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Foreword

I gladly accept the invitation to write a few words of presentation to this book dedicated to the
diagnosis and treatment of atherosclerosis with multimodality imaging procedures.

The development of atherosclerotic carotid plaque and the plaque’s rupture as cause of
stroke requires a multidisciplinary approach; the imaging procedures represent the most
relevant practical methodology to study this important clinical problem.

Over the next year improvement in instrumentation and radiopharmaceuticals contributed
to the important growth of this scientific field.

In this volume the authors, in a remarkable international representation, present an
encyclopedic compilation of the more relevant methodological approaches in the study of
atherosclerosis. Special thanks go to the editors: Dr. Saba, Dr. Sanches, Dr. Pedro, and Dr.
Suri for the outstanding contributions and dedications.

The text comprises 29 chapters organized into five major sections dealing with atheroscle-
rosis anatomy imaging, MR atherosclerosis imaging, CT atherosclerosis imaging, Ultrasound
Atherosclerosis Imaging, and Molecular Imaging and Therapy.

The contributors, well-known authorities, and younger authors who have achieved particular
renown in specialized aspects, are well matched to permit each topic to be considered in depth
and with expertise. They have defined the technology and identified the methodology and areas
for its effective application.

I feel confident that this volume will put a diagnostically significant specialty into
perspective to all physicians who deal with atherosclerosis imaging diagnosis. I express my
warmest congratulations to the authors for having taken that important scientific aim.

Cagliari, Italy Mario Piga
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Preface

Stroke is one of the leading causes of death in the world, resulting mostly from the
sudden ruptures of atherosclerosis carotid plaques. However, until now, the exact plaque
development/rupture mechanism has not been fully understood, and also the plaque rupture
risk stratification. From biomechanical viewpoint, plaque initiation and development could
be attributed to the disturbed flow in those arteries, and the sudden rupture of plaque can be
resulted from plaque structure stability failure due to the mechanical stress in/outside plaque
structure. Understanding this phenomenon why and how plaque develops and ruptures requires
a multidisciplinary approach such as radiology, biomedical engineering, medical physics,
software engineering, hardware engineering, and pathological and histological imaging.

This book presents a new dimension of understanding Atherosclerosis in 2D and 3D.
For example, Finite element/Finite volume models have been developed from 2D to 3D,
from idealized models to patient-specific plaques in terms of geometrical accuracy, from
structure/blood flow analysis only to fluid structure interaction analysis in terms of physical
phenomenon reality. Recent studies have demonstrated that the predicted stress combined with
plaque morphological features can be used for plaque risk assessment, which will be helpful
in clinic. The book presents work on plaque stress analysis in order to provide a general
framework of computational modeling with atherosclerosis plaques.

Another field in predicting plaque development is in understanding the 3D fluid dynamics
and distributed flow pattern analysis with plaque morphological features. The book also
presents the atherosclerosis lesions with respect to the 3D geometry of the arteries due to
the resulted complex blood flow patterns, such as the regions with high curvature, or near
bifurcations. Computational fluid dynamic based on patient-specific 3D carotid geometries will
be helpful in identifying the area in risk and might be used for predicting plaque development.

Limited research has been devoted to advancing plaque stress analysis into the field of
patient-specific modeling; however, most existed studies on plaque stress analysis are not
patient-specific modeling due to the lack of patient-specific boundary condition or material
properties. Patient-specific modeling in plaque stress analysis still is a bit challenging in
the field. Recent studies have demonstrated that it is possible to obtain patient-specific
material model from in vivo human data, which enable plaque stress analysis to be much
closer to the real situation rather than a general material model from existed literatures or
obtained by ex vivo experiments. The book also presents the related difficulties in patient-
specific modeling for plaque stress analysis, and focus on patient-specific material property
characterization by using in vivo MRI data. It is believed that the procedure of using patient-
specific material model will yield more realistic plaque stresses, which may play an important
role in understanding plaque development and rupture.

Much research has been devoted to studying plaque risk stratification by using modern
medical imaging technology for characterization of plaque burdens, including stenosis degree,
arterial wall thickness, etc., and further studies on medical image-based plaque modeling, such
as plaque stress analysis. The first step for those studies is to accurately segment diseased
vascular structure manually or semiauto/automatic. Semiautomatic segmentation applications
with the ability of manual adjustment and correction become particularly useful in the clinical
application and research as rapidly advancing scanner technology capable of generating larger
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x Preface

sets of images for each patient. The book is also going to present and evaluate the performance
of a semiautomatic computational algorithm for segmenting carotid arterial wall boundaries
by using variational level set methods, and validate this method by comparing with manual
segmentation.

Today, 2D Ultrasound is the preferred medical image modality to assess the atherosclerotic
disease of the carotid. However, this technique highly depends on the subjective criteria of the
clinician in the selection of the cross sections used for the analysis. Additionally, 2D ultrasound
images only provide partial information of the anatomy and morphology of the organs,
and the overall picture is composed by the medical doctor that subjectively integrates this
partial information. The natural evolution is 3D Ultrasound where an accurate and objective
representation of the region of interest is provided to the medical doctor. Recent advances
on matrix-array ultrasound transducers and on spatial locators that can be coupled to the
traditional linear transducers permitted the development of new reliable applications of 3D
and 4D Ultrasound in several domains, namely, obstetrics.

In this book, new algorithms based on 3D and 4D Ultrasound are presented to assess the
atherosclerotic disease. Indicators computed today from 2D Ultrasound images to characterize
plaque by extrapolation can be accurately computed from the reconstructed 3D anatomy
without the need of any subjective assumptions about the morphology and texture of the
plaque. This 3D approach can be used to accurately estimate not only the degree of stenosis,
the main indicator used today for plaque risk stratification, but most important the morphology
of the plaque, which is crucial for plaque stress analysis, as referred before.

Very recent advances in plaque multimodality image fusion analysis are also described in
this book. The goal is to fuse information obtained from different 3D medical image modalities,
such as 3D US, CT, and MRI, providing the medical doctor with some sort of augmented reality
information about the atherosclerotic plaque in order to improve the accuracy of the diagnosis.

Analysis of the plaque dynamics along the cardiac cycle is also a valuable indicator for
plaque instability assessment and therefore for risk stratification. 4D Ultrasound, a sequence
of 3D reconstructions of the region of interest along the time, can be used for this dynamic
analysis. 4D US is particularly suitable for this type of analysis due to the high temporal
resolution of ultrasound imaging in comparison with other modalities.

By this, Multimodality Image Fusion is a very appealing approach because it puts together
the best characteristics of each modality, such as the high temporal resolution of US and the
high spatial resolutions of MRI and CT.

Cagliari, Italy Luca Saba
Lisbon, Portugal João Miguel Sanches
Lisbon, Portugal Luı́s Mendes Pedro
Roseville, CA, USA Jasjit S. Suri
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Introduction: Anatomy and Imaging



1Imaging Occlusive Atherosclerosis

J. Fernandes e Fernandes, L. Mendes Pedro, R. Fernandes e Fernandes,
and L. Silvestre

Atherosclerosis is a global disease affecting the entire arterial
system and it is a major cause of morbidity and mortality in
all continents. It is the commonest form of arteriosclerosis, a
term used to indicate thickening of the arterial walls.

Atherosclerosis derives from the Greek language: athere
meaning soft paste-like material and sclero for hard which
results from the proliferation of fibrous tissue and the pres-
ence of calcification.

Its pathogenesis is complex and multifactorial and several
epidemiological studies have identified risk factors, which
are associated with its severity and widespread involvement
of the arterial tree. Smoking, hypertension, dyslipidemia, and
diabetes mellitus have all been associated with atheroscle-
rosis and the mechanisms leading to arterial injury became
clear in extensive research conducted in the last two decades.

Atherosclerosis is a common process associated
with human development and aging. Usually starts at
arterial bifurcations and ostia, where it appears as a
localized thickening or elevation of the inner side of the
artery—atheromatous plaque—which proliferates in the
sub-endothelial layer and determines narrowing of the
artery. This atheromatous plaque can act as a focus for
localized thrombosis—atherothrombosis—or as a source
of distal embolization—atheroembolism. Necropsy studies
conducted in young children [1] have documented the
presence of lipid deposition in coronary arteries and aortas,
suggesting that atherosclerotic changes may occur silently
even in infants.

To better understand the pathogenesis of atherosclerosis
and what could be achieved with modern imaging methods
available in today’s clinical practice, from morphological
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to functional and molecular technologies, it is important
to briefly review the basic structure and histology of the
arterial system and the morphological changes produced by
atherosclerosis.

1 Arterial Wall Structure and Function

Usually arteries are divided into larger or central arteries
with predominant elastic component (like the aorta), medium
size or muscular arteries, and small arteries and arterioles,
distributing blood flow into the vast capillary network.

The wall of the arteries is composed of three layers
separated by elastic laminas: intima, media, and adventitia.
The inner layer—intima—is composed by a single layer of
endothelial cells providing the interface with the circulating
blood and an extracellular component with connective tissue,
smooth muscle cells, and macrophages, within a biochemical
complex matrix rich in proteoglycans occupying the sub-
endothelial space from the endothelial cells to the internal
lamina elastica which separates the intima from the me-
dia layer. Connective tissue, collagen fibrils, elastin, and
smooth muscle cells essentially compose the media and its
relative composition varies according to size a function of
the arteries. Elastic fibers are dominant in large transport
arteries like the aorta, and muscular fibers predominate in
medium size arteries like the superficial femoral artery. The
media is separated from the outer layer—adventitia—by
the external lamina elastica. This external layer contains
undifferentiated dendritic cells, collagen fibers, and smooth
muscle cells through which penetrates a rich network of
very small vessels—the vasa vasorum—responsible for cell
nutrition in the arterial wall, plus multiple nerve fibers from
the autonomic system which are essential to regulate vascular
tone through muscle cell contraction. Thickness of these dif-
ferent layers varies according to the size and function of the
arteries in the body and it is early affected by atherogenesis,
a process that leads to a remarkable thickening of the arterial
wall.
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Endothelial cells are connected through junctional com-
plexes, forming tight and gap junctions and they have a
wide range of membrane receptors for circulating blood
cells and plasma components [2–4]. Its functions are di-
verse and very important: barrier to penetration of plasma
proteins and lipids, non-thrombogenic interface with circu-
lating blood through the production of prostacyclin (PGI2)
and thrombomodulin–thrombin complex preventing adhe-
sion and aggregation of circulating cells and plasma compo-
nents to the arterial wall, regulator of vascular tone by the
production of nitric oxide which has a dilating effect and
endothelin 1, a potent constrictor, modulation for immune
and inflammatory reactions mediated through cytokines and
growth factors, and production of extracellular matrix pro-
teins including a monocyte chemoattractant protein MCP-1.

Endothelial dysfunction seems to be the initial trigger
of a very complex process called atherogenesis leading to
established arterial lesions.

Increased permeability of the endothelial cells and de-
position of lipids within the extracellular matrix in the
sub-endothelial space induce an inflammatory reaction in
the arterial wall mediated by circulating monocytes and T-
lymphocytes and leading to migration and proliferation of
smooth muscle cells (SMCs) through known biochemical
mediators. Evidence has been recently published associating
both systemic and intraplaque markers of inflammation with
symptomatic stroke and plaque instability [5].

Several mechanisms have been considered responsible for
endothelial injury leading to its dysfunction. Physical injury
may be caused by hemodynamic flow disturbances resulting
from turbulence, increased pulse pressure associated with ar-
terial hypertension, low shear stress in arterial segments close
to bifurcations and ostia, and low flow situations which in-
crease contact between chemical agents affecting endothelial
function [6, 7]. Chemical agents include lipids and oxidized
lipid molecules, oxidative stress from exposure to oxygen-
derived free radicals that inactivate nitric oxide and reduce
its availability, and cytokines from damaged tissues or infec-
tion. These injuries promote coagulation changes leading to
thrombosis and enhanced production of inflammatory medi-
ators, which have been extensively studied and described [8–
10]. Gene de-regulation has been implied in changes in nitric
oxide synthesis, tissue-plasminogen activation, monocyte
chemoattractant protein-1, and platelet-derived growth factor
offering insight and possible explanation on the mechanisms
of genetic susceptibility to atherosclerosis in some families
and its increased incidence in younger age patients.

Endothelial dysfunction results in monocyte penetration
and activation in the sub-endothelial space, thus initiating a
complex inflammatory and proliferative reaction leading to
thickening of the artery and narrowing of its lumen, reducing
blood flow, and further enhancing hemodynamic changes
that in turn aggravate cell damage within the arterial wall.

Smooth muscle cells (SMCs) have two different pheno-
types: contractile and synthetic [11]. Contractile plays an
essential role to maintain vascular tone regulation required
for an effective blood flow distribution according to the
needs of organs- and tissues: borrowing–lending effect. It
is through the synthetic phenotype that SMCs are directly
involved in atherogenesis, through migration from the media
to the sub-endothelial matrix, proliferation in response to
various mitogens, and synthesis of collagen, proteoglycans,
and elastin.

Macrophages are closely associated with the changes in
the arterial wall during atherogenesis and play a substantial
role in the stability of established atheroma. These cells
derive from circulating monocytes which following penetra-
tion of the endothelial layer differentiate into macrophages.
They respond to several chemoattractants such as MCP-1,
tumor necrosis factor (TNF) alpha, and interleukins. They are
scavengers of lipids and cell debris resulting in the formation
of the foam cell within the atherosclerotic plaque, but also
secrete a large amount of enzymes such as proteases, hydro-
lases, elastase, and growth factors and act as modulators of
immune responses [12, 13].

2 Atherogenesis and Evolution
of Atheromatous Plaques

Atherosclerosis begins with deposition of cholesterol and
lipoproteins and macrophages filled with lipid components—
foam cells—in the sub-endothelial matrix without destruc-
tion of the endothelial layer and appearing in susceptible
arterial segments. These changes are designated by fatty
streak, produce a yellowish discoloration of the intima of
the artery, and may remain quiescent or progress forming
multiple cell layers in the intima, as described by Stary [14].

There is strong evidence that accumulation of plasma-
derived lipoproteins initiates the formation of foam cells
and this is the key element conducting the formation of the
atherosclerotic lesion. The progression of the lesion is related
to increased deposition and accumulation of extracellular
lipids favored by local hemodynamic factors and endothelial
injury as described previously. Cell necrosis in which debris
tend to accumulate within the media layerand to form a core
nucleus with deposits of lipids, cell degradation products,
and calcium. The fibrous proliferation at the luminal surface
constitutes a fibrous cap that protects the inner components
of the lesion from the circulating blood and replaces the
damaged endothelial layer.

This lesion is usually designated as fibrous plaque dis-
rupting the normal architecture of the arterial wall with
destruction of inner and outer elastic laminas.

On direct examination it protrudes in the arterial lu-
men causing localized narrowing stenosis. When it affects
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Fig. 1.1 (a) Ultrasonographic morphology of the normal arterial wall with quantification of the intima–media thickness (IMT). (b) Increased IMT
with destruction of the normal artery morphology

Fig. 1.2 Progression from the normal arterial wall morphology to atheromatous plaque

normal laminar flow and causes localized acceleration and
turbulence it is considered to be hemodynamically signifi-
cant. It determines high shear stress further increasing the
endothelial injury. Areas of flow stagnation also coexist
increasing endothelial exposure to chemical injuries from
plasma components and promoting adhesion of blood cells
and platelets to the arterial wall [15] a persistent mechanism
that further damages the arterial wall.

These lesions can be visualized with high-definition B-
mode echography (Figs. 1.1 and 1.2) and are markers of
early atherosclerosis and increased risk of cardiovascular
clinical events [16, 17]. Hemodynamic studies conducted
in these group of patients with early atherosclerotic lesions
suggest impairment of reactive hyperemia following induced
ischemia, indicating associated endothelial dysfunction

with reduced production of endothelial-derived relaxing
factor [18].

More advanced (Figs. 1.2 and 1.3) or complicated le-
sions result from persistence of the injury mechanisms to
the arterial wall, promoting an inflammatory reaction with
development of neovascularization from the vasa vasorum
which can also be detected in vivo by enhanced color-flow
Doppler imaging technologies using microparticles [19] or
by using micro-CT assessment of symptomatic coronary
arteries [20]. Extensive plaque neovascularization in carotid
endarterectomy specimens was predictor of late cardiovas-
cular events [21]. This process is associated with higher pro-
duction of several proteases and other enzymes inducing cell
destruction and loss of tensile strength of the plaque by the
hemodynamic stress resulting from flow disturbances which
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Fig. 1.3 (a) Stable carotid plaque. (b) Carotid lesion with intraplaque hemorrhage. (c) Carotid plaque showing extensive surface thrombosis
(atherothrombosis)

lead to rupture of the fibrous cap, intraplaque hemorrhage,
and thrombosis inside the lesion and at its surface [22–24] as
shown in Fig. 1.3b, c.

These morphologic changes lead to an increase in the
volume of the lesion, rupture of the plaque with extrusion
of material from its core nucleus, associated thrombosis
and increased severity of the stenosis, or complete arterial
occlusion.

It is important to understand the underlying mechanisms
that increase plaque progression and its biological markers in
order to improve our capability for its recognition.

The concept of vulnerable plaque introduced by Fuster
and others [25, 26] shifted the emphasis from degree of
stenosis to plaque composition and structure, which in-
creases the risk of rupture and associated clinical acute
events.

The major determinants of plaque’s vulnerability to rup-
ture may be listed as follows [26]:

– Size and location of the core nucleus rich in lipids and cell
debris.

– Thickness and collagen content of the fibrous cap overly-
ing the core.

– Distance from the core to the lumen [27, 28].
– Exposure of plaque components to circulating blood,

which have a potent thrombogenic effect.
– Active inflammatory and immunological processes

resulting from increased deposition and activation of
macrophages, T lymphocytes, and mast cells.

– Local flow disturbances usually associated with severity
of stenosis [29, 30].

– Systemic thrombotic propensity from the individual
patient.

In vivo detection of plaque morphology, recognition of
individual inflammatory activity, and immunological sta-
tus plus increased propensity to intravascular thrombosis
completely changed the scope of diagnostic methods in
atherosclerosis. The challenge is no longer the assessment
of severity of stenosis and its hemodynamic effect but the
identification of these potentially dangerous lesions, which
are associated with increased risk of adverse clinical events.

The new developments on imaging technology, both
morphological and functional, will be briefly dealt
subsequently.

Fig. 1.4 Arteriography of the carotid bifurcation with tight stenosis in
the origin of the internal carotid artery

3 Imaging Technologies

3.1 Arteriography

Introduced by Egas Moniz in 1926 [31] for the diagnosis
of brain tumors it provided the first clinical correlations be-
tween ischemic stroke and occlusion of extracraneal internal
carotid [32]. It was subsequently extended to visualize the
abdominal aorta and peripheral arteries [33]. Selective intra-
arterial catheterization by Seldinger [34] provided an extraor-
dinary expansion of the arteriographic method, which for
decades was only available method to study atherosclerosis
in vivo (Fig. 1.4).

The development of arterial reconstructive surgery, from
endarterectomy introduced by Cid dos Santos in 1946 [35]
and bypass techniques popularized by M.E. DeBakey in the
early 1950s, to present-day endovascular intervention rested
upon arteriography.
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Fig. 1.5 (a) CT-angio of the supra-aortic trunks (calcified carotid plaques). (b) CT-angio of the abdominal vessels (aortic thrombosis)

Arteriography is a luminography: its images are of the
contrasted blood flow and indentations upon the circulating
flow produced by the diseased arterial wall. It does not
provide any image of the vessel wall and nature of the
disease, but only its effect upon blood flow.

It does not also provide accurate information on plaque
morphology characteristics relevant to clinical management
as previously described, although the presence of irregular-
ities and/or ulceration in carotid arteriography performed
within the scope of the ECST trial were markers of higher
risk for stroke in the medical arm of the study [36].

Its invasiveness, toxicity associated with contrast injec-
tion, X-ray exposure, and high costs have reduced its scope
for diagnostic purposes. In today’s clinical practice conven-
tional or digital arteriography for management of atheroscle-
rotic patients is part of the interventional treatment procedure
aimed to correct both occlusive and dilating disease.

3.2 CT Angiography and Magnetic
Resonance Angiography

New developments in computed tomography technology
including multi-detector CT and ECG-gated CT for accurate
visualization of coronary circulation provided an useful tool
to study atherosclerosis by combining flow assessment with
arterial wall imaging (Fig. 1.5a, b).

Identification of plaque morphology in carotid bifurcation
disease using CT angiography (CTA) provided identification
of intraplaque hemorrhage and ulceration confirmed by his-
tology [37].

For coronary circulation CTA has been correlated with
conventional arteriography and used to quantify thecalcium

content of the lesions (calcium score) and to correlate with
symptoms.

A recent trial [38] using a 64 row multi-detector CTA
confirmed its accuracy for identification of coronary stenosis
and to assess disease severity in symptomatic patients with
calcium score <600, but could not replace conventional
coronary angiography because of negative predictive value
of 83 % and positive predictive value of 91 %.

Failure to use this technology to identify vulnerable
plaques and to discriminate between fibrous tissue and lipids
was reported [39], although experimental evidence for the
detection of macrophages in a rabbit model of atherosclerosis
[40].

For peripheral lower limb arterial disease CTA provides
acceptable visualization of the arteries useful for planning
the treatment particularly in the absence of extensive calcifi-
cation.

Although less invasive than conventional arteriography,
CTA requires iodine contrast use and radiation exposure
which limits its use.

Magnetic resonance imaging is safer, without conven-
tional radiation and less toxic contrast agents. It provides
flow images equivalent to conventional arteriography, with
better visualization of low flow perfusion situations, like in
critical lower limb ischemia, but it has limitations for the
assessment of coronary circulation due to its low specificity
[41]. Technical refinements provided suitable information
to assess arterial remodeling in the presence of moderate
stenosis [42] and to characterize unstable fibrous caps in
advanced carotid atherosclerosis [43].

New molecular imaging tools and the use of nanotech-
nology are promising developments for MR imaging of
atherosclerotic lesions and to provide more objective iden-
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tification of markers of plaque vulnerability [44, 45] both in
animal models and in humans.

However, this is an expensive technology and time-
consuming, which reduces its applicability for routine
clinical use.

3.3 B-Mode High-Definition Ultrasound
and Color-Flow Duplex Scan

Color-flow duplex scan (CF DS) provides accurate visualiza-
tion of the arterial system, from extracraneal to intracranial
vessels from abdominal aorta and its major visceral branches
to the arteries of both upper and lower limbs. It provides
visualization of the arterial wall and its changes as well as
the flow abnormalities directly induced by the lesions.

Extensive literature has been published to validate objec-
tive criteria from flow velocity changes to quantify the degree
of stenosis [46–49] from carotids to renal and mesenteric
circulation to peripheral limb occlusive disease.

Accurate quantification of stenosis severity is a key factor
for clinical management in carotid bifurcation disease and it
is extensively dealt in another chapter.

However high-definition B-mode echography offers an
objective, noninvasive, reliable, and inexpensive tool to iden-
tify early atherosclerotic lesions (Fig. 1.1) and to measure
intima–media thickness (IMT) a powerful marker of late
occurrence of cardiovascular events. It also provides an
objective quantification of the total atherosclerotic burden by
using as windows to the arterial system, both the common
carotid and femoral bifurcations [50, 51].

By using computerized technology and image standard-
ization of carotid bifurcation plaques (Fig. 1.6a, b) it is
possible to quantify the echogenicity of the plaque, to assess
its homogenous or heterogeneous quality, and to identify
markers of plaque vulnerability and obtain correlations with
its biochemical composition and clinical outcomes [28, 30,
52–60].

In a previously published report using computer-assisted
HD echography we described ultrasonographic equivalents
to histological markers of lesion instability and showed a
good separation between symptomatic and asymptomatic
lesions and also a positive correlation with ipsilateral brain
hemispheric infarcts [28, 61, 62].

Extending further the analysis an indicator of plaque
activity was obtained [63]—Activity Index—which had an
excellent correlation with appropriate neurological symp-
toms and was a predictor of late ipsilateral cerebrovascular
events in asymptomatic patients followed for a period of 4
years (Fig. 1.6c).

Recently the ACSRS trial was published [64] providing
evidence on the value of plaque morphology analysis to strat-
ify clinical and neurological risk in asymptomatic patients
with carotid bifurcation stenosis >50 %.

Also the efficacy of lipid-lowering agents like statins can
be monitored by changes in echogenicity of the plaque and
increased thickness of the fibrous cap [65].

There is now substantial evidence pointing to the possibil-
ity of this simple, noninvasive, and inexpensive technology
to provide adequate imaging for atherosclerotic lesions in
accessible sites, accurate measurements of lesion severity,
and its direct hemodynamic repercussion and to obtain re-
liable information on plaque structure to identify vulnera-
ble/unstable plaques.

Using a 2 MHz probe and injecting echogenic particles
it has been possible to identify increased vascularization
in segments of unstable carotid plaques, which could be a
marker of active inflammation [66].

3.4 Intravascular Ultrasound

This is an invasive technology catheter-based providing two-
dimensional and cross-section images of the arteries, thus
providing accurate measurement of stenosis severity and
plaque volume. It has been used associated with catheter-
based techniques to improve selection of lesions for treat-
ment and for completion assessment following interventional
procedures [67].

Advances in intravascular ultrasound (IVUS) technology
with spectral analysis of the signals provide plaque charac-
terization and evaluation of its composition, which has been
referred as Virtual Histology [68].

Several studies have provided validation of this technol-
ogy. However it is invasive, expensive, and not suitable for
routine clinical use and epidemiological studies.

3.5 Optical Coherence Tomography

It is an optical analogue of intravascular ultrasound with ex-
cellent spatial resolution and providing also a cross-sectional
image of the artery [69].

Its clinical advantage seems to provide completion as-
sessment following angioplasty and stent deployment in
both coronary and carotid arteries and to identify intimal
hyperplasia in early re-stenosis.

3.6 Fluorescence Imaging

This technology is available and provides the visualization
of the inflammatory reaction within the plaque. [70] and
visualize the inflammatory reaction within the plaque. It tar-
gets molecules and follows its incorporation and degradation
in the structures. Its use has been experimental to test new
imaging tools, but the recent developments with catheter



1 Imaging Occlusive Atherosclerosis 9

Fig. 1.6 (a) Homogenous carotid plaque visualized by high-definition ultrasonography. (b) Computer-assisted plaque analysis. (c) Activity index

technology allowed incorporation of a fluorescence probe
which can be directed to coronary or other arterial bed. By
injecting fluorochromes and activating them with the laser
probe it is feasible to track down enzymes or other molecules
involved in plaque instability [71].

3.7 Nuclear Imaging PET-SCAN

Single photon emission computed tomography (SPECT) and
PET imaging of vascular structures have improved their
sensitivity and accuracy by accurate anatomic location of
the radiation source. Using 18 FDG (fluorodeoxyglucose),
which is taken by active cells, has provided interesting im-
ages of carotid plaques correlating with neovascularization
[72, 73]. It targets individual molecules involved in different

metabolic pathways (VCAM-1), which adhere to endothelial
cell in early atherosclerosis.

These technologies are promising tools for research, but
its use in clinical practice requires further improvements
on its sensitivity and specificity and also easier and less
expensive instrumentation.

We have briefly described several technologies, some
already tested in clinical studies and used in practice, and
others still within the realm of experimentation and animal
models.

There is a fundamental need to achieve better diagnosis of
the unstable plaque, which often is not associated with severe
stenosis and is a major cause of atherothrombosis and leads
to acute cardiovascular events.

Some of the technologies provide only morphological
imaging, but a new era of functional biological imaging
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is beginning with new optical devices and nuclear-based
technology often used with combined MR and CT Imaging to
achieve better resolution and accuracy. They offer new ways
to visualize the ongoing metabolic process that leads to the
morphological changes that are markers of plaque instability.

Also a new area of clinical research will be the combined
use of these technologies with biomarkers of inflammation
like CPR or others, which may help to identify the vulnerable
lesions and the patients at a higher risk of cardiovascular
events.

The road from arteriography to molecular and biological
imaging is fascinating and provides a good example of trans-
lational research from the bench and animal experiments to
the bedside, by allowing a better selection of patients who
really need of interventional treatment and thus saving a
relevant number from unnecessary procedures.
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Abbreviations

ACS Acute coronary syndrome
AHA American Heart Association
AMI Acute myocardial infarction
CTO Chronic total occlusion
CVD Cardiovascular disease
Hb Hemoglobin
HO-1 Hemoxygenase-1
Hp Haptoglobin
HPR Healed plaque rupture
ICAM-1 Intercellular adhesion molecule 1
MMP Matrix metalloprotease
MPO Myeloperoxidase
NO Nitric oxide
PCI Percutaneous coronary intervention
PIT Pathologic intimal thickening
SCD Sudden coronary death
SEM Scanning electron microscopy
SMC Smooth muscle cell
TCFA Thin-cap fibroatheroma
TF Tissue factor
VCAM-1 Vascular cell adhesion molecule 1

1 Introduction

Atheromatous coronary artery disease is the leading causes
of death worldwide, constituting approximately 7,000,000
cases each year. Atherosclerotic plaque rupture with
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thrombosis is the pathologic mechanism responsible for
the majority of acute myocardial infarction (AMI) and
sudden coronary death (SCD). Insights into the mechanism
of luminal thrombosis have been elucidated from the
study of the diseased arterial wall, largely through detailed
analysis of the underlying plaque morphologies observed
in pathologic studies of sudden death victims. While
formerly the emphasis has been on luminal narrowing,
the interventionalists today must have an understanding
of specific plaque composition to potentially identify
rupture-prone arterial plaques. This understanding is critical,
especially as new imaging modalities emerge, which are
targeted at identifying vulnerable plaques.

