of CAVD remodeling and calcification. Recently,
PET/CT imaging modalities have emerged as a means to detect inflammation and
mineralization within valve leaflets of human patients [12], and optical molecular
imaging strategies have been successfully employed to visualize the progression of
CAVD in mice [13]. These technologies are far more sensitive to small changes
within the leaflets and may offer the resolution necessary to identify patients that
fall within the appropriate therapeutic time frame. Utilizing these imaging strategies
may also give better insight into the temporal aspects of CAVD and may lead to a
better understanding of the required therapeutic strategy at each stage of CAVD.
The reader should note that many of the processes and techniques discussed in
this chapter overlap with those discussed in Chap. 5. Many of the pathophysiologi-
cal changes in CAVD and vascular calcification overlap; however, it should be noted
that these diseases are now believed to have distinct etiologies [14]. Not every
patient who presents prominent vascular calcification also exhibits signs of CAVD,
suggesting that at least an extra set of variables are involved in CAVD initiation and
progression. Further, valve cells are phenotypically different than their vascular
counterparts, and therefore, different factors seem to be responsible for producing
the fibrocalcific endpoint that is apparent in both diseases. The goal of molecular
imaging for these two diseases is also different. In vascular calcification, a collagen-
rich fibrous cap with a large calcification may serve to stabilize the atherosclerotic
plaque [15, 16]; therefore, the first goal in imaging of atherosclerotic lesions is to
identify regions of collagen disruption and the formation of spotty microcalcifica-
tions that lead to plaque instability. Conversely, in CAVD, aortic valve leaflet micro-
architecture is essential to the appropriate biomechanical function of the valve.
Therefore, molecular imaging tools should be designed around early identification
of valve remodeling prior to the potentially irreversible endpoints of fibrosis and
calcification. In this chapter, we will focus on the preclinical studies that have exhib-
ited promise in imaging processes involved in CAVD and the novel findings that
have resulted from these imaging modalities. We will also use our current under-
standing of the molecular underpinnings of CAVD to propose potential new targets
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for imaging that might distinguish CAVD from vascular calcification. Finally, we
will discuss how molecular imaging techniques may be translated to clinical use to
identify early markers of CAVD in patients.

9.3  Valve Endothelial Cell Activation and Migration

In other parts of the vascular system, endothelial cells have been observed to play
a crucial role in the transduction of mechanical signals such as changes in shear
stress [17]. Because these cells are the first to experience any changes in outside
forces that affect valve dynamics, they have received growing attention in their
potential roles in regulating valve homeostasis. VECs are phenotypically distinct
from endothelial cells in the vasculature [18]. For instance, when subjected to the
shear stresses of fluid flow, VECs align perpendicular to the flow [18]; whereas,
endothelial cells from the aorta align parallel to the flow [17, 19]. This indicates
that the VECs may play a distinct role in regulating the biomechanical properties
of the valve through specially evolved mechanisms. Furthermore, VECs have been
observed to exhibit genotypic heterogeneity along the surface of each leaflet.
Simmons et al. found that 584 genes were differentially expressed between VECs
from the aortic side and the ventricular side [20]. These genotypic differences may
be important in regulating the differing biomechanical properties on each side of
the valve, i.e., the collagen of the fibrosa and the elastin of the ventricularis, or
conversely, the gene expression of these cells may be influenced by the differing
shear stresses seen on each side of the leaflet.

VECs have also been shown to play a role in the etiology and progression of valve
disease. In diseased or injured vascular tissues, endothelial cells direct the appropri-
ate immune response through increased expression of cell adhesion molecules
(CAMs) that mediate attachment and activation of leukocytes as well as by secreting
cytokines that are recognized by specialized inflammatory cells [21-24]. Similarly,
VECs have been observed to increase expression of ICAM-1 and VCAM-1 and
secretion of inflammatory cytokines such as IL-8, IL-1p, and IFN-y in response to
oscillatory, turbulent fluid flows and pathological mechanical strains [25]. As
discussed in the following section, the accumulation of leukocytes and related
inflammatory cytokines is positively correlated with remodeling in CAVD leaflets
and aortic stenosis in human patients. Ex vivo MRI and near-infrared fluorescence
(NIRF) imaging of a VCAM-1-targeted agent demonstrated VEC activation local-
ized in regions where the valve leaflets meet the aortic root [26] (Fig. 9.3).
Correspondingly, this area of the leaflet—known as the commissure—experiences
the greatest amount of mechanical stress and, therefore, is most likely to experience
VEC damage that leads to CAM expression [27].

VECs may also play an important, though lesser known, function in CAVD, and
the spatial heterogeneity of these cells could be responsible for the side-specific
susceptibility to CAVD observed in histopathological analyses of diseased leaflets
[20]. The VECs directly adjacent to the fibrosa have been found to express much
lower levels of anti-calcification enzymes when compared to the VECs on the ven-
tricular side of the leaflets [25]. This suggests that the VECs may also play an
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Fig. 9.3 A NIRF probe targeted to VCAM-1 was detected in the commissure region of apoE-
deficient mouse aortic valves. The specificity of this probe was validated and quantified using tra-
ditional immunohistological staining and direct visualization of VCAM-1 activity using NIRF
microscopy (Figure modified Aikawa et al. [13])

important role in sensing and responding to the various stresses on each side of the
leaflets. Recent studies have suggested that VECs play an active role in valve remod-
eling during CAVD by invading the leaflet interstitium through endothelial-to-
mesenchymal (EMT) processes that mirror those from development [28, 29]. The
addition of mechanical strain to either valve leaflets in vivo or an in vitro culture
system of VECs led to the expression of mesenchymal markers such as smooth
muscle a-actin (ac-SMA) within the VECs [28] (Fig. 9.4). VECs isolated from ovine
mitral valve leaflets were shown to exhibit a propensity for osteogenic and chondro-
genic differentiation that was not found in vascular endothelial cells [30]. Markers
of differentiation were exacerbated by exposing leaflets to mechanical strain.
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Fig.9.4 The addition of mechanical strain to excised mitral valve leaflets showed an increase in
mesenchymal markers such as a-SMA in the endothelium (identified by CD31 staining) (Images
adapted from Wylie-Sears et al. [30])

Inflammation Calcification

Fig.9.5 Ex vivo NIRF imaging of the aortic valve of an apoE—/— mouse revealed a strong associa-
tion between the presence of inflammation and calcification within the leaflets (Adapted from
Aikawa et al. [34])

Therefore, future high-resolution imaging techniques may be able to search for
localization of VEC marker proteins within the interstitial space or mesenchymal
markers on the leaflet surface as early signs of CAVD.

9.4 Macrophages and Proteolytic Activity

Activation of VECs leads to the recruitment of monocytes and other leukocytes to the
valve leaflets. As a result, CAVD (similar to calcification in atherosclerotic plaques) is
hallmarked by the presence of inflammatory cells, such as macrophages and T cells,
within and surrounding calcified regions of the tissue [12, 31-33]. Molecular imaging
techniques using macrophage-targeted iron nanoparticles conjugated to a NIRF agent
identified a strong correlation between macrophage accumulation and calcification in
aortic valves of apolipoprotein E-deficient (apoE—/—) mice [34] (Fig. 9.5). These cells
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Fig.9.6 Macrophage activity in the aortic valve. (a) Wild-type (WT) control mice did not exhibit
detectable cathepsin B activity within the aortic valve. (b) ApoE—/— mice showed strong cardio-
vascular NIRF signal from a cathepsin B activatable probe. (¢) Immunohistological analyses of the
aortic valve showed a co-localization between the cathepsin NIRF signal and cathepsin B expres-
sion in macrophages within the valve (Modified from Aikawa et al. [13])
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may play arole in initiating the remodeling processes that lead to calcification, as they
actively release proteases that degrade extracellular matrix components, priming the
tissue for new matrix secretion. Additionally, the accumulation of leukocytes and
related inflammatory cytokines is positively correlated with remodeling in CAVD
leaflets and aortic stenosis in human patients. Similarly, in an apoE—/— mouse model
of atherosclerosis and CAVD, enzymatically activatable NIRF signal corresponding
to a specific protease cathepsin B (as validated by immunohistological techniques)
was shown to co-localize with macrophages within the valve leaflets (Fig. 9.6) [13].
Other members of the cathepsin family are involved in elastin degradation. As
mentioned in the first section, the ventricularis layer of the aortic valve is composed
mainly of elastin that allows the valve leaflets to exhibit a high radial strain response
to diastolic loading. Disruption of this elastin layer has been shown to result in
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Fig. 9.7 The combination of a calcification NIRF probe with emission at 750 nm and an
inflammation-targeted probe with emission at 680 nm allowed simultaneous imaging of both pro-
cesses (Adapted from Aikawa et al. [13])

pathological remodeling associated with CAVD [34-36]. Chronic renal disease
(CRD) is strongly correlated with CAVD in human patients, and CAVD processes
in apoE—/— mice are accelerated by inducing CRD through resection of 5/6 of the
total kidney volume (5/6 nephrectomy). Interestingly, induction of CRD in apoE—/—
mice leads to a marked increase in activity of the elastolytic enzyme cathepsin S as
shown by an enzymatically activatable NIRF agent. Deletion of cathepsin S in these
mice mitigates CAVD progression [34]. Cathepsin S remodeling in this mouse
model was found to be closely associated with the presence of inflammatory cell
markers within the leaflets. In addition, elastin degradation peptides, also known as
matrikines, highly biologically active molecules, may induce VIC osteogenic dif-
ferentiation in aortic valves [34]. Application of pathological cyclic strain to aortic
valve leaflets in an ex vivo bioreactor demonstrated significant increases in activity
of cathepsin S and a similar protease, cathepsin K, within the leafiets.

9.5 Myofibroblast Activation, Osteogenic Differentiation,
and Calcification

As noted in the vessel wall, molecular imaging of calcific mineral deposition has
been achieved using bisphosphonates conjugated to NIRF molecules [37].
Bisphosphonates have a structure similar to the calcification inhibitor pyrophos-
phate [38] and is believed to bind to calcium and accumulate in mineralized crystals
[39]. The accumulation of NIRF-bisphosphonates in calcific regions of CAVD leaf-
lets yields detectable NIRF signal that is spectrally distinct from the protease agents
discussed in the previous section, allowing for simultaneous imaging of these pro-
cesses [40] (Fig. 9.7).