In the early 1990s, the American Heart Association
(AHA) proposed a classification scheme for coronary
atherosclerosis progression by which atherosclerotic lesions
were classified into six numerical categories categorized
in relation to plaque rupture. In this classification scheme,
plaque rupture was identified as the sole etiology of coronary
thrombosis [1, 2]. Sudden luminal thrombosis however
may arise from three different plaque morphologies: plaque
rupture, erosion, and calcified nodule. Moreover, the AHA
nomenclature failed to describe healing mechanisms, which
contribute to severe luminal narrowing with or without acute
plaque rupture. These silent plaque ruptures may also lead
to chronic total occlusion (CTO), which is reported to
occur in approximately 30 % of SCDs. These limitations
led us to modify the AHA classification, forgoing the
more complicated numeric categories in favor of a simpler
descriptive classification. This classification system can
easily be translated and utilized by new invasive and
noninvasive imaging modalities to improve our predictive
ability in patients that are at high risk of developing acute
coronary syndromes (ACSs) [3]. Moreover, to improve
the outcome of patients with ACS, it is essential to have
a comprehensive understanding of pathological processes
involved in the progression of atherosclerosis as discussed
below.
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Table 2.1 Modified AHA consensus classification based on morphologic description

Description Thrombosis

Non-atherosclerotic intimal lesions

Intimal thickening Normal accumulation of smooth muscle cells (SMCs) in the intima in the
absence of lipid or macrophage foam cells

Absent

Intimal xanthoma Superficial accumulation of foam cells without a necrotic core or fibrous
cap. Based on animal and human data, such lesions usually regress

Absent

Progressive atherosclerotic lesions

Pathologic intimal thickening SMC-rich plaque with proteoglycan matrix and focal accumulation of
extracellular lipid

Absent

Fibrous cap atheroma Early necrosis: focal macrophage infiltration into areas of lipid pools
with an overlying fibrous cap

Absent

Late necrosis: loss of matrix and extensive cellular debris with an
overlying fibrous cap

Thin-cap fibroatheroma A thin fibrous cap (<65 �m) infiltrated by macrophages and
lymphocytes with rare or absence of SMCs and relatively large
underlying necrotic core. Intraplaque hemorrhage/fibrin may be present

Absent

Lesions with acute thrombi

Plaque rupture Fibroatheroma with cap disruption; the luminal thrombus communicates
with the underlying necrotic core

Occlusive or non-occlusive

Plaque erosion Plaque composition, as above; no communication of the thrombus with
necrotic core. Can occur on a plaque substrate of pathologic intimal
thickening or fibroatheroma

Usually non-occlusive

Calcified nodule Eruptive (shedding) of calcified nodule with an underlying fibrocalcific
plaque with minimal or absence of necrosis

Usually non-occlusive

Lesions with healed thrombi

Fibrotic (without calcification)
Fibrocalcific (˙necrotic core)

Collagen-rich plaque with significant luminal stenosis. Lesions may
contain large areas of calcification with few inflammatory cells and
absence of necrosis. These lesions may represent healed erosions or
ruptures

Absent

(Modified from Virmani R et al (2000) Lessons from sudden coronary death: a comprehensive morphological classification scheme for
atherosclerotic lesions. Arterioscler Thromb Vasc Biol 20:1262–1275)

2 Progression of Atherosclerotic Plaque

In the modified classification (Table 2.1, Figs. 2.1 and 2.2),
the numeric AHA types I to IV are replaced by descriptive
terminology: adaptive intimal thickening, intimal xanthoma
(fatty streak), pathologic intimal thickening (PIT), and fi-
broatheroma. AHA type V and type VI lesions were dis-
carded since they failed to account for the three different
causes of thrombotic morphologies (rupture, erosion, and
calcified nodule) and their relationship to healed plaque
rupture (HPR) that is representative of stable angina. Since
atherosclerosis is a dynamic process with a complicated
pathogenesis, it is useful to review the stages of development
of atherosclerosis. As the mechanistic underpinnings of the
disease are better understood, however, the classification
should be revised periodically and improved as new knowl-
edge is gained.

2.1 Adaptive Intimal Thickening
and Intimal Xanthoma (Fatty Streaks)

The earliest manifestation of vascular change is “adaptive
intimal thickening” (AHA Type I), which consists of several

layers of smooth muscle cells (SMCs) in an extracellular
matrix with no or little inflammatory cell infiltration. Inti-
mal thickening is observed in 35 % of neonates, and the
intima/media ratio at birth is 0.1 increasing progressively
to reach 0.3 by 2 years of life [4]. This change is consid-
ered adaptive (non-atherosclerotic) since the SMCs exhibit a
very low proliferative activity and exhibit an anti-apoptotic
phenotype [5]. Although the adaptive intima increases in
thickness with aging, very rarely does it grow into a disease
compromising blood flow. The change of shear stress is a
trigger for abnormal responses in the endothelial lining [6]
as well as changes secondarily induced in SMC phenotype
[7]; however, the detailed mechanism remain elusive.

“Fatty streak” or “Intimal xanthoma” (AHA Type II) is
a lesion that is not raised and is primarily composed of
abundant foamy macrophages interspersed between SMCs.
Although the AHA classification alludes to this entity as the
earliest lesion of atherosclerosis, from our experience and
reports of human and animal studies, the lesion is reversible
at least in some locations [8, 9]. Some reports suggest that
the modification of extracellular matrix is responsible for the
progression of macrophage infiltration implying a role for
biglycan and decorin proteoglycans [10], but the mechanism
remains largely uncertain.
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Fig. 2.1 Plaque atherosclerotic progression in human coronary arter-
ies. These histologic images illustrate the various lesion morphologies
of human coronary atherosclerosis. (a) Adaptive intimal thickening
is present from birth and consists of a smooth muscle-rich intima.
(b) Intimal xanthoma are predominantly foam cell-rich lesions that
are found in the young, but known to regress in adults. (c) Patho-
logic intimal thickening (PIT) is the first of the progressive plaques
marked by an acellular lipid pool rich in proteoglycan; inflammation
in macrophages when present is typically confined to the most luminal
aspect of this plaque. (d) Fibroatheroma (FA) are lesions with areas of
necrosis characterized by cellular debris and cholesterol monohydrate

with varying degrees of calcification or hemorrhage. (e) Thin-cap
fibroatheroma (TCFA) or vulnerable plaques are recognized by their
relatively large necrotic core and thin fibrous cap which is infiltrated
by numerous macrophages. (f) Plaque rupture leads to exposure of
necrotic contents to the blood flow, resulting in the triggering of the
coagulation cascade. The luminal thrombus at the site of rupture is
platelet rich (white thrombus). (g) Erosion is another entity that gives
rise to coronary thrombosis. Erosions can occur on a substrate of
PIT or FA. (h) Calcified nodules (a minor but viable mechanisms of
thrombosis) depict eruptive fragments of calcium that protrude into the
lumen causing a thrombotic event. LP lipid pool, NC necrotic core

Fig. 2.2 Fate of atherosclerotic plaque. Boxes on the left show healed
plaque ruptures where the newly formed fibrous cap is rich in proteogly-
cans and type III collagen (type III collagen appears green with Sirius
red stain under polarized light) with interspersed smooth muscle cells.
Repeated ruptures lead to a multilayered appearance with necrotic cores
and overlying fibrous layers, resulting in severe luminal narrowing.
Multiple healed plaque ruptures are thought responsible for progressive

luminal narrowing. Fibrocalcific plaque (middle column) is thought to
be a burnt-out lesion, which is associated with a calcified sheet of
plaque matrix (arrows). Boxes on the right show histologic features
of chronic total occlusion. The lumen is characterized by recanalized
organized thrombus that is rich in proteoglycan matrix with presence of
iron deposition and macrophages. Calc calcification, NC necrotic core
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2.2 Pathologic Intimal Thickening

“Pathologic intimal thickening” (PIT, AHA Type III) is
recognized as the earliest progressive (irreversible) lesion by
most research groups. The lesion is characterized by layers
of proliferating SMCs near the lumen and an underlying
lipid pool present at the intimal medial border. The origin
of lipid pool is not fully understood. The area of the lipid
pool is rich in proteoglycan versican and hyaluronan as
well as extracellular lipid deposits but is devoid of SMCs
and macrophages. It has been demonstrated that there is
an affinity of the lipid pool to retain plasma lipoprotein,
which suggests that the accumulation of extracellular lipid
is likely derived from the influx of plasma lipoproteins
[11]. Williams et al. proposed a “response-to-retention” hy-
pothesis: the retention of atherogenic lipoprotein associated
with the extracellular matrix such as proteoglycan versican
and hyaluronan is an initiating event in early atherogenesis
[12]. Recent studies reinforce this hypothesis by demon-
strating that structural changes in the glycosaminoglycan
chain of proteoglycans are an initial proatherogenic step
that promotes the binding and retention of lipoproteins [13].
An alternative hypothesis suggests that the membranes of
apoptotic SMC may be an alternative source for lipid in PIT
[14]. Apoptotic SMCs within lipid pools are recognized by
membrane remnants (cages of basal lamina) and the pres-
ence of microcalcification representing calcified mitochon-
dria [15]. However, the proof supporting this mechanism
remains speculative.

Another important hallmark of PIT is the presence of
varying degrees of foamy macrophage accumulation near
the luminal aspect of the plaque (apart from the lipid pool)
albeit this does not necessarily apply to all cases. Lesions
demonstrating PIT with foamy macrophages are considered
a more advanced stage of atherosclerosis as reported by
Nakashima et al. in their systematic study of early coro-
nary plaques [16]. We believe that macrophages invade
the plaque from the luminal surface. Although the precise
nature of focal macrophage accumulation in PIT is not
fully elucidated, it is speculated that retention or modi-
fied lipoprotein along with activation of vascular adhesion
molecules like VCAM-1 and ICAM-1 expressed by en-
dothelial cells stimulates the recruitment of macrophages
[17, 18]. In addition, lesions with PIT exhibit varying de-
grees of free cholesterol represented by empty fine crys-
talline structures in paraffin-embedded sections that accu-
mulate within lipid pools. Although it is assumed that free
cholesterol originates from dead foam cells, this is not a
likely source in PIT as the majority of macrophages when
present are confined to the more luminal aspect of the
plaque.

2.3 Fibroatheroma

Fibroatheroma (AHA type IV) represents a further progres-
sive stage of atherosclerotic disease and is histologically
characterized by the presence of acellular necrotic cores,
which are distinct from the lipid pools of PIT as they lack ex-
pression of hyaluronan and proteoglycan versican. Recogni-
tion of early macrophage infiltration into the lipid pools and
cell death along with a substantial increase in free cholesterol
and breakdown of extracellular matrix, which is presumably
degraded by the matrix proteases released by macrophages,
is classified as “early” necrotic cores. In the early phase of
the necrotic core formation an efficient system of clearance
of apoptotic bodies by macrophages is present, however,
the system is soon overwhelmed and there is defective
phagocytic clearance of apoptotic cells and this is thought
to further contribute to the vicious circle of enlargement
of necrotic core and plaque progression (Fig. 2.3) [19]. As
total plaque burden increases, compensatory enlargement of
the vessel, i.e., positive coronary arterial remodeling, occurs
to preserve arterial lumen. According to Glagov, the lumen
compromise only begins to occur when the luminal narrow-
ing exceeds >40 % cross-sectional luminal narrowing [20].
We have further classified fibroatheromas into “early” and
“late” based on the type of necrotic core observed. A necrotic
core that is devoid of proteoglycan versican and hyaluronan
or any collagen expression is termed “late” necrotic core
but a thick fibrous cap fully contains the necrotic core. On
the other hand “early” necrotic cores focally express the
proteoglycan versican and hyaluronan, especially towards
the media, but towards the lumen there is absence of matrix
with macrophages infiltration.

2.4 Intraplaque Hemorrhage

It is not only apoptotic macrophages that contribute to the
accumulation of free cholesterol but other source such as
red blood cells may also contribute to the expansion of
the necrotic core (Fig. 2.4). Studies from our SCD registry
showed that hemorrhage into a necrotic core is commonly
observed in cases of plaque rupture and late necrotic core.
The membranes of red blood cells are enriched with lipid,
which constitutes 40 % by weight, and are rich in free
cholesterol content that exceeds that of all other cell mem-
branes [21]. Excess membrane cholesterol of red blood
cells can phase separate and form immiscible membrane
domains consisting of pure cholesterol arranged in a tail-to-
tail orientation favoring crystal formation [22]. The extent of
accumulated erythrocytes incorporated into the plaque and
abundant lipids, together with impaired phagocytic efficiency
of macrophages to effectively clean up red blood cells and
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Fig. 2.3 Mechanism of necrotic core expansion in human coronary
plaques. (Left column) Pathologic intimal thickening (PIT) is character-
ized by an underlying lipid pool (LP), which is devoid of macrophages
(Mˆ). The majority of macrophages when present are confined to the
more luminal aspect of the plaque. Apoptotic cells are rarely seen
in PIT. (Middle column) The presence of necrotic core (NC) infil-

trated by CD68-positive macrophages characterizes the early stage of
fibroatheroma (FA). Macrophages in early FA are capable of engulfing
apoptotic bodies. (Right column) Late FA is represented by increased
macrophage death and cell lysis. Free apoptotic bodies are commonly
seen, possibly indicating defective clearance (efferocytosis) by resident
macrophages

Fig. 2.4 Intraplaque hemorrhage in fibroatheroma with a late-stage
necrotic core. Intraplaque hemorrhage leads to the accumulation of
cholesterol monohydrate and increased lesion vulnerability. Illustrated
in the top panel is the initial observation of hemorrhage in nonvascu-
lar sites showing accumulated free cholesterol. Note free cholesterol
clefts in hemorrhagic pericarditis (arrow). Stained by Glycophorin A
(GpA) which is specific for red blood cells, it is noted that positive
staining surrounds the crystal structure of cholesterol. At the periphery

of the hemorrhage, foamy macrophage (Mˆ) were observed. The
bottom panel shows a vulnerable plaque with macrophage positivity
within the thin fibrous cap. GpA is strongly positive along with iron
(Fe). Moreover, leaky microvessels within the plaque are detected as
illustrated by the diffuse staining of von Willebrand factor (vWF)
(reproduced with permission from Nakano et al. Vulnerable plaque.
In: Zeev Vlodaver (ed) Coronary heart disease: clinical, pathological,
imaging and molecular profiles. Springer)
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other debris, influences both the biochemical composition
and size of the necrotic core [23, 24].

The origin of intraplaque hemorrhage is also debatable
between those claiming blood influx from luminal subse-
quent to plaque fissuring and proponents of leakage from
intraplaque microcapillaries. However, we are in favor of
the latter since often intraplaque erythrocyte extravasation
is seen in the absence of plaque fissure and is associated
with a high density of small vessels within the plaque. Fur-
ther, some reports demonstrated the presence of incomplete
mural cells coverage and dysfunctional endothelial cells of
capillaries and arterioles with focal absence of basement
membranes and poorly formed endothelial junctions [25].
It is possible that these immature or leaky vessels also
allow diffusion of plasma proteins and diapedesis of leuko-
cytes and erythrocytes spillage [26], which may serve as a
driving force of further centripetal angiogenesis from the
adventitia [27].

2.5 Hemoglobin Toxicity and Oxidative
Stress

Intraplaque hemorrhage could potentially also recruit in-
flammatory cells [28]. The precise signaling pathways for
the cellular response are not fully understood but it is
postulated that hemoglobin–haptoglobin receptor CD163 on
macrophages may be involved in the clearance of the com-
plex with release of anti-inflammatory cytokines that may
contribute to a decrease in inflammation [29]. However
more importantly, our recent studies have elucidated the
significance of oxidative stress associated with extravasated
erythrocytes providing a rapid increase of hemoglobin (Hb)
and continued inflammation in the intraplaque area [30].
Free Hb binds to and inactivates nitric oxide (NO), a potent
molecule that plays a critical role in the regulation of smooth
muscle vaso-reactivity and endothelial adhesion molecule
expression, events that lead to inflammation within the vessel
wall [31].

The function of haptoglobin (Hp) is primarily to han-
dle hemoglobin released from red blood cells following
intravascular or extravascular hemolysis. There are two com-
mon alleles at the Hp genetic locus denoted as 1 and 2,
with two homozygous (1-1 and 2-2) and one heterozygous
(2-1) genotype possible. There are functional differences
between the Hp 1 and Hp 2 protein products in protecting
against hemoglobin-driven oxidative stress with important
functional and clinical significance. It is reported that there
is a three- to fivefold increased risk of cardiovascular disease
(CVD) in individuals with diabetes mellitus (DM) having the
Hp 2-2 genotype as compared to DM individuals without
the Hp 2-2 genotype. In particular, individuals with the
Hp 2-2 genotype and diabetes mellitus appear to be at

significantly higher risk of microvascular and macrovascular
complications.

In atherosclerotic plaques, the primary route for clearance
of the Hb–Hp complex involves the CD163 receptor
expressed on immunosuppressive macrophages with M2
phenotype [32]. Physiologically low concentrations of
hemoglobin (Heme) are cytoprotective as they induce the
rapid upregulation of hemoxygenase-1 (HO-1). Excess
pathological amounts of heme outstrip the ability of HO-
1 to metabolize it so that residual heme (librating free
iron) may act deleteriously on tissue by pro-oxidative and
pro-inflammatory effects [33]. Also, when the capacity of
protective hemoglobin-scavenging mechanisms has been
saturated, levels of cell-free hemoglobin increase, resulting
in the consumption of nitric oxide and resulting in clinical
sequelae. NO plays a major role in vascular homeostasis
and has been shown to be a critical regulator of basal and
stress-mediated smooth muscle relaxation and vasomotor
tone, endothelial adhesion molecule expression, and platelet
activation and aggregation. Another product of excessive
heme is bilirubin, which has potential antioxidant activity.
Free ferrous iron has potential pro-oxidant activity, although
this may be limited by its sequestration by ferritin.

2.6 Thin-Cap Fibroatheroma and Plaque
Rupture

Thin-cap fibroatheroma (TCFA), traditionally designated as
vulnerable plaque, is characterized by having a morpholog-
ical appearance that resembles ruptured plaque [3]. TCFA
generally contain a large necrotic core with overlying thin
intact fibrous caps consisting mainly of type I collagen
with varying degrees of macrophages and lymphocytes and
very few, if any, ’-actin-positive SMCs. The fibrous cap
thickness is an indicator of plaque vulnerability and a TCFA
is defined as having a cap thickness � 65 �m since the
thinnest portion of the remnant cap of a ruptured plaque was
measured as 23 ˙ 19 �m, with 95 % of ruptured caps mea-
suring � 65�m [34]. As compared to ruptured plaque, TCFA
tend to have smaller necrotic cores and less macrophage in-
filtration. Cross-sectional luminal narrowing is also typically
less in TCFA compared to ruptures and occlusive thrombus
generally shows greater underlying stenosis than lesions with
non-occlusive thrombus [35].

It has been shown that the site of rupture usually occurs
at its weakest point, often near shoulder regions. How-
ever, in our experience, this is not always the case as we
have observed an equivalent number of ruptures at the mid
portion of fibrous cap, especially in individuals who are
dying during exertion [36]. Therefore, it is reasonable to
speculate that several processes may be involved in the
mechanisms of plaque rupture, e.g., fibrous cap degradation
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by matrix metalloproteases (MMPs) [37], high shear stress
[38], macrophage and smooth muscle cell death [39], and
microcalcification and iron accumulation within the fibrous
cap [40] all have been implicated.

Once plaque rupture occurs and necrotic contents are
exposed to the flowing blood, this results in the triggering
of the coagulation cascade in response to lipids, collagen,
and tissue factors (TF). The luminal thrombus at the site
of rupture is platelet rich (white thrombus) while proximal
and distal to the rupture site, i.e., sites of propagation of the
thrombus consist of a red thrombus composed of layers of
fibrin and erythrocyte. A study of aspirated thrombi from
patients presenting with AMI when examined by scanning
electron microscopy (SEM) confirmed a decrease of platelet
content and an increase of fibrin content as the duration of
ischemia increased [41].

2.7 Plaque Erosion

Plaque rupture of an atherosclerotic plaque is the primary
cause of AMI and SCD, occurring in 60–75 % of cases [42].
In the mid-1990s, our laboratory and that of van der Wal et al.
reported an alternative mechanism of coronary thrombosis,
referred to as “plaque erosion”. In plaque erosion, the throm-
bus is confined to the luminal plaque surface with an absence
of fissures or communication with the underlying necrotic
core (when present), a finding validated by serial sectioning.
In a study of 20 AMI patients, van der Wal et al. showed that
the incidence of plaque ruptures (60 %) was more frequent
than “superficial erosion” (40 %) [43]. In our series of 50
consecutive cases of sudden death due to coronary artery
thrombosis plaque rupture was identified in 28 (56 %) cases,
while superficial erosion was observed in 22 (44 %) cases,
all of which had a smooth muscle cell and proteoglycan-
rich underlying plaque [44]. In more recent studies, of AMI
and SCD cases plaque erosion is identified as an important
substrate of coronary thrombosis with its frequency being
higher in women than men [45].

The term “erosion” was used since the luminal sur-
face underneath the thrombus was devoid of endothelium.
In addition, there were clear morphologic differences be-
tween rupture and erosion with plaque erosions having fewer
macrophages and T-lymphocytes as compared to plaque
rupture [44, 46]. In addition, eroded plaques tend to be
more frequently eccentric with lesions rich in proteoglycan
versican, hyaluronan, and type III collagen, unlike ruptured
or stable plaques. Further, thrombi from erosion express
a greater number of myeloperoxidase (MPO)-positive cells
and have a higher incidence of distal micro-emboli than
ruptures [47, 48]. Taken together, the above facts suggest a
great necessity to better understand mechanistic differences

between erosion and rupture, where different strategies may
be required for the diagnosis and treatment of erosions.

2.8 Calcified Nodule

Calcified nodules is the least frequent cause of coronary
thrombosis. It is characterized as a lesion with underlying
calcification that is fragmented into small amorphous nod-
ules on the luminal surface with surrounding fibrin, while
the deeper portions more often show sheets of calcification.
It morphologically resembles eruptive nodules (often mul-
tiple nodules with or without bone formation) protruding
into the lumen, accompanied by a platelet-rich thrombus,
which is usually non-occlusive. Little is known about the
origin of nodular calcification. Histologically, fibrin is often
present between the bony or calcified spicules, along with
osteoblasts, osteoclasts, and inflammatory cells, indicating
possible entrapment of circulating stem cells or cell trans-
formation occurring from existing plaque cells [3]. Lesions
with nodular calcification are more common in older indi-
viduals, more likely seen in males and chronic renal failure
patients, and are preferentially found in tortuous middle right
coronary or left anterior descending coronary arteries. They
also appear to be more prevalent in the carotid arteries than
coronary, which may be related to a greater frequency of
calcification in carotid disease. The necrotic core is usually
small, if present, in comparison to other atherothrombotic
lesions.

2.9 Healed Plaque Rupture

The prevalence of silent plaque rupture or erosion in the
clinical setting remains unknown as there are few studies
that have demonstrated plaque progression following clinical
events. Overall, it has been demonstrated in the NHLBI
Dynamic Registry involving consecutive patients undergoing
percutaneous coronary interventions (PCI) having a 6 % rate
of nontarget lesion PCI by 1 year, and that the greater the
coronary artery disease burden the higher the risk. Another
recent study in patients who presented with an ACS and
underwent PCI, major cardiovascular events in nontarget
lesions were 11.6 % at 30 months. These lesions had an-
giographically mild disease, most often were TCFA, and
were characterized by a large plaque burden and a small
lumen area or some combination of these characteristics.
Also, autopsy studies provide evidences that plaque pro-
gression defined as cross-sectional luminal narrowing occurs
following repeated thrombotic events. Ruptured lesions with
healed repair sites, referred to as the HPR, are discernible
by breaks in the underlying old fibrous cap with a newly
formed overlying tissue consisting of SMC surrounded by
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proteoglycans and/or a collagen-rich matrix depending on
the phase of healing [49]. It is likewise the case for healed
erosion, i.e., similarly to that of rupture sites, erosion lesions
heal and lead to luminal narrowing. Early stage of healing
towards the lumen is characterized by lesions that are rich
in proteoglycans and type III collagen, with an underlying
necrotic core and ruptured fibrous cap rich in type I collagen.

Davies showed that the mechanism of plaque progression
was through HPRs. The frequency of HPR correlates with the
degree of luminal narrowing such that HPR was identified
in 8 % of lesions with < 20 % diameter stenosis, 19 % with
21–50 % diameter stenosis, and 73 % with >50 % stenosis
[49]. We showed in patients with SCD that the incidence
of HPR was 61 %; the percent luminal narrowing increased
with increased number of healed rupture sites of previous
ruptures. These data provided evidence that silent plaque
ruptures is a form of wound healing that results in increased
percent stenosis [50].

2.10 Calcified Stable Plaque (Fibrocalcific
Plaque)

Although extent of calcification has been shown to be a
predictor of diffuse coronary disease by CT, calcification of
atherosclerotic plaque in SCD patients is observed in 80 %
of patients, and the degree of calcification significantly varies
from patient to patient and does not necessarily correlate with
the disease severity or plaque vulnerability. Calcification is
likely a consequence of multiple risk factors which include
age/gender [51], renal function, diabetes [52], vitamin D
levels and other aspects of bone metabolism [53], and genetic
markers [54].

The initiation of calcification at least in man in atheroscle-
rotic plaque is a marker of cell death, which is an essential
component of all atherosclerotic plaques. The apoptotic
smooth muscle cell is considered to be the earliest source of
plaque calcification by an active or passive process involving
calcification of the cell organelles referred to as matrix vesi-
cles, which are observed as microcalcifications by histology,
and only appreciated following utilization of special stains
like von Kossa [55]. Macrophage cell death is thought to
be another source of early calcium deposition. The calcified
macrophages are present as small blocky calcifications and
are morphologically distinct from those of SMCs. We have
observed that the microcalcifications, derived from the apop-
totic SMCs and macrophages, generally begin within the
lipid pool and in “early” necrotic cores close to the luminal
surface. It remains to be elucidated how the calcifications
extend and lead to diffuse calcification involving other extra-
cellular matrix proteins such as collagen and proteoglycans
or through the expression of bone-forming proteins. The
eventual transformation into plates of calcification that may
appear as pipestem calcification, which involves necrotic

core, collagen, and inflammatory cells, and in late stages
even bone formation may be observed. Immunohistochem-
ical studies and gene expression studies have demonstrated
the presence of bone morphogenic protein, osteopontin, bone
sialoprotein, and the osteoblast specific transcription factor
for bone formation is highly expressed in the calcified arter-
ies as compared to the control. In heavily calcified lesions
which are regarded as burnt-out lesions, there is little if any
macrophage infiltration and absence of other inflammatory
cells. Nevertheless, a fair proportion of the calcification is
passive, being purely degenerative without biological regula-
tion and consists of calcium phosphate crystals [56].

3 Plaque Morphologies and Clinical
Significance

In histological studies of patients dying of SCD, fresh throm-
bus has been reported in 50–75 % of cases while the re-
maining cases succumb to stable plaque with severe stenosis
(>75 % cross-sectional luminal narrowing) of major coro-
nary arteries. Of the various cases of fresh thrombus, the
underlying pathologic lesions are mainly plaque rupture (60–
75 %), followed by erosion (30–40 %), and calcified nodules
(2–7 %) [3, 57–60]. In cases where death is attributed to
plaque rupture, 70 % of cases show the presence of TCFAs at
the site remote from the ruptured lesion. On the contrary, the
incidence of TCFAs is markedly less (30 % of cases) where
death is associated with stable plaques with severe stenosis.
Also, the incidence of thin-cap fibroatheroma is highest in
patient dying of plaque rupture, less in stable plaques, and
least in patients dying with plaque erosion. The majority of
TCFAs occur predominantly in the proximal portion of the
three major coronary arteries; the proximal portion of the
left anterior descending artery is the most frequent location
(43 %) followed by the proximal right coronary artery (20 %)
and the least frequent is the left circumflex artery (18 %) [35].