The mechanisms of mineralization are less clearly understood in CAVD com-
pared to vascular calcification. As mentioned, VICs reside within the leaflet of the
valve and directly remodel and maintain the microarchitecture of the leaflets by
synthesis and degradation of extracellular matrix components [41, 42]. In the
healthy adult valve, VICs remain in a quiescent state with characteristics similar to
fibroblasts; however, these specialized cells exhibit a high degree of phenotypic
plasticity with VIC differentiation observed during periods of valve development
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and disease [41]. Notably, activation of VICs to a myofibroblast phenotype—char-
acterized by an increased expression of smooth muscle cell protein markers—is
observed within developing valve leaflets and within fibrotic and calcific valve leaf-
lets. This activated phenotype is believed to be responsible for the synthesis and
remodeling of the extracellular matrix, and overactive VICs may be responsible for
fibrotic accumulation of collagen during the initial stages of CAVD [43, 44]. Studies
have also suggested that myofibroblastic VICs contribute to the formation of calcific
nodules through cell death-mediated mechanisms [45, 46]. Additionally, markers of
osteogenic differentiation of VICs have been observed in CAVD and may be respon-
sible for the osteogenic nodules observed within CAVD leaflets [47]. The relation-
ship between the activated myofibroblast and osteogenic phenotypes remains
unknown. In addition to VICs, in pro-calcific environment, macrophages within the
atherosclerotic plaque may actively participate in the deposition of calcium phos-
phate minerals [48], and similar processes may be relevant in CAVD. As we accrue
more knowledge into the underlying mechanisms and roles of VECs, macrophages,
and VIC phenotypes in the progression of CAVD, new imaging probes may be
developed to target specific cellular processes of interest.

9.6  Future Perspectives

The molecular mechanisms of CAVD initiation and progression are less clear than
those involved in the progression of vascular calcification. One reason for this is the
lack of suitable in vitro models that adequately recapitulate the phenotypes observed
in ex vivo analyses of CAVD tissues. The molecular imaging techniques outlined in
this chapter have helped overcome these limitations by allowing detailed analysis of
the cellular and molecular processes of CAVD in situ. The findings from these stud-
ies have provided valuable information concerning the temporal and endpoint
aspects of CAVD. Moving forward, as these optical imaging techniques evolve, they
may be incorporated into more traditional techniques of valve imaging that will be
discussed in the following chapters. By combining these tools, researchers and cli-
nicians would be able to connect gross changes in valve morphology and function
to associated changes on the cellular and molecular level. These data may then be
used to develop new benchtop models and paradigms of CAVD that would inform

the ongoing search for CAVD therapies.
Sources of Funding Dr. Aikawa is supported by grants from the National Institute of Health
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Abstract

Molecular imaging using positron-emission tomography combined with com-
puted tomography (PET/CT) to demonstrate aortic valve inflammation ('*F-
FDG) and calcification (‘®F-NaF) in CAVD holds major promise. Several studies
have now shown that these PET radiotracers are able to reproducibly quantify
these two important intra-valvular pathological processes. This development
represents an exciting opportunity not only to explore CAVD pathology in vivo
and predict disease progression but also to provide the means of gaining early
signal of efficacy in phase II trials of novel drug interventions.

10.1 Introduction

Aortic valve disease is a major and growing burden for patients and healthcare ser-
vice providers. It is the commonest cause of valve replacement in Europe and North
America, and the third leading cause of cardiovascular disease [1,2]. It has a general
prevalence of 2 % that rises to 13 % in those patients aged between 75 and 85 years,
such that, with the ageing demographic of the developed world, the future health
economic impact of CAVD will be substantial.

There is no effective non-surgical treatment for CAVD. HMG-CoA reductase
inhibitors have been the main agents tested formally in randomised trials and have
proven ineffective [3—-5]. As a consequence, echocardiographic surveillance with
eventual aortic valve replacement (AVR) or transcatheter aortic valve implantation
(TAV]) remains the only effective interventional strategy. Although highly effica-
cious, both procedures are nevertheless associated with significant cost and a high
risk of morbidity and mortality and are often poorly suited to the elderly patients
affected by this condition.

Clearly, what is required is an effective intervention to prevent disease progres-
sion. However, two problems are particularly germane when considering why this
has not yet been achieved. First, the pathophysiology of CAVD has been difficult to
clarify. The inevitable lack of human valvular tissue from early disease has ham-
pered research, as have the many difficulties in developing robust and user-friendly
animal models that truly recapitulate the human disease [6]. Second, the clinical end
points in trials pose problems. Patients with CAVD commonly have coexistent ath-
erosclerosis and other pathologies that frequently result in death not clearly attribut-
able to CAVD. In addition, along with the slow and unpredictable nature of aortic
stenosis progression, trials need to be long term and require large numbers to power
and assess the clinical end points of death or cardiovascular death. This has major
cost implications for drug and therapeutic developments. Valve replacement is a
less hard end point with the thresholds for offering surgery or TAVI varying consid-
erably. Finally, echocardiographic measures of disease progression are hampered by
modest issues relating to scan-to-scan reproducibility.

What is needed are safe, repeatable and accurate biomarkers that reflect the
activity of a variety of pathobiological pathways relevant to CAVD. Such biomark-
ers should simultaneously provide insight into early disease pathology and potential
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targets for intervention as well as permit the acquisition of early signals of efficacy
in phase II clinical trials of novel pharmacological agents. They should also subse-
quently provide the means to monitor disease progression or response to treatment
in the clinic.

Serum biomarkers have many potential advantages including low cost, rapidity
and suitability for mass screening, but they lack anatomical resolution being sys-
temic markers. Moreover, processes in small structures such as the aortic valve are
unlikely to generate enough signal to become detectable in the blood. Attention has
therefore shifted to molecular imaging techniques including positron-emission
tomography combined with computed tomography (PET/CT). This approach allows
the activity of a specific pathological process to be measured within even small
structures in the body and for the first time has allowed us to investigate the patho-
logical processes underlying aortic stenosis in a non-invasive manner as they occur
in vivo.

The aim of this chapter is to introduce the basic concepts of PET/CT imaging, to
describe how this imaging technique has been used to investigate the pathophysiol-
ogy of CAVD and finally to explore the potential future role of this exciting approach
in both the clinical and research arenas.

10.2 PET/CT

PET is a non-invasive molecular imaging technology that is able to resolve and
quantitate in vivo a theoretically limitless number of biological processes by radio-
labelling tuneable biomolecules and then detect them at picomolar concentrations
using a scanning platform.

The modality takes advantage of the fact that it is now reasonably straightfor-
ward to generate ‘proton-heavy’ isotopes, usually by bombarding suitable targets
with protons in a cyclotron. The most commonly used isotopes in PET imaging are
IC, BN, 0 and '8F; others that are less commonly used include %Cu, 7®Br, #Rb,
%Ga and '?'I. Using a hot cell, these reporters can then be chemically incorporated
into a biomolecule, drug or peptide of interest before being administered to a patient
as a radiotracer. One of the major challenges and expenses in PET science is the
reliable, standardised and efficient production of bespoke complex radiotracers.

Once administered, the radiotracer localises to and interacts with the biological
process of interest. At a given moment, the unstable reporter isotope will undergo f*
decay; an excess proton is converted into a neutron thus restoring the optimal bal-
ance of protons and neutrons in the nucleus. This conversion also entails the genera-
tion of an electron neutrino and a positron. The emitted positron (with an energy of
a few MeV) then travels for a distance in the tissue (the positron range) before
thermalising and combining with an electron to form a positronium. The positro-
nium then decays by annihilation and generates two 511 keV photons emitted at
nearly 180° to each other (acollinearly). The photons go on to be detected by scintil-
lators, coupled to photomultiplier tubes and arranged into a ring detector. They are
then ‘electronically collimated’ in time by coincidence (i.e. only photons that strike
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the scintillator crystals within a 3—12 ns time window are counted as a true coinci-
dences). It therefore becomes possible to localise the annihilation event along a line
of coincidence (line of response). With enough events, the data acquired during
scanning can be reconstructed using complex statistical software into an interpre-
table image. Although data on many millions of events is collected, this is still sig-
nificantly less than CT, and as such, random coincidences, detector dead time,
photon attenuation, photon scatter and other factors that increase the noise in PET
significantly require correction by complex statistical algorithms. The spatial reso-
lution of PET is also fundamentally limited by the positron distance (0.5 mm with
8F) and acollinearity. As such, the resolution for most clinical PET systems is
approximately 4-5 mm.

In order to aid image analysis, the PET scanner is usually employed as a hybrid
system incorporating a CT scanner that allows for attenuation correction and for an
anatomically detailed CT data set to be accurately registered with the functionally
detailed PET data set. In order to then quantify radiotracer uptake in the tissues, the
image data are analysed on commercially available software packages, and regions
or volumes of interest (ROI/VOI) are drawn on the CT images and then translated
to the PET images. Radiotracer uptake is normally quantified as tissue radioactivity
normalised to the injected dose and body surface area by the following equation:

suv(n =<

+w

where SUV is the standardised uptake value over ¢, ¢ is the time of measurement, ¢

is the radioactivity of the tissue within the region of interest, a is the decay corrected

injected activity and w is either body weight, lean body weight or body surface area.

All voxels in the volume of interest have a separate SUV, and most software pack-

ages will quote their mean, minimum, maximum and standard deviation. It has also

become conventional to normalise tissue SUV to image-derived blood pool activity
(normally from the caval or atrial lumen) to generate a tissue-to-background ratio:

_ Tissue VOI SUV (1)
Blood pool SUV (¢)

TBR

This is of particular use in cardiovascular PET when the tissues of interest are often
affected by overspill from the blood pool.

10.3 CAVD Pathology and PET Radiotracer Choice

Although still deficient, our current understanding of the pathophysiology of CAVD
indicates that this process is triggered and then maintained by a complex interplay
of multiple risk factors and noxious stimuli. These include hypertension, diabetes
mellitus, hyperlipidaemia, systemic inflammation, oxidative stress and abnormal
valvular mechanical stresses and reduced shear stresses (see Fig. 10.1). These fac-
tors combine to produce chronic endothelial injury and dysfunction that lead to the
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[7]). ROS reactive oxidant species, oxLDL oxidised low-density lipoprotein
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initiation of certain key pathological processes within the valve itself: inflammation,
angiogenesis, hypoxia, necrosis, apoptosis, fibrosis and calcification. These pro-
cesses in turn interact with each other to drive valvular stiffening and narrowing
with eventual ventricular hypertrophy, fibrosis and failure. A full review of the
pathophysiology is beyond the scope of this chapter, but for further reading, see
New et al. [8], Dweck et al. [9], New et al.[10] and Miller et al. [6].

All of these noxious stimuli and pathological process represent potential thera-
peutic and molecular imaging targets. This is indeed the reason that PET/CT pro-
vides such a rich source of potential avenues for research and development: disease
biology, disease progression and response to novel therapy may all be explored
simultaneously. However, whilst tracers targeting a wide range of pathological pro-
cesses might potentially be of use in aortic stenosis (see Table 10.1), this review
will concentrate on the two that have developed a track record in this condition:
2-deoxy-2-(1¥F)fluro-D-glucose (‘*F-FDG) and '8F-fluoride (delivered as sodium
fluoride; '®F-NaF). These tracers are believed to demonstrate intra-valvular inflam-
mation and active calcification, respectively, and aside from targeting two of the
most important disease processes driving aortic stenosis, they also have the key
advantage of being easy to manufacture and commercially available, facilitating
their easy uptake and widespread use as novel research and future clinical tools.
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Table 10.1 Potential relevant positron-emission tomography radiotracers in calcific aortic valve

disease
Pathological process Target example PET ligand
Inflammation Glycolysis BE-FDG
Translocator protein C-PK11195
Somatostatin receptor 68Ga-DOTATATE
Hypoxia Hypoxic tissue SE-MISO
62Cu-ATSM
Fibrosis Alphaybeta, integrin 18F-galacto-RGD
8F-fluciclatide
Angiogenesis Alphaybeta; integrin 8F-galacto-RGD
18E-fluciclatide
Apoptosis Phosphatidylserine 18F-annexin V
Calcification activity Apatite nanocrystals 8F-fluoride

BE-FDG, 2-deoxy-2-("*F)fluro-D-glucose; 68Ga-DOTATATE, 68Ga-DOTA-octreotate; 'SF-MISO,
F-fluoromisonidazole; 62Cu-ATSM, 62Cu-diacetyl-bis(N' 4-methylthiosemicarbazone); '*F-galacto-
RGD, '®F-galacto-arginylglycylaspartic acid

10.4 PET/CT for Imaging Inflammation in CAVD
10.4.1 Background

As aresult of its ubiquity, '*F-FDG remains the only putative PET marker of inflam-
mation to have been investigated in clinical studies of CAVD, although other mark-
ers, including 68Ga-DOTATATE and !'C-PK11195, have been evaluated in
atherosclerosis. '®F-FDG was first administered to humans in 1976 [11] with the
aim of demonstrating cerebral and total body glucose utilisation. Cells with high
metabolic demand express large quantities of various GLUT transporter subtypes
and metabolise glucose quickly thus generating a gradient across the cell membrane
that causes a continuous large influx of glucose. 8F-FDG directly competes with
glucose for transportation by GLUT and then undergoes phosphorylation to
BE-FDG-6-phosphate by hexokinase. Owing to the strict specificity of phosphoglu-
cose isomerase for glucose-6-phosphate, 8F-FDG-phosphate is not altered and is
unable to progress down the glycolytic pathway. It thus becomes trapped within the
cell and its continuing accumulation allows detection by the PET. ®F-FDG is thus
able to identify clusters of cells with very high rates of glucose uptake. Consequently,
BE-FDG is not specific to one cell type but will accumulate in any cell with increased
metabolic demand, e.g. neurons, active muscle cells, neoplastic cells and activated
inflammatory cells. In PET imaging of atherosclerosis, pioneered by Rudd [12],
Fayad [13] and Tawakol [14], it was hypothesised that macrophages, the key players
in the inflammatory milieu of the high-risk plaque, were responsible for the observed
signal. This was evidenced in Rudd’s original paper using tritiated deoxyglucose
autoradiography. Others have demonstrated a correlation between plaque SUV and
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CD68 macrophage immunohistochemical staining in humans [15]. These data com-
plement observations that macrophages have high baseline levels of glycolysis [16]
that increase dramatically when the cell becomes activated [17]. This may be par-
ticularly germane in the hypoxic environment of the plaque where glycolysis may
be the only pathway available for the generation of ATP [18]. Indeed recent pre-
clinical and clinical data have suggested that hypoxia may be the most important
factor governing the uptake of '®F-FDG by macrophages [19,20]. Whether it is
inflammation, hypoxia or a combination of both driving increased GLUT expres-
sion by macrophages, a growing body of clinical studies indicates that 'SF-FDG
highlights a pathological, hypermetabolic state in the arterial wall that appears to
improve with statin therapy [21]. Moreover, it seems highly likely that similar
mechanisms should also govern '8F-FDG uptake in the aortic valve.

10.4.2 Clinical Studies

To date, only two published studies have examined the use of ¥F-FDG in the imag-
ing of valvular glycolytic activity [7,22]. The first published report of 8F-FDG
uptake in the aortic valve was produced by Marincheva-Savcheva and colleagues in
2011 [22]. This was a retrospective study of patients having whole body *F-FDG
PET/CT for oncological staging. The group identified a cohort of 42 patients with a
diagnosis of CAVD and age matched these patients to a second cohort of 42 cancer
patients without CAVD. Patients with CAVD were stratified into echocardiographi-
cally mild, moderate and severe groups. A semi-quantitative assessment of CT val-
vular calcification was made. PET scans were manually registered with CT scans
and ROIs were drawn in the centre of the aortic valves (to minimise overspill from
myocardial uptake). Tissue-to-background ratios were computed by normalising
valvular SUVs to blood pool uptake in the right atrium. Intra- and inter-observer
reproducibility studies were undertaken, and in a subgroup, the authors addressed
the ability of '®F-FDG to predict disease progression.

To date, our group has performed the largest prospective study of PET/CT "¥F-
FDG imaging in patients with CAVD [7]. A total of 121 patients were recruited
and were representative of the full spectrum of CAVD severity including 20 sub-
jects with aortic valve sclerosis and 20 age- and sex-matched controls with normal
aortic valves. Baseline echocardiography was performed along with dedicated
BE-FDG and '®F-fluoride PET/CT imaging and CT calcium scoring of the aortic
valve [23]. Patients were also asked to adhere to a carbohydrate-free diet prior to
their 8F-FDG scan in order to minimise myocardial uptake by encouraging the
heart to switch from glucose to free fatty acid metabolism. PET/CT analysis was
undertaken using dedicated PET/CT analysis software (OsiriX version 3.5.1 64
bit; OsiriX Imaging Software, Geneva, Switzerland). This permitted the auto-
mated registration and multiplanar reformatting of PET and CT imaging data,
which in turn afforded the opportunity to explore and optimise the image analysis
technique (see Fig. 10.2). In addition, extensive reproducibility studies were
undertaken.
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10.4.3 Relationship Between FDG Uptake and Lesion Severity

The key finding from Marincheva-Savcheva’s study was that aortic valve 8F-FDG
uptake was significantly higher in CAVD patients compared to controls (median
TBR 1.53 (1.42-1.76) vs. 1.34 (IQR: 1.20-1.55); P<0.001). There was also an
apparent increase in F-FDG uptake upon moving from mild to moderate aortic
stenosis (1.50 [1.36—-1.75] vs. 1.70 [1.52-1.94]). However, interestingly *F-FDG
uptake reduced again in those with severe disease (1.51 [1.38—1.54]), leading the
authors to conclude that CAVD occurs in two distinct stages: an early principally
inflammatory stage followed by a second stage, decoupled from inflammation and
dominated by a process of active calcification reminiscent of osteogenesis [24].

Our findings largely reproduced those of Marincheva-Savcheva, in that we
observed a steady although modest positive correlation between 'F-FDG uptake by
all measures and aortic stenosis severity but did not see the fall in 8F-FDG uptake
in patients with the most severe lesions (Table 10.2). This discrepancy may be
attributable to the small number of patients in the first study, the problems with
reproducibility in one study or unaccounted differences in study populations such as
cancer. The summary findings of both studies are shown in Fig. 10.3. It should be
noted that in both trials large overlaps in TBR ranges between groups were observed,
indicating that, although statistical differences were present, the ability of 8F-FDG
to distinguish between categories with confidence is limited.

10.4.4 Predicting Outcome and Disease Progression

In a subgroup of patients with serial echocardiographic data available (n=19),
Marincheva-Savcheva showed that subjects with a valvular TBR greater than the
median had a higher chance of progression: five of six patients with above median
TBR progressed compared to two of nine patients with below median values. This
result only just reached statistical significance (P=0.04), and the binary definition
of progression was loose (any increase in severity class in any of the echocardio-
graphic criteria). We have recently published a 1-year follow-up data [25] in a small
subgroup of our original cohort. Disappointingly the baseline 8F-FDG uptake failed

<
<

Fig. 10.2 Examples of "F-fluorodeoxyglucose and '*F-fluoride uptake in the aortic valve.
8E-fluoride (a—c). (a) Coronal view of the thorax. '¥F-NaF uptake is apparent in the aortic valve as
well as visible bones and the aortic arch. (b) Modified sagittal view of the valve. (¢) A coaxial
short-axis view of the aortic valve (purple axis). The white circle is an example of a region of inter-
est drawn on an '8F-NaF scan. '®F-flurodeoxyglucose (d—f). (d) A coaxial view of the aortic valve
(purple axis) with significant myocardial overspill rendering quantification troublesome. A region
of interest has been drawn using the short-axis technique (green circle). (e) Long-axis view of the
heart and aortic valve (blue axis). A region of interest has been drawn using the long-axis technique
(green circle). The myocardial uptake is obvious and the difficulties in quantifying valvular 18-flu-
orodeoxyglucose apparent. (f) Same image as (d) but employing the centre of valve technique for
valvular SUV quantification with the region of interest drawn as a (green circle). All white arrows
represent myocardial uptake of '®F-FDG spilling over onto the valve
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to predict disease progression adjudicated by the change in calcium score, although
this may reflect the small patient numbers and the relatively short follow-up in this
study [25].

10.4.5 Reproducibility and Methodological Strengths
and Weaknesses

The Marincheva-Savcheva study is important in terms of proof of principle but is
limited by several factors. The study was necessarily retrospective, and the patients
were not primarily selected on the basis of their cardiac disease. Moreover, the PET/
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CT protocols were neither standardised nor optimised for demonstrating intra-
vascular or intra-valvular inflammation. The analysis was also limited by poor intra-
observer reliability, with an intra-class correlation coefficient of 0.55 (95 % CI:
0.27-0.73), although, curiously, the inter-observer reliability was much better:
intra-class correlation coefficient (ICC)=0.97 (95 % CI: 0.96-0.98). Therefore, the
results need to be interpreted with caution. Our group benefited from pre-specified
and consistent PET/CT acquisition protocols, a prospectively recruited cohort and a
standardised follow-up schedule. We explored multiple methods of analysing val-
vular ¥F-FDG uptake and concluded, like Marincheva-Savcheva, that the ‘centre-
valve’ approach produced the best intra- and inter-observer reliability with narrow
limits of agreement [7]. In keeping with Marincheva-Savcheva findings, we also
found that our analysis was significantly hampered by overspill of signal from myo-
cardial tissue near the aortic annulus (see Fig. 10.2). This occurred despite dietary
modification and may have contaminated the valvular signal. Furthermore, as with
any PET image analysis of relatively small volumes, the absolute measured activi-
ties may have been reduced by partial voluming artefact. Finally we did not employ
ECG or respiratory gating of the PET data, which are of benefit when examining the
PET signal in the coronary arteries [26].