While plaque rupture may lead to unstable angina, my-
ocardial infarction, or sudden death, however, rupture may
also occur without causing symptoms. Silent ruptures heal
and their repeated occurrence at the same location leads to
greater luminal area stenosis with each new rupture. These
lesions exhibit multiple necrotic cores separated by layers
of collagen. These repeated thrombotic events contribute
to gradual luminal narrowing and plaque progression. This
significant increase in plaque burden and luminal narrowing
due to previous repeated thrombosis often occurring silently
in the absence of cardiac symptoms. The prevalence of
silent episodes of rupture in living patients is unknown. In
our experience, 61 % of SCD victims show at least one
HRP lesion, where the incidence is greatest in the deaths
from stable plaques with severe stenosis (80 %), followed by
acute plaque rupture (75 %), and the least in plaque erosions
(9 %) [50].
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Although lipids along with other traditional risk factors
play an essential role in the causation of coronary artery
disease, the mechanistic link between lipid and disease
remains unknown. Similarly, plaque progression studies in
humans have been derived mostly from autopsy studies
and for the most part clinical studies in the last century
concentrated on study of luminograms and not the arterial
wall where most of the disease of atherosclerosis is located.
Our animal models have also failed to show events such
as plaque rupture that occur commonly in man. There is
no doubt we have learned many disease mechanisms from
genetically altered mice but the atherosclerotic lesions in
no way resemble those of man. Similarly, the animal mod-
els have not helped predict the responsiveness of newer
treatments in humans. Therefore, identification of various
plaque characteristics in man by invasive or noninvasive
means may be the only way we are likely to enhance our
knowledge of plaque types and plaque progression in man.
We must continue to improve our imaging tools for the
detection and characterization of coronary artery disease,
targeting detailed plaque morphology or specific metabolic
processes, e.g., local inflammation or biomarkers, which may
permit strict monitoring of the activity of atherosclerotic
disease. The development of noninvasive imaging device for
screening purposes in asymptomatic individuals may prove
an indispensable tool for the prediction and management of
patients at high risk of clinical events.
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3Clinical MRA of the Carotid Arteries

Michele Anzidei, Beatrice Cavallo Marincola, Fabrizio Boni,
and Carlo Catalano

1 Introduction

Atherosclerosis disease, and in particular its coronary and
carotid location, is nowadays the major cause of morbidity
and mortality in western countries [1, 2]. The development
of less invasive techniques such as computed tomography
angiography (CTA) and magnetic resonance angiography
(MRA) has led to an almost complete replacement of the con-
ventional catheter angiography for imaging of cerebrovascu-
lar arteries preserving excellent diagnostic accuracy in the
evaluation of grade of stenosis; anyway this technique still
holds an important role in the treatment of this pathology
(angioplasty and stenting).

Among the benefits of the MRA, the lack of ionizing
radiation and the ability to perform angiographic sequences
without using contrast medium represents two of many
benefits of the MRA technique; anyway, the study performed
with contrast medium (contrast-enhanced MR angiography,
CE-MRA) reaches higher diagnostic accuracy.

2 Patient Preparation

After signing an informed consent to evaluate any condition
that might contraindicate the study of MRA, the patient is
asked to remove any metal objects on the body surface.
Contraindications to MRA of carotid arteries are general
contraindication to perform any MR study: presence of a
pacemaker noncompatible with MR, presence of intracranial
vascular clip or embolizing material, permanent acoustic or
ocular prosthesis, cardiac valves prosthesis noncompatible
with MR, or any other material that might be susceptible to
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electromagnetic field. Patient is positioned supine inside the
magnetic field, with the surface bobine on head and neck.
If the use of contrast medium is required, it is important
to have a superficial venous access of about 20 G, possibly
at the level of the right arm. Moreover, in these cases it
is mandatory to know the patient’s renal function levels
(glomerular filtration rate, GFR) of the last 30 days. In fact,
the recent discovery of nephrogenic systemic fibrosis (NSF)
contraindicates the use of contrast medium in subjects with a
GFR< 30 mL/min.

3 Technical Requirements

Technical execution of a MRA study can be potentially
performed on any system (0.5–1 T magnet, gradi-
ents< 25 mT/m2), although the actual availability of high
field magnet (1.5–3 T; gradients> 30 mT/m2) allows in the
majority of cases to perform MRA studies at the state of the
art. In addition, the recent introduction of radiofrequency
coils integrated with multichannel technology and the
development of parallel imaging acquisition techniques have
resulted in a significant reduction in the acquisition time and
in an increase of the spatial and contrast resolution: currently
an ideal study of carotid MRA provides the use of high field
gradient magnets, rapid and integrated coils, and parallel
imaging techniques.

4 Examination Techniques

The widespread development of magnetic resonance imaging
techniques currently provides a wide range of sequences,
coils, and contrast agents for carotid arteries imaging. How-
ever, for the execution of this type of study in a clinical
contest the techniques that have proven a real indication and
demonstrated applicability are essentially two:
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4.1 Imaging with Time of Flight Sequences

Time of flight (ToF) sequences have the classic structure
of gradient-echo pulses and are generally acquired with
very short TR (shorter than those of stationary tissues) on
planes perpendicular to the direction of blood flow within
the studied vessel. The difference in protons spin saturation
between stationary tissues and flowing blood contributes to
the creation of the difference in signal intensity at the base
of the vascular studies using ToF sequences: for each new
TR, blood flow carries within the scanning plane protons
with desaturated spin; the contrast between the latter and
the signal coming from the protons of stationary tissues
(completely saturated) creates the angiographic effect also
known as “in-flow enhancement”. The TR of the sequence
must be properly calibrated to achieve the maximum pos-
sible signal from the incoming blood flow in the scanning
plane; as the TR calibration set on flow velocity, the signal
intensity inside the vessels will be dependent on this last
parameter. The use of previous additional selective saturation
or excitation pulses in the layers adjacent to the vascular
structures of interest allows suppression of signal coming
from the arterial or venous structures depending on the
type of required assessment (arterial or venous studies). ToF
sequences can be performed with 2D or 3D acquisitions
[3]; the use of 3D scans with thin slabs known as multiple
overlapping thin slab acquisitions (MOTSA) produced a sub-
stantial increase in spatial resolution and diagnostic accuracy
of this approach [4]. Currently the use of ToF sequences
for carotid arteries MRA studies has been reduced in favor
of the newest and most reliable approaches with the use of
contrast medium, mainly due to some important technical
limitations including artifacts caused by saturation of the
flow in the presence of severe stenosis (evaluation of false
vessel occlusions) or in vessels with very tortuous course
(overestimation of the degree of stenosis) (Fig. 3.1), motion
artifacts due to long acquisition times, and reduced fields of
view [5]. ToF sequences are still indicated for the evaluation
of the intracranial circulation and carotid imaging in patients
with known intolerance or contraindication to paramagnetic
contrast agent.

4.2 Imaging with 3D T1-Weighted
Sequences After Injection of Contrast
Medium

Contrast-enhanced MRA techniques are based on the ca-
pability of paramagnetic agents (Gd chelates) to reduce
the T1 of flowing blood inside the vascular structures in
comparison to that of stationary tissues; the main advan-
tage of these techniques is to eliminate the dependence of
signal intensity of blood from the blood flow velocity in

Fig. 3.1 Sixty-one-year-old female with carotid stenosis. In TOF im-
ages proton dephasation occurs at the site of stenosis causing intralumi-
nal loss of signal simulating focal occlusion. Contrast-enhanced images
demonstrate lumen patency at the site of stenosis, with severe reduction
of lumen caliper

the vessel (Fig. 3.2). The importance of this feature appears
to be more important in small arteries such as carotids,
which, if affected by stenosing lesions, may have significant
reductions in the flow rate at the level of irregularity of the
wall, simulating stenosis, or occlusion in the flow-dependent
sequences. The technical and diagnostic success of these
studies with contrast medium is based on the conjugation
of three parameters: spatial resolution, temporal resolution,
and synchronization between image acquisition and contrast
agent administration [6]. The study is performed using 3D
T1-weighted gradient-echo sequences with spoiler gradient,
acquired with low values of TR and FA (in order to optimize
the difference in signal intensity between blood and station-
ary tissue) and low values of TE to minimize T2* effects; the
acquisition is performed before and after administration of
contrast medium using subtraction techniques to remove the
signal of the anatomical extravascular structures and increase
image contrast. The setting of scanning parameters should
be adjusted to the reduced size of the vascular segments in
question, to the relatively large field of view (from aortic
arch to the intracranial circulation), and especially to the
rapid circulation time of the cervical vessels. Using state-
of-the-art equipment, acquisition may be performed with
semi-isotropic or isotropic voxel size (maximum 1 mm3) and
a minimum of 384 � 384 matrix; acquisition time must be
optimized for a duration between 14 and 18 s depending
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Fig. 3.2 (a) Contrast-enhanced MRA performed with 3D T1-weighted
sequences after injection of contrast medium shows the presence of a
tight stenosis at the base of the internal carotid artery (arrow). CTA
findings (b) are superimposable to that of MRA (arrow)

also on the flow speed of contrast medium administration.
Synchronization between contrast medium administration
and acquisition start is generally set by fluoro-MR bolus-
tracking techniques, with multiple low spatial resolution
scans acquired at the aortic arch in order to display in real
time the arrival of the contrast agent [7]. Contrast adminis-
tration rate affects both the duration and intensity of peak
enhancement: at low flows the rate corresponds to reduced
but lasting enhancement, while at high flows it corresponds
to greater but shorter enhancement. The use of high relaxivity
contrast agent allows low flow administrations with high and
prolonged enhancement.

It is very important to combine acquisition parameters and
contrast injection protocols with adequate techniques of K-
space sampling: the most effective approach is the elliptic-
centric sampling [8], through which the central portion of the
K-space (containing data on the image contrast resolution)
is first sampled using the highest concentration of contrast
medium into the vessel, while the peripheral portion (con-
taining data on the spatial resolution) is sampled during more
delayed acquisition, where the concentration of the contrast
agent begins to decline leading to a progressive loss of signal
and contrast resolution within the vascular structures. The

integration of all these parameters has been simplified by
the introduction of parallel imaging techniques and the use
of integrated multichannel coils, whose combined use makes
possible the acquisition of sequences with high spatial reso-
lution in significantly reduced times. However, the technical
progress in the field of MRA has not remained confined
to the equipment and the development of new sequences:
thanks to a wide experience in different experimental pro-
tocols developed during the past decade, the first contrast
agent belonging to the family of compound blood pool has
recently been approved and made available for trading. This
innovative new class of contrast agents has been designed
with the intent of combining profiles of R1 relaxivities higher
than those of conventional compounds with specific binding
properties to plasma proteins, making possible an extended
stay within the vascular bed. These features allow to bring
the adaptation of the acquisition protocols beyond the current
limits imposed by first-pass imaging which is linked to the
MRA (Fig. 3.3): taking advantage of the prolonged vascular
enhancement reached during the equilibrium phase of con-
trast medium, 3D sequences with sub-millimeter voxel can
be acquired virtually without time limits, obtaining a spatial
resolution equal or even greater than the latest generation
multislice CT [9]. Currently the spread of blood-pool com-
pounds is limited and its clinical experience is reduced [10];
anyway, thanks to the potential increase in the quality and
in diagnostic accuracy for vascular studies, it is desirable its
wide diffusion. Recently, high-resolution sequences acquired
during the equilibrium phase have been performed using
an interstitial contrast agent (gadobenate dimeglumine) that
differs from conventional gadolinium contrast agents be-
cause of its interaction with serum albumin. The consequent
decreased T1 relaxation time and increased R1 relaxivity of
gadobenate dimeglumine are sufficient to permit reliable ac-
quisition of SS images of the carotid vasculature subsequent
to routine FP image acquisition [11]. Finally, it cannot be
neglected to mention the importance of 4D techniques, or
time-resolved imaging, in MRA innovative applications and
clinical indications: these techniques, known by commercial
acronyms TRICKS (GE), TWIST (Siemens), 4D-TRACK
(Philips), DRKS (Toshiba), combine the high spatial resolu-
tion of 3D datasets acquired with gradient-echo sequences
and the ability to repeatedly examine the same vascular
segment in very short time intervals, thus obtaining a dy-
namic view of contrast medium flowing within the vessels.
In carotid MR imaging the application of 4D techniques is
very useful in the evaluation of hemodynamic features in
the vascular malformations, arteriovenous fistulas, and dis-
section imaging. Other interesting technical issues in MRA
of the carotid arteries have been widely investigated, while
remaining mostly confined to the clinical fields of research
studies.
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Fig. 3.3 (a) Contrast-enhanced MRA shows mild irregularity of the
wall without significant stenosis (arrow); (b) high-resolution sequence
acquired during the equilibrium phase shows ulceration of the wall with

moderate stenosis (arrow); (c) DSA confirmed both ulceration of the
wall and stenosis (arrow)

4.3 Imaging with Phase-Contrast
Sequences

Phase-contrast sequences exploit blood protons speed of
changing phase that move parallel to the static magnetic field.
Through the activation of a pair of bipolar gradients that
sequentially diphase and phase again the spins during the
acquisition, it is possible to obtain images where pixels signal
intensity directly corresponds to the moving speed values
inside the anatomical segment in question: by changing the
velocity encoding parameters (velocity encoding—VENC) it
is possible to have a selective imaging of arterial (VENC fac-
tor> 40 cm/s) or venous (VENC factor <20 cm/s) vessels,
without any signal derived from stationary tissues, whose
protons remain static. In carotid imaging, the application of
phase-contrast sequences has limited utility, mainly for long
acquisition times and low immediacy in image interpretation
in clinical and surgical fields; however, their application has
been described in the evaluation of carotid artery steno-
sis [12] but also in the study of vascular malformations,
aneurysms, and dissections, in which the morphological
alteration of the vessel wall is frequently associated with
changes of the blood flow velocity and flow direction.

4.4 Imaging of Atherosclerotic Plaque
with High-Resolution Sequences

Some important histopathological studies have demonstrated
a strong correlation between morphostructural changes in

carotid atherosclerotic plaques and symptomatic cerebrovas-
cular thromboembolic events [13]: the presence of irregulari-
ties of the plaque surface, ulcers, the prevalence of soft com-
ponent instead of the calcified one, and hemorrhages inside
the plaque were described as significant risk factors, inde-
pendent from the degree of vascular stenosis in facilitating
ischemic events (Fig. 3.4). The study of such alterations, also
known as “vulnerable plaque”, was proposed and realized
with MR technology [14]. The dedicated plaque imaging
is not an angiographic study, but rather a morphological
evaluation (T1, T2 also with superparamagnetic contrast
medium) using very high spatial resolution sequences that
in the future could join the conventional MRA: currently
the clinical use of this approach is limited because of the
technical requirements that are not available on a large scale
(high field magnets, dedicated surface coils, and endovascu-
lar micro-coils) and of the long acquisition times, often not
easily tolerated by patients clinical conditions.

5 Post-processing

Digital imaging, 3D datasets, and post-processing techniques
have become routinely using tools in diagnostic radiology:
almost all the methods (most of all CT and MRI) use these
techniques to speed up and simplify radiologist work. In
MRI post-processing techniques are very useful in vascular
imaging, even with the recent development of acquisition
protocols that allow obtaining images with isotropic voxels.
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Fig. 3.4 (a) Pre-contrast T1-weighted images show the presence of
a hyperintense area in the right cervical region (arrow); (b–g) high-
resolution sequences acquired at the equilibrium phase demonstrate
the presence of a severe stenosis of the right internal carotid artery

(arrowheads in d and e); the enhancement of the soft component (ar-
rows) demonstrates the presence of an hemorrhagic and inflammatory
component (arrows)

Compared to CT, the possibilities and perspectives of
application in MRI seem small, but their importance remains
high to reduce reporting times and provide immediate and
easily interpretable images to clinicians and surgeons. The
available approaches are generally divided into:
– Section techniques (MPR, curved-MPR, thick-MPR, c-

MPR): multiplanar reformatting techniques (MPR) use
3D datasets acquired on a single plane (i.e., coronal)
to reproduce two-dimensional images on different or-
thogonal planes (i.e., axial or sagittal) or curved planes
(curved-MPR, in which the entire vessel is “rolled out”
on the longitudinal axis) (Fig. 3.5). Generally, the slice
thickness obtained with this reconstruction technique does
not exceed that of the native slices of the dataset; anyway
it is possible to get thicker slices using a technique with
partially projective characteristics (thick-MPR). In carotid
imaging, section techniques are very important not much
in atherosclerotic lesion identification or in panoramic
assessment of vascular structures, but especially in small
wall irregularities characterization and in the exact eval-
uation of stenosis degree, in order to have an accurate
surgical planning [15].

– Projective techniques (MIP and thin-MIP): MIP images
are obtained by projecting all the voxels contained within
the dataset having the higher signal intensity on the same
plan (approximately 10 % of the total information), ex-
cluding all others voxels. The optimal application of MIP
images is obtained when the structure in question shows

greater signal intensity compared to tissues in the back-
ground (MRA, MRCP). The main advantage of MIP tech-
niques in carotid MRA is to provide panoramic views and
rapid interpretation of the images (simultaneous display
extending from aortic arch to the intracranial circulation),
but losing fine details (i.e., small wall irregularities, small
ulcers) that are masked by voxels with greater intensity.

For this type of evaluations the use of thin-MIP is
preferable; similar to the thick-MPR, this technique pro-
jected on the same plane data obtained from a limited
number of voxels (i.e., those contained in 5, 10, or 15 mm
slice thickness) without hide background structures and
allowing the evaluation of small changes in the vessel
wall. Before the widespread use of software, 3D re-
construction console, and the advent of high-resolution
acquisitions with isotropic or semi-isotropic voxels, MIP
images were used to measure the degree of stenosis;
currently this approach has been replaced by the evalu-
ation with MPR and its variants, for greater accuracy in
measurements [16].

– Surface techniques and volume techniques (SSD and VR):
these techniques use 3D data segmentation algorithms and
artificial light and color sources (only in VR) based on
signal intensity or attenuation values for each voxel. Com-
pared with projective techniques, SSD and VR introduce
significant innovation of the artificial light source: this
factor creates in the observer the perception of the sense of
depth and three dimensionality that is almost completely
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Fig. 3.5 (a) Contrast-enhanced MRA shows a long plaque localized at
carotid bifurcation causing severe stenosis at the origin of the internal
carotid artery; (b) curved-MPR allows to roll out the entire vessel on
its longitudinal axis and visualize the stenosis from different angles

(arrow); (c) high-resolution sequence acquired during the equilibrium
phase better demonstrates plaque morphology and stenosis degree
(arrow)

absent in MIP images. The applications of SSD and VR
techniques in conventional MRI and in particular in MRA
are usually reduced and almost completely replaced by
MIP techniques: such restriction in the use is mainly
dictated by the most difficult segmentation and color and
brightness values assignment in MRI than CT.

6 Current Role of MRA in the Diagnosis
of Carotid Artery Pathologies

Since the advent of multidetector technology, CT angiog-
raphy has been a step forward in the study of vascular
structures, especially in districts such as the carotid arteries,
where the rapid circulation time and the small size of the
vessels require a faster and accurate imaging in anatomical
detail. Currently, progress obtained in the field of structural
technologies (magnets, gradients), of the coils (multichannel
technology, parallel imaging) and of the contrast media
(compounds with high relaxivity, blood-pool agents) have
made the MRA such a valid alternative in the study of
carotid disease. Today the MRA of the carotid circulation
has different indications, advantages and disadvantages in
relation to different clinical conditions in analysis, beyond
the steno-obstructive disease alone.

6.1 Steno-Obstructive Atherosclerotic
Disease

Steno-obstructive atherosclerotic disease of carotid arteries
is now one of the main causes of ischemic cerebrovas-
cular events with adverse clinical outcome. According to
the criteria of the North American Symptomatic Carotid
Endoarterectomy Trial Collaborators (NASCET), the throm-
boendoarterectomy can provide a significant clinical benefit
in patients with carotid stenosis> 70 % and in selected cases
with stenosis grade between 50 and 69 % [17]. Therefore
it’s obvious that the adequate evaluation of stenosis degree
and the identification of additional independent risk factors,
such as irregularities or ulcerations on the plaque surface
are essential for proper therapeutic planning. Conventional
angiography or digital subtraction angiography technique
(DSA) is the current gold standard for the evaluation of
stenosis degree; however because of the costs and procedure
risks, the diagnostic role of DSA has been largely reduced
in favor of noninvasive techniques such as CTA and MRA.
The rapid development of multislice CT technology has
made possible a wider diffusion and clinical application
of angiographic studies, which have been long predomi-
nant in applications for the evaluation of carotid stenosis.
In recent years, the advances in MRI and in particular
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the implementation of dedicated protocols for angiographic
studies have made contrast-enhanced MRA nearly equiva-
lent to CTA for diagnostic accuracy in the carotid vascu-
lar district [18]: technical limitations such as flow-related
artifacts, conflict between spatial and temporal resolution,
long-term examinations, and reduced fields of view have
been substantially overcome by the spread and application of
technologies at the state of the art. A wide panorama of recent
comparative studies with DSA shows that the assessment
of steno-obstructive carotid disease using contrast-enhanced
MRA is superior to ToF-MR and can be considered a non-
invasive diagnostic tool as reliable as CTA, with sensitivity
and specificity values over 90 % for clinically significant
stenosis (>70 %) and with a perfect correlation with DSA
in differentiating obstruction from pseudo-obstruction [19–
22]. A moderate propendency of contrast-enhanced MRA
has been documented in overestimating the stenosis in com-
parison to DSA, initially related to acquisition technique
characteristics (non-isotropic voxel, spin dephasing artifacts,
magnetic susceptibility artifacts). The recent introduction of
rotational angiography, a technique which can acquire three-
dimensional images (in contrast to DSA), has shown that
conventional angiographic studies may underestimate the
degree of carotid stenosis [23]. From a clinical and surgical
point of view, it is therefore demonstrated that the MRA
shows in almost all cases vascular stenosis requiring surgical
treatment, with a modest propendency to overtreatment of
stenosis otherwise manageable: in patient management is
then mandatory taking into account of potential risks due
to unnecessary treatment (and therefore related to surgical
or endovascular procedure), compared to a non-performed
treatment (and then related to disease progression). The study
of atherosclerotic plaque morphology and tandem lesions
represents other parameters of preoperative assessment ad-
equately quantified with MRA, allowing the prior exclusion
from treatment protocols of patients with risk factors that are
not compatible with the procedure. To date, therefore, MRA
can be used in preoperative planning for stenosis measure-
ment, differentiation between occlusion and pre-occlusion,
identification of tandem lesions, and definition of plaque
morphology; diagnostic questions to which it is not possible
to provide answers are represented by the assessment of
plaque composition (particularly with regard to the presence
of calcification), hemodynamic effect of stenosis, and quan-
tification of compensating cerebral circulation. The gradual
spread of advanced MR techniques such as a dedicated
plaque evaluation and 4D imaging will enable in the future
to add additional diagnostic value to this technique, which
currently has reached diagnostic accuracy levels equivalent
to those of CT.

6.2 Steno-Obstructive Disease Caused
by Non-atherosclerotic Systemic
Pathologies

Carotid steno-obstructive disease due to non-atherosclerotic
causes, although less frequent, represents an important ap-
plication area of MRA techniques [24]. Among the most
common causes of non-atherosclerotic steno-obstructive dis-
orders, acute inflammatory systemic disease and post-actinic
and dysplastic arteriopathies on a post-vasculitic base are
included. Among the first, the most common form is rep-
resented by Takayasu arteritis, an autoimmune inflamma-
tory disease involving the large arteries, particularly the
ascending aorta and supra-aortic vessels. In these patients
carotid involvement is common, with symptoms that can
mimic the presence of steno-obstructive lesions without
intimal alterations: the pathologic pattern is characterized by
a prevalent granulomatous involvement of the outer layers
of the wall with the development of an inflammatory tis-
sue and a progressive reduction of the residual lumen. In
this context MRA allows an optimal evaluation of arterial
involvement and caliper reduction [25], allowing also the
execution of dedicated sequences (inversion recovery, T2
weighted with fat saturation) in order to study the degree of
wall inflammation; an additional data is also represented by
the possibility of acquiring repeated sequences after contrast
medium administration (preferably made with blood-pool
agents) showing a potential enhancement of the wall related
to the inflammatory status of the vasa vasorum (Fig. 3.6).
Another common form of non-atherosclerotic arterial disease
is represented by post-actinic changes, common after radia-
tion therapy (greater incidence 10 years after treatment) in
oropharynx and upper airway cancers, represented by long
stenosis; even in these cases MRA represents an excellent
choice for assessing the degree and extent of lumen reduction
of the vessels. Fibromuscular dysplasia is another important
cause of carotid wall alteration resulting from vasculitic
disease; this disease involves medium caliper arteries and
occurs in young women, mainly affecting renal arteries and
secondly carotid vessels, which may facilitate the onset
of aneurysms and dissections. Carotid involvement, more
often bilateral, occurs predominantly in the middle part of
the internal carotid artery, with alternate stenosis and small
dilatations, giving the vessel a typical appearance.

6.3 Trauma, Dissections, Aneurysms

Cervico-facial injuries caused by deceleration and impact or
penetrating injury are another common cause predisposing
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Fig. 3.6 Seventeen-year-old male with a barely palpable left radial
pulse. (a) Contrast-enhanced MR angiography shows a severe caliper
reduction of the proximal portion of left common carotid and subclavian
artery (arrows). High-resolution sequences acquired during the equilib-

rium phase of contrast agent demonstrate the presence of an enhancing
inflammatory tissue surrounding these vessels (arrows) and causing the
stenosis. The final diagnosis was Takayasu arteritis

to the development of carotid disease. If in the presence
of trauma from penetrating injury it is possible the onset
of aberrant communications between arterial and venous
vascular structures and the consequent development of fis-
tulas, in the first two cases the intima involvement is more
frequent, resulting in occurrence of intramural hematoma
and aortic dissection, or structural failure of the wall with
the development of pseudoaneurysm. In the evaluation of
intramural hematoma, which represent an early and poten-
tially evolutionary state of the dissection, MRA is able to
highlight the location and extent of the reduction in size
of the perfused vascular lumen determined from hematoma
with the classical crescent image (the overall size of the
vessel will be increased in comparison to the contralat-
eral); however for a precise characterization is essential the
integration with conventional MR sequences, able to high-
light and differentiate intraparietal hemorrhagic extravasa-
tion (low signal in acute phase in both T1- and T2-weighted
sequences, high signal with conversion of the content in
methemoglobin). In real dissections a good assessment of
blood flow and a differentiation between true and false lumen
can be obtained with both conventional contrast-enhanced
MRA and alternative techniques (flow-dependent imaging
and phase-contrast) [26]; currently the availability of the
acquisition with 4D approach allows real-time evaluation of
the differences in speed and volume of blood flow along
the vascular segment dissected (Fig. 3.7). The formation of

aneurysms and pseudoaneurysms in the carotid district is
another common consequence of traumatic events, with a
small percentage of these changes that have post-fungal or
vasculitis origin; in these pathologies, the study MRA is able
to ensure an optimal assessment of the vascular segment
involved, allowing accurate planning in view of therapy,
whether surgical or endovascular. The ideal approach for the
study of aneurysms, mainly because of intraluminal turbulent
flow, is represented by imaging with contrast medium and
evaluation on MPR reconstruction or axial scans acquired
after the dynamic examination for optimal identification of
possible wall thrombotic appositions.

6.4 Arteriovenous Fistula, Vascular
Neoplasms, and Vascular
Malformations

One area in which the role of MRA is still in transition
and not yet fully defined is one that concerns the study of
fistulas, vascular malformations, and tumors (Figs. 3.8 and
3.9) [27, 28]. In this clinical setting appears to be more
easily found on the morphological data the possibility of
dynamic imaging, capable to provide immediate information
acquired in real time on the characteristics of blood flow
and on vascular composition of lesions; in cases treated
with endovascular approach it is of great importance the
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Fig. 3.7 Patient with brachiocephalic trunk dissection: (a, b) contrast-enhanced MRA performed with time-resolved sequences demonstrates the
presence of asymmetric circulation between right and left carotid arteries, due to the origin of the right common carotid from the false lumen

Fig. 3.8 Conventional flash 3D T1 sequences acquired during the
arterial phase show an early enhancement of the left venous structures
(a). Sagittal MIP reconstruction demonstrates the presence of an arteri-

ovenous fistula between external carotid artery and internal jugular vein
(b). (c) VR reconstruction
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Fig. 3.9 Fifty-six-year-old male with right cervical palpable mass.
(a) Contrast-enhanced MRA showed the presence of a vascular, well-
defined mass, localized at the level of carotid bifurcation that separates

internal from external carotid artery (arrow). (b) VR reconstruction of
the same image. The final diagnosis was chemodectoma

possibility to differentiate arterial and venous structures of
small size and to identify the so-called “arterial feeders,”
the arterial tributaries that support the flow in most of these
pathologies. In this context, the prospects offered by the
different 4D approaches appear as a promising alternative
compared to conventional angiography and the use of the
new blood-pool contrast agents would allow a diagnostic
approach not only effective in terms of functional evaluation,
but also extremely accurate in anatomical detail available in
high-resolution sequences.
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4Quantitative MR Analysis for the Assessment
of Carotid Atherosclerosis
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Abbreviations

bb-MRI Black-blood magnetic resonance imaging
CNR Contrast-to-noise ratio
DCE Dynamic contrast enhanced
DIR Double inversion recovery
FC Fibrous cap
ICC Intraclass correlation coefficient
IOSB Inflow/outflow saturation band
IPH Intraplaque hemorrhage
IS Inflow saturation
LR/NC Lipid-rich/necrotic core
MACE Major cardiovascular or cerebrovascular event
MP-RAGE Magnetization-prepared rapid acquisition gra-

dient echo
MSDE Motion-sensitized driven equilibrium
NWI Normalized wall index
PWS Plaque wall stress
REX-DIR Rapid extended coverage double inversion re-

covery
SNR Signal-to-noise ratio
TI Time of inversion
TOF Time of flight
USPIO Ultrasmall superparamagnetic iron oxide
WSS Wall shear stress

1 Introduction

Atherosclerotic disease accounts for approximately 25 %
of ischemic strokes and for the majority of myocardial
infarctions and sudden cardiac deaths. Despite major ad-
vances in treatment ofatherosclerosis, a larger percentage
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of victims of the disease who are apparently healthy die
without prior symptoms [1]. Since luminal obstruction is
rather a feature of late-stage atherosclerosis than a basic
requirement for ischemic symptoms, it is generally accepted
that knowledge of the degree of luminal stenosis alone is
insufficient to predict a plaque’s vulnerability. Thus the
concept of the “vulnerable plaque” has been introduced.
“Vulnerable plaques” are atherosclerotic plaques which have
a high likelihood to cause thrombotic complications, such
as myocardial infarction or stroke. Plaques which tend to
progress rapidly are also considered to be “vulnerable.” A
classification for clinical as well as pathological evaluation
of vulnerable plaques was recently put forward, which pro-
posed five major and five minor criteria to define vulner-
able plaques [2, 3]. These plaque features were based on
studies of coronary arteries and included thin fibrous caps
(FC) with large lipid-rich/necrotic cores (LR/NC), active
inflammation (including infiltration of inflammatory cells,
and neovascularization), fissured plaque, stenosis >90 %,
endothelial denudation with or without superficial platelet
aggregation and fibrin deposition, endothelial dysfunction,
calcified nodules, intraplaque hemorrhage (IPH), glistening
yellow plaques (on angioscopy), and outward remodeling.
Rupture of the thin fibrous cap results in exposure of the
underlying thrombogenic LR/NC to the flowing blood and
may cause thrombus and/or emboli formation with severe
clinical consequences.

The challenge for screening modalities and diagnostic
methods is to identify high-risk patients with vulnerable
plaques, before the event occurs. In order to do so imaging
methods should be able to identify and quantify the main
components of atherosclerotic plaques. Noninvasive black-
blood magnetic resonance imaging (bb-MRI) has unique
potential to identify the key features of the vulnerable plaque
[4]. BB-MRI is well suited for this role because it is non-
invasive, does not involve ionizing radiation, enables the
visualization of the vessel lumen and wall, and can be
repeated serially. The ability to measure the plaque burden as
well as the plaque components (e.g., LR/NC, IPH, FC) makes
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bb-MRI a suitable tool to track progression or regression
of atherosclerosis. Atherosclerosis is a chronic systemic
inflammatory disease of the arterial blood vessels. Thus,
bb-MRI of the easily accessible carotid arteries can serve
as a representative “window” allowing assessment of the
systemic atherosclerotic load. This potential enables studies
that are aimed at the understanding of plaque development
and makes it a unique approach since histology, the gold stan-
dard, can only depict wall characteristics at one point in time.
Furthermore, as surgery is only performed in stenotic symp-
tomatic and highly stenotic asymptomatic vessels, histologic
information about the early stages of atherosclerosis is dif-
ficult to obtain. Additionally bb-MR imaging of the carotids
enables the identification of risk factors for plaque develop-
ment, such as IPH. In a next step, this knowledge can be
applied to stratify the risk of plaque-related events in asymp-
tomatic patients. Based on these findings patients may be
screened and assigned to the best suited individual therapy.

This book chapter will discuss the capabilities of bb-MRI
for quantitative assessment of the composition and morphol-
ogy of atherosclerotic lesions. Technical requirements, such
as hardware, software, and sequence considerations, will be
discussed. Studies, which evaluated the accuracy and repro-
ducibility of carotid bb-MRI, will be shown. In addition,
clinical studies will be shown which used bb-MRI to com-
pare symptomatic and asymptomatic plaques, to study the
natural history of atherosclerosis, and to evaluate the effect
of anti-atherosclerotic drugs on the regression/progression of
atherosclerosis.

2 Technical Considerations

2.1 Hardware

2.1.1 MRI Scanner
Most imaging of the vessel wall by MRI has been performed
by 1.5 T scanners. Recently, 3.0 T scanners and their result-
ing high-resolution images have opened the field of vascular
imaging to new potentials. These new scanners increase
resolution and image quality. At the same time, the expected
gain in image signal-to-noise ratio (SNR) at 3.0 T may be
compromised due to increased T1 relaxation times. A recent
study showed that wall SNR and lumen/wall contrast-to-
noise ratio (CNR) significantly increased (P< 0.001) at 3.0 T
with a 1.5-fold gain for T1-weighted images and a 1.7/1.8-
fold gain for PD/T2-weighted images compared to 1.5 T.
Quantitative plaque measurements of lumen and wall areas
demonstrated good agreement between 1.5 and 3.0 T MRI
with no significant bias (P> 0.5), a coefficient of variation
of <10 %, and intraclass correlation coefficient (ICC) of
>0.95 [5]. Another study [6] showed signal gains at 3.0 T
relative to 1.5 T for carotid artery wall SNR of 223 % and

wall lumen CNR of 255 % in all sequences (P< 0.025). T1-
weighted (T1w) inflow/outflow saturation band (IOSB) and
rapid extended coverage double inversion recovery (REX-
DIR) were found to have different levels of SNR and CNR
(P< 0.05) with IOSB values observed to be larger. While
these variations can be resultant of different coil designs,
pulse sequences, and contrast weightings, even the most
conservative estimates (1.4–1.6 times) provide high potential
for improved image resolution and/or shorter scan time.

A study by Underhill et al. [7] compared the interpre-
tation and quantification of carotid vessel wall morphol-
ogy and plaque composition at 1.5 T with those at 3.0 T
MRI in 20 subjects with 16–79 % carotid stenosis at du-
plex ultrasonography. There was a strong level of agree-
ment between field strengths for all morphologic variables,
with intraclass correlation coefficients ranging from 0.88
to 0.96. Agreement in the identification of presence or ab-
sence of plaque components was very good for calcification
(�D 0.72), LR/NC (�D 0.73), and hemorrhage (�D 0.66).
However, the visualization of hemorrhage was greater at
1.5 T than at 3.0 T (14.7 % vs. 7.8 %, P< 0.001) and calcifi-
cations measured significantly (P D 0.03) larger at 3.0 T. The
authors concluded that at higher field strengths, the increased
susceptibility of calcification and paramagnetic ferric iron
in hemorrhage may alter quantification and/or detection.
Nevertheless, imaging criteria at 1.5 T for carotid vessel wall
interpretation are applicable at 3.0 T. Additionally Kerwin
et al. investigated the impact of different field strengths on
determining plaque composition with an automatic classifier
and found the automated classification results of both 1.5
and 3.0 T to produce highly similar results, when using the
identical algorithm [8].

2.1.2 Carotid Coils
MR phased-array (PA) surface coil techniques have been
used in a variety of vascular beds and have been proven to
be effective in improving the signal-to-noise ratio (SNR) in
carotid arteries [9]. The carotid arteries are relatively large,
superficial, and stationary vessels and therefore well suited
for high-resolution MR imaging with a phased-array coil
assembly consisting of several adjacent small surface coils
that collect data simultaneously. Hayes et al. developed a
1.5 T MRI two-coil phased-array coil for carotid arteries
with an effective longitudinal coverage of up to 5 cm [9].
Using this setup SNR could be improved by 37 % when
compared to a commercially available single 3-in. surface
coil. Various models of surface coils are available and some
of them can be used in combination with head and body coils
[10]. This allows combining the assessment of carotid plaque
morphology and composition with an MR angiography of the
supra-aortal vessels and/or with a brain MRI in one session.
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2.2 Sequences

2.2.1 MR Protocol
MRI has emerged to be a one of the major noninvasive meth-
ods for the evaluation of the carotid arteries [4] and currently
can be partitioned into three acquisition entities: luminogra-
phy, vessel wall imaging, and tissue-specific imaging [11].
Consequently the application of MRI allows identification
and quantification of plaques noninvasively and without
radiation exposure of the patient. Up to date, however, there
is not a single MR technique that allows to covering all
the vulnerable plaque criteria (see Sect. 1) as proposed by
the AHA. Various publications lead to a broad spectrum
of proposed techniques, ranging from the acquisition of
one [12] or two [13, 14] to multiple contrast-weighted MR
sequences [15, 16]. Depending on the focus of the study,
the number and type of sequences acquired may vary. For
a sole evaluation of overall plaque burden, one sequence
(T1w, PDw, or T2w) may be sufficient. In contrast the more
complex evaluation of plaque composition and morphology
in one imaging session requires the use of multiple MR
sequences [4].

2.2.2 Bright-Blood Imaging
Multi-sequence protocols commonly used for atherosclerotic
plaque imaging use two kinds of images: bright-blood and
black-blood images. Bright-blood sequences, such as time-
of-flight (TOF) sequences, facilitate the evaluation of the
luminal signal by suppression of surrounding tissue and
enhancing the luminal signal. These sequences are particu-
larly useful for identifying calcified nodules—a feature of
the vulnerable plaque—and large chunks of calcification
adjacent to the lumen [17]. Furthermore, in combination
with black-blood sequences TOF images can be helpful in
the identification and characterization of IPH and thickness
and integrity of the fibrous cap [18], which are important
markers in the assessment of stroke risk. Depending on the
desired information different techniques can be applied for
luminography. Time-of-flight is a standard technique and
basic component of most multi-sequence protocols. Alterna-
tive approaches for depiction and maximization of luminal
signal-to-noise ratio are contrast-enhanced imaging [19] and
phase-contrast imaging [20].

2.2.3 Black-Blood Imaging
The blood signal interferes with optimal evaluation of the
vessel wall and its components. Consequently suppression
of luminal signal is obligatory to evaluate the atherosclerotic
wall, which has led to the introduction of the so-called black-
blood sequences. Black-blood imaging is commonly per-
formed using multiple spin-echo sequences [fast spin-echo
(FSE) D turbo spin-echo (TSE)] in combination with a pre-
ceding module for blood flow suppression [21]. Black-blood

images of the carotid arteries can be generated by generally
three techniques such as inflow saturation (IS) [22], double
inversion recovery (DIR) [23], and motion-sensitized driven
equilibrium (MSDE) [24]. Inflow saturation is achieved by
a selective RF pulse which saturates the blood within the
vessel before it enters the imaging plane and replaces un-
saturated blood [18]. Consequently problems, similar to
those encountered in TOF imaging, may occur and limit the
application of inflow saturation. Complicated flow patterns
with slow flow, flow parallel to the imaging plane, and thick
slab thickness may deteriorate quality of blood suppression,
mimicking wall thickening and atherosclerotic plaque [25].
Despite these limitations, inflow saturation also has certain
advantages. As blood pre-saturation can be achieved selec-
tively by the placement of the saturation impulse, arterial
and venous vessel separation is possible, making it suitable
for MR angiograms [18]. This technique also allows fast
and simple black-blood imaging which makes it suitable for
screening on high signal intensities of IPH on T1-weighted
images [26]. Furthermore inflow saturation may be combined
with ECG-gated imaging. Coordination of imaging with the
phase of the fastest blood flow shortly after peak systole can
limit the appearance of flow artifacts [25].

The DIR technique is a commonly used method for
blood suppression and, concerning the effectiveness, su-
perior to inflow saturation. DIR modules consist of two
180ı RF pulses. The first, nonselective pulse inverts the
longitudinal magnetization of the whole body and is followed
by a selective 180ı pulse which reinverts the longitudinal
magnetization of the slice of interest. After a precalculated
inversion time (TI) during which the magnetization of the
inflowing blood reaches the zero point due to its natural T1
relaxation an acquisition sequence records the signal [27].
Compared to inflow saturation, the DIR technique is less
depending on the blood flow rate and is more effective in
signal suppression in areas with complex flow patterns [28].
However, DIR is limited by the following: (1) like inflow
saturation, DIR is dependent on outflow from the imaging
slice; (2) due to the selective inversion pulse, DIR is basically
a single-slice method—if more slices are to be acquired
at the same pulse, this is only possible at suboptimal time
points (i.e., loss of image quality) or in combination with
longer imaging time [29]; and (3) a change of blood T1 (e.g.,
after administration of gadolinium contrast material) can
hamper suppression of the luminal signal [30]. For multislice
imaging, several other models based on the DIR technique
have been proposed. These include the quadruple inversion
recovery (QIR) technique, which basically consists of two
consequent or simultaneous DIR modules. However, this
technique also requires longer preparation time for the scan
[31]. Developments in protocol structure, which are based on
the above techniques, today allow simultaneous imaging of
8–16 slices [21].
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Fig. 4.1 Sample images illustrating the flow suppression capability
of different BB-imaging techniques. (a) IS, (b) single-slice DIR, (c)
multislice MDIR, and (d) MSDE. The residual flow signal is eliminated
by the MSDE sequence but visible for other techniques (arrows). All

images are presented using the identical window settings. Single as-
terisk, internal carotid lumen; double asterisks, external carotid lumen.
Reprinted with permission from [24]

In contrast to inflow saturation and DIR, the recently
developed motion-sensitized driven equilibrium (MSDE)
technique can suppress blood signal without direct depen-
dence on flow direction or velocity. Blood signal is sup-
pressed by a preparative module via phase dispersion of
spins of the flowing blood [24]. Independence of blood
flow, relatively high vessel wall CNR, short scan times,
and effective blood signal suppression even after contrast
material application make MSDE a promising black-blood
technique [24, 32]. Limitations of MSDE are the inherent T2
and diffusion weightings caused by the preparative sequence
which lead to a reduction of SNR of approximately 12 % [24,
33] (see Fig. 4.1).

2.2.4 Fat Suppression
For accurate identification and characterization of plaque
components, an effective suppression of subcutaneous fat is
necessary [4]. Thus contrast of both intraplaque components
and surrounding tissues can be increased in all commonly
applied plaque imaging sequences, including T1-, T2-, and
proton density-weighted sequences [26, 34]. Fat suppression
is achieved by the application of a spectrally selective fat
suppression technique, which suppresses signal and chem-
ical shift artifacts of triglycerides by application of a fat-
saturation pre-pulse. As triglycerides are mostly contained in
subcutaneous fat, lipids within the necrotic core of plaques,
consisting mainly of cholesterol and cholesteryl esters, are
generally not affected by fat suppression [35].

2.2.5 Contrast Agents
In addition to the commonly used T1-, PD-, TOF-, and
T2-weighted sequences, application of contrast material has
been shown to improve the accuracy and reproducibility of
quantitative plaque measurements [36]. Additionally plaque
characteristics, which cannot be depicted by regular non-
contrast-enhanced plaque MRI, such as inflammation and
neovascularization may be detected and quantified.

The most widely used contrast agents in bb-MRI are
nonselective gadolinium-based agents which reduce tissue
T1 relaxation time and thereby significantly increase signal
intensity on T1-weighted images [37]. This effect can be
observed up to 30 min after injection, with a peak enhance-
ment after 10 min [38]. Due to a higher blood supply, fibrous
tissue and neovasculature have been reported to have higher
signal enhancement compared to other plaque components,
such as the poorly vascularized LR/NC, and thus help in the
delineation of the fibrous cap and the LR/NC [37, 39]. Since
regional plaque enhancement is also caused by increased
permeability, a factor considered to be associated with plaque
inflammation and rupture, gadolinium-based contrast agents
can also be used to detect and quantify plaque inflammation
using dynamic contrast-enhanced MRI (DCE), a technique
which will be described in Sect. 5.3.

Intravenously administered ultrasmall superparamagnetic
iron oxide (USPIO) particles are an example for a selective
contrast agent in T2*-weighted imaging. USPIOs accumu-
late within macrophages, which are abundantly present in
inflamed plaques, and thus cause a negative contrast by
susceptibility effects. The application of USPIO and its
possible role in characterization of the vulnerable plaque will
be discussed in more detail in Sect. 5.4.

Recent research has focused on the development of
gadolinium agents that bind to specific targets, by linking
gadolinium chelates to polymers, polysaccharides [40], or
nanoparticles. This approach has already allowed creation of
specific agents that bind to thrombus [41] and factors which
are correlated to angiogenesis (e.g., ’v“3-integrins) [42].
Recent animal studies have shown that Gadoflourine binds
to lipid-rich plaque and thus can improve atherosclerotic
plaque detection [43].

2.2.6 Image Processing/Processing Software
As information about plaque composition generally is de-
rived by observations of images of various weightings, the
complete review of the carotid vessels including evaluation
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Fig. 4.2 Automated segmentation of bright- and black-blood, high-
spatial-resolution, multicontrast in vivo CMR. Quantification of in vivo
carotid magnetic resonance (CMR) (TOF, T1W, T2W, and CE T1W)
using CASCADE to generate component outlines. The CASCADE
fibrous cap (FC) is an additional algorithm that collects FC length,
depth, and area. The automated map of the plaque is produced by
the MEPPS algorithm. Loose matrix is shown in purple, lipid-rich
necrotic core in yellow, and intraplaque hemorrhage in red on the

MEPPS image. Histology from CEA confirms the components and the
enhancing thick FC (arrow). In vivo CMR were acquired on a 3 T
Philips Achieva scanner (Best, the Netherlands) along with the use of an
8-element phased-array carotid coil. CASCADE computer-aided system
for cardiovascular disease evaluation, CE contrast enhanced, CEA
carotid endarterectomy, MEPPS morphology-enhanced probabilistic
plaque segmentation. Reprinted, with permission from [48]

of plaque characteristics and components may take a long
time. Also certain conclusions such as volume measurements
or wall thickness parameters can hardly be drawn by the
naked eye. For quicker evaluation and quantification of
morphology and plaque components several computer-aided
tools, which are capable to implement this mass of infor-
mation and present results in a simplified matter, have been
proposed [21, 44]. These highly automated measurement
techniques can reduce analysis time and reader-dependent
bias and improve measurement reproducibility [45].

Essential steps in the evaluation process are image reg-
istration of multicontrast MRI images, segmentation of lu-
men and outer wall boundaries, and classification of tissue
types based on their contrast properties [31]. Before the
beginning of the reviewing process, images of all contrast
weightings must be aligned. This step is necessary to account
for patient movement during measurements and differences
in coverage of the acquired image series. Furthermore the
determination of certain landmarks, such as the carotid
bifurcation and shape and size of the arterial lumen and the
wall, allows matching of images acquired at various time
points or with histology. For automated image registration
several approaches, such as active edge maps [46] and voxel-
based mutual information [47], have been proposed [31].
Automated or semiautomated image processing tools facil-
itate the assessment of three different basic types of plaque
information: (1) plaque burden, (2) plaque composition, and
(3) functional measurements that are determined by plaque
composition. Figure 4.2 offers an insight into plaque infor-
mation which has been generated by the use of the software
tool CASCADE (University of Washington, Seattle, USA).

3 Plaque Burden

“Plaque burden” is the amount of atherosclerotic plaque
within the vessel wall of a certain artery and it has been
shown in coronary arteries [49] and in carotid arteries [50]
that plaque burden is associated with cardio- and cerebrovas-
cular events. Of note, diseased vessels can contain large
amounts of atherosclerotic mass without significant luminal
narrowing due to compensatory arterial outward remodeling
[51]. Thus, imaging methods which can reliably depict the
lumen and the wall are needed to quantify the atherosclerotic
plaque burden.

Maximum and mean wall thickness are parameters of
plaque burden that are relatively insensitive to artery size or
coverage [44]. High wall thickness parameters correspond
with increased lipid content within the intima of the vessel
wall and are the first parameters that can be observed in
early atherosclerosis. In a prospective study of 154 initially
asymptomatic patients, Takaya et al. could show that an
increase in maximum wall thickness is associated with the
occurrence of subsequent cerebrovascular events (hazard ra-
tio for a 1-mm increase, 1.6; P D 0.008) [52]. In a subsequent
retrospective study, patients with prior major cardiovascular
or cerebrovascular events (MACE) were reported to have
a significantly higher plaque burden (wall thickness) and
plaque eccentricity (standard deviation of wall thickness)
than a matched patient group without MACE [53]. Also
measurements of mean wall thickness by carotid MRI are
highly associated with B-mode ultrasound measurements of
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Fig. 4.3 MR imaging parameters measured for carotids and thoracic
aorta. MR imaging parameters measured for carotids and thoracic aorta.
The red line indicates the measure of the lumen diameter; the teal
line represents the vessel diameter; the green line represents the wall
thickness. The area enclosed by the blue contour represents the lumen
area and the area enclosed by the orange contour represents the total

vessel area. The difference between the total vessel area and the lumen
area provides the wall area. The normalized wall index is determined
by the ratio of the wall area to the total vessel area. The top right
panel shows the contours on a sample carotid image. Reprinted with
permission from [53] (Color figure online)

the carotid intima-media thickness [54], which has been
associated with stroke in multiple long-term, prospective
investigations [55].

The total volume of the wall or its components can be
derived by addition of the total wall areas of the required
section and multiplication with the slice thickness. However,
care must be taken if volumes of various measurements are
compared: Differences in body size and of the coverage of
the artery may lead to false conclusions as both longer extent
of coverage and larger vessel size may lead to high values,
mimicking a larger disease burden [44].

The normalized wall index (NWI), a promising marker
in the assessment of atherosclerotic plaque burden, is calcu-
lated as wall area divided by the total vessel area and is a very
accurate and reproducible measurement [44]. NWI values of
a normal carotid artery scatter around 0.4 [44]. Higher mean
arterial NWI values (>0.56) have been associated with FC
rupture and IPH in the carotid artery. Figure 4.3 demonstrates
a list of plaque burden parameters commonly used.

When aiming at comparisons with histology these mea-
surements can be necessary for calculating the percentage
content of wall components such as lipids, calcifications, and
fibrous tissues, as in many cases specimen shrinkage won’t
allow comparison of absolute measurements.

A recent study sought to determine the strength of plaque
burden and stenosis in classifying carotid high-risk features
[56]. Analysis of 180 patients with either carotid stenosis
>50 % by duplex ultrasound or suspected coronary artery
disease by multicontrast carotid MRI revealed that measures
of plaque burden do not substantially improve disease assess-

ment compared to stenosis. This seems likely, since high-
risk features such as IPH and surface disruption occur across
wide range of both parameters. However, assessment and
quantification of plaque burden are not useless: presence of
atherosclerotic plaque in the carotid arteries is an indicator
of systemic disease and thus may be useful as a surrogate
marker in clinical trials with anti-atherosclerotic therapies.

Both accuracy and reproducibility are important charac-
teristics of an approach which is aimed to clinically assess
and observe progression/regression or therapeutic effects in
atherosclerotic disease.

Various studies have been performed on the accuracy of
morphological measurements in the carotid arteries using
bb-MRI. Comparison of measurements derived from in vivo
and ex vivo MRI images has shown excellent agreement
for the plaque burden parameters maximum wall area and
wall volume [57, 58]. Area measurements of the lumen and
the vessel wall seem to be independent of the weighting
of a multicontrast MRI protocol used and tend to provide
similar results [59], provided they were acquired with
the same bb-technique and sufficient image quality was
achieved. Additionally, in comparison with corresponding
and validated 2D images, accuracy of 3D imaging has been
validated [60].

MRI imaging of the carotid arteries also is highly repro-
ducible on multiple scanner platforms [61], between scans
[62], and between readers [62, 63]. Variability of quantitative
plaque burden measurements ranges from 1.5 to 4 % for
lumen area, 4.5 to 5.8 % for wall area, and 1.9 to 3.3 %
for outer wall area measurements. Variability of the NWI
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Table 4.1 Modified MR criteria for identification of the main
atherosclerotic plaque components [16, 39, 69]

TOF T1 PD T2 CE-T1

Lipid-rich/necrotic core

(A) Without hemorrhage o/C o/C � � #
(B) With type I hemorrhage C C �/o �/o #
(C) With type II hemorrhage C C C C #

Calcification � � � � #
Loose fibrous tissue o �/o C C $
Dense fibrous tissue o o o o "
TOF time-of-flight, PD proton density, CE contrast enhanced (#, no
contrast enhancement; $, contrast enhancement similar to the normal
arterial wall; ", strong contrast enhancement; C, hyperintense; o,
isointense; �, hypointense)
All signal intensities are relative to a reference segment of the normal
arterial wall

is approximately 3.0 %. These measurements have excellent
intraclass correlation coefficients, ranging from 0.90 to 0.98
[58, 64, 65].

4 Plaque Composition

MR plaque imaging techniques can not only be used for
simple plaque burden measurements, but they are also well
suited for the identification and quantification of plaque com-
ponents. Focus in this field has been set on identification and
quantification of components that characterize the previously
mentioned “vulnerable plaque”—LR/NC, IPH, and fibrous
cap. Multicontrast MRI plaque imaging has systemically
been validated with histology to identify and quantify in vivo
carotid plaque components, such as the LR/NC [17, 39, 66],
calcification [16, 66], IPH [17, 66], surface disruption [67,
68], and markers of inflammation and neovasculature by the
unique signal combination of different weightings [11].

These histology studies have shown that MR signal in-
tensities of the main plaque components and the amount
of contrast uptake are somewhat component specific (see
Table 4.1); thus MRI is able to identify (and quantify) the
main components of the atherosclerotic plaque with good
correlation to histopathology [18, 26, 70] (see Fig. 4.4).

4.1 Intraplaque Hemorrhage

IPH occurs frequently during the development of atheroscle-
rotic lesions and is a significant step in plaque develop-
ment from stable to unstable plaque [71]. The fundamental
mechanisms that result in IPH have not been completely
understood, but may be caused by two different mechanisms:
True plaque rupture with cracks or fissures that originate at
the luminal surface connects the underlying vessel wall tissue

to the lumen and causes deposition of blood cells within
the vessel wall [72]. Alternatively, IPH may occur secondary
to rupture of immature neovessels within the plaque. These
vessels often lack support by smooth muscle cells within the
arterial wall and focal discontinuity of the endothelial lining
makes them prone to leakage [48].

Detection of IPH by carotid plaque imaging is based on
the degradation of hemoglobin into methemoglobin, which
takes place about 12 h after hemorrhage. Presence of methe-
moglobin shortens the longitudinal relaxation time of sur-
rounding protons and thus appears hyperintense on T1w
images [70], such as on black-blood T1w fast spin echocar-
diography, time-of-flight, and magnetization-prepared rapid
acquisition gradient echo (MP-RAGE). Additionally to T1w
images a T2w black blood sequence can be used to differen-
tiate between early subacute or type I (hypointense signal on
T2w images) and late subacute or type II hemorrhage (iso-
or hyperintense signal on T2w images). IPH findings have
been extensively validated by histology for both 1.5 and 3.0 T
[70, 73]. However, due to inherently low contrast in IPH
regions accurate outlining of the hemorrhage area remains
difficult with Pearson’s correlation coefficients for mean
hemorrhage area between histology and MRI of r D 0.66
(P< 0.001) [16]. Application of tissue-specific imaging for
IPH detection can improve performance, but has difficulties
with the detection of small hemorrhages and the presence of
heavy calcified plaques [73]. Recently, a new technique us-
ing a slab-selective phase-sensitive inversion recovery (SPI)
sequence for assessment of IPH has been proposed and
validated against histology specimens. In vivo and ex vivo
measurements could show a significantly improved IPH
wall contrast-to-noise ratio and blood suppression efficiency
than the previously mentioned MP-RAGE and offer a better
reproducibility of IPH measurements [74].

Since IPH has been shown to be one of the major driving
forces in plaque development, assessment of presence of
IPH in studies (work-up, risk assessment, therapeutically)
is desirable. Instead of the general approach, which regards
IPH as a dichotomous variable (present or absent), histology
studies suggest that size [75] and age [76] of IPH might
be important factors in disease severity. In the clinical set-
ting, knowledge of the age of IPH can provide insight into
the history and current condition of the biologically active
plaque [21]. To date quantitative measurements of IPH area,
sensitivity, specificity, and agreement with histology have
remained problematic. For the combination of black-blood
T1-weighted turbo spin echo and time-of-flight sequences
in a multicontrast protocol, a good sensitivity of 90 % has
been reported. However, specificity for the detection of
IPH in this setting is moderate (74 %) and intra-reader
agreement is limited [69]. When compared to matching
histology, application of MP-RAGE for the in vivo detection
of IPH provided the highest sensitivity and specificity with
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Fig. 4.4 Correlation of MRI and
histology. Plaque composition
calculated as the percentage of
the vessel wall area for MRI and
histology. Reprinted with
permission from [16]

values of 84 % and 84 %, respectively. Application of the
recently published SPI-Sequence showed a slightly higher
accuracy than MP-RAGE and significantly higher IPH wall
CNR [16].