10.4.6 Validation of Valvular '®F-FDG Uptake

Our group has recently published work [25] that included some tissue validation
experiments in 12 patients who had '8F-FDG PET imaging of their valve shortly
before proceeding to aortic valve replacement. Excised valvular tissue was decalci-
fied and then immunostained with a variety of antibodies including anti-CD68.
There was good inter-observer repeatability for the immunohistochemical measure
of CD68 staining (ICC=0.99 [0.99-1.00]). We were however unable to demonstrate
correlation between any index of BF-FDG uptake and CD68 staining. This may
reflect contamination of the valvular signal by myocardial activity. Alternatively, it
is possible that valvular '®F-FDG uptake might reflect the metabolic activity of cells
other than macrophages in stenotic aortic valves. Indeed this is particularly likely in
the latter stages of the disease, studied in these experiments, where valve osteoblasts
and fibroblasts are likely to be especially active. Further work is required to investi-
gate this interesting hypothesis.

10.4.7 Summary

When compared to normal controls, aortic valves affected by calcific stenosis show
evidence of increased glucose utilisation with the more severe lesions showing a
greater accumulation of ®F-FDG. The exact mechanism underlying this observation
in the aortic valve has not yet been demonstrated, but it seems likely that the '°F-
FDG signal reflects more than simply inflammatory activity within the valve.
Nevertheless *F-FDG holds promise as a marker of metabolic activity and therefore
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disease activity in aortic stenosis, and whilst no apparent relationship was observed
between its uptake and disease progression at 1 year, the 2-year follow-up from
across the entire cohort is eagerly anticipated.

10.5 PET/CT for Imaging Calcification in CAVD
10.5.1 Background

BE-fluoride (delivered as a solution of sodium fluoride; '®F-NaF) was first mooted
as a bone tracer in the seminal paper by Blau in 1972 [27]. It has since established
a track record in PET imaging of bone metabolism and disease with an excellent
safety record [28—43]. It has been used in humans to assess disease activity and
indeed response to treatment in osteoporosis [29,33,35] and Paget’s disease [30,37].
By virtue of its rapid elimination, high target specificity and availability for binding,
it has pharmacokinetic and pharmacodynamic properties that are ideally suited to
imaging, resulting in a high target-to-background ratio [27,44].

It is often contended that '8F-NaF is a marker of bone deposition [43] or osteo-
blastic activity, but the reality is more complex [27,44,45]. Bone crystal is predomi-
nantly composed of calcium orthophosphate crystal that approaches mineral
calcium hydroxylapatite. In purely physicochemical terms, the fluoride ion is incor-
porated onto the apatite surface by chemisorption and substituted for a hydroxyl
group. In physiological conditions, this not a simple process with the original 4-step
description by Blau still standing today. Fluoride must first be delivered to the bone
by blood (1) and then leave the plasma to enter the extracellular fluid (ECF) (2). The
fluoride will then enter the shell of bound water enveloping the crystal (3) before
eventually undergoing full incorporation (4). Steps one and two are predominantly
determined by blood flow. Steps three and four are however critically dependent
upon the surface area of apatite available for incorporation. In bone, this relates to
increased osteoblast and osteoclast activity. Osteoblasts generate matrix vesicles
and the propagation of new regions of tiny nano-crystalline apatite particles, whilst
osteoclasts promote the dissolution of solid blocks of established mineral. As a
consequence '®F-NaF uptake reflects a combination of increased osteoblastic and
osteoclastic activity, thus acting predominantly as a marker of bone turnover. Indeed
this hypothesis is now firmly supported by a large and expanding body of experi-
mental and clinical PET data [34,39-42,44].

What then of '8F-NaF uptake in the vasculature? Increased activity of this tracer
in the aorta and carotid arteries was first published by Derlin [46,47] who made the
key observation that some heavily calcified lesions did not demonstrate increased
PET uptake and indeed that CT calcium scores in the aorta did not correlate well
with 8F-NaF uptake values. Subsequently studies have confirmed the disconnect
between 8F-NaF PET and CT calcium scoring, which, similar to bone, relates to
calcification activity and the effects of surface area on ®F-NaF binding.

In the early stage of aortic stenosis, calcification is, similar to atherosclerosis,
likely to represent a complex cellularly and humorally regulated healing response to
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the injurious inflammatory and necrotic processes occurring within the valve.
Aikawa et al. have published a series of elegant longitudinal experiments in mice
that demonstrate the link between inflammation and calcification [48]. Briefly, they
and others have shown that macrophage infiltration is very closely associated with
osteogenic activity and that apoptotic bodies and matrix vesicles that contain cal-
cium orthophosphate nanocrystals execute this early calcific process [49-51]. These
early nanocrystals provide an extremely high surface area to which ®F-NaF can
bind, resulting in increased uptake of this tracer in regions of newly developing and
active microcalcification. By contrast '®F-NaF will bind with less affinity to regions
of dormant macro-calcification where much of the hydroxyapatite will be inter-
nalised and not available for binding.

The latter stages of aortic stenosis are characterised by extensive valvular calci-
fication that is coordinated by osteoblasts in a manner akin to skeletal bone forma-
tion, involving many of the same humoral factors. Indeed lamellar bone,
microfractures and haemopoietic tissue have all been observed in the end stages of
the disease. The mechanism of '®F-NaF binding in these valves is therefore more
likely to be similar to that of bone, reflecting the deposition of new micro-calcified
deposits on the surface of the valve and the remodelling of existing calcium towards
the end-stage bone phenotype.

In summary F-NaF is believed to act as a marker of calcification activity in the
valves of patients with aortic stenosis and, given its specificity, excellent kinetics
and complete lack of myocardial spillover, holds major advantages over '®F-FDG as
an exciting novel biomarker of disease activity.

10.5.2 Validation of Valvular '®F-Fluoride Uptake

We have recently published the first report validating the origin of the ®F-NaF sig-
nal in the aortic valve [25]. In patients who underwent '8F-NaF PET imaging shortly
before aortic valve replacement, we undertook '8F-NaF autoradiography and immu-
nostaining for tissue non-specific alkaline phosphatase (a key executor of vascular
mineralisation [52,53]) and osteocalcin (a protein secreted by osteoblasts and inti-
mately related to biomineralisation [53]). We were able to show that '8F-NaF co-
localised with biomineral as demonstrated by Von Kossa staining (see Fig. 10.5)
and that there was a good correlation between in vivo valvular *F-NaF uptake and
both ex vivo alkaline phosphatase (r=0.65, P=0.04) and osteocalcin (r=0.68,
P=0.03) staining. The histological variables were subjected to tests of inter-observer
reliability and were characterised by an absence of fixed or proportional biases with
relatively narrow limits of agreement (TNAP —13.4 to 9.3 %, osteocalcin —8.0 to
5.0 %) and ICC values of 0.90 (95 % CI 0.35-0.99) and 0.88 (95 % CI 0.60-0.97),
respectively.

8F-NaF uptake has been validated in atherosclerosis, with important implica-
tions for activity in the valve [26]. In excised symptomatic carotid tissue, we used
ex vivo PET/CT and micro-CT to further demonstrate the co-localisation of '*F-NaF
to areas of microcalcification and were able to show that compared to
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A-TNAP B-Osteocalcin C-CD68

Fig. 10.5 Histological validation of '®F-fluorodeoxyglucose and '*F-fluoride uptake in the aortic
valve. (a) Tissue non-specific alkaline phosphatase staining across the entire leaflet.
(b) Osteocalcin staining across the entire leaflet. (¢) CD68 staining across the entire leaflet.
(d) Detail of (a) showing cellular staining. (e) Detail of (b). (f) Detail of (¢) The red boxes in A, B
and C are the areas magnified and shown in images D, E and F respectively. (g) Von Kossa stain of
the leaflet (mineral stained black). (h) ®F-fluoride autoradiography showing similar pattern of
uptake as mineral staining in (g) and osteocalcin staining in (i). (i) Osteocalcin staining of the same
leaflet as (g) and (h)
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Fig.10.6 Validation of '®F-fluoride uptake in the carotid artery. In vivo (a, b) and ex vivo (c, d)
positron-emission tomography and computed tomography images of '*F-fluoride uptake in excised
carotid endarterectomy tissue (e, f). Histology of the '8F-NaF-positive region shows a large necrotic
core (Movat’s pentachrome) within which increased staining for tissue non-specific alkaline phos-
phatase can be seen as a marker of calcification activity on immunohistochemistry (magnification
4x, h; magnification 10x, i)

8F-NaF-negative (control) areas of plaque, 'SF-NaF-positive areas were associated
with increased evidence of calcification activity (TNAP staining), cell death (pres-
ence of necrosis and apoptotic activity as assayed by cleaved caspase-3 staining)
and macrophage infiltration (CD68 staining) (see Fig. 10.6).

Our group has also recently presented further ex vivo data on '*F-NaF tissue vali-
dation [54]. Again, using the carotid endarterectomy model, '®F-NaF receptor-
ligand binding assays were undertaken and complemented with autoradiographic
and immunohistochemical studies. '¥F-NaF was shown to bind to vascular calcifica-
tion in a highly specific and linear manner. A small amount of bound '®F-NaF was
noted to dissociate from the calcium and did so exponentially (7+1 % signal
decrease in 1 h, t/2=323 min). Immunohistochemistry and autoradiography showed
that compared to large areas of field calcification, histological microcalcification
(<5 pm; well beyond the resolution of CT) showed much greater '®F-NaF binding.
Indeed, only the outer surface of the blocks of field calcification showed "*F-NaF
binding, indicating that, as hypothesised, the interior of these large volume solid
deposits is hidden from the fluoride ion. We also performed X-ray microanalysis to
assay the ratio of calcium to fluoride following incubation with NaF; areas of micro-
calcification on electron microscopy showed significantly greater fluoride binding
(Ca**/F-=2.4%0.25 n=10) than macro-calcification (Ca2+/F— 4.8+0.33 n=5).
These results confirm that 'F-NaF is a highly sensitive marker of tissue
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microcalcification (indicating active mineralisation) with very favourable pharma-
codynamic characteristics for PET imaging.

10.5.3 Clinical Studies

To date, only two clinical studies have been published exploring the role of 8F-NaF
PET/CT imaging in CAVD [7,55]. Hyafil and colleagues employed a retrospective
design looking at a small cohort (n=>5) of oncological and rheumatological patients
who happened to have a diagnosis of CAVD. A control cohort of ten patients with-
out CAVD was randomly selected from the population who had undergone PET/
CT. SUV,,,, and TBR,,,x values were obtained by drawing ROI around the aortic
valve and within the right atrial lumen. Studies of intra- and inter-observer reliabil-
ity were also undertaken. In our group’s study, as described above, a cohort of 121
patients underwent '®F-NaF PET/CT along with ¥F-FDG PET/CT and CT calcium
scoring of the aortic valve.

10.5.4 Relationship Between "®F-Fluoride and Lesion Severity

Both studies demonstrated that stenotic aortic valves showed considerably higher
8F-NaF uptake than normal valves (see Fig. 10.4). Hyafil compared normal with
severe: valvular TBR,,, 1.5 (IQR 1.5-1.7) versus 2.2 (IQR 2.0-2.7), respectively.
We recruited from across the CAVD severity spectrum, again demonstrating
increased activity versus controls and a strong positive correlation (much stronger
than for ®F-FDG) between stenosis severity and all measures of ®F-NaF uptake
(see Table 10.2). This clear relationship remained if assessing severity by other echo
parameters (time-velocity integral: 2=0.546, P<0.001; aortic valve area: r*=0.387,
P<0.001; dimensionless index: r2=0.527, P<0.001) or indeed by the aortic valve
calcium score (2=0.641, P<0.001). However, as in the aorta, '®F-NaF activity
appeared to provide distinct and complementary information to CT calcium scor-
ing, with regions of '8F-NaF uptake frequently observed in the absence of underling
calcium on CT and vice versa (Fig. 10.7).

10.5.5 Predicting Outcome and Disease Progression
with "®F-Fluoride

The critical determinant of whether '®F-fluoride has a future role as a marker of
aortic stenosis disease activity is whether it can predict disease progression and
clinical outcomes.

We have recently published a 1-year outcome data [25] from a limited subgroup
of our original cohort with exciting initial results. Eighteen patients with mild or
moderate aortic stenosis were randomly selected to undergo repeat CT calcium
scoring and clinical assessment at 1 year. Aortic valve calcium scores increased
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Fig. 10.7 Two examples (A and B) of baseline valvular computed tomography (leftmost panels)
with positron-emission tomography data superimposed (middle panels) and 1 year valvular com-
puted tomography (rightmost panels). The green circles are the regions of interest drawn around
the aortic valve

from a median of 314 (IQR 193-540) to 365 (207-934) AU (P<0.01). Crucially,
the distribution of new CT calcium matched that of the baseline *F-NaF uptake
(Fig. 10.7), and accordingly, we observed an excellent correlation between baseline
valvular "®F-NaF PET uptake and the change in calcium score after 1 year (r=0.66,
P=0.003). This was only slightly better than compared to the current gold standard,
the baseline calcium score (r=0.58, P=0.01), but prediction improved further when
only '8F-NaF uptake in the absence of underlying CT calcium was assessed (r=0.75,
P=0.01).

The longer-term follow-up from across our entire cohort will add to our knowl-
edge as we shall also be able to assess the association between '8F-NaF activity and
changes in echocardiographic measures of disease severity.

10.5.6 Reproducibility and Methodological Strengths
and Weaknesses

Hyafil’s study reported on measurement reliability for both SUV,,,, and TBR,,, and
found these to be excellent: intra-observer ICC 0.99 (95 % CI 0.99-1.00) for
SUV.ae 0.99 (95 % CI 0.93-0.99) for TBR,,,, and inter-observer 0.98 (95 % CI
0.96-0.99) for SUV,,,, and 0.97 (95 % CI 0.92-0.99) for TBR,,,,. These results
closely match our own with all measures of ®F-NaF uptake (SUV ei> SUV s
TBRye.n and TBR,,,) demonstrating ICCs for intra- and inter-observer
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reproducibility >0.95. Furthermore, Bland-Altman analysis showed no fixed or pro-
portional biases, with the majority of data points falling within narrow limits of
agreement. These results were significantly better than those for '*F-FDG, the dis-
crepancy being explained by the lack of myocardial '8F-NaF uptake.

Studies to date do have limitations. Hyafil’s study provided proof of principle but
was small and retrospective and involved patients having scans for indications other
than cardiovascular disease. Furthermore, as with Marincheva-Savcheva’s paper,
PET/CT acquisition protocols were neither standardised nor optimised for cardio-
vascular imaging. Our study’s limitations, as already discussed, pertain to a lack of
ECG and respiratory gating as well as the difficulties in precisely measuring PET
tracer uptake within small volumes of interest. The regions of interest for *F-fluoride
were however significantly larger than for '8F-FDG.

10.5.7 Summary

8F-NaF PET/CT has considerable promise as a novel biomarker of disease activity
in aortic stenosis. *F-NaF binds to calcium deposits in the aortic valve, and uptake
is closely associated with histological markers of calcification activity. Moreover
tracer uptake increases with disease severity and more importantly is able to predict
disease progression at 1 year.

10.6 Conclusions and the Future

PET/CT imaging in CAVD is an exciting nascent research field with the results of
early studies demonstrating clear promise. In particular, its ability to non-invasively
quantify biological activity within the valve is likely to greatly enhance our under-
standing of the condition and our ability to test new therapies quickly. Ultimately
therefore, it is hoped that this technique will accelerate our progress towards the
development of an effective therapeutic intervention.

PET/CT is unlikely to replace echocardiography or CT calcium scoring, in the
general assessment of patients with aortic stenosis given the clear advantages of
these techniques with respect to cost, ionising radiation and ease of access. However,
PET/CT provides complementary data to the anatomical information provided by
these techniques acting as a useful marker of current disease activity in the valve. In
particular, ¥F-NaF informs about calcification activity, which crucially appears to
translate into novel areas of calcium in the valve at 1 year.

Large studies are required to confirm these findings but given that calcification
appears to be the key process driving aortic stenosis progression, these early results
would suggest that 8F-NaF PET holds particular promise in two major areas: firstly,
as a predictor of disease progression, (which is often highly variable and currently
difficult to predict in the clinical arena) and, secondly, as a specific and early sur-
rogate biomarker in trials of novel drug therapies. This approach has already been
employed in the field of atherosclerosis [21,56—58], and it is our belief that similar



220 AT. Vesey etal.

studies could be used to detect an early treatment effect of therapies directed at
calcification within the valve, informing the feasibility of larger and more expensive
trials using clinical outcomes.

Why use '8F-NaF and not '®F-FDG given its greater track record in atherosclero-
sis? Although 'F-FDG does correlate moderately with disease severity, the data on
prediction of disease progression are less encouraging. Given that inflammation
plays such a critical role in CAVD, its role should not yet be dismissed, but given
the difficulties with lack of specificity and more importantly myocardial overspill,
it may well be that, in the context of CAVD, an alternative PET marker of inflam-
mation may prove more valuable. Certainly, for the time being, we believe that '3F-
NaF is better placed as the radioisotope to take forward; the data on outcome
prediction and quantification reliability are undoubtedly stronger.
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Abstract

Echocardiography remains the primary diagnostic test in clinical practice for
evaluation of CAVD and for entry criteria and end points in clinical research
trials. The clinical paradigm is changing for earlier interventions in asymptom-
atic severe AS with the improvement in surgical care and the advent of trans-
cutaneous aortic valve replacement. Novel echocardiographic methods hold
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promise to help identify those that will benefit from early intervention.
Although current therapies are invasive, development of potential medical
therapies for CAVD may be on the horizon and will rely on echocardiography
to demonstrate efficacy.

11.1 Introduction

Ultrasound is the primary clinical imaging modality for evaluation of calcific aortic
valve disease (CAVD). Cardiac ultrasound imaging, more commonly known as
echocardiography, is widely available and portable and does not produce ionizing
radiation allowing for safe serial evaluations. A real-time noninvasive assessment of
aortic valve anatomy, hemodynamics, and prognosis can be obtained in most
patients making echocardiography the principal tool for clinical decision-making.
Similar to other imaging modalities, echocardiographic image quality continues to
improve with advances in technology. New modalities such as three-dimensional
(3D) echocardiography and speckle-tracking strain imaging provide additional
diagnostic information.

11.2 Echocardiography Evaluation of CAVD Severity
11.2.1 Anatomy

Assessment of the aortic valve begins with two-dimensional (2D) transthoracic
echocardiogram (TTE) of the aortic valve from parasternal long- and short-axis
images. Parasternal images are obtained with the transducer at the left third or fourth
intercostal space close to the sternum with the subject either supine or in a left lat-
eral decubitus position. The long-axis plane is parallel to the left ventricular long
axis intersecting the aortic valve at its center. From this view, the aortic root, right
and noncoronary cusps, and attachment of the cusps to the annulus in the left ven-
tricular outflow tract can be easily identified. Normal aortic valve leaflets are thin
and open widely in systole, but in CAVD, thickening and calcification of the leaflets
is readily seen and provides the first evidence of pathological changes (Fig. 11.1).
Rotating the transducer clockwise approximately 90° will image the parasternal
short axis. The transducer angle should be adjusted to the aortic valve level to view
the aortic cusps in the center of the image. From this view all three leaflets can be
identified as well as congenital abnormalities such as a bicuspid valve. Normal
valves should appear thin and open freely into a circular orifice during systole. In
CAVD, calcification of the individual leaflets and annulus can be identified as well
as valve thickening or reduced systolic opening. A bicuspid valve can be identified
by demonstrating only two leaflets during systole; frequently a prominent raphe can
make distinction of a bicuspid from tricuspid valve difficult during diastole when
the valve is closed and calcified. Other distinctive features for a congenital bicuspid
valve may include systolic doming, elliptical-shaped systolic orifice, and a central
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Fig. 11.1 Normal trileaflet aortic valve in parasternal long-axis view (a) and parasternal short-
axis view (b). Severe calcific aortic valve disease is shown at the bottom panels (¢, d) from the
same views. Arrows point to aortic valve leaflets which are thin and have wide systolic opening in
the normal valve but are heavily calcified with restricted systolic opening in advanced disease.
Also evident is the increased left ventricular thickness in the parasternal view (¢) compared to a
patient with a normal aortic valve (a)

to commissural opening pattern. A bicuspid valve is found in approximately 1 % of
the general population as reported in autopsy and echocardiographic series, but the
prevalence is higher in those with other congenital abnormalities such as Turner
syndrome or coarctation of the aorta. Rheumatic disease can lead to aortic stenosis
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Diastole Systole

Fig.11.2 A 3D TEE view from the aortic side of the valve appears tricuspid in diastole (a) but can
be diagnosed as bicuspid in systole (b) with an oval aortic valve orifice (AVO) and two commis-
sures (thin arrows) and a prominent raphe (thick arrow)

but is a distinct pathological process. Distinct echocardiographic features of rheu-
matic disease include commissural fusion and mitral valve involvement.

When transthoracic image quality is too poor to identify the etiology of the aortic
valve disease, a transesophageal echocardiogram (TEE) can be performed. TEE
provides higher resolution imaging than TTE, and images of the aortic valve can be
obtained almost universally. However, TEE is a second-line choice for echocardio-
graphic imaging in most situations as it carries procedural risk due to probe inser-
tion into the esophagus and conscious sedation. The aortic valve can be imaged in
long-axis and short-axis views from a high esophageal probe position at about 120°
and 45° of rotation angle, respectively. The improved imaging resolution can help
identify the correct number of aortic cusps, the anatomic orifice area at the leaflet
tips, or any associated subvalvular or aortic root anomalies not identified by
TTE. TEE imaging also allows 3D imaging of the valve which is helpful in distin-
guishing a bicuspid from a trileaflet valve (Fig. 11.2).