MRI studies have shown that the presence of IPH may be
a good indicator for unstable plaques. Together with fibrous
cap status (thin or ruptured: hazard ratio, 17.0; P � 0.001),
larger mean IPH area (hazard ratio for 10 mm2 increase, 2.6;
P D 0.006) and presence of IPH are the strongest predictors
for the development of stroke in previously asymptomatic
individuals (hazard ratio in patients with 50–79 % carotid
stenosis, 5.2; 95 % confidence interval: 1.6–17.3; P D 0.005)
[52]. Furthermore in symptomatic individuals with a stenosis
degree between 30 and 69 %, IPH has been shown to be a
good predictor of recurrent stroke [77]. In contrast patients
with absence of IPH at MR plaque imaging are significantly
less likely to suffer stroke due to a ruptured plaque. Thus
the absence of IPH may be considered as a marker of plaque
stability and a lower risk of thromboembolism [78].

In vivo plaque imaging of the carotids has revealed that
occurrence of IPH is not limited to symptomatic patients
or vessels with advanced stenosis [79]. A prevalence of
IPH in up to 15 % of asymptomatic vessels with a stenosis
<50 % has been reported [79]. To date the significance of
these complicated atherosclerotic plaques is unclear. To
comprehensively elucidate the significance of complicated
plaques in stroke patients without significant stenosis, a
systematic, prospective bicentric study (carotid plaque
imaging in acute stroke, CAPIAS), which is registered on
http://www.clinicaltrials.gov (NCT01284933), has recently
been initiated.

To date the definite role of IPH in plaque development
and rupture has not completely been understood, but is
believed to be a factor promoting plaque progression and
consequently plaque disruption. Repeated IPH leads to de-
position of free cholesterol from erythrocyte membranes,
macrophage infiltration, and enlargement of the necrotic
core and thus represents a potent stimulus in the develop-
ment from the subclinical to the complicated atherosclerotic
plaque [80]. Furthermore, the destabilization process might
be accelerated by inflammatory mediators which stimulate
the expression of extracellular matrix metalloproteinase and
consequently lead to degradation of extracellular matrix
and plaque microvasculature. Repeated rupture events and
micro hemorrhages into the LR/NC are the consequence
[81]. Previous histology-based studies demonstrated that the
prevalence of IPH increases with the severity of carotid
stenosis [82]. Recent findings, however, suggest that IPH
already occurs in low-grade stenosed vessels and that the
presence of IPH is a driving force of luminal occlusion
[83] raising the question of which factor appears first (see
Fig. 4.5). Prospective studies of patients with and without
IPH and stenosis degree between 16 and 79 % at baseline
could show that after a period of 18 months percent change in
wall volume and LR/NC was significantly higher in patients
with IPH. Furthermore, patients with IPH at baseline showed
an increased susceptibility to recurrent plaque hemorrhages
[83, 85]. Additionally a significant impact of IPH on the
vessel wall remodeling pattern was found: Lesions without
IPH tend to expand outward and preserve the lumen (positive
remodeling), while plaques containing IPH could be asso-
ciated with inward (negative remodeling) remodeling and
luminal narrowing [83].

http://www.clinicaltrials.gov
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Fig. 4.5 In vivo evidence of the
effects of IPH. Images are serial
axial sections through a lesion of
the carotid artery from TOF and
contrast-enhanced T1W
sequences. The upper panel is the
baseline scan and the lower panel
is the corresponding matched
axial images at 36-month
follow-up. Matching can be
confirmed by calcification (red
arrows), the flow divider (column
2), and the branching of the
superior thyroidal artery off the
external carotid (blue arrow,
column 4). The asterisk indicates
the lumen of the common and
internal carotid arteries. The
lesion contains a
lipid-rich/necrotic core (white
arrows, hypointense signal on
CE-T1W) and IPH (yellow
arrowheads, hyperintense signal
on TOF). Notice the substantial
increase in IPH at follow-up and
corresponding reduction in lumen
area most pronounced in columns
3 and 4. IPH intraplaque
hemorrhage, Jv jugular vein, T1W
T1 weighted, TOF time-of-flight.
Reprinted, with permission from
[84] (Color figure online)

4.2 Thrombus/Juxtaluminal Hemorrhage

In contrast to IPH, etiology of thrombus formation seems
to be clear. Erosion, ulceration, or plaque rupture, each
recognized markers of unstable plaque, leads to exposure
of the thrombogenic LR/NC and subsequent platelet ag-
gregation and fibrin deposition [1]. Formation of thrombus
can lead to luminal occlusion of the affected vessel and
acute cerebrovascular events, or promote plaque progression.
Teng et al. examined the relation between juxtaluminal
hemorrhage/thrombus (JLH/T) and subsequent events in 42
TIA patients with mild-to-moderate carotid stenosis by high-
resolution multicontrast MRI. During a 2-year follow-up
period 52.4 % of the patients with JLH/T at baseline expe-
rienced recurrent cerebrovascular events in the territory of
the index carotid artery, while none of the patients without
JLH/T had an ischemic event [86].

Various approaches have been suggested for the detection
of thrombus, including diffusion-weighted MR [87] and
combination of TOF-, intermediate-, T1-, and T2-weighted
images [88]. Similar to imaging of IPH, thrombus imag-
ing preferentially utilizes the T1-shortening effects of the

degrading hemoglobin, which acts as an endogenous con-
trast agent. In a histology-validated study with 26 patients
scheduled for carotid endarterectomy, Kampschulte et al.
reported to not only correctly detect hemorrhage with a high
sensitivity but also to distinguish juxtaluminal hemorrhage
from intraplaque hemorrhage with an accuracy of 96 % by
using an in vivo multicontrast-weighted MRI protocol at
1.5 T [88]. Thrombus was identified by a hyperintense signal
on TOF- and T1-weighted images adjacent to the lumen
and absent dark band in TOF images. This technique was
also applied in a trial with 23 symptomatic patients with
high-grade stenosis [89] in order to evaluate the potential
of MR imaging to differentiate between symptomatic and
asymptomatic plaques. Besides higher incidence of cap rup-
ture, type I hemorrhage, and complicated AHA type VI
lesions, symptomatic plaques were more likely to show
juxtaluminal hemorrhage and thrombus, whereas IPH was
common in both symptomatic and asymptomatic plaques.
Although it has been shown that MRI is able to iden-
tify and detect juxtaluminal hemorrhage/thrombus, there is
no data demonstrating that MRI is able to quantify these
components.
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4.3 Lipid-Rich/Necrotic Core

The LR/NC is a mixture of lipids, cellular debris, blood,
and water in various concentrations and is separated from
the carotid lumen by a smooth, cell-rich fibrous cap [33].
The main components of the LR/NC are cholesterol and
cholesterol esters. Differences in the lipid mixture and pres-
ence/absence and type of hemorrhage within the LR/NC
result in a wide spectrum of signal intensities in MRI images
and represent different risks for plaque rupture (see also
Sects. 4.1 and 4.2). Lesions with a thin fibrous cap and
a relatively large necrotic core, so-called thin cap fibrous
atheromas, are considered to be most prone to rupture and
have been associated with symptoms [90, 91].

Cholesterol and cholesterol esters have a rapid transversal
(T2) decay. Consequently, given the absence of IPH, the
LR/NC has a characteristic hypointense signal on T2-
weighted images and appears iso/hyperintense on T1w
and TOF images [92]. However, IPH into the LR/NC
can cause T1-shortening effects and increase the relative
signal intensity within the LR/NC on T1w images [11]
(see Table 4.1). In our experience the most reliable
marker/indicator of LR/NC is the complete absence of
contrast enhancement (see Fig. 4.6).

Initial experiments which were performed on ex vivo en-
darterectomy specimens by using T1-, T2-, and intermediate-
weighted imaging demonstrated that the presence of the
lipid-rich/necrotic core could be detected with sensitivities
and specificities ranging from 92 to 100 % [93, 94]. Trans-
lation of this approach to in vivo imaging showed that the
LR/NC and/or IPH could be identified with a sensitivity of
85 %, specificity of 92 %, and accuracy of 87 %. Additionally
a good agreement between MRI and histological findings,
with a value of �D 0.69, was reported [17].

Recent reports have demonstrated that MR imaging is
not only able to identify the LR/NC, but that it also offers
information for quantification. The ability to quantitatively
assess the LR/NC has two advantages: high-risk plaques
with a large LR/NC, proximally located to the lumen, can
be identified and the effect of lipid-lowering therapy on
disease burden can be directly evaluated. In a first step ex
vivo fat measurements, acquired with T1-, intermediate-, T2-
weighted, and diffusion-weighted imaging, were compared
with histological findings and showed a sensitivity and speci-
ficity for necrotic tissue of 83.9 % and 75 %, respectively
[15]. Again, translation of these findings in vivo showed
that by using TOF- and T1-, T2-, and intermediate-weighted
sequences, measurements of the LR/NC did not differ sig-
nificantly from findings on histologic specimens (23.7 % vs.
20.3 %; P D 0.1). Additionally a strong correlation between
MR and histologic area measurements was found (r D 0.75;
P< 0.001) [4, 16].

Comparison of T1-weighted pre- and post-contrast im-
ages yields a more accurate delineation of the LR/NC and
thus improves reproducibility and quantification [39]. In
contrast to the surrounding fibrous tissue, the necrotic core
is poorly vascularized and therefore shows only little if any
enhancement in images after administration of gadolinium-
based contrast material [95]. Additionally, depiction of the
fibrous cap, which is well vascularized and separates the
LR/NC from the lumen, is improved after contrast admin-
istration, facilitating differentiation of the fibrous cap from
the LR/NC [95]. Gadolinium-enhanced T1 images of the
LR/NC have been shown to provide approximately twice the
signal-to-noise ratio with a contrast-to-noise ratio similar or
better than that of T2w images [37], resulting in an increased
intraclass correlation coefficient from 0.94 to 0.99 and from
0.85 to 0.93 for the intra- and inter-reader measurements,
respectively [36].

Qualitative and quantitative assessment of the LR/NC has
been successfully applied in longitudinal studies, observing
plaque development under anti-atherosclerotic therapy. Find-
ings and results of these studies will be discussed in the
Sect. 7.

4.4 Fibrous Tissue

The production of interstitial collagen is thought to be an
attempt to repair damaged areas within the plaque following
IPH or lipid accumulation [69]. It is generally believed
that fibrous tissue is a marker of plaque stability. The MRI
signal pattern of fibrous tissue has been reported to be
similar to the signal of the LR/NC without IPH [16] and
is almost isointense to the signal of the normal arterial
wall. Differentiation of both tissue types can be achieved
by contrast-enhanced T1w sequences; in contrast to the
necrotic core, fibrous tissue usually does enhance [39]. A
histology study which quantified the amount of dense fibrous
tissue showed no significant differences between MRI and
histology measurements (66.3 % vs. 64.0 %; P D 0.4) [16].

4.5 Fibrous Cap

Plaque rupture with subsequent thrombus formation is the
most common cause for ischemic events [96]. Ulceration,
discontinuity of the fibrous cap, and thrombus are markers
of such an event (see Fig. 4.7a–c). Consequently the status
of the fibrous cap, which has been defined as a distinct layer
of connective tissue completely covering the lipid-necrotic
core [1], is considered to be one of the key features of vul-
nerable plaques. Histopathology studies have shown that the
prevalence of plaque rupture is significantly higher among
patients with a past history of an ischemic neurological event
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Fig. 4.6 Atherosclerotic carotid
artery lipid-rich/necrotic core.
Multicontrast black- and
bright-blood sequences show a
large lipid-rich/necrotic core
(small arrow) with an intact thick
fibrous cap best seen in the
post-contrast T1-weighted (CE
T1W) image (long arrow).
Calcification is also visible at the
base of the plaque (chevron).
Asterisks are placed on the
lumen. Reprinted with
permission from [45]

[97]. Studies comparing histological carotid endarterectomy
specimens with previously acquired MR images confirmed
these findings. Patients with ruptured caps suffered signif-
icantly more often from ischemic symptoms (70 %) than
those with thick fibrous caps (9 %). Compared with patients
with thick fibrous caps, patients with ruptured caps were
23 times more likely to have had a recent TIA or stroke
(95 % CI D 3, 210) [98]. For the carotids cutoff values for
a high risk of plaque rupture have been reported to be a
minimum cap thickness of <200 �m and a representative
mean cap thickness of <500 �m [99]. Due to improvements
in hardware and sequence setup, high-resolution MRI allows
depiction of these small structures with diagnostic quality
and thus not only allows detection of prior plaque rupture
but also differentiation between stable lesions (thick cap)
and high-risk disruption-prone (thin cap or ruptured cap)
vulnerable plaques [16].

For optimal depiction of the lumen surface and the fibrous
cap, a combination of black-blood and bright-blood imaging
techniques is used. In 3D TOF MR angiography images the
fibrous cap appears as hypointense band or rim surrounding
the bright lumen [67]. This approach is already sufficient
for discrimination of intact thick cap from intact thin and
disrupted cap in vivo and has a high level of agreement
with histology (with a Cohen’s k (95 % CI) value of 0.83
(0.67–1.0) and a weighted k value of 0.87) [67]. Further-
more for this approach a high test sensitivity (0.81 %) and
specificity (0.90 %) for identifying an unstable cap in vivo
have been reported [100]. Additionally the fibrous cap shows
hyperintense signal relatively to the underlying LR/NC on
T2-weighted images [39] and is in strong agreement with
histological findings [68]. Especially in cases in which IPH
into the LR/NC increases signal intensity on T2-weighted

images, gadolinium-based contrast imaging can help delin-
eate the LR/NC and the fibrous cap by increasing the signal
of the fibrous cap in T1-weighted post-contrast images and
allows quantification of both components. In a MRI study
this approach led to good intra- and inter-reader agreement
(k D 0.96 for intra-reader; k D 0.64 for inter-reader) for the
status of the fibrous cap [101]. Additionally measurements
of the fibrous cap including fibrous cap length and area in
contrast-enhanced T1w images showed a good correlation
between MRI and histology measurements (r D 0.73–0.80,
P< 0.001) [39].

4.6 Calcification

Calcification is commonly found in atherosclerotic vessels
and may occur in both viable and necrotic parts of the plaque.
The exact role of calcium deposition and its contribution to
plaque stability have not completely been understood. While
some studies report an association of presence and extent of
calcium deposition with an increased risk of plaque rupture
[102], others observed a stabilizing, protecting effect [103].
A systematic review reported that clinically symptomatic
plaques tend to have a lower degree of calcification than
asymptomatic plaques and that calcification percentage of
the vessel wall may be a valuable parameter in the assessment
of plaque stability [104]. Li et al. additionally conjectured
that calcium within the LR/NC may even stabilize the plaque
by adding bulk [105]. Plaques with a higher calcification
percentage may have smaller LR/NC size, which could
decrease plaque vulnerability [104].

Besides general calcium content within the plaque
the location of the calcification might also be important.
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Fig. 4.7 In vivo identification of
FCR, IPH, and thrombus. (a) MR
images of the right internal
carotid artery (ICA) of a
78-year-old patient with a
right-hemispheric stroke
ipsilateral to a 60 % carotid
stenosis 4 days before the MRI
scan. The surface of the plaque
appears irregular and TOF
images show a very bright area
posterior to the lumen of the ICA,
corresponding to a hypointense
area in all other sequences,
suggestive of a ruptured fibrous
cap. It is tempting to assume that
the rupture of the fibrous
cap—which is known to cause
thrombotic complications—is the
reason for the ischemic stroke in
this previously asymptomatic
patient. (b) Complicated AHA
type VI plaque of a 82-year-old
symptomatic patient without
cardiovascular risk factors. The
patient suffered a stroke
ipsilateral to the left carotid artery
5 days before the MRI scan. The
chevron points to an eccentric
plaque which is hyperintense on
TOF and T1w images, indicative
of intraplaque hemorrhage. (c)
Images of the same patient (b)
show a small mural thrombus
4 mm further distally (arrow)

Calcifications within or close to the fibrous cap, so-called
superficial calcified nodules, may be encountered in plaques
irrespective of the general calcification degree [1]. Those
structures may protrude through the fibrous cap into the
lumen or rupture the fibrous cap and may thus act directly
or indirectly thrombogenic [3]. Model-based stress studies
of carotid plaques could show that maximum wall stress
increased by 47.5 %, when the calcification was located
within the thin fibrous cap, indicating an increased risk
of plaque rupture [105]. Calcium location within the FC
further away from the lumen or within the LR/NC had no

or little impact on plaque stress. Due to their pro-rupture
characteristics, superficial calcified nodules are considered
to be one of the minor criteria in the evaluation of the
vulnerable plaque [3].

MRI has been successfully applied in carotid plaque
imaging due to its high ability to distinguish soft tissue.
However, for exact depiction and quantification of calcium
other methods such as CT and ultrasonography are superior.
Due to a low water (and thus proton) content, calcifications
can be detected as areas of relative hypointensity on T1-
and T2-weighted and proton density images and TOF MR



4 Quantitative MR Analysis for the Assessment of Carotid Atherosclerosis 49

angiograms [16]. Measurements at 1.5 T demonstrated that
multicontrast MR has a high sensitivity (98 %) and speci-
ficity (99 %) for detection of plaque calcification ex vivo and
good in vivo sensitivity (84 %) and specificity (91 %). When
measured as percentage of wall, a significant difference
between calcium measurements in MRI and histology can be
observed (9.4 % by histology vs. 5.0 % by MRI; P< 0.001).
Absolute area measurements, however, have high correlation
(r D 0.74; P< 0.001). This might be caused by signal aver-
aging problems in hypointense areas within the plaque which
make them appear smaller than they really are [16].

Since superficial small calcified nodules may present with
the same hypointense signal as the background blood in
black-blood sequences, identification can be more difficult
than that of calcification deeper within the plaque. However,
addition of a bright-blood sequence (e.g., TOF) facilitates
delineation of juxtaluminal calcification from the bright
lumen [4, 88].

At higher field strengths increased susceptibility may
alter quantification and detection. Comparison of area mea-
surements at 1.5 and 3.0 T found that calcification was
significantly larger at 3.0 T (P D 0.03) with an intraclass
correlation coefficient of 0.79 [7].

5 Functional Imaging

Multicontrast MRI enables to not only reliably assess plaque
morphology but is increasingly used for functional and
molecular measurements of the vessel wall. Even though
these methods are not ready for everyday clinical use and
remain for the time being experimental, studies have shown
promising results. Current aims of research are imaging and
quantification of macrophage content and neovasculature,
both assumed to be related to plaque inflammation and
subsequent plaque vulnerability. The currently applied tech-
niques have the advantage that after application of contrast
material, signal of those plaque characteristics can not only
be localized but also quantified, enabling these techniques to
deliver clinical markers for therapeutic studies and studies
exploring factors of plaque progression.

5.1 Inflammation

Inflammation is considered to be an important factor in lesion
progression and plaque destabilization and is a recognized
risk factor for the vulnerable atherosclerotic plaque. Ac-
cumulation of lipids in the vessel wall leads to liberation
of pro-inflammatory cytokines which is followed by tissue
infiltration of inflammatory cells such as macrophages and
lymphocytes [81]. During the process of plaque progres-
sion inflammation is characterized by increased endothelial
permeability, macrophage infiltration, hypoxia within the

vessel wall, and plaque angiogenesis [45]. The recruited
macrophages absorb lipids, produce extracellular matrix de-
grading enzymes (e.g., MMP-1), undergo apoptosis, and
contribute to the development and growth of the LR/NC and
thus are considered to be one of the key cellular mediators
in the inflammatory process [106]. Histological studies have
shown that the extent and the distribution of inflammation,
and consequently that of macrophages, are associated with
plaque stability. Risk for rupture and subsequent throm-
boembolism has been reported to be especially elevated
with inflammation and neovascularization in the shoulders
of the fibrous cap or within the LR/NC [107, 108]. Thus,
detection of macrophage activity and consequently inflam-
mation within the atherosclerotic plaque could potentially
help distinguish between vulnerable and more stable plaques
and thus remains one of the key goals in atheroma imaging.

Image regions containing inflammation are associated
with elevated tissue perfusion and increased permeability.
Consistent with this notion, nonspecific contrast agents with
relatively high molecular mass (e.g., Gadolinium) have been
observed to accumulate in hyper-permeable plaque areas and
can thus be used to identify plaque inflammation [48]. The
advantage of this method is that assessment is not limited to
the identification of inflammation, but also quantitative mea-
surements of the enhancement pattern can be obtained [109].
This approach is also followed in dynamic contrast-enhanced
(DCE) imaging which will be discussed below. Furthermore,
specific ex vivo or in vivo labeling of cells which are
involved in the inflammatory process allows observation of
cell migration and accumulation into the high-risk plaque
over time. Ultrasmall superparamagnetic iron oxide particles
(USPIOs) accumulate especially in activated macrophages
and generate a signal loss on T2*-weighted imaging. Like
Gadolinium-enhanced imaging, USPIO uptake is considered
to be a good marker for the extent of inflammation within the
plaque [110].

5.2 Neovessels

Neoangiogenesis is generally associated with plaque inflam-
mation, and has been explained as a response to the hypoxic
conditions in the thickened tunica media of advanced plaques
[111]. However, various recent observations suggest that
the formation of new blood vessels may already begin in
the early stages of plaque development and thus sustains
inflammation by facilitated extravasation of recruited inflam-
matory cells [112]. In a previous study microvessel density
was found to be not only correlated with the presence of
inflammation within the plaque but also was increased in
thin cap atheromas and ruptured plaques [113]. Since the
newly formed blood vessels which originate from adventitial
vasa vasorum often are immature and prone to leakage, they
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also seem to play a major role in the etiology of IPH. High
microvessel density thus is considered to be a driving force in
plaque growth, destabilization, rupture, and symptoms [113,
114]. Techniques that allow specific in vivo identification of
neoangiogenesis consequently may offer valuable informa-
tion about the role of neoangiogenesis in the development
of IPH, monitoring of agents that inhibit angiogenesis, and
identification of high-risk plaques.

Angiogenic areas and vessels can be detected in MRI
by contrast-enhanced imaging. Similar to imaging of in-
flammation this can be achieved by selective and nonselec-
tive agents. Nonselective dynamic contrast-enhanced (DCE)
MRI using long circulating contrast agents (e.g., gadolinium)
that accumulate in plaque over time detect vascular perme-
ability which can be used to quantify vessel density [115].
Targeted contrast agents (e.g., ’v“3-integrin), however, may
detect angiogenesis by specific binding to receptors which
are overexpressed in angiogenically activated endothelial
cells [116]. These selective mediators additionally have the
advantage that besides combination with contrast agents also
targeted therapies are possible [117].

5.3 Dynamic Contrast-Enhanced MRI

Due to the importance of plaque inflammation and neovas-
cularization in plaque progression and development of vul-
nerable plaques, high effort is put into the detection of these
factors. Since conventional carotid MR imaging is unsuited
for quantification and assessment of functional parameters,
contrast-enhanced MR techniques have been increasingly
used for this purpose. Dynamic contrast-enhanced (DCE)
MRI was primarily used to investigate vascular permeability
in tumors but has also been considered to be useful in studies
on atherosclerosis [118]. DCE-MRI permits assessment of
parameters for neovascularization and permeability with ki-
netic analysis of contrast agent uptake from the bloodstream
into the plaque. Strong enhancement after application of a
contrast agent (preferably gadolinium-based agents) is con-
sidered to be an indicator for a vascular supply and increased
permeability which facilitates contrast agent uptake into the
plaque and is thus considered to be a sign of inflammation
[115, 119].

For the acquisition of dynamic contrast-enhanced MR
images, images are repetitively acquired at preselected lo-
cations before and after the administration of a gadolinium-
based contrast agent [120]. Extravasation of the contrast
agent alters the signal in the surrounding tissue proportional
to its concentration [112]. In a next step the acquired signal
intensities are converted into concentration curves, provided
that a pre-contrast relaxation map has been obtained and
the relationship between signal intensity and concentration
is known for the specific MR sequence used. Alternatively

a linear relationship between signal intensity and contrast
agent concentration can be assumed. However, this linearity
has been reported to be valid only for low contrast agent
concentrations and may not be accurate in areas with high
contrast agent uptake or in the blood plasma. The change
of contrast agent concentration and consequently the signal
intensity is followed over time during the dynamic scan and
contains information on the amount of tissue vascularization
and other tissue characteristics, such as surface area product,
extraction fraction, and blood flow [112]. Images of a T1-
weighted “localizer,” which covers the area of the DCE
sequence, can be acquired before or after the dynamic se-
quence and is useful for identification of the lumen and wall
boundaries in the further evaluation process during which
results of the T1-weighted sequence (anatomical) and the
DCE sequence (functional) are merged. In a last step tissue
parameters related to neovascularization and inflammation
can be calculated by application of either model-based or
model-free approaches [120]. Figure 4.8 offers an illustration
of the necessary steps for obtaining quantitative data.

Based on the two compartment model, initially proposed
by Tofts and Kermode for the study of multiple sclerosis,
two valuable parameters Ktrans and vp can be obtained. Ktrans

has been defined as the transfer constant from the plasma
to the tissue compartment and is related to blood flow,
capillary surface area, and permeability making it a good
marker for inflammation. Studies comparing MR images
with corresponding histology specimens found Ktrans to cor-
relate with macrophage (r D 0.75, P< 0.001), microvessel
(r D 0.71, P< 0.001), and loose matrix (r D 0.42, P D 0.03)
content [115]. Additionally measurements of Ktrans in the
carotid arteries were found to significantly correlate with
serum markers of inflammation and pro-inflammatory risk
factors, such as high C-reactive protein levels, low high-
density lipoprotein (HDL), and smoking [119].

The partial volume of blood (vp) is a parameter which
reflects the microvessel area within the plaque, which with
increasing area may facilitate cell extravasation. In a com-
parison of DCE with histological measurements an overes-
timation of the neovessel amount was found. However, in
the same study a correlation of 0.80 between vp and the
fractional area of microvessels was reported, making vp an
effective marker of plaque microvasculature [121].

Alternatives to kinetic modeling include model-free ap-
proaches including calculation of the area under the curve
(AUC) of the contrast agent uptake, time to peak (TP), and
wash-in or wash-out slopes [112]. Although these parameters
are easy to acquire and calculate, their relationship with true
physical quantities is not obvious and therefore can’t be
used for definite assumptions about capillary permeability or
blood volume [122].

DCE-MRI is an experimental method which is easily
integrated into preexisting MRI protocols for vessel wall
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Fig. 4.8 Illustration of the
processing steps in measuring
adventitial Ktrans. Reprinted with
permission from [119]

characterization; image acquisition time is short (minutes)
and clinically available and safe contrast agents are utilized
[45]. Future developments in DCE-MRI of atherosclerosis
may benefit from improvements in kinetic modeling algo-
rithms and image quality. Current algorithms, such as the
one used by Dong et al. [123], require a minimum of 2-
mm carotid arterial wall thickness and thus preclude the
evaluation of vessels with thinner walls. Imaging of those
early lesions however could provide valuable information
on plaque initiation and facilitate initiation of prospective
studies. The major difficulty encountered in the use of
bright-blood DCE-MRI is the influence of the hyperintense
lumen signal, which impedes adequate evaluation of small
structures adjacent to the lumen [123]. Thus development of
black-blood DCE imaging sequences may lead to a clearer
depiction of the vessel boundaries and enable imaging of
thinner walls. Another limitation of the current technique is
the relatively low SNR. Thus intraindividual measurements
suffer from significant variations and by this still prevent a
reliable assessment in individuals.

5.4 USPIO

Ultrasmall Superparamagnetic Iron Oxide (USPIO) particles
can directly detect and quantify macrophage content within
the plaque in vivo and thus provide information on the
extent of plaque inflammation from a different approach than
the previously described DCE-MRI [124]. USPIOs, such as
Ferumoxtran (commercially known as Sinerem), are small
iron particles which are administered intravenously after so-
lution in suspension. A thick and complete cover of dextran
promotes a long blood circulating time of more than 24 h
in humans, before elimination by the reticulo-endothelial
system in the liver [125]. The optimum time for imaging
USPIO uptake has been found to be between 24 and 48 h with
a peak at 36 h [126]. Forty-eight hours after contrast agent
administration the signal-altering effect decreases but can be
observed up to 96 h. Iron oxide particles create a large dipolar
magnetic field gradient (magnetic field inhomogeneities) that

acts on the water molecules surrounding the particles and
reduce detectable magnetization [127]. This effect has its
biggest influence on the transverse (T2) relaxivity of tissue
and can be observed as T2 or T*2 shortening effects. Con-
sequently USPIOs which have accumulated within activated
macrophages can be recognized in T2*-weighted imaging
as areas with focal signal loss. While the selective accumu-
lation of USPIO in macrophages is well established, their
uptake into the cell has not yet been completely understood.
Several pathways including pinocytosis, phagocytosis, and
cell surface receptor-bound uptake have been suggested for
USPIO uptake, which seems to take place in an unsaturable
manner [125]. Also the time point of USPIO uptake into the
macrophage remains unclear. Possible mechanisms include
(a) uptake into activated blood monocytes before extrava-
sation into the plaque, (b) transcytosis of USPIOs from
the blood into particularly inflamed tissue due to increased
permeability, followed by uptake into in situ macrophages,
and (c) transport of USPIOs into the pathological tissue
[128].