11.2.2 Velocity and Pressure Gradients

Doppler echocardiography allows measurement of various hemodynamic parame-
ters that are important for the evaluation of CAVD severity (Table 11.1). By measur-
ing backscatter ultrasound frequency changes due to movement of red blood cells,
blood flow velocity can be accurately measured using the Doppler equation [1].
Normal aortic transvalvular blood flow is laminar and unobstructed with a peak
aortic jet velocity (V.x) between 1 and 2 m/s. In CAVD, as the aortic valve orifice
narrows, the peak aortic velocity increases. Measuring V., requires a continuous-
wave (CW) Doppler probe that is parallel to the direction of blood flow. Recorded
velocities are displayed as a velocity curve with velocity on the vertical axis over
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Table 11.1 Calcific aortic valve disease echocardiographic measurements

Peak aortic jet velocity

Mean gradient

Effective aortic valve
area (continuity
equation)

Anatomic aortic valve
area (planimetry)

Velocity ratio

Valvuloarterial
impedance

Energy loss index

Valve calcification

Strengths

Easy to measure

Strongly associated with
outcomes

Same as peak aortic jet
velocity

Well validated with catheter-
based valve areas

Less flow dependent than
peak velocity or mean
gradient

Does not require Doppler
echocardiography

Simple to measure

Indirectly accounts for body
size

Does not require measurement
of LVOT diameter

Global assessment of
ventricular load

Accounts for hypertension
and stroke volume

Accounts for pressure
recovery

Improved severity estimation
with small body types

Less flow dependent than
peak velocity and mean
gradient

Does not require Doppler
Strongly associated with
valvular outcomes

LVOT left ventricular outflow tract

Weaknesses

Underestimates severity in
low-flow states

Overestimate severity if significant
pressure recovery

Same as peak aortic jet velocity

Highly dependent on LVOT
diameter measurements

Severity can be overestimated in
significantly impaired flow states

Calcification limits visualization
of anatomic orifice

Irregular 3D orifice areas can lead
to over- or underestimation on 2D
imaging

Not as well studied as effective
aortic valve area for CAVD
outcomes

Not validated with clinical
outcomes

May under- or overestimate
severity with incorrect LVOT
sample placement

Requires multiple measurements
to calculate compounding
potential measurement errors

Requires multiple measurements

Indexing to body surface area can
overestimate severity in large body
types

Severity can be overestimated in
significantly impaired flow states

Mostly qualitative assessment

Weakly correlates with
hemodynamics

time on the horizontal axis. In CAVD, irregular opening of the valve can lead to an
unpredictable direction of the maximum blood flow velocity; thus, a thorough TTE
Doppler evaluation requires searching for the highest velocity in multiple acoustic
windows from the apical, parasternal, subcostal, and suprasternal transducer
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positions. TEE probe positions are constrained, and thus measuring aortic velocities
can be frequently underestimated from misalignment.

Under certain assumptions that are generally met in the clinical setting, instanta-
neous transvalvular pressure gradients (AP) can be estimated from measured aortic
jet velocities (v) using the simplified Bernoulli equation, AP=4v2. A mean gradient
can be obtained easily with commercial echo packages by averaging the instanta-
neous gradients over the duration of the systolic ejection period. Mean gradients
calculated by Doppler measurements have been shown to have strong correlation
with mean gradients obtained during catheterization [2, 3].

Transaortic valve velocity and pressure gradients can determine the presence of
hemodynamically important aortic stenosis and categorize the severity into mild,
moderate, or severe [4]. Although these parameters are easily measured with good
reproducibility, there are potential pitfalls with measurement and interpretation that
need to be avoided. First, optimal Doppler measurements require the intercept angle
of the ultrasound beam to be as parallel as possible to the direction of blood flow.
Nonparallel alignment will lead to underestimation of the velocity and pressure
gradient. Measurements should be averaged over at least 3 beats in sinus rhythm and
more if in an irregular rhythm; care should be taken to avoid measurement of post-
extrasystolic beats. Assumptions of the simplified Bernoulli equation may not be
met if there are very high velocities present in the left ventricular outflow tract
(>1.5 m/s) or abnormalities of blood viscosity from profound anemia or polycythe-
mia. Finally, velocity and pressure gradients are heavily flow-dependent measures.
To avoid erroneous CAVD severity assessment, a high or low transaortic flow state
and aortic valve area (AVA) need to be assessed.

11.2.3 AorticValve Area

The AVA can be estimated using the continuity equation which states that stroke
volume through the left ventricular outflow tract (LVOT) is the same as the stroke
volume through the aortic valve, SViyor = SV,y. Proximal to the stenotic valve,
blood flow is laminar which allows calculation of stroke volume as SV = CSA x
VTI, where CSA is the cross-sectional area of the flow and VTI is the velocity-time
integral (area under the velocity curve). Substituting and rearranging the above
equations provides the formula AVA=(CSAryorXx VTlyor)/VTI,,. A simplified
continuity equation substituting peak velocity (V) for VTI can be applied,
AVA =(CSALyor % Viyvor)/ Vma because the shape and timing of the outflow tract and
aortic jet velocity curves are similar. The cross-sectional area of the LVOT can be
approximated from a zoomed in 2D TTE parasternal long-axis view. The diameter
(D) of the LVOT is measured during mid-systole from the inner edge of the septal
myocardium to the inner edge of the anterior mitral leaflet at the aortic cusp inser-
tion points (Fig. 11.3a). By assuming a circular LVOT, the CSAyor = n(D/2)* This
is an adequate assumption for stroke volume calculation with numerous studies
validating continuity equation valve area with catheter-based valve area [5-7].
However, the actual LVOT is frequently more oval than round, which is important
to account for in transcatheter aortic valve replacement (TAVR) which relies on 3D
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Fig.11.3 Measurement of aortic valve area (AVA) in a patient with severe aortic stenosis. The left
ventricular outflow tract (LVOT) dimension measuring 2.4 cm in a zoomed parasternal long-axis
view (Panel A). Pulsed-wave Doppler shows a peak LVOT velocity of 0.8 m/s (Panel B), and
continuous-wave Doppler through the aortic valve reveals a V ., of 4.8 m/s (Panel C). The aortic
valve area is severely reduced at 0.75 cm? using the simplified continuity equation

imaging measurements, either by computed tomography (CT) or TEE, of area and
eccentricity to minimize complications [8].

Measurement of the peak velocities and VTI requires that the Doppler beam
have a parallel alignment with the blood flow. This is achieved with the trans-
ducer in the apical position. To obtain the velocity curve at a specific location
such as the LVOT, a pulsed-wave (PW) Doppler signal is needed. The PW
Doppler allows placement of a sample volume on the ventricular side of the aor-
tic valve at the same location where the LVOT diameter is measured. Velocities
are recorded over time at the location of the sample volume, and velocity curves



232 J.P. Linefsky and C.M. Otto

are produced on the spectral Doppler display. The Viyor and VT yor are mea-
sured by tracing the modal velocity (brightest or most dense) portion of the spec-
tral tracing (Fig. 11.3b) [1]. The V. and VTI,, through the aortic valve are
measured from tracing the outer edge of the velocity curve from the maximum
aortic jet obtained from the CW Doppler (Fig. 11.3c). Gain should be adjusted to
produce a dark envelope around the spectral velocity curve with careful attention
to avoid measuring the faint signal broadening produced from the transit-time
effect of the ultrasound signal.

Alternative echocardiographic approaches can be used to estimate valve area
when the continuity equation AVA appears discrepant to clinical findings or the
above parameters cannot be obtained due to poor image quality. Planimetry in a
short-axis view to measure the anatomic (geometric) orifice area can be performed
[9, 10]. This can be limited if using 2D TTE due to difficulty obtaining an accurate
planar image of an irregular 3D valve orifice. Additionally, poor image resolution
and calcification artifacts can lead to inaccurate tracing of the valve area. When
TTE quality is suboptimal, a TEE can be used to measure the LVOT diameter from
a high esophageal probe position angled between 120 and 150°. The high-resolution
and multiplane imaging capability of TEE also allows for improved planimetry of
the valve area [11] but can still suffer from similar difficult visualization problems
in advanced CAVD [12]. The anatomic valve area when correctly measured from
planimetry is expected to be slightly larger than the effective orifice area calculated
from the continuity equation due to contraction of the flow stream through a narrow-
ing orifice [13].

New advances in 3D echocardiography may improve valve area estimation by
overcoming some inherent limitations of 2D imaging. Improved planimetry has
been demonstrated by allowing accurate determination of the narrowest valve plane
to measure and has shown good correlation with Doppler-derived and catheter-
derived valve areas (Fig. 11.4) [14]. 3D echocardiography may also produce a more
accurate estimation of stroke volume from either directly measuring LVOT area
[15], using real-time 3D ventricular volumes [16], or calculating color Doppler
flow-volume curves [17]. Despite initial studies showing promise of 3D techniques
improving AVA estimation, 2D Doppler-based continuity equation remains the echo
gold standard until further studies demonstrate that 3D techniques are clinically
reproducible and are associated with outcomes.

11.2.4 Additional Measurements of Hemodynamic Severity

Traditional markers of hemodynamic severity (peak aortic jet velocity, mean gradient,
and aortic valve area) may not always correlate with each other, clinical symptoms,
left ventricular function, or outcomes. To resolve discrepancies, additional severity
indices have been suggested that may help improve CAVD classification. A simple
measure is the velocity ratio (or dimensionless index) defined as Viyor/Vma, wWhere
Vivor is the peak velocity obtained in the LVOT from the PW Doppler and V,,,, is
the peak aortic jet velocity as described in the previous sections. The ratio avoids
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Fig.11.4 Planimetry of the anatomic orifice valve area of a bicuspid valve using 3D echocardiog-
raphy. Correct position at the leaflet tips in the transverse view (a) can be confirmed with 3D imag-
ing by simultaneously viewing the perpendicular sagittal (b) and coronal (¢) plane views. Note the
systolic doming of the bicuspid valve in the long-axis (sagittal plane) view (b)

errors in the LVOT area estimation which may be significant due to the LVOT
diameter measurement being squared in the area equation.

In small individuals, the indexed AVA may be appropriate to use, AVA/body
surface area (BSA), as a person with a small body type (height <135 cm, BSA<1.5m?,
body mass index (BMI) <22) may have a small but normal LVOT, AVA, and aorta.
Indexing the valve area may reclassify smaller individuals from severe to moderate
aortic stenosis (AS), but indexing all patients, particularly with extreme obesity, can
lead to substantial overestimation of severity and should not be relied upon [18].

Another issue common to small body types and aortas is the concept of pres-
sure recovery, the reconversion of kinetic energy into potential energy leading to
an increase of pressure downstream from a stenosis. Doppler-derived pressure
gradients represent the difference between left ventricular pressure and pressure
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in the vena contracta (lowest pressure in a stenosis), but do not measure the pres-
sure recovery phenomena captured by a catheterization-based gradient (net pres-
sure gradient). Pressure recovery accounts for differences between catheter- and
Doppler-derived data [19, 20]. The net pressure gradient better reflects the hemo-
dynamic significance and the amount of energy loss by the stenosis. To account
for pressure recovery using echocardiography, Garcia and colleagues developed
and validated the energy loss index (ELI)=[EOA xA,/(A,—~EOA)]/BSA, where
EOA is the effective orifice area using the Doppler-based continuity equation
valve area and A, represents the cross-sectional area of the aorta measured at 1 cm
downstream of the sinotubular junction [21]. The ELI can be considered in situa-
tions when pressure recovery may be significant, such as individuals with aortic
diameters <3 cm. The ELI has been shown to reclassify CAVD severity and pro-
vide independent and prognostic information above traditional severity measures
[22, 23].

Hypertension is common in CAVD and can adversely affect hemodynamics,
symptom burden, and traditional echo measure assessment [24-26]. To account for
the “double load” of hypertension and aortic stenosis on the left ventricle, calcula-
tion of the valvuloarterial impedance (Z,,) can be obtained using the equation
Z.,=(SBP+MG,.)/SVi, where SBP is the systolic blood pressure, MG, is the
mean net pressure gradient (taking into account pressure recovery), and SVi is the
stroke volume indexed for BSA [27]. This global measure of vascular, valvular, and
ventricular interplay may improve risk stratification in patients with asymptomatic
moderate to severe CAVD [28].

11.3 Echocardiography and CAVD Outcomes
11.3.1 AorticValve Sclerosis and Cardiovascular Outcomes

Evidence of early CAVD, aortic valve sclerosis (AVS), can be detected by echocar-
diography as thickening and calcification of the aortic valve without obstruction to
left ventricular outflow. The precise definition of AVS in clinical studies has varied
using different qualitative descriptions of thickening, calcification, and cutoffs for
hemodynamic significance. This lack of uniformity can lead to interobserver vari-
ability for diagnosing AVS between echocardiographers in the clinical setting [29].
Additionally, instrument settings can alter the interpretation of aortic valve thicken-
ing. The use of tissue harmonic over fundamental imaging has been demonstrated
to significantly increase the diagnosis and severity of AVS [30]. Calcification of the
aortic valve leaflets appears as bright focal echodensities and is most often qualita-
tively graded as mild (small isolated spots), moderate (multiple larger spots), or
severe (extensive involving all cusps). In an effort to quantify valve thickening and
calcification, measurement of ultrasound backscatter amplitude from aortic valves
has demonstrated feasibility and reproducibility in animal models and small sam-
ples of elderly volunteers [31-33]. However, the value of backscatter quantification
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over qualitative assessment in longitudinal studies has yet to be evaluated and is not
practiced in clinical settings.

Despite the potential heterogeneity of diagnosis, AVS has consistently been
associated with cardiovascular outcomes. Whether the increased risk is due in part
to a direct mechanistic effect from CAVD or only a marker of cardiovascular disease
remains unresolved. CAVD is a progressive condition and longitudinal echocardio-
graphic studies have shown AVS progression to hemodynamically significant AS. In
a study of 400 subjects with AVS by Faggiano et al. [34], 33 % developed some
degree of AS over a mean follow-up of 44 months. In the subgroup with over 5 years
of follow-up, 22 % advanced to either moderate or severe AS. In a larger confirma-
tory study by Cosmi et al. [35], 2,131 patients diagnosed with valve thickening that
had serial echocardiograms were evaluated for hemodynamic progression. These
investigators found that 5.4 % of their AVS patients advanced to moderate or severe
AS over a mean of 7.4 years; mitral annular calcification was the only identified risk
factor for progression in multivariable modeling. Similarly, in an elderly population-
based cohort in the Cardiovascular Health Study, 9 % of the 1,610 participants with
baseline AVS developed AS over a 5-year period [36].

The association of early CAVD with the short-term risk of cardiovascular out-
comes cannot be fully explained from the relatively slow progression to hemody-
namically significant AS. Multiple echo studies have identified similar cardiovascular
risk factors between coronary artery disease (CAD) and CAVD, including age, male
sex, hypertension, diabetes, low-density lipoprotein cholesterol, and smoking [37-
40]. In Cardiovascular Health Study participants with baseline AVS and no known
CAD, cardiovascular death risk was increased by 52 % and myocardial infarction
risk by 40 %, even after adjustment for traditional cardiovascular risk factors [41].
Subsequent studies have attributed some of the increased risk to concomitant CAD
and inflammation [42, 43].

11.3.2 Aortic Stenosis and Valvular Outcomes

In patients with hemodynamically significant CAVD, progression to symptoms,
aortic valve replacement (AVR), and death have been studied by several
approaches. The natural history of aortic stenosis was first defined in autopsy
series prior to the use of echocardiography [44]. These initial series described a
long latent asymptomatic phase of disease that would eventually lead to symp-
toms (angina pectoris, syncope, and heart failure) which herald a poor prognosis.
Over 75 years later, the prognosis of uncorrected symptomatic severe aortic ste-
nosis remains dismal with a reported 68 % mortality over 2 years [45]. AVR is
currently the only intervention known to reduce adverse clinical outcomes in
symptomatic severe AS.

Echocardiographic studies have established predictors of clinical outcomes in
patients with asymptomatic aortic stenosis (Table 11.2). Hemodynamic severity by
TTE is the cornerstone of predicting valvular outcomes in AS. V,,, is most
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consistently associated with outcomes across longitudinal studies after adjusting for
clinical and echocardiographic parameters, including mean gradient and valve area
[28, 46-49]. Those with V., >4 m/s have up to 80 % likelihood of AVR or death
over the next 2 years [47]. Additionally, moderate to severe calcification of the aor-
tic valve by TTE has been shown to be a strong predictor of AVR and death in mild,
moderate, and severe AS [50, 51]. The prognostic value of calcification becomes
attenuated in hemodynamically very severe AS (V,,,x =5 m/s) as it almost univer-
sally presents and because progression to symptom onset is rapid in all patients with
this degree of valve obstruction (Fig. 11.5) [52]. The combination of rapid hemody-
namic progression (increase in V,,,, >0.3 m/s/year) and significant valve calcifica-
tion can identify a very high-risk cohort.

Newer echocardiographic measures of hemodynamic severity, ELI and Z,,, also
have been evaluated in longitudinal outcome studies [23, 28, 53, 54]. In a large
subcohort of the Simvastatin and Ezetimibe in Aortic Stenosis (SEAS) study, ELI
provided independent prognostic information beyond V,,,, and mean gradients [23].
However the discriminatory ability of ELI for aortic valve events was similar to
AVA, and both perform less well than the V.. In the same SEAS study population,
a high Z,, was found to be predictive for aortic valve events independent of V,,,, and
mean gradient, but was no longer significant when adjusting for AVA [53]. Despite
the logical hemodynamic basis for these measures, their ability to associate with
CAVD outcomes independent of traditional measures has yet to be proven. Future
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studies validating these measures with outcomes when traditional measures and
clinical findings are discrepant may prove useful [55].

11.4 CAVD Pathophysiology and Echocardiography
11.4.1 Ventricular Changes

11.4.1.1 Hypertrophy

In advancing CAVD, valvular obstruction to left ventricular (LV) outflow leads to
significant afterload excess. In most patients, pumping function is preserved and
wall stress remains normal with a ventricular “response” to pressure overload of
hypertrophy and concentric remodeling. These changes have been thought to be
“compensatory” in the past but may instead be part of the disease process leading to
myocardial fibrosis and persistent diastolic dysfunction even after AVR. Changes in
ventricular size and geometry can be assessed with standard parasternal 2D TTE
and M-mode imaging, although 3D ventricular volumes are more accurate and
reproducible and are likely to replace linear and 2D measurements in the near future.

The most utilized measurements are end-diastolic minor-axis linear dimen-
sions of septal (SWTd) and posterior wall thickness (PWTd) and LV cavity
(LVIDd). Measurements should be obtained by 2D directed M-mode perpendicular
to the LV long axis at the tips of the mitral leaflets [56]. If the M-mode beam can-
not be aligned appropriately, 2D measurements may be used although the lower
frame rate limits identification of the endocardial border. From these mea-
surements, LV mass can be estimated from the following validated formula:
LV mass=0.8x { 1.04[(LVIDd+PWTd+SWTd)’-LVIDd’]} +0.6g [57]. Cutoff values
for hypertrophy are gender specific and indexed by BSA, 95 g/m? for women and 115 g/
m? for men. Changes in LV geometry can be described as concentric when regional wall
thickness (RWT) exceeds 0.42, using the formula RWT=(2xPWTd)/LVIDd.

Recent data suggests that the hypertrophic and concentric remodeling response
to pressure overload in CAVD may be maladaptive and is associated with fibrosis,
ventricular dysfunction, and worse clinical outcomes [54, 58—61]. Relief of the
pressure overload with aortic valve replacement commonly results in significant
reduction in the hypertrophy, but it rarely normalizes [62]. The hypertrophic and
remodeling response to pressure overload is variable due to combination of genetics
and gender. Consistently females have been shown to develop higher RWT due to
both smaller LV cavities and thicker ventricular walls [63, 64]. Although hypertro-
phy may be associated with adverse prognosis, it has limited ability to predict out-
comes in asymptomatic patients after accounting for traditional echocardiographic
severity measures such as V,,, and AVA [49].

11.4.1.2 Diastolic Dysfunction
Diastolic dysfunction is common in CAVD with LV hypertrophy and can be evalu-
ated with the use of echocardiography. Decreased myocardial relaxation and
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Fig.11.6 A short-axis view of significant concentric hypertrophy and small left ventricular cavity
in a patient with severe aortic stenosis (left panel). The patient has evidence of diastolic dysfunc-
tion with an impaired relaxation pattern of mitral inflow using PW Doppler from the apical view
(right panel)

increased LV stiffness frequently precede changes in systolic function and are asso-
ciated with fibrosis and increased LV filling pressures [60, 65]. Evaluation of LV
filling patterns and mitral annular velocities and estimation of filling pressures can
be routinely performed by 2D TTE Doppler methods [66].