Imaging of carotid plaque inflammation with USPIO has
been performed in both animal [129] and in human studies
[126, 130]. Application of USPIO-containing contrast agents
allowed direct depiction of macrophages within atheroscle-
rotic plaques. This assumption was validated by imaging
the carotid arteries before and after application of USPIO
in patients scheduled for carotid endarterectomy [124]. MRI
images were correlated with the histological findings in the
surgery specimens. Macrophages detected positive for iron in
histology were visualized in 24 of 27 patients with an average
reduction in signal intensity induced by the USPIO of 24 %.
These findings and observations from animal studies suggest
that USPIO accumulation and the resulting signal alternation
can be used as biomarkers for inflammation in atheroscle-
rotic plaques. This assumption has been strengthened by
the finding that USPIO is detected preferentially more in
ruptured and rupture-prone lesions than in stable lesions
(75 % vs. 7 %) [130]. Interestingly USPIO enhancement
cannot only be encountered in symptomatic plaques: A study
by Tang et al. [131] compared truly asymptomatic plaques
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of asymptomatic patients with contralateral asymptomatic
vessels to the symptomatic side and found that inflammation
could be detected by USPIO in both subject groups, suggest-
ing subclinical inflammation to be a significant risk factor in
asymptomatic disease.

Although USPIO imaging has proven to be a feasible
method and has been applied in a variety of studies, larger
scale studies are necessary to prove the diagnostic accuracy
and potential effects on clinical management. Furthermore
the analysis of serial MR measurements to quantify USPIO
uptake still presents a number of challenges. The most
important limitation of USPIO is that sometimes it creates
only relatively modest negative contrast which can only be
quantified by the use of dedicative quantitative algorithms
[125]. This is especially a problem in images with a limited
SNR, heavy calcified plaques, and blood degrading products,
which can have strong susceptibility effects on gradient echo
sequences. To date, the general approach in USPIO imaging
relies on measurements performed at least at two time points
(before and after administration of contrast medium) about
24 h apart. This not only poses a logistic challenge for
patients but also might lead to signal alternation due to
patient positioning, coil inhomogeneities, and noise between
visits.

Additionally at the moment there is no consensus on the
use of the methodology used on quantification of signal
reduction. Some of the proposed approaches rely on nor-
malization of the signal intensity to the adjacent sternoclei-
domastoid muscle. However, this suggests that the adjacent
muscle does not enhance even though it is perfused by blood
containing USPIOs. This might lead to a systemic bias of the
measured USPIO uptake and hence the “true USPIO effect”
[125].

6 Biomechanical Stress

The previous sections of this chapter have discussed the
impact of morphological and compositional features of the
vessel wall on the development of atherosclerotic lesions.
However, atherosclerotic disease does depend not only on the
influence from extraluminal plaque features that destabilize
the plaque, but also on effects from the blood on the vessel
wall. Comparison of postmortem plaque distribution to in
vitro fluid dynamic models has provided a relatively direct
insight into the association between wall shear stress (WSS)
and the focal development of atherosclerotic lesions [132].
Both ultrasound and MR imaging are generally suited for
direct assessment of wall thickness and blood velocities
(from which WSSs are derived) in straight vessel sections.
However, quantification of blood velocities remains diffi-
cult in areas with non-laminar flow, such as the carotid

bifurcation, which is the preferred location for initiation of
atherosclerotic disease [133].

When looking at the luminal site and blood flow, two
primary mechanical forces of hemodynamic origin with
impact on vessel structure and remodeling can be observed:
fluid wall shear stress and tensile stress. Shear stress is
the frictional force per unit area, exerted on the luminal
vessel wall and endothelial surface by and in the direction
of the blood flow [134]. Blood vessel segments with slow,
turbulent flow and temporal fluctuations of flow direction,
such as in the carotid bifurcation, experience only weak net
hemodynamic shear stress and seem to be most vulnerable to
atherosclerotic remodeling [132, 135, 136]. Fast and laminar
flow, resulting in higher levels of shear stress, in contrast
seems to have a protective effect [137]. Alternation in the
gene expression of endothelial cells towards pro-atherogenic
effects due to a low magnitude of shear stress might be one
of the factors that induce lipid accumulation, thinning of
vascular smooth muscle cells, outward remodeling, decrease
of collagen content, and thinning of the fibrous cap [134,
138].

Tensile (or circumferential) stress is the normal mechani-
cal transmural force along the arterial wall which originates
from the internal pressure, created by mechanical loading
with blood [134]. Studies reported that tensile stress is
the highest in the shoulder areas of the plaque, which in
consequence are the most typical areas of plaque rupture
[139]. Plaque rupture, however, does not always have to take
place in areas of the highest tensile stress, since also local
variations in non-high stress regions (e.g., calcified nodules)
may weaken the plaque surface [140].

Due to the lack of an in vivo “gold standard” for measure-
ments of mechanical indicators that can be utilized to assess
plaque vulnerability and rupture risk, models for depiction of
stress exerted on the vessel wall have received increasing in-
terest. Over the last decade advancement has been made from
hardware models of the carotid bifurcation to image-based
computational models that combine mechanical factors and
morphological information from actual patient data. Recent
studies increasingly additionally consider the effect of single
plaque components on the general vascular stress profile.
Description of the various applied techniques is beyond the
scope of this chapter, but can be found in the following
review: [141]. Although the mechanical approach remains
extensively experimental, valuable data and a number of
parameters can be received.

In a structural analysis based on in vivo MRI of five
patients with vulnerable carotid arteries, Li et al. [142] found
higher stress values in previously ruptured plaques than in
unruptured plaques. Furthermore stress concentrations were
high in the thinnest fibrous cap regions and the shoulder
regions of the plaque, which is in accordance with previous
findings [143]. However, as previously mentioned not only



4 Quantitative MR Analysis for the Assessment of Carotid Atherosclerosis 53

thinning of the FC seems to increase plaque wall stress
(PWS), but also microcalcification inclusions in the FC have
been associated with elevated stress levels and may thus be
related to plaque rupture [144]. Even though WSS seems
to have a major role in plaque initiation and early lesions,
mechanisms in plaque progression and rupture remain not
well understood. In a recent serial study Yang et al. could
show a positive correlation between WSS and wall thickness
increase, while PWS was negatively correlated [145]. PWS,
however, seems to be an important factor in plaque rupture.
Teng et al. compared histological endarterectomy specimens
to stress values derived by 3D fluid–structure interaction
(FSI) models and found PWS values in previously ruptured
plaques to be 100 % higher compared to plaques without
rupture (P< 0.05), while the same trend in flow shear stress
remained insignificant [146]. Significantly higher local stress
concentrations in rupture sites and generally higher PWS
levels in ruptured plaques were also reported by Gao et
al.[147], supporting the stress-induced plaque rupture hy-
pothesis. Various studies also report influences of the NWI
[148] and other plaque structures such as IPH [149] and
juxtaluminal hemorrhage/thrombus [86] on PWS and WSS
and recurrent ischemic events.

Future advancements in resolution and implementation of
component characteristics (e.g., LR/NC vs. calcification; soft
LR/NC vs. solid LR/NC) into the computational model may
give an even more exact insight into mechanical forces acting
on the vessel wall and improve risk stratification. Further-
more new markers for vulnerability may be derived: A recent
study by Teng et al. examined the relationship between the
area of maximum principal stress along the lumen (stress-
P), lumen irregularity (L-deltair), local FC thickness, and
lumen curvature. If irregular luminal surface was present, a
high correlation of stress-P with lumen curvature could be
detected, while only a weak or no correlation with local FC
thickness was found. For a relatively round lumen, exactly
the opposite applied to stress-P. Consequently lumen shape
was suggested as a method of identifying vulnerable plaque
sites in mechanics-based plaque vulnerability assessment
[150].

7 Plaque Imaging Biomarkers and Their
Role in Studies

As demonstrated in the previous sections, MRI provides
quantitative information on plaque burden and plaque com-
position and thus can be used for monitoring plaque pro-
gression or regression in serial studies. Besides angiography,
B-mode ultrasound, and IVUS, MRI has emerged to be a
promising tool for monitoring the efficacy in therapeutic
studies and for studying the influence of plaque character-
istics on plaque development.

7.1 Sample Size Calculation

In order to establish carotid MR imaging as a reliable tool for
use in clinical trials, low variability due to measurement error
must be ensured. In a recent multicenter trial, which acquired
MR images of 20 asymptomatic placebo-controlled subjects
in five clinical sites over 13 weeks, the intra- and inter-
reader reproducibility of quantitative plaque measurements
was evaluated [64]. Scans were performed on 1.5 T scanners
using TOF, T1/PD/T2- and contrast-enhanced T1-weighted
images. Analysis of the derived data showed a low inter-
scan variability with measurement errors for wall volume,
wall/outer wall ratio, %LR/NC volume, and %Ca volume of
5.8 %, 3.2 %, 11.1 %, and 18.6 %, respectively. Subsequent
power analysis, based on these values, showed that a study
with 14 participants in each group could detect a 5 % change
in wall/outer wall ratio, 10 % change in wall volume, and
20 % change in %LR/NC volume (power D 80 %, P< 0.05).
Recent studies at 3.0 T using parallel imaging techniques
have shown even lower measurement errors [151], suggest-
ing that the number of patients needed to show an anti-
atherosclerotic effect might be even lower at 3.0 T. These
results show that carotid MRI provides highly reproducible
carotid wall measurements and that bb-MRI of the carotids
can be a valuable maker in experimental, clinical, and/or
therapeutical studies.

7.2 Therapeutical Studies

Over the last decades, anti-atherosclerotic therapy, aimed
at various systemic risk factors, has been shown to be a
valuable approach for the reduction of clinical events (e.g.,
myocardial infarct, ischemic stroke) in multiple, long-term,
and randomized trials [152]. Especially statins have shown
to reduce the overall rate of heart attacks and stroke signifi-
cantly [153]. However, effect evaluation of newly introduced
therapeutical approaches, which target inflammation and
enzymatic targets, is difficult. Since changes of the cardio-
vascular risk due to the application of a new drug cannot
always be observed directly, large and long-term morbidity
and mortality studies are necessary to prove its superiority
to previous drugs. Surrogate endpoint studies, in contrast,
can evaluate dose-dependent changes and causality of drug
effect and disease response in a shorter amount of time and
thus may save organizational and financial resources. Thus,
besides clinical surrogate markers such as LDL-c, HDL-c, or
HbA1c, imaging of atherosclerosis is increasingly accepted
as a valuable surrogate endpoint that enables depiction of the
atherosclerotic process itself [154].

In one of the first therapeutic case–control studies in-
volving bb-MRI, Zhao et al. demonstrated in eight pa-
tients with coronary artery disease that prolonged intensive
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Fig. 4.9 Comparisons of carotid
plaque tissue components and
composition. The treated plaques
contained significantly less lipid
than did the untreated plaques
(P D 0.01). Fibrous tissue,
calcium, and calcium plus lipid
were not statistically different
between the two groups.
Reprinted with permission from
[155]

lipid-lowering therapy for 10 years is associated with a
markedly decreased lipid content in carotid plaques (see
Fig. 4.9) [155]. Patients treated with niacin, novastatin, and
colestipol had a smaller lipid core area and a lower lipid
content in the carotid artery compared to untreated control
subjects.

Atherosclerosis is a chronic disease which starts early in
life and develops over decades. In a natural history study
with 68 asymptomatic subjects with �50 % stenosis [156],
the wall area increased by 2.2 %/year (P D 0.001) and the
mean NWI by 1.7 % per year (P< 0.001) and mean lumen
area decreased by 1.9 % per year (P D 0.02). The mean total
vessel area did not change significantly (0.5 % per year;
P D 0.3).

This progression rate seems to be substantially higher in
TIA/stroke patients. In a study by Kwee et al. 40 symp-
tomatic patients with ipsilateral <70 % carotid stenosis un-
derwent MRI of the plaque ipsilateral to the symptomatic
side at baseline and after 1 year. Over a 1-year period, mean
carotid lumen volume decreased by 4.8 % (P D 0.013) and
mean wall volume increased by 11.2 % (P< 0.001). Total
vessel volume did not significantly change (P D 0.147) [157].

Corti et al. reported that maintained lipid-lowering
therapy with simvastatin can induce significant regression
of atherosclerotic plaques in humans [158]. Subjects with
atherosclerotic plaque in the carotid arteries or the aorta were
followed by serial MRI studies in 6 month intervals over a pe-
riod of 24 months. First significant reductions in vessel wall
thickness and vessel wall area compared to baseline were ob-
served after 12 months, and continued during the further ob-
servation process. A small but significant increase in lumen
area (4–6 %) could be observed after 24 months only, imply-
ing a remodeling process of the arteries [159] (see Fig. 4.10).

In a recent study Underhill et al. [160] strengthened the
assumption that plaque composition may be more sensitive to

therapy than overall plaque burden. Change of wall volume
(WV), wall thickness (WT), normalized wall index (NWI),
%LR/NC, and %fibrous tissue was assessed by bb-MRI in
patients before and after 24 months of rosuvastatin therapy.
Statin treatment showed a significant reduction of the LR/NC
content within the vessel wall (�41.4 ˙ 8.1 %; P D 0.005),
an increase in percentage of fibrous tissue (1.8 ˙ 0.7 %;
P D 0.02) and no significant change in plaque burden mea-
surements (see Fig. 4.11).

Preliminary results from another clinical trial by Zhao
et al., testing the lipid depletion therapy, have suggested
similar results [161]. After 3 years of lipid therapy, the 33
subjects with measurable LR/NC at baseline had a significant
reduction in plaque lipid content: LR/NC volume decreased
from 60.4 ˙ 59.5 mm3 to 37.4 ˙ 69.5 mm3 (P< 0.001) and
%LR/NC (LR/NC area/wall area in the lipid-rich regions)
from 14.2 ˙ 7.0 % to 7.4 ˙ 8.2 % (P< 0.001). The time
course showed that %LR/NC decreased by 3.2 (P< 0.001)
in the first year, by 3.0 (P D 0.005) in the second year, and
by 0.91 (P D 0.2) in the third year [162].

Since changes in plaque burden (assessed with 1.5 T)
seem to be hardly noticed prior to 2 years of therapy,
detection of changes in plaque composition may enable
earlier evaluation of therapeutic effects already after 1 year
of treatment [161]. According to a recent study by Migrino
et al. [163] MR imaging at 3 T may shorten the period to
detect changes in plaque volume to 6 months.

Besides metric measurements for therapeutic evaluation
of plaque burden and composition, MRI affords depiction
and quantification of “newer” parameters, such as inflamma-
tion and neovascularization. The ATHEROMA study eval-
uated the effects of low-dose and high-dose statins based
on imaging via serial USPIO-enhanced MRI [164]. First
treatment effects in the high-dose group could be visualized
as significant signal reduction in comparison to baseline
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Fig. 4.10 Changes in
atherosclerotic vessel wall
dimensions after statin treatment.
Data on vessel wall area (top) and
lumen area (bottom) at baseline,
6, 12, 18, and 24 months on
simvastatin for aorta (left) and the
carotid arteries (right). Data are
given as mean C SEM. Reprinted
with permission from [159]

Fig. 4.11 Comparison of a
baseline T1W carotid plaque (top
row) with the same imaging
locations 2 years after treatment
(bottom row). Notice the decrease
in wall area and subsequent
increase in lumen area,
particularly in the internal carotid
artery. Single asterisk, lumen of
the internal carotid artery.
Reprinted with permission from
[160]

USPIO-defined inflammation after 6 weeks (signal intensity
change [�SI] 0.13, P D 0.0003) (see Fig. 4.12). Signal differ-
ence was even higher after high-dose treatment for duration
of 12 weeks (�SI 0.20, P< 0.0001). However, the authors
noted that measurements may have been compromised by
the aforementioned drawbacks of USPIO imaging (i.e., due
to the necessity of two imaging sessions, such as variations
in coil positioning and image co-registration). Quantitative
post-USPIO measurements in qT2* only, as described by
Patterson et al. [165], however, might facilitate the use
of USPIO imaging and pave the way for a wider use in
therapeutic studies (see Fig. 4.13).

Alternatively inflammation can be indirectly monitored
by DCE-MRI. In a study of 28 subjects receiving intensive
lipid therapy, microvascular changes in the plaque were
observed by DCE-MRI at baseline and after 1 year [123].
Results stated that intensive lipid therapy is associated

with a significant reduction in the transfer constant (Ktrans)
(0.085 min (�1) ˙ 0.037 [standard deviation] to 0.067 min
(�1) ˙ 0.028, P D 0.02) within 12 months after onset
of treatment. Interestingly changes of Ktrans were not
significantly correlated with observed reductions in lipid-rich
necrotic core area or reductions in HsCRP level, suggesting
that DCE-MRI may be an alternative and independent
method for assessing therapeutic effects on carotid artery
atherosclerosis.

7.3 Multicenter Studies

Although the majority of therapeutic studies with appli-
cation of bb-MRI were performed as single-center trials,
the feasibility of using MRI techniques to evaluate carotid
atherosclerosis in multicenter trials has been studied. In a
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Fig. 4.12 Atorvastatin therapy: evaluation of macrophage activity us-
ing ultrasmall superparamagnetic iron oxide-enhanced carotid MRI.
T2*-weighted imaging of a right common carotid artery before and
after ultrasmall superparamagnetic iron oxide (USPIO) infusion at the
2 time points of 0 (a and b) and 12 (c and d) weeks. (b) USPIO uptake
can clearly be seen in the plaque at baseline (yellow arrowheads). (c)
Sinerem has been cycled out of the plaque before reinfusion at 12

weeks (red arrowheads). (d) The plaque enhances at 12 weeks (blue
arrowheads), indicating that high-dose statin treatment has damped
the USPIO-defined inflammation. Plaque segmentation was performed
using a combination of multicontrast sequences. Signals from artifact,
extravascular structures, and the luminal blood pool (green asterisks)
are excluded from the analysis. Reprinted with permission from [164]
(Color figure online)

study reported by Chu et al. [166] 39 asymptomatic subjects
with atherosclerotic disease and >15 % stenosis as deter-
mined by ultrasound were recruited from five clinical sites
and received four scans in 13 weeks on GE 1.5 T scanners
with a standardized carotid imaging protocol (TOF, T1/T2
weighted, T1-contrast enhanced (CE), and proton density
(PD)). The mean image quality per site was 3.5–4.2 (5-point
scale, with image quality �3 acceptable for analysis) and
across all four time points a matched coverage of at least
six MRI-locations (which is considered to be necessary for
reliable evaluation) was achieved by all participating centers.

Another study, which aimed at the creation of a carotid
atherosclerosis score (CAS), was performed with 344 sub-
jects from 4 imaging centers [167]. Using 60 % of the
included patients as a training group, factors associated with
IPH and fibrous cap rupture were evaluated by multivariate
analysis. Maximum LR/NC-proportion of the arterial wall
was found to be the strongest predictor of IPH (P< 0.001)
and FCR (P< 0.001). Application of the subsequently de-
rived CAS on the test group showed good identification of
IPH (AUC D 0.91) and FCR (AUC D 0.93). Thus the authors

concluded that quantification of the LR/NC may be an
effective complementary strategy to stenosis for classifying
carotid atherosclerotic disease severity [167]. Various other
multicenter clinical studies on the imaging of atherosclerosis
are currently ongoing [168, 169].

8 Future Developments

8.1 Hardware

MRI at 7 T is of significant interest because it provides an
opportunity for increases in spatial resolution or acquisition
speed while revealing novel imaging contrasts. At 7 T,
fast gradient echo sequences show hyperintense vascular
signal even without administration of contrast agents [170].
However, imaging of the carotid artery bifurcation at 7 T has
been limited so far mainly by the lack of suitable coils.

Recent studies have suggested a potential using
18FDG-Positron emission tomography (PET) to image
atherosclerotic plaque inflammation [171, 172]. With the
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Fig. 4.13 Quantitative T2*
(qT2*) maps illustrating the
treatment response for a patient
on high-dose statin therapy
(80 mg of atorvastatin). The map
was derived from multi-echo,
quadruple inversion
recovery-prepared,
two-dimensional, ECG-gated
images. The post-USPIO infusion
scans at baseline and after 12
weeks, and the corresponding
histograms from each pixel
intensity within the plaque, are
shown. The qT2* values were
calculated at each pixel after
performing spatial smoothing
using a Gaussian kernel (matrix
size, 33; full-width at
half-maximum, 1), followed by
the application of Miller’s power
correction and fitting to the
linearization of Sc (TE)2 D S20
exp(�2TE/T2*) using standard
linear interpolation. Reprinted
with permission from [165]

recent introduction of clinical MRI/PET systems, the
morphological information of MRI can be combined with
the functional information of the PET component, and future
studies will have to examine the potential of MRI/PET to
image atherosclerosis.

With advances in sequence design and the use of higher
field strengths for imaging the carotid arteries, the devel-
opment of new coil designs has gained a new momentum.
MR scanners are continuously equipped with an increasing
number of receivers and make imaging with coils, consisting
of larger amounts of elements, possible [173]. For example
by the use of an eight-channel phased-array coil, SNR,
CNR, and consequently vessel coverage can be improved
significantly [174].

8.2 Minimizing Motion Artifacts

Motion has been the challenge of every imaging modality.
Consequently image quality in carotid artery MR imaging
can be compromised by motion artifacts, limiting the accu-
racy of plaque assessment. In particular artifacts due to swal-
lowing or patient movement can be hard to overcome and can
cause temporary changes of carotid location of up to almost
1 cm [175]. Comfortable patient bedding, short imaging
sequences, and special neck holders can limit head motion

and improve image quality. Additionally several hardware-
based attempts for the detection of movements have been
made. Motion-detection navigators, which are placed on the
tongue, can detect motion and limit image acquisition to
motion-less phases [176] only. Neck coils capable of motion
detection have also been reported to improve image quality
and minimize swallowing artifacts [177].

8.3 Parallel Imaging

Parallel imaging has been one of the biggest innovations
in magnetic resonance imaging in the last decade. The use
of multiple receiver coils to augment the time consuming
Fourier encoding has reduced acquisition times significantly.
A 3.0 T BB-MRI study using Parallel Imaging with an
acceleration factor of 2 [65] demonstrated that the number
of excluded scans due to insufficient image quality can be
reduced substantially by using this technique. In this study
the percentage of non-diagnostic scans was approximately
2 %, which is substantially smaller than the number of
excluded scans in previous 1.5 T MRI studies [64, 178–180],
where the number of excluded exams ranged from 5 to 33 %.
The authors concluded that one of the reasons of the lower
number of excluded exams compared to previous 1.5 T MR
studies might be the signal gains associated with the higher
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field strength in combination with the shorter scan time due
to the Parallel Imaging technique, which is easier to tolerate
for the patients and might therefore result in less motion
artifacts and artifacts due to patient swallowing.

9 Conclusion

Noninvasive bb-MRI of the carotid arteries has unique poten-
tial to identify and quantify the key features of the vulnerable
plaque. BB-MRI is well suited for this role because it has an
excellent soft tissue contrast, is noninvasive, does not involve
ionizing radiation, enables the visualization of the vessel
lumen and wall, and can be repeated serially. The ability to
measure the plaque burden as well as the plaque components
(e.g., LR/NC, IPH, FC) makes bb-MRI a suitable tool to
track progression or regression of atherosclerosis. This po-
tential enables studies that are aimed at the understanding
of plaque development and to test new anti-atherosclerotic
therapies and makes it a unique approach since histology,
the gold standard, can only depict wall characteristics at one
point in time. Additionally bb-MR imaging of the carotid
arteries enables the identification of risk factors for plaque
development, such as IPH. In the future, a personalized
medical approach could use bb-MRI to stratify the risk of
plaque-related events in asymptomatic patients. Based on
these findings patients may be screened and assigned to the
best suited individual therapy.
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5Contrast Agents in Carotid Angiography
with Magnetic Resonance

Michele Anzidei, Chiara Zini, Vincenzo Noce, and Carlo Catalano

1 Introduction

Carotid MRA does not necessarily require contrast material,
but contrast-enhanced MRA (CE-MRA) has become the
standard of practice because it is faster and flow indepen-
dent. CE-MRA era begun in 1988 with the approval of
first MR contrast agent for clinical use by Food and Drugs
Administration (FDA) [1]; the first contrast-enhanced MR
angiograms (CE-MRA) required 5-min-and-10-s acquisition
time [2] and its quality was not so high, but it led to an inter-
esting scenario. In fact, the diagnostic accuracy of CE-MRA
has been positively evaluated in a number of studies [3–5]:
a recent meta-analysis of the noninvasive tests, available for
imaging the carotid arteries, has determined that CE-MRA
is the most accurate for detection of significant (70–99 %)
symptomatic stenosis [6].

2 Principles of CE-MRA

CE-MRA is based on the principle of shortening the T1
relaxation of blood by intravenously injecting Gd-chelate-
based contrast media (GBCM). This results in a significant
difference in signal intensity between flowing blood and sta-
tionary tissue at heavily T1-weighted arterial phase imaging,
leading to the high signal intensity of blood on contrast
enhanced T1-weighted sequences.

When a GBCM is administered it decreases the observed
tissue T1 and T2 relaxation times, changing the tissue signal
intensity. In other words the same phenomenon can be
expressed as increasing the tissue relaxivities R1 and R2
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(i.e., observed 1/T1 and 1/T2); the effect is termed relaxation
enhancement. Because the concentration of protons (wa-
ter) is much greater (55,000 M) than the concentration of
GBCM (0.1–5.0 mM), individual contrast complexes must
exert relaxation effects on extremely large numbers of water
molecules. The efficiency of this process can be expressed as
the relaxivity of the contrast molecule (Rcontrast), which is
linearly related to the concentration of the contrast agent and
can be written [7]:

R1 .observed/ D R1 .intrinsic/C cR1 .contrast/

R2 .observed/ D R2 .intrinsic/C cR2 .contrast/

where c is the concentration of GBCM. The observed re-
laxivities R1,2 can be thought of as the sum of an intrinsic
relaxivity (i.e., the true tissue T1 and T2) and a contrast-
specific relaxivity proportional to the concentration of con-
trast present.

Based on their predominant relaxivity effects, GBCM can
be classified as paramagnetic or superparamagnetic.
• Paramagnetic or relaxation agents (also called positive

contrast agents) have relatively large numbers of unpaired
electrons. These unpaired electrons generate a locally
fluctuating magnetic field, which cause a shortening in re-
laxation time T1 and induce a positive enhancement of the
signal in T1-weighted images. The effect on T2-weighted
images is present but less evident than in T1-weighted
images. The magnetic momentum is nulled when the
paramagnetic substance is removed from the magnetic
field. The most utilized paramagnetic substances are the
lanthanides, among which the most used is gadolinium.
Gadolinium chelates are the most CA used for MR an-
giography because of their shortening of the T1 relaxation
of blood (bright blood sequence).

• Superparamagnetic or susceptibility agents (also called
negative contrast agents) develop large magnetic moments
when placed into a magnetic field much greater than those
seen with paramagnetic agents such as gadolinium [8] and
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Table 5.1 Physiochemical properties of interstitial GBCM

Genetic name Product name Manufacturer Chemical abbreviation R1a R2a Molarity Osmolality Viscosity

Gadopentetate Magnevist Berlex Gd-DTPA 3.8 0.500 1.96 2.90

Gadoversetamide MultiHance Bracco Gd-BOPTA 4.4 5.6 0.500 1.97 5.30

9.7

Gadodutrol Gadovist Bayer Gd-DO3A-butrol 3.6 1.000 1.39 3.70

Gadoterate Dotarem Guerbet Gd-DOTA 3.6 4.8 0.500 1.35 2.00

Gadoteridol ProHance Bracco Gd-HPDO3A 3.7 0.500 0.63 1.30

Gadodiamide Omniscan Nycomed, Amersham Gd-DTPA-BMA 3.9 0.500 0.79 1.40

Table 5.2 Physiochemical properties of blood pool GBCM

Genetic name Product name Manufacturer Chemical abbreviation R1a R2a Molarity Osmolality Viscosity

Gadofosveset Vasovist Shering MS-325 6.6 53.0 0.250

44.0

B22956 Bracco B22956 6.5 0.250

27.0

SHL 643 Gadomer-17 Bayer Gadomer-17 18.7 0.500

P792 P792 Guerbet P792 39.0 0.035

44.5

determine a local lack of homogeneity in the magnetic
field at a macroscopic level which induces a marked fluc-
tuation of the magnetic momentum between the blood and
intracellular compartments, causing a shortening of T2*
of the neighboring 1H nuclei, thus determining a decrease
in signal. Two types of compounds are discriminated
based on their aggregate size: large (>50 nm) particles,
referred to as a SPIO (superparamagnetic iron oxide) and
small (<50 nm) particles, referred to as a USPIO (ultra-
small superparamagnetic iron oxide). Examples of SPIOs
include AMI-25 and SHU-555A; USPIOs include AMI-
227 and NC100150. Superparamagnetic contrast agents
have been proposed for studies on the cardiovascular
system with satisfying results both in animal and human
studies [9, 10].

3 Pharmacokinetic

Contrast agent’s pharmacokinetic knowledge is necessary
before approaching a carotid MRA. The principal character-
istics are resumed in Table 5.1.
• Molarity is defined as the amount of a constituent divided

by the volume of solvent. MR contrast agents must be
formulated at adequate concentration to effectively alter
relaxation at achievable blood concentrations and must be
either soluble or homogeneously dispersible in blood. The
molarity of CA employed are 0.1–1.0 M depending on
agent relaxivity (Tables 5.1 and 5.2).

• Viscosity measures the fluid resistance and must be low
enough that bolus injection can be performed through
intravenous (IV) catheters. Warming the contrast agent

to body temperature reduces viscosity, and it is useful
when injecting high-viscosity agents such as gadopente-
tate dimeglumine through smaller IVs [24, 25]. Recently,
some authors report viscosity as a risk factor for contrast-
induced nephropathy (CIN) [11].

• Osmolality is the measure of solute concentration. Ac-
ceptable contrast agent osmolalities range from 0.3 to
2.0 Osm/kg [7].
The biodistribution of GBCMs is governed by the ki-

netics of distribution, clearance, and excretion. Simplifying
kinetics is possible to identify two compartments with an
intravascular space (arteries and veins) and extracellular
extravascular space (EES). After injection, contrast media
pass from the intravascular space into the EES due to the high
intravascular concentration; this phenomenon takes variable
time: extracellular fluid agents (ECF) agents diffuse rapidly;
blood pool agents and SPIOs diffuse slowly. This process is
measured by distribution half-life T1/2 that represents the
time required for half of contrast to redistribute from the
intravascular space to the EES. Elimination pathways vary
according to the type of contrast agent. The gadolinium ECF
agents, small and extremely hydrophilic, are predominately
eliminated unmetabolized via a renal pathway (glomerular
filtration, active secretion, or a combination of the two). The
elimination half-life T1/2 represents the time required for
elimination of one-half the total contrast from the body, and
it is on the order of 90 min for conventional contrast media.
The only exception to pure renal elimination is gadobenate
dimeglumine (Gd-BOPTA), which is partially taken up by
the hepatocytes and excreted in bile [12].

Based on GBCM biodistribution, it is possible to identify
two class of molecules:
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Fig. 5.1 Molecular structure of
two GBCMs that differ for how
Gd is chelated inside the
molecule; the shell-like structure
of the molecule avoids any
contact between the Gd ion and
the tissue components

Fig. 5.2 Biodistribution (a) and effects on blood signal intensity
(b) of interstitial GBMC. The initial arterial concentration of interstitial
GBCM rapidly decreases owing to renal and, later on, hepatic excretion

(in smaller percentage). This allows to acquire images only during a
short time window (yellow area under the curve) corresponding to the
peak of arterial enhancement (Color figure online)

Fig. 5.3 Biodistribution (a) and effects on blood signal intensity (b) of
blood pool GBMC. The arterial concentration of interstitial GBCM
remains constant in time, since its interstitial filtration is minimal and
the renal and hepatic excretion occur later (vascular half life of 1 h)
as compared to conventional molecules. This allows to acquire images
during a longer time window (yellow area under the curve), even if

veins are enhanced, since the increased spatial resolution allowed by
longer angiographic sequences reduces artery/veins superimposition
issues, allowing at the same time the evaluation of smaller anatomic
details that cannot be appreciated with conventional sequences used for
arterial images with interstitial GBCM (Color figure online)

• Extracellular fluid agents (ECF) or parenchymal agent
(PA) contain one gadolinium ion (see Fig. 5.1) and are
quite small (<1,000 Da) so their distribution half-life T1/2
is low. Characteristics of PA are resumed in Table 5.1 and
PA biodistribution is described in Fig. 5.2.

• Intravascular contrast agent (ICA) or blood pool agents
(BP) remain intravascular for a much longer time and are
eliminated from the body much more slowly (longer T1/2)
as you can see in Fig. 5.3. These agents remain largely
intravascular due to one of two mechanisms: (a) a substan-
tial fraction (>80 % at any one time) reversibly binds to

serum albumin or (b) the large inherent size (>20,000 Da)
of the blood pool agent prevents it from diffusing through
the endothelium. This particular property led to steady
state sequence acquisition; these are particularly high
definition sequence, acquired after traditional first pass
sequence, in order to characterize plaque morphology.
Intravascular CA are out of commerce or not yet approved
by FDA or UE, so some authors [5] tried to acquire
steady state sequence also with interstitial GBCM with
good to excellent results. See Table 5.2 for BP agents’
properties.
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4 Safety

Historically, GBCMs are considered to have less adverse
reactions than the other contrast media and no nephrotoxicity
(at approved dosages for MR imaging). For several years
MR with gadolinium has been used to replace contrast-
enhanced CT in patients at risk for developing renal failure
if exposed to iodinated contrast media. However, in the
nephrogenic systemic fibrosis (NSF) era, this practice should
only be considered after reviewing the recommendations for
use of gadolinium-based contrast in this group of patients.
Gadolinium chelates have been approved for parenteral use
since the late 1980s, and they are extremely well tolerated by
the vast majority of patients in whom they are injected. Acute
adverse reactions are encountered with a lower frequency
than is observed after administration of iodinated contrast
media; the frequency of all acute adverse events after an
injection of 0.1 or 0.2 mmol/kg of gadolinium chelate ranges
from 0.07 to 2.4 % [13]. The majority of these reactions
are mild, including coldness at the injection site, nausea
with or without vomiting, headache, warmth or pain at the
injection site, paresthesias, dizziness, and itching. Reactions
resembling an “allergic” response (rash, hives, urticaria, and
bronchospasm) are very unusual (0.004–0.7%), and severe
reactions (life-threatening anaphylactoid or nonallergic ana-
phylactic reactions) are exceedingly rare (0.001–0.01%).
Fatal reactions to gadolinium chelate agents occur but are
extremely rare. Symptoms and treatments are resumed in
Table 5.3. Literature [14, 15] reports some risk factors for
adverse reaction as:
• Previous adverse reaction to GBCM: The frequency of

acute adverse reactions to gadolinium contrast media
is about eight times higher in patients with a previous
reaction to gadolinium-based contrast media. Recurrent
reactions to GBCM can be more severe than the first.

• Atopic subjects: Persons with asthma and various allergies
(including to other medications or foods) are also at

Table 5.3 Classification of severity and manifestations of adverse
reactions to contrast media

Mild Signs and symptoms self-limited without evidence
of progression
Treatment: observation to confirm resolution and/or
lack of progression, usually no treatment is require

Moderate Signs and symptoms are more pronounced with
evidence of focal or systemic signs or symptoms
Treatment: prompt treatment with close, careful
observation for possible progression to a
life-threatening event

Severe Signs and symptoms are often life-threatening
Treatment: aggressive treatment, frequently
hospitalization is necessary

Table 5.4 Administered doses of GBCM and associated NSF cases,
according to data provided by the Food and Drug Administration
(FDA) in December 2009

Agent
Approximate number
of doses (in millions)

Number of reported
NSF cases

Gadodiamide 13 382

Gadopentetate
dimeglumine

23 195

Gadoversetamide 4.7 35

greater risk, with reports of adverse reaction rates as high
as 3.7 %. Although there is no cross-reactivity, patients
who have had previous allergic-like reactions to iodinated
contrast media are also in this category.
In the absence of any widely accepted policy for dealing

with patients with prior contrast reactions in the need for
subsequent exposure to GBCM, it does seem prudent to
take pharmacologic precautions. It should be determined if
gadolinium-based contrast medium is necessary, if a different
molecule can be used, and if 12–24 h of premedication with
corticosteroids and antihistamines could be initiated.

Recently, NSF has been described as a late complication
of GDBC. NSF is a fibrosing disease, primarily identified
in the skin and subcutaneous tissues but also known to
involve other organs such as the lungs, esophagus, heart,
and skeletal muscles. Initial symptoms typically include
skin thickening and/or pruritus. Symptoms and signs may
develop and progress rapidly, with some affected patients
developing contractures and joint immobility. Death may
result in some patients, presumably as a result of visceral
organ involvement. NSF was first described in 2000 [16],
but only in 2006 [17, 18] was related to patients with end
stage chronic kidney disease (CKD), particularly in patients
on dialysis, who underwent contrast enhanced MRI. Much
data about NSF are still controversial and/or unknown but it
is important to point on:
• Precise quantification of the relative risk of NSF

development following administration of the various
GBCMs: empirical data and theoretical lines of reasoning
suggest that not all GBCMs are associated with an
identical risk of NSF in at-risk patients. The majority
of studies have reported on the incidence of NSF after
gadodiamide exposure (Table 5.4). European Medicines
Agency (EMEA) classified GBCM into different groups
(when considering administration to at-risk patients) [19],
resumed in Table 5.5.

• Chronic renal failure has been recognized as the principal
risk factor for developing NFS; in particular, patients
with severe CKD in stages 4 and 5 (corresponds to
eGFR values of 15–29 and <15 ml/min/1.73 m2,
respectively) have a 1–7 % chance of developing NSF
after exposure to GBCM [1, 2, 5, 8–11]; however, isolated
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Table 5.5 EMEA recommendations re-elaborated by American Col-
lege of Radiology (ACR) Committee on Drugs and Contrast Media and
the ACR Subcommittee on MR Safety

Group I: Agents associated with the greatest number of NSF cases

Gadodiamide (Omniscan
®

—GE Healthcare)

Gadopentetate dimeglumine (Magnevist
®

—Bayer HealthCare
Pharmaceuticals)

Gadoversetamide (OptiMARK
®
—Covidien)

Group II: Agents associated with few, if any, unconfounded cases of
NSF

Gadobenate dimeglumine (MultiHance
®
—Bracco Diagnostics)

Gadoteridol (ProHance
®

—Bracco Diagnostics)

Gadoteric acid (Dotarem
®

—Guerbet)

Gadobutrol (Gadovist
®
—Bayer HealthCare Pharmaceuticals)

Group III: Agents that have only recently appeared on the market in
the US

Gadofosveset (Ablavar
®

—Lantheus Medical Imaging)

Gadoxetic acid (Eovist
®
—Bayer HealthCare Pharmaceuticals)

reports of biopsy-proven NSF developing in patients
with stage 3 CKD (which corresponds to an estimated
glomerular filtration rate (eGFR) value between 30 and
59 ml/min/1.73 m2). Moreover, NSF has also developed
in patients with acute kidney injury [20]: in one series, up
to 20 % of NSF cases were diagnosed in patients who had
been in some element of transient acute renal failure at
the time of GBCM administration [21].

• Roles of the free gadolinium ion and/or the ligand
component of GBCM: in patients with significantly
degraded renal function, gadolinium ion dissociates
from its chelate due to the prolonged clearance times
(transmetallation). The free gadolinium then binds with
other anions (such as phosphate or bicarbonate), and the
resulting insoluble precipitate is deposited in the skin and
subcutaneous tissues (as well as at other locations) via a
process that is still poorly understood [22].

• Risk factors: A number of factors have been postulated
to explain why some patients with severe CKD who are
exposed to GBCMdevelop NSF and some do not. These

include: metabolic acidosis or medications that predispose
patients to acidosis [17, 23], increased iron, calcium,
and/or phosphate levels [23], high-dose erythropoietin
therapy, immunosuppression [24], vasculopathy [25], an
acute pro-inflammatory event [26], and infection [27], all
at the time of GBCM exposure. None of these potential
risk factors has been demonstrated consistently to be
present in all affected patients in all studies . Therefore,
at present, none of these risk factors can be considered
to have been established as a true cofactor with a high
degree of confidence.

• Dose of GBCM: Many authors suggested that renal failure
patients are at highest risk when they are exposed to high
doses or multiple doses of GBCM. Nonetheless, there are
clearly reported instances of NSF occurring in patients
who have been exposed to standard (0.1 mmol/kg) single
dose of GBCM [28] or exceptionally rarely in those who
have no known GBCM exposure [29]. Conversely, there
are also patients with severe CKD, who have received
high doses and/or many doses of GBCM, but who have
not developed NSF [28]. In one study [30], of 30 patients
who had an eGFR of under 30 ml/min/1.73 m2 and who
were exposed to high doses of gadodiamide (median dose
of 90 ml and range of 40–200 ml), only one patient
subsequently developed NSF, which calculates to an
incidence of only about 3 %
Based on the recommendations for GBCM administra-

tion, it is mostly important to identify patients who are
at increased risk of developing NSF prior to any GBCM
injection. Patients at highest risk are those who have severe
CKD (defined as eGFRs of <30 ml/min/1.73 m2) or acute
kidney injury. Patients can be screened verbally to identify
the presence of a history of renal disease, but it is important
to obtain the eGFR (within 6 weeks of anticipated GBCM
injection) in patients who might have reduced renal function
as the American College of Radiology Subcommittee on MR
Safety recommended. The calculation of eGFR for adults
should be performed using the modification of diet in renal
disease (MDRD) equation:

eGFR.ml=min =1:73 m2/ D 175 � .serum creatinine in mg=dl/� 1:154

� .age in years/� 0:203 � .0:742 if female/ � .1:212 if African American/

The Schwartz equation should be used for children:

eGFR.ml=min =1:73m2/ D 0:413 � height in cm

serum creatinine in mg=dl

Decisions concerning the appropriate time interval be-
tween the last eGFR determination and GBCM injection will
be tempered by any interval change in the patient’s clinical
condition (which might increase the need for a more recent
eGFR).
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5 Technical Parameters You Need
to Know to Perform a Successful
Carotid CE-MRA Examination

The imaging success depends on:
• Contrast resolution: related to signal intensity difference

between background and vascular enhancement; the in-
travascular signal depends on the amount of contrast agent
concentrated within the vascular bed during acquisition.

• Temporal resolution: the arterial phase acquisition must
be limited in duration to avoid venous overlap, with
relevant constrains to spatial resolution [31–33]. This
drawback is going to progressively overcome by the
wider availability of advanced parallel imaging, dedicated
multichannel coils, performing gradients, and high-field
scanners.

• Imaging acquisition: should be ideally performed at the
peak of vascular enhancement, when a maximum differ-
ence exists between signal intensity of the target vessel
and the surrounding overlapping structures.
Acquisition parameters change between vendors widely;

however, some concepts must be kept in mind when setting
up protocols for carotid CE-MRA:
• TE, TR, and flip-angle values should be kept at minimum

in order to maximize the differences in signal intensity
between contrast agent and stationary tissues and T2*
effects.

• Pre-contrast mask acquisition is mandatory for image
subtraction in order to increase intrinsic contrast.

• Matrix values should not be lower than 384 � 384, with an
effective slice thickness not wider than 1.5 mm.

• Acquisition time should not exceed 14–18 s (depending
on individual changes in circulation physiology) to avoid
jugular enhancement.

• Optimal delay between contrast agent administration and
acquisition start should be evaluated with real-time mon-
itoring techniques based on k-space filling evaluation or
MR fluoroscopy; test bolus is also acceptable but is more
prone to technical errors and longer to perform. It should
strictly avoid the use of prefixed delay, and individual
changes in circulation physiology may completely ham-
per arterial-only acquisitions [34].

• The modality of k-space sampling must be adapted for
CE-MRA, with centric or elliptic-centric techniques being
more convenient to achieve a compromise between the
needs for spatial and temporal resolution [35].
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6Quantitative Magnetic Resonance Analysis
in the Assessment of Cardiac Diseases
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1 Introduction

The diagnosis of cardiovascular disease requires the precise
assessment of both morphology and function. Cardiac mag-
netic resonance (CMR) offers several acquisition techniques
for accurate and highly reproducible quantitative assessment
of global and regional ventricular function, blood flow, my-
ocardial perfusion at rest and stress, necrotic and scarred
myocardium and heart iron load.

The ongoing clinical need for objective and accurate
assessment of myocardial function and recent advances in
CMR hardware and automated and semi-automated image
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analysis software resulted in significant improvements in
image quality and a reduction in imaging time.

2 Assessment of Global Ventricular
Function

The accurate and reproducible quantification of left and
right ventricular volumes, ejection fraction, and myocardial
muscle mass is fundamental for evaluation of disease sever-
ity/progression, appropriate therapeutic procedures, timing
of surgery, and prognostic stratification in patients with
cardiac disease.

CMR is recognized as the reference standard for the
assessment of left and right ventricular volume and mass;
it has been shown to be accurate, highly reproducible, and
independent from geometric models [1, 2].

Measurements of global ventricular function are typically
derived from multislice cine 2D balanced steady-state free-
precession (b-SSFP) images with 30 phases per cardiac
cycle encompassing the entire left and right ventricle short
axes in 8–12 consecutive parallel slices (usually 8 mm slice
thickness and 2 mm slice gap) (Fig. 6.1). Tissue signal in
the b-SSFP sequences is based on T2/T1 relaxation behav-
ior and is largely inflow independent. As a result, a high
contrast in blood-filled ventricular cavities (high signal) and
myocardium (low signal), allowing an excellent detection of
the endocardial border [3, 4].

During the post-processing, the precise delineation of
the endocardial ventricular border in the end-diastolic and
end-systolic phases is crucial for accurate quantification
of ventricular volumes (Fig. 6.1). Ventricular volume and
global function parameters can be derived using Simpson’s
rule including end-diastolic (EDV) and end-systolic volumes
(ESV), ejection fraction (EF), stroke volume (SV), and left
ventricular mass.

The difference between EDV and ESV is the SV (mL).

SV D EDV � ESV
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Fig. 6.1 Slice positioning on the
vertical long-axis (VLA) (a) and
4-chamber (4CH) (b) planes to
obtain multislice short axis
(SAX) images (c) from base to
apex of the ventricles. Note that
all slices are parallel to the
atrioventricular (AV) valves and
perpendicular to the
interventricular septum.
Functional analysis of both
ventricles using the Simpson’s
method is obtained by drawing
endocardial borders in each plane
(respectively red in the LV and
purple in the RV). The
delineation of the epicardial
ventricular border (green) is
important to quantify LV mass.
(d) Surface-rendered 3D images
of the left and right ventricle
obtained from the automatic
propagation of endocardial and
epicardial contours to the all
subsequent phases of the cardiac
cycle

The SV divided by the EDV gives the EF (%).

EF D SV ŒmL�

EDV ŒmL�
� 100

The SV multiplied by the heart rate (HR) gives the cardiac
output (L/min).

CO D SV � HR

The trabeculations and the papillary muscles should be in-
cluded in ventricular cavity, except in patient with hypertrofic
cardiomyopathy. The delineation of the epicardial ventricular
border is important for quantification of the overall volume
of the ventricular wall and to obtain the ventricular mass
multiplying the myocardial volume by the heart muscle-
specific density (1.05 g/cm3). All determinations are usually
indexed for the body surface area to according parameters for
individual body conformation.

Phase contrast (PC) images also play an important role in
the evaluation of global ventricular function, in particular, the
application of this technique to the proximal portion of the
ascending aorta and pulmonary artery allows a precise quan-
tification of anterograde flow over a complete cardiac cycle;
left and right ventricular stroke volume can be measured by
integrating the area under flow curve [5].

Literature data agree in considering CMR the reference
standard for the assessment of right and left ventricular vol-

umes, EF and myocardial mass, and functional parameters
have always to be reported.

3 Assessment of Regional Ventricular
Function

Evaluating the contribution of the different ventricular por-
tions to the global ventricular performance is important in
many cardiac diseases. The parameters used to study regional
ventricular function are myocardial wall thickness, systolic
wall thickening, and circumferential and longitudinal wall
motion or shortening.

Preserved wall thickness is a good indicator of the pres-
ence of viable myocardium in the setting of a chronic
infarction and wall thickening analysis is more sensitive
in the detection of dysfunctional myocardium than wall
motion analysis [6]. Some studies have shown that measuring
regional contractility is a better prognostic indicator than left
ventricular EF and that quantitative measurement of wall
thickening provides a more precise indication of regional
function than does visual estimation of wall motion [7, 8].

CMR short-axis acquisitions have proved their usefulness
for the determination of left ventricular regional wall pa-
rameters [6]. In contrast to echocardiography, which only
provide good visualization of the endocardial borders of
the myocardium, CMR also provides excellent depiction
of the epicardial borders of the myocardium. This allows
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Fig. 6.2 (b) Application of the centerline method for wall thickness
and wall thickening analysis of short-axis cine MR images obtained
in a 68-year-old man with chronic myocardial infarction in the region
of the left anterior descending artery (a). (c) Delayed-enhancement
short-axis image shows transmural hyperenhancement (arrows) in the

thinned myocardial wall of the septum and the infero-apical segment
corresponding to scar tissue. Bull’s-eye plots show a reduced wall
thickness and wall thickening in the scarred tissue (arrows). (d) b-SSFP
image depicts a dyskinetic aneurysm of the LV apex with the presence
of an apical thrombus (arrowhead)

assessment of not only wall motion but also wall thickening
and thinning. Local wall thickness and thickening can be
derived from manually or automatically defined endocardial
and epicardial profile in end diastole and end systole of left
and right ventricle.

The commonest way to assess wall thickness and thicken-
ing is based on the centerline method (Fig. 6.2). In short-axis
images, myocardial thickness is divided by a line into two
equal parts, equidistant to the endocardium and epicardium;
multiple lines are drawn perpendicular to this line, covering
the entire myocardium at defined intervals. The length of
each line indicates parietal thickness, while the relationship
between the length of each line at the end of systole and
diastole defines systolic thickening [9].

Normal values for end-systolic wall thickening can be
used for comparison to determine which myocardial regions
are impaired. The most important clinical application of
regional functional analysis is the assessment of reversibly
injured yet viable myocardium in ischemic heart disease
[10, 11].

Although, for daily clinical use, wall motion is often
visually assessed, contouring of endo- and epicardial borders
may be helpful to quantify motion (e.g., amount of cen-
tripetal motion of endocardial border during systole).

Accurate regional function analysis has become feasible
with the introduction of CMR myocardial tagging (Fig. 6.3)
allowing an highly reproducible quantitative assessment of
mechanical properties such as myocardial strain deforma-
tion. It consists in applying, on a standard SSPF sequence,
a radiofrequency prepulse perpendicular to the plane of the
image, immediately following the ECG R-wave, appearing
in the image as a grid of dark saturated lines. Dedicated

computer algorithms have been developed to track the inter-
section points of the tagging lines over the cardiac cycle, to
analyze the deformation of the saturation grid and sequent
quantification of regional myocardial deformations. By ap-
plying this technique in multiple slices in both short-axis and
long-axis directions, 3D-myocardial strain measurements
can be performed, allowing an accurate quantification of
circumferential and longitudinal shortening [12].

4 Assessment of Blood Flow in the
Heart and Great Vessels

Cardiac-gated phase-contrast (PC) sequences with flow-
encoding gradients are used to quantify velocity and blood
flow in the heart and great vessels. 2D PC CMR sequences
are the most commonly used in clinical practice and the
flow quantification is based on the phase shift measurement
induced in the protons in motion by the application of pulsed
gradients.

PC can accurately quantify the regurgitant volume, either
as an absolute value or as the regurgitant fraction. Each PC
acquisition produced two sets of cine-images: a magnitude
image, used for anatomic orientation, and a phase image in
which the gray value of each pixel represents the velocity
information in that voxel. For flow quantification, phase
information acquired on a perpendicular plane through the
jet of regurgitation, just near the valve, are required (Fig. 6.4).
Stationary spins are represented as mid-gray, while increas-
ing velocities in either direction are shown in increasing
grades of black or white. Black values show flow toward
the viewer, whereas white values show flow away from
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Fig. 6.3 End-diastolic (a, c) and
end-systolic (b, d) 4-chamber and
short-axis-tagged MR images

Fig. 6.4 Oblique coronal view (a) and oblique transverse long axis
view (b) of the left ventricle outflow tract with slice positioned (yellow
lines) for PC sequence (c) acquired in a through-aortic plane, just below
the aortic valve annulus. (c) Phase image produced by PC sequence:
black values show forward flow toward the viewer, whereas white
values show backward flow away from the viewer. (d) Corresponding

flow map obtained drawing the regions of interest (ROIs) on each phase.
The regurgitant volume is obtained as the area under the curve of the
negative portion (red) of the flow-time plot. The regurgitant fraction is
obtained as the ratio of the regurgitant volume and the forward flow
volume (e)

the viewer. It is important to define the size of velocity
encode window as close to the peak velocity as possible, to
reduce aliasing of peak velocities and maintaining sensitivity
for flow measurements. Measurement of the spatial mean

velocity for all pixels in a region of interest of known area
enables the calculation of the instantaneous flow volume at
any point in the cardiac cycle. Calculation of the flow volume
per heart beat can be made by integrating the instantaneous
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Fig. 6.5 Short-axis first-pass myocardial perfusion at a mid-ventricular
slice level with endo- and epi-cardial contours defined and the my-
ocardium divided into 6 segments (a). Signal-intensity versus time
curve is derived for each of the myocardial segments (d). Short-axis
resting first-pass myocardial perfusion (b) and delayed-enhancement

(c) images show an area of microvascular obstruction localized in the
anterior (segment 2) and antero-septal wall (segment 1) (arrows in b and
c), characterized by a reduced myocardial signal intensity (SI) during
the first pass (red dotted circle in d)

flow volumes for all frames throughout the cardiac cycle
[13]. This technique has been validated in vitro and in
vivo and is extremely accurate and reproducible [14]. The
severity of regurgitation can be defined as mild (regurgitant
fraction 15–20 %), moderate (regurgitant fraction 20–40 %),
and severe (regurgitant fraction >40 %) [15].

Application of PC to the proximal portion of the ascend-
ing aorta allows the assessment of left ventricular systolic
function by evaluating the flow over a complete cardiac
cycle. Such a study requires a PC acquisition in the oblique
axial plane crossing the ascending aorta and the left ventric-
ular stroke volume can be obtained tracing the lumen of the
vessels in every phase of the cardiac cycle [16].

Quantification of the right ventricular and left ventricular
outputs can be compared using through-plane flow measure-
ments from the proximal ascending aorta and pulmonary
trunk (Qp/Qs ratio D 1 in normal individuals), thus allowing
quantification of shunts in patients with congenital heart
disease [17].

5 Assessment of Rest and Stress
Myocardial Perfusion

In patients with known or suspected ischemic heart disease,
diagnosis of an hemodynamically significant stenosis, and
assessment of functional significance of an anatomical le-
sion, is of crucial importance in the evaluation and therapeu-
tic decision-making.

The intrinsic mechanisms of coronary microvascular
adaptation (coronary reserve) do not allow to appreciate
myocardial perfusion defects at rest. To detect significant
stenoses of the epicardial coronary arteries, it is helpful
to stress the patient so that a measure of the coronary flow
reserve, or similar measures such as the myocardial perfusion
reserve index, can be obtained [18]. Stress conditions are
induced by physical exercise or pharmacological agents such
as dipyridamole, adenosine, or dobutamine.

Compared with the radionuclide techniques, myocardial
MR perfusion imaging has several advantages, including its
lack of ionizing radiation, higher spatial resolution to allow
analysis of transmural differences in myocardial blood flow
(MBF), no attenuation problem related to overlying breast
shadow or obesity [19].

Myocardial CMR perfusion imaging is based on the
changes in myocardial signal intensity (SI) during the first
pass of an intravenously injected contrast agent (Gadolinium)
acquired during stress and at rest. The simplest and most
frequently used approach for interpreting CMR perfusion
studies is the visual assessment of first-pass myocardial per-
fusion cineloop looking for regions of relative hypoperfusion
visible as a nonenhancing part of the myocardium.

The time intensity curve, obtained contouring the endo-
and epicardial borders, describes the changes in SI over time
in the myocardium during the first pass of contrast through
the heart (Fig. 6.5). A number of semiquantitative parameters
can be obtained from this curve: maximum myocardial
enhancement, transit time, time to maximal SI, area under the
SI curve, and the upslope of myocardial enhancement (i.e.,
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slope of the initial portion of the signal intensity versus time
curve after gadolinium administration).

Of these parameters, the upslope of the SI curve has been
most widely adopted for semiquantitative analysis and has
been shown to improve diagnostic accuracy over visual anal-
ysis alone [20]. A recent meta-analysis showed an overall
sensitivity of 91 % and specificity of 81 % for CMR perfusion
imaging using qualitative and semiquantitative analysis for
the diagnosis of CAD, compared to quantitative coronary
angiography [21].

In addition to the semiquantitative methods, CMR
perfusion imaging can also quantify the absolute MBF in
mL/min/g evaluating time intensity curves for regions within
the myocardium. The quantification of tissue perfusion
is mathematically complex and involves a number of
assumptions, including parameters such as water exchange
rates, contrast agent distribution, and the relationship
between signal intensity and the concentration of contrast
agent [19, 22].

In healthy volunteers, MBF measurements by CMR have
been found to be in agreement with published values based
on invasive and noninvasive methods, and the magnitude
of flow heterogeneity is similar to that seen in PET [23].
Quantitative perfusion CMR is thus a safe noninvasive test
that represents a stenosis-specific alternative for determining
the hemodynamic significance of CAD.