LV filling is evaluated with PW Doppler parallel to mitral inflow from the apical
(4-chamber) view. The sample volume is placed between the mitral valve leaflet
tips, and a typical early diastolic peak velocity (E) and a late diastolic peak velocity
from atrial contraction (A) can be measured (Fig. 11.6). The E/A ratio can catego-
rize filling pattern severity into normal, impaired relaxation, pseudonormal, and
restrictive. However, LV filling parameters alone are not sufficient to distinguish
myocardial diastolic dysfunction in CAVD as they are dependent on loading condi-
tions, heart rate, and age, and when compared to age-matched controls, no signifi-
cant differences can be detected [67].

To overcome these limitations, PW tissue Doppler imaging (TDI) of the
mitral annulus can provide information about myocardial relaxation and esti-
mated filling pressures. TDI allows measurement of large-amplitude, low-fre-
quency signals produced from myocardial motion of the septal or lateral mitral
annulus. The early peak diastolic mitral annular velocity (e’) has been studied in
patients with CAVD [49, 68, 69]. The e’ is a relatively preload independent
index of myocardial relaxation when not limited by mitral valve disease. In
patients with AS, the E/e’ ratio has been shown to correlate with LV end-dia-
stolic pressure, pulmonary pressure, and prognosis [70-72]. An E/e’ >15 rea-
sonably predicts LV end-diastolic pressures >15 mmHg in AS. Similar to echo
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findings of hypertrophy, echo parameters of diastolic dysfunction provide only
limited predictive information above stenosis severity measures and may not
fully normalize after AVR [49, 73].

11.4.1.3 Speckle-Tracking Strain

Subclinical systolic dysfunction in patients with normal ejection fraction (EF) can
be detected in CAVD. Longitudinal fibers in the subendocardium are the most sus-
ceptible to myocardial ischemia and fibrosis in pressure overload states, and
impaired longitudinal contractility is present before a decline in the EF. Initial echo-
cardiographic studies demonstrated reduced longitudinal systolic function with
M-mode or TDI showing reduced mitral annular longitudinal displacement or
velocity (S’) in patients with AS and normal EF [74, 75]. However, measurements
of displacement and velocity are inherently limited by translational motion of the
heart and angle dependency of Doppler ultrasound.

Recent advances in technology allow for 2D speckle-tracking echocardiography
(STE) which can measure regional strain that is independent of translational motion
and ultrasound angle [76]. Speckles are the result of the constructive and destructive
interference of ultrasound backscatter from a structure smaller than the length of the
ultrasound signal. Small segments of myocardium produce unique speckle patterns,
sometimes referred to as blocks or kernels, which can be tracked frame to frame.
Offline measurement of displacement, velocity, stain, and strain rates can be made
between any two kernels, allowing for measurement in any direction. Accurate STE
depends on excellent image quality and high frame rates to provide the temporal
resolution required to track speckles.

Strain is the fractional change in the length of a myocardial segment, expressed
as a percentage. By convention, positive and negative values reflect lengthening and
shortening, respectively. Although STE allows for strain evaluation in any direction,
radial and circumferential strain has not been as strongly associated in CAVD as
longitudinal strain [77, 78]. Peak longitudinal strain values are calculated for mul-
tiple LV segments and in CAVD are commonly expressed as an average of either
global (GLS) or basal (BLS) segments (Fig. 11.7). GLS and BLS have been associ-
ated with hemodynamic severity, symptomatic status, exercise parameters, and
event-free survival in patients with CAVD [28, 78, 79]. Exact cutoffs for severity of
GLS or BLS require further validation, as current studies are limited by small sam-
ple size and nonuniform strain evaluation by different ultrasound vendors and
researchers. Currently, clinical use of GLS or BLS is limited by significant overlap
of values between hemodynamic severity and symptomatic status of CAVD patients
that approach the inter- and intraobserver variability in measurements [80].

11.4.2 Stress Testing

Management of AS can be challenging when hemodynamic severity and symptom
status are discordant. Symptomatic status is variable and subjective between patients
with AS and cannot be predicted by echocardiographic measures alone. Patients
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Fig. 11.7 Example of speckle-tracking global longitudinal strain (GLS) measured by echocar-
diography in an apical four-chamber view. Myocardial speckles are tracked during the cardiac
cycle for each segment, shown by colored dots on the 2D image corresponding to the graph of
strain versus time for each segment shown at the botfom of the image. Although there is some
asynchrony in the timing of strain in this patient with moderate AS, overall maximum GLS is
within normal limits at —18 %, shown by the white dotted line

considered asymptomatic with normal ejection fractions may have adverse out-
comes such as sudden cardiac death or irreversible subclinical myocardial dysfunc-
tion, and further risk stratification with exercise testing may be helpful to identify
those that will benefit from early AVR. Conversely, symptomatic patients may have
confounding comorbidities as etiologies for symptoms, such as coronary artery dis-
ease or systolic heart failure, and may not benefit from AVR.

11.4.2.1 Normal EF

Exercise stress testing can provide important information for clinical decision-making
when the functional capacity and asymptomatic nature of a patient with severe AS is
in doubt (Fig. 11.8). Exercise testing alone has been shown to risk stratify self-reported
asymptomatic patients with severe AS and normal EF, but exercise testing in clearly
symptomatic patients should be avoided. Asymptomatic severe AS patients with a
positive exercise test, defined by symptoms (chest pain or dizziness), ST depressions,
complex ventricular arrhythmias, or failure of systolic blood pressure to rise with
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Fig. 11.8 Kaplan-Meier life table analysis for probability of event-free survival over 60 months
for patients with asymptomatic severe aortic stenosis, according to positive or negative results of
exercise testing (Amato et al. [81])

exercise, have a sevenfold increase risk of future symptoms or sudden death [81]. The
use of echocardiography can provide further prognostic information during exercise
testing. The change in mean transaortic pressure gradients during peak exercise can be
measured, and an increase of 18 mmHg during semisupine bicycle exercise was inde-
pendently associated with cardiac valve events in asymptomatic severe AS patients
[82]. An increase of 20 mmHg was predictive of events in asymptomatic moderate to
severe disease in those with normal exercise testing [83]. Furthermore, asymptomatic
severe AS patients with exercise-induced systolic pulmonary pressure >60 mmHg
have a twofold increase risk of cardiovascular death or AVR after adjusting for demo-
graphics, baseline echocardiographic ventricular and valvular severity, and exercise
parameters [84]. The peak pulmonary systolic pressure was derived from the tricuspid
regurgitation Doppler velocity using the Bernoulli equation and adding a constant of
10 mmHg to estimate right atrial pressure.

11.4.2.2 Reduced EF

Significant systolic dysfunction with reduced EF is a very late finding in severe AS
and is associated with a very poor prognosis. The evaluation of AS is complicated
in low-flow states due to the flow dependency of AS severity measures including
Vo mean gradient, and AVA. Patients with severely reduced systolic function and
small valve areas can be further risk stratified with the use of low-dose dobutamine
stress echocardiography (DSE). Dobutamine up to 20 mcg/kg/min can be used to
evaluate for contractile reserve, increase in SV by 20 % or more, and change in
valve area and velocity with increase in flow (Fig. 11.9). A DSE starts at a low dose
(typically 2.5 or 5 mg/kg/min) and increases by 5 mg/kg/min every 3—5 min to a
max dose of 20 mcg/kg/min. Termination of the study occurs when target dose is
reached, a positive test for severe AS is achieved, or an adverse reaction occurs
(ventricular arrhythmias, hypotension, or significant symptoms).
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LVOT-velocity AlElr] AS-velocity

Fig. 11.9 Peak velocities in the left ventricular outflow tract (LVOT) and aortic jet (V) mea-
sured during rest (fop) and with dobutamine stress in a patient with reduced systolic function and
a moderate severity range V., at rest. Augmentation of flow is seen at stress with a normalized
LVOT velocity and a severe V,,,, of 4.4 m/s; an LVOT diameter of 2 cm? would lead to a calculated
AVA of 0.85 cm? indicating true severe AS in this patient

Individuals at peak stress with intact contractile reserve and an AVA above 1 cm?
or an increase in AVA of at least 0.2 cm? are categorized as having relative or pseu-
dosevere AS. People with pseudosevere AS are not likely to benefit from a high-risk
AVR operation as their prognosis is determined by their underlying cardiomyopathy
and not from the afterload excess of the aortic valve. A positive test occurs with true
severe AS patients that develop a Vmax >4 or mean gradient >40 mmHg with a
valve area <1.0 cm? during DSE. These patients have the most benefit from AVR
[85]. However, many patients may not have contractile reserve, and the lack of flow
augmentation limits differentiation between true and pseudosevere AS. Despite a
lack of ventricular response to inotropic stimulation, observational studies have
shown that patients selected for surgery with low-flow AS and reduced systolic
function have better outcomes; thus, DSE should not be solely relied upon to
exclude a patient from AVR [85-87].
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11.4.3 Low-Flow, Low-Gradient AS with Normal EF

Up to a quarter of CAVD patients with valve area in the severe range (<1.0 cm2)
have a preserved EF >50 % with evidence of low flow (SV index <35 ml/m?) as
measured by echocardiography, a situation frequently termed “paradoxical” [88].
A low SV is due to a combination of impaired LV filling from diastolic dysfunc-
tion, reduced LV cavity size from concentric remodeling, high global afterload,
and decreased longitudinal systolic function. Hachicha et al. first described
patients with low-flow severe AS despite normal LV EFs to be treated more con-
servatively and have a worse prognosis compared to those patients with normal-
flow severe
AS [89]. A later analysis by Jander et al. evaluated participants in the Simvastatin
and Ezetimibe in Aortic Stenosis clinical trial with valve areas in the severe
range but mean gradients <40 mmHg [90]. Outcomes were comparable to those
with moderate AS severity. These two studies however are difficult to directly
compare due to differences in study population and in the categorization of either
“low-flow” or “low-gradient” patients; highlighted by Lancellotti et al., four cat-
egories of flow-gradient patterns exist with different prognosis: normal flow/low
gradient, normal flow/high gradient, low flow/high gradient, and low flow/low
gradient [91]. Those patients with a normal flow/low gradient had the best prog-
nosis in the study, patients with low flow/high gradient and normal flow/high
gradient had similar event rates, and low-flow/low-gradient patients had the
worst prognosis with a nearly 90 % event rate for cardiovascular death or AVR at
3 years. Treatment with AVR has been shown to be a predictor of lower mortality
in patients with severe AS (AVA <1.0 cm?) but with low gradients (<30 mmHg)
and preserved EF [92]. An important caveat in the evaluation of flow-gradient
patterns is to avoid misclassification of severe AS by paying careful attention to
technical factors such as measurement errors (the LVOT diameter or Doppler
LVOT VTI), severe mitral regurgitation, and small body size. Additionally, “par-
adoxical” low-flow AS should be considered only with severely calcified aortic
valves with reduced opening when the patient is normotensive (systolic blood
pressure <140 mmHg) [93].
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