6 Assessment of the Necrotic
and Scarred Myocardium

In patients with myocardial infarction (MI), delayed en-
hancement cardiac magnetic resonance (DE-CMR) is a well-
validated technique for the detection, characterization, and
accurate quantification of the necrotic (acute phase) and
scarred (chronic phase) myocardium [24].

Viability imaging is based on contrast medium local con-
centration caused by an increase in the myocyte membrane
permeability in acute MI and by enlargement of the extravas-
cular space, and hence, an increased distribution volume for
the extracellular contrast agent in chronic phase. Moreover,
gadolinium chelates wash out of infarcted tissue more slowly
than out of healthy myocardium resulting bright on delayed
contrast-enhanced inversion recovery T1-weighted images.
The size and location of the infarcted region, as demonstrated
histochemically in animal models, correlate with the size and
location of myocardial DE.

Findings of several studies have shown that the amount
of delayed transmural enhancement predicts the degree of
functional recovery after acute MI and relates to left ventricle
remodeling.

The transmural extent of the infarction as seen on DE-
CMR in chronic MI is inversely related to the likelihood
of recovery following revascularization; conversely, absence
of myocardial DE correlates with a likelihood of functional
recovery [25]. Infarct size on DE-CMR has been shown to
be superior to left ventricular EF and volume for predicting
long-term mortality in patients with healed MI [26]. Myocar-
dial scar forms a substrate for ventricular tachyarrhythmia
and scar quantification by DE-CMR has the potential for
allowing better identification of high risk patients.

The CMR high spatial resolution allows an accurately
and reproducibly planimetric quantification of DE area by
manual or automatic drawing of the contrast-enhanced region
(Fig. 6.6).

The most important information used in daily clinical
practice is the transmural extent of the infarction (Infarct
size). Infarct size was computed by dividing the DE area
by the total area of the corresponding myocardial wall and
expressed as left ventricle percentage. The amount of DE
areas assessed section by section gives the total volume of
infarction expressed in grams by multiplying the volume
of infarction for the myocardium-specific weight (equal to
1.05 g/cm3). This value can also be expressed in percentage
respect to left ventricular mass.

Considerable additional information is available through
the use of supplementary techniques in acute infarction.

The DE short-axis images also allow an accurately
planimetric quantification of the potential presence of
microvascular obstruction (MO) by manually drawing the
hypoenhanced region within infarcted myocardium. Infarcts
with microvascular obstruction have a poorer prognosis,
which is a predictor that is independent of EF [27].

In T2-weighted short-axis images, myocardial area at risk
(AAR) can be obtained by manually tracing the hyperin-
tense region and expressed as left ventricular percentage
(Fig. 6.6). When present, an hypointense area within the hy-
perintense myocardium is considered an hemorrhagic com-
ponent of infarcted myocardium and included in the AAR
computation.

Myocardial salvage is defined as the amount of my-
ocardium that is jeopardized by a coronary occlusion but
spared from infarction. The myocardial salvage index (MSI)
is calculated by correcting the amount of necrotic my-
ocardium for the AAR extent.

MSI D AAR extent � Infarct size

AAR extent

In reperfused ST-segment elevation MI patients, CMR-
derived MSI is the strongest predictor of adverse left
ventricle remodeling independent from the presence of
microvascular obstruction, infarct transmurality, and baseline
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Fig. 6.6 Planimetric
quantification of transmural
extent of the infarction (infarct
size) on DE-CMR short axis
image (a–c) showing example of
transmural subendocardial
myocardial infarction within an
area of microvascular obstruction
depicted as a persisting area of
hypoenhancement (black arrows
in a) surrounded by
hyperenhanced myocardial tissue.
Planimetric quantification of area
at risk (AAR) on short TI
inversion recovery (STIR)
short-axis image (d–f) of the
same patient

Fig. 6.7 Myocardial quantification of iron load in a patient with
hemochromatosis on single breath-hold multi-echo T2* sequence ac-
quired in mid-ventricular short axis (a). The images do not show a
decrease of heart signal intensity while depicts a marked decrease of

liver signal intensity. Myocardial signal intensities are measured in the
ventricular septum for each image and then plotted against the echo
time (b). The T2 decay is 36 ms (>20 ms), then the patient has not a
myocardial iron overload

EF. These findings may open new perspectives on the use of
this index as a surrogate end point in studies testing novel
reperfusion strategies [28].

7 Assessment of Tissue Iron Overload

Iron overload cardiomyopathy (IOC) is a restrictive car-
diomyopathy defined as the presence of diastolic and then
systolic cardiac dysfunction secondary to increased deposi-
tion of iron in the heart [29]. It results from the accumulation
of iron in the myocardium related to primary or secondary
hemochromatosis. Initially, diastolic dysfunction whit re-
strictive filling pattern usually precede systolic function and
regional abnormalities.

CMR is the only available noninvasive technique which
can quantify myocardial iron load.

In iron-overloaded hearts, the iron paramagnetic effect
disturbs the magnetic field homogeneity, produces changes
in MR signal intensity and susceptibility, and shortens the T2
relaxation time causing a marked decrease in signal intensity
on T2-weighted images [30]. The noninvasive quantification
of myocardial iron overload is possible using a single breath-
hold multi-echo T2* sequence acquired in mid-ventricular
short axis. Myocardial signal intensities are measured in
the ventricular septum for each image and then plotted
against the echo time (Fig. 6.7). Patients with myocardial
iron overload have a T2 decay <20 ms.
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7Atherosclerosis Plaque Stress Analysis:
A Review

Hao Gao and Quan Long

1 Introduction

Stroke is one of the leading causes of death in the world
[58], mainly caused by atherosclerotic plaque rupture with
subsequent thrombus formation [12]. In carotid arteries or
coronary arteries, atherosclerotic plaques may develop into
a high degree of stenosis, which could restrict blood supply
to the downstream arteries, and cause reshaping of arterial
wall. More often, the rupture of plaques with low-grade
stenosis degree and subsequent thrombus formation, rather
than stenosis, which can block blood flow in the arterial
system, causes stroke or myocardial infarction.

However the exact mechanisms of plaque rupture still
remain unclear. Plaques that are prone to rupture may of-
ten be clinically silent until the time of rupture. Research
has been devoted to finding features for predicting plaque
vulnerability. At present, some plaque features, such as large
lipid pool, thin fibrous cap, and high content of inflammatory
cells, have been believed to contribute to plaque instability
[51]. Figure 7.1 shows a typical histological section of a
vulnerable carotid plaque, where a thin fibrous cap can be
found, covering the lipid region. The rupture of thin fibrous
cap will let the lipid into blood flow, which will cause
blockage at downstream arteries.

It has been accepted that both plaque morphology and
biomechanical environment of the plaques influence their
vulnerability [57]. The biomechanical factors such as plaque
wall tensile stress and wall shear stress are considered to
be important factors in plaque rupture process and should
be taken into account for plaque vulnerability assessment.
In this chapter, plaque wall stress analysis will be reviewed
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from 2D to 3D, from idealized models to patient-specific
plaques in terms of geometrical accuracy, and from struc-
ture analysis only to fluid–structure interaction (FSI) anal-
ysis, with computational examples from our group, while
hemodynamic studies of atherosclerotic plaques will not be
reviewed in the chapter.

2 Biomechanical Study of Plaque
Vulnerability

The hypothesis behind this group of studies is that plaque
rupture is a mechanical failure of thin fibrous cap. The
tendency of a plaque to rupture is due in part to increases
in mechanical stress in fibrous cap [7, 16, 27, 56]. Various
studies [53] have revealed that plaque rupture often occurs in
the shoulder regions of plaques, the high stress concentration
region due to the significant difference in stiffness between
fibrous cap and underlying lipid pool [7, 27]. The main
hypotheses for plaque rupture suggested by biomechanical
community are as follows:
1. Local maximum stress: The local maximum stress in

fibrous cap region, which is higher than the critical stress
value which fibrous cap tissue can sustain, usually is
considered to be the main reason of rupture in terms of
biomechanics factors [7, 13, 15, 65, 66]. A critical value
of 300 kPa has been proposed by Cheng et al. [7] for
coronary arterial plaque, based on their 2D stress analysis
with ruptured and stable atherosclerotic lesions.

2. Fatigue failure: Bank [1] hypothesized that mechanical
fatigue on fibrous cap caused by pulsatile blood flow may
be an important factor causing plaque rupture. The growth
of plaque fatigue crack based on this hypothesis has been
simulated by evolving stress distribution in plaques [76].

3. Extremely high wall shear stress: Recently extremely high
wall shear stress has been linked to plaque rupture [20, 21]
based on the findings that plaque ulceration occurs at the
high wall shear stress location.
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Fig. 7.1 A typical histological section of a vulnerable carotid plaque

4. De-bonding effect by microcalcification: The hypothesis
for vulnerable plaque rupture due to stress-induced de-
bonding around cellular microcalcification in thin fibrous
caps was proposed [74] based on the fact that cellular-
level microcalcifications in a thin cap can cause local
stress concentrations that lead to interfacial de-bonding.
It should be mentioned that the “de-bonding effect” also
can be categorized into the hypothesis of “local maximum
stress” because of extremely high stress caused by micro-
calcifications.

5. Other hypotheses: Include injury due to turbulent flow in
the stenosis [43], rupture of vasa vasorum [2], etc.
Comparing with the others, the local maximum stress

hypothesis is the most wildly accepted one. However the
biomechanical factors related to rupture hypothesis have not
been fully verified in vivo, due to the difficulties such as
(1) there is no technique that can directly measure wall
stress in the plaque in vivo, and (2) the geometry of a
specific plaque at pre- and post-rupture status is practically
unachievable. Nonetheless, to work on any stress-related hy-
pothesis, obtaining accurate stress distribution on the specific
plaque is essential. While there is no better way to accurately
measure the stress in the plaque, numerical methods have
been extensively applied to obtain the stress in the plaque
region, especially finite element method (FEM). The realis-
tic plaque geometry with multicomponents including lipid
region, fibrous cap, etc., is generally used to construct a
FEM model together with physiological mechanical loading
to predict the mechanical stress distribution in a plaque.

Finite element models have been developed from 2D to
3D, from idealized models to patient-specific plaques in
terms of geometrical accuracy, and from structure analysis
only to FSI analysis in terms of physical phenomenon reality.
There are normally five main tasks involved in building a
plaque mechanical stress analysis model which include (a)
to acquire plaque components; (b) to reconstruct plaque ge-
ometry; (c) to apply mechanical load and dynamic boundary
conditions; (d) to define suitable material constitutive mod-
els; and (f) to perform FEM simulation and post-processing.
Table 7.1 lists breakdowns of each task for different levels of
complexity of simulations. The following sections provide a

brief review of the simulation technique developments, in the
order of 2D structure-only stress analysis, 3D structure-only
stress analysis, 3D fluid-only models and results, and 2D/3D
FSI results.

2.1 Two-Dimensional Structure-Only Stress
Analysis

Since 1990s, 2D structure stress analysis has been exten-
sively applied to plaque models for predicting stress distribu-
tions from idealized models to patient-specific models. The
advantage of using idealized models is that they allow easy
changing of geometrical parameters to investigate effects
of individual plaque features. Loree et al. [44] studied the
effects of plaque structure features including stenosis sever-
ity and fibrous cap thickness on stress distributions based
on idealized plaque models. They found that decreasing
the fibrous cap thickness considerably increased the peak
circumferential stress, while increasing the stenosis severity
decreased peak stress, suggesting that ruptured plaques may
not associate with high stenosis degree. Cheng et al. [7]
studied the relation between the locations of peak stress in
ruptured plaques and rupture sites for the same plaque. The
results showed that most plaque rupture sites occurred very
close to regions of high stress; however, the peak stress
did not always coincide with the rupture site. They also
found that the maximum circumferential stress in plaques
that ruptured was significantly higher than maximum stress
in stable specimens; a critical stress value of 300 kPa has
been proposed for predicting plaque rupture. Finet et al. [11]
studied the effect of fibrous cap thickness to plaque stress
with 2D idealized models. They found that irrespective of
plaque geometry and composition, a fibrous cap thickness of
less than 60 �m results stresses greater than 300 kPa.

By using heterogeneous material model for stress analysis
in human atherosclerotic aortas, Beattie et al. [4] found that
the distribution of stress and strain energy was strongly
influenced by plaque structure and compositions, indicating
that a proper material model with multicomponents in plaque
stress analysis is of very importance. Williamson et al. [79]
studied the sensitivity of wall stresses in diseased human
coronary arteries to varied material properties. They showed
that stresses in the artery have low sensitivities to variations
in elastic modulus and comparable among isotropic nonlin-
ear, isotropic nonlinear with residual strains, and transversely
isotropic linear models. However, the stress in the stress con-
centration regions can vary up to 30 % with different material
models from the same work. Huang et al. [27] investigated
the effect of calcification towards plaque stability in human
atherosclerotic coronary arteries, suggesting that calcifica-
tion does not decrease the stability of the plaque. However,
Veress et al. [75] believed that the locationof calcification
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Table 7.1 Summary of research on biomechanical study of plaques

Papers Models source Results

2D structure stress analysis

[44] Idealized models Fibrous cap thickness is an critical factor affecting plaque stress

[7] Histology Plaque ruptures at high stress location

[11] IVUS C Idealized model The fibrous cap thickness can greatly affect the peak stress

[4] Histology Proper material models with multicomponents in plaque stress analysis are of very
importance

[79] Histology Stress prediction showed low sensitivity to the chosen material models

[36] Histology Significant correlation between MMP-1 and circumferential stress

[26] MRI C Histology Macrophage locations correlated with peak plaque stress

[22] Histology A limited relation found between inflammation and extreme stress

[27] Histology Calcification may stabilize plaques

[6] OCT Realistic plaque geometry and components are important

[38–41] MRI Peak stress in symptomatic patients is much higher

[73] MRI Plaque stress related to plaque stability

[84] MRI C Histology Vulnerability index was proposed based on stress analysis

[68] MRI Local critical stress was suggested for plaque vulnerability assessment

[54] Histology Residual stress/strain may greatly affect plaque stability

[55] Histology C US Residual stress/strain may just have limited effects on the plaque stress

[70] MRI Luminal curvature can affect plaque stress condition

3D structure stress analysis

[25] Idealized 3D model Calcification locations matter in plaque stability

[30] Idealized 3D model Plaque shape, size, remodeling, etc., affect longitudinal plaque stress

[23] MRI A nonlinear anisotropic multilayer material model was developed

[17] Image-based 3D model Plaque fissuring/dissection could cause localized mechanical trauma
[10] MRI Plaque rupture was simulated

[53] IVUS Plaque ruptures at locations of high stress

[80] Cine angiographic images Plaque structure/components are key issues in stress prediction

Fluid structure interaction analysis

[83] MRI Certain locations with high wall stress and low wall shear stress were identified in
healthy carotid artery

[82] MRI Biomechanical factors effects on atherogenesis

[31, 32] MRI C Histology Biomechanical factors were correlated with histological analysis

[40] 2D idealized model Low stenosis plaque with thin fibrous cap may have high rupture risk

[41] 3D idealized model The effects of wall motion in plaque development and rupture

[5] 3D idealized model Microcalcification in fibrous cap could increase plaque vulnerability

[34] MRI-based 2D model Plaque stress can help in vulnerability assessment

[62–69] MRI 3D FSI plaque stress with MRI has been developed and discussed

[81] MRI Comparison between structure-only and FSI model was conducted

[28, 29] MRI The determination of plaque shrinkage and stress-free state in plaque; intraplaque
hemorrhage is associated with higher plaque stress

[8] CT Curvature difference in plaque region could be an important factor

could play an important role in plaque stability. Calcification
deep in plaques could have little effect on stability, and may
even stabilize the plaque from rupture, while calcification
in the fibrous cap could contribute to the plaque rupture
due to the great difference in stiffness, and increasing the
stress in the fibrous cap, especially the interface between
calcification and fibrous cap. Figure 7.2 presents a 2D plaque
stress analysis from histology analysis of the carotid plaque
corresponding to Fig. 7.1 from our group. The discretized
carotid geometry is shown in Fig. 7.2a. Arterial wall was
assumed to be linear in material properties with 1 MPa
Young’s modulus, and 0.45 for Poisson ratio. A luminal

pressure of 110 mmHg was applied. Figure 7.2b shows the
corresponding Von-Mises stress distribution. The fibrous cap
experiences much higher stress than other regions and the
maximum stress region can be found in the shoulder of the
plaque with maximum value of 253 kPa. Figure 7.2c shows
the detailed stress distribution in a local stress concentration
adjacent to lipid core, which experiences very low stress.
This high plaque wall stress level inside fibrous cap has been
believed to be related to plaque rupture.

Stress analysis also has been combined with the findings
from histological analysis to study the possible interaction
between inflammatory activities and extreme stress
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Fig. 7.2 (a) Discretized plaque
geometry from histology section;
(b) stress distribution; (c) detailed
stress distribution in fibrous cap

environments in fibrous cap. Lee et al. [36] demonstrated
that there are some correlations between high circumferential
stress regions and MMP expression in human atherosclerotic
coronary arteries, by considering that the degradation of
the collagenous extracellular matrix at high stress regions
will further weaken fibrous cap and promote plaque rupture.
Howarth et al. [26] correlated the macrophage locations and
plaque stress distributions by using ultrasmall superparam-
agnetic iron oxide contrast agent (USPIO)-enhanced MRI
in a patient with symptomatic severe carotid stenosis. Their
findings supported that macrophage locations correlated well
with maximal predicted stresses in the plaque. Studies from
Hallow et al. [22] by using a 2D heterogeneous finite element
model and the corresponding distributions of selected
inflammatory markers have identified the progression-
dependent relationships between stress and both macrophage
presence and MMP-1 expression, suggesting the role of
mechanical stress in stimulating the inflammatory response,
which will help explain how mechanical factors may regulate
plaque remodeling.

However, many of those studies [4, 7, 27, 36] are based
on the geometry from histology analysis of plaques for pre-
dicting stress distribution or on idealized plaque models. The
distortion caused in the histological tissue processing proce-
dure has not been considered in the models. Plaque geometry
based on histological analysis may be totally different from
in vivo state [47]. Figure 7.3a shows an ultrasound scanning
slice of an ex vivo carotid plaque sample from our lab,
and Fig. 7.3b shows the corresponding histological section;
the great distortion in histological process can be found by
comparing Figs. 7.3a and 7.3b. As the consequence, the

predicted stress distribution based on the distorted/idealized
geometry may not actually reflect the real stress distributions
in plaques. Efforts have been made to use modern in/ex
vivo medical imaging techniques for more realistic stress
predictions. Ohayon et al. [52] used pre-angioplasty IVUS
images of human atherosclerotic coronary arteries to predict
plaque rupture locations. Chau et al. [6] performed stress and
strain study by using optical coherence tomography images
and compared those results with models from histological
images. Though the stress distributions were comparable
between those two models, the maximum stress was higher
in the histological models. Tang et al. [62] used ex vivo
MRI images for stress analysis and compared the results with
histological models of human carotid plaques. The maximum
and minimum stress values from histological models were
28 and 69 % higher than those from MRI-based models.
From high resolution of in vivo multi-spectral magnetic
resonance imaging of five human carotid atherosclerotic
plaques, Li et al. [39] built up multicomponents of 2D plaque
models. Incompressible hyper-elastic material prosperities
were used for the stress analysis. Results showed that the
mean maximum stresses in ruptured plaques were much
higher than those in unruptured plaques. In their following
study [38], they compared the stress concentrations between
symptomatic and asymptomatic patients by 2D structure
analysis based on in vivo magnetic resonance imaging and
found that maximal predicted plaque stresses in symptomatic
patients were significantly higher, indicating the possibility
that plaques with higher stresses may be more prone to be
symptomatic and rupture in the near future. Similar results
can be found in the study by Trivedi et al. [73]. A recent study
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Fig. 7.3 (a) Ultrasound imaging
of an ex vivo carotid plaque
sample; (b) corresponding
histological section of the ex vivo
carotid plaque

Fig. 7.4 (a) One carotid plaque
MRI slice; (b) the corresponding
plaque stress analysis

from Teng et al. [70] showed that arterial luminal curvature
and fibrous cap thickness should be considered together for
better mechanical risk assessment of atherosclerotic plaques
by using 2D FEM models with in vivo MRI images.

Figure 7.4a presents one MRI slice from a carotid plaque,
and by manual segmentation, the boundary points of the
plaque geometry were inputted into ANSYS 11.0 to recon-
struct plaque components. By applying the similar boundary
condition and material properties as in Fig. 7.2, the static
stress analysis was performed, shown in Fig. 7.4b. Still high
stress region can be found in the fibrous cap and much lower
stress level in lipid region as previous examples. Although
MRI imaging can provide in vivo geometry, the classification
of plaque components from MRI images still is a challenge,
especially for a very thin fibrous cap.

Two-dimensional mechanical models of atherosclerotic
plaques are abundant in the literature, and even though the
results may be unrealistic, the findings could still shed some
lights on the plaque rupture mechanics. The disadvantages of
2D models lie in (1) the assumptions of plane strain/stress;
(2) simplified material model; and (3) distorted geometry
compared to the in vivo state, which will lead to a possible
overestimated plaque stress level. Therefore realistic 3D

models are needed for accurate stress analysis in plaque
region.

2.2 3D Structure-Only Stress Analysis

3D structure-only stress analysis has been carried out based
on idealized plaque models and patient-specific geometries.

Idealized 3D Plaque Models By constructing an idealized
3D plaque model, Hoshino et al. [25] studied stress distribu-
tions around atherosclerotic calcifications and their effects
on plaque vulnerability. Their findings suggested that the
presence of a calcium deposit creates local increases in wall
tensile stress, and it depends on the relative position of the
deposit in the plaque region. Imoto et al. [30] studied the
structure stress distributions in an idealized 3D plaque model
in a cylindrical vessel model, and mapping the stress results
with longitudinal IVUS plaque images, the effects of plaque
size, shape, expansive remolding, calcification, and lipid core
on the stress distributions were examined. Results showed
that plaque shape, size and remodeling, as well as spatial
configurations of plaque components have different effects
on plaque stress.
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Ex Vivo 3D Plaque Models Holzapfel et al. [23] have
performed a series of stress studies in diseased vessels by
introducing a multilayer anisotropic 3D model incorporating
the histological structure of arterial wall. In their studies, MR
images were used to develop 3D finite element models to
simulate balloon angioplasty in atherosclerotic iliac arteries.
Mechanical test was performed to provide the required raw
data for the formulation of nonlinear material models. They
compared their 3D models with existing biomechanical mod-
els, characterized by isotropic material response, assumption
of plain strain, etc. The results showed those assumptions
may give a wide range of stress levels, indicating those
simplifications need to be well justified when interpreting
stress results with plaque rupture. By using similar non-
linear material model, Gasser and Holzapfel [17] modeled
plaque fissuring and dissection during balloon angioplasty
intervention in a human external iliac artery with type V
lesion. Ferrara and Pandolfi [10] presented three-dimensional
finite element simulations of damaged arteries to investi-
gate the influence of the geometry and tissue properties on
plaque rupture. The cohesive elements were used to model
the fracture surface induced by the mechanical action when
the tensile strength of the material is reached.

In Vivo 3D Plaque Models Ohayon et al. [53] calculated
the stress in a single diseased human coronary artery from
IVUS images to decide the possible relation between high
stress concentrations and plaque rupture sites. The diseased
arterial wall was modeled by components of adventitia,
media, dense fibrosis, and cellular fibrosis with isotropic
materials. A physiological mean blood pressure of 13.33 kPa
was applied for the luminal loading. They found the peak
stress locations from 3D model well coincided with plaque
rupture location, but not in the corresponding 2D FE models,
which may overestimate the stress levels. The stress and
strain distributions using FEM and in vivo patient-specific
dynamic 3D coronary arterial tree reconstruction from cine
angiographic images have been done by Wu et al. [80], the
local stresses were calculated in the diseased wall, and results
showed that a smaller vessel diameter, greater percentage
narrowing, and large lesion size may result in higher stress
in the fibrous cap.

Compared to 2D stress analysis, 3D structure analysis
could incorporate more information in FE models, such as
the multilayers of arterial wall, anisotropic material model
considering fiber directions, and no plain stress or strain
assumptions as in 2D FE models, while there are still
places left for improving in order to achieve a realistic
plaque stress prediction. In a physiological situation, plaque
is under pulsating blood pressure loading, with reduced
pressure value in the stenosis throat due to the narrowing
effect in the stenosis part. Therefore a uniform pressure
loading applied on the luminal surface which is generally

adopted in 3D FE structure-only models cannot simulate
the realistic stress distributions. In real situation, the me-
chanical environment of plaques includes the blood flow
dynamics and wall structure dynamics. In order to accurately
predict the biomechanical environment, one must consider
the hemodynamics surrounding the plaque region, and the
corresponding wall dynamics under pulsating loading caused
by blood flow. Therefore 3D blood flow simulation in the
plaque region is required as part of plaque stress analysis.

2.3 2D/3D FSI Results

In nature, blood flow in the arteries and arterial wall structure
dynamics are interacted with each other. Blood flow provides
the loading for arterial structure dynamics, such as pressure
and the drag force in the wall. Arterial wall will deform
under those loadings, and correspondingly change arterial
geometry which will affect the blood flow. Therefore the
FSI method simulates more accurate mechanical interaction
phenomenon of artery and needs to be adopted for stress
analysis in atherosclerotic plaques under physiological en-
vironment [13].

Zhao et al. [83] firstly introduced MRI-based FSI mod-
els to predict wall shear stress and wall stress patterns in
healthy subjects, and tried to define regions of low wall
shear stress and high wall stress. Their results demonstrated
that there are certain regions with low wall shear stress and
high mechanical stress, corresponding to the areas where
atherosclerotic plaque develops. Younis et al. [82] used finite
element simulations of fluid–solid interactions to investi-
gate interindividual variations in flow dynamics and wall
mechanics at carotid artery bifurcations from three healthy
subjects. Subject-specific calculations were based on MR
images of carotid artery geometries and ultrasound measured
flow boundaries. Various biomechanics parameters such as
wall shear stress, oscillatory shear index, and cyclic strain
have been compared among subjects. Kaazempur-Morfrad
et al. [31] proposed cyclic strain in describing the arte-
rial wall dynamics under pulsatile blood pressure loading.
They found that the regions of highest variations in cyclic
strain are identified at frequent sites of atherosclerosis. In
the study carried out by Kaazempur-Morfrad et al. [32],
stress analysis was performed for four patients. In addition
to the numerical study on the plaque models, the excised
plaques were sectioned and stained for smooth muscle cells,
macrophages, lipid, and collagen. Efforts have been given to
correlate fluid dynamic parameters with histological markers
of atherosclerosis.

Li et al. [40] used a 2D flow–plaque interaction model
and tried to answer how critical is fibrous cap thickness to
carotid plaque stability. They suggested that the presence
of a moderate carotid stenosis (30–70 %) but with a thin
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fibrous cap can also present a high risk for plaque rupture.
Li et al. [41] constructed an idealized 3D plaque model
with varying stenosis degrees of 30, 50, and 70 %, to study
the wall motion in plaque throat. The results suggested that
severe stenosis may inhibit wall motion. The numerical study
on the role of microcalcifications in plaque vulnerability in
an eccentric stenosis model [5] showed that the vulnerable
plaque with embedded calcification spots presented higher
wall stress concentration region in the fibrous cap, providing
the evidence for the hypothesis that microcalcifications could
increase the plaque vulnerability. Kock et al. [34] developed
a 2D FSI model based on in vivo MR images of two
symptomatic atherosclerosis patients, and the longitudinal
stress levels for each patient were calculated. They concluded
that the longitudinal fibrous cap stresses may be useful in
assessing plaque vulnerability.

Tang et al. [62] have developed a 3D fluid–structure
interaction model from 3D ex vivo MR images of a human
atherosclerotic carotid artery to identify critical flow and
stress/strain conditions, which may be related to plaque rup-
ture. In the following years, Tang and colleagues did a series
of studies on the stress analysis with atherosclerotic plaques
from ex vivo to in vivo states [63]. Their results showed
that large lipid pool and thin fibrous caps are associated
with both extreme stress and strain levels. Large cyclic stress
and strain resulted from pulsating pressure were identified,
which may lead to plaque rupture by a fatigue procedure.
Similarly as the results from 2D stress analysis, the plaque
stress, and strain conditions are affected considerably by
lipid pool size, shape and position, plaque cap thickness,
and axial stretch, and so on, from their 3D FSI models
[64, 65]. The study [81] on the comparison between fluid–
wall (FSI) and wall-only (or structure-only) models with in
vivo/ex vivo MRI-based 3D non-Newtonian FSI showed that
there could be a great difference in wall shear stress and
maximum principal stress between the two models. Huang
[28] has proposed a method to determine 3D zero stress
state of carotid atherosclerotic plaques from in vivo MRI
data by a patient-specific artery shrinkage procedure in axial
and inner circumferential directions. They suggested that
accurate knowledge of artery shrinkage and the shrinkage
process will considerably improve the accuracy of stress
prediction from in vivo plaque models. Huang et al. [29]
found that intraplaque hemorrhage is associated with higher
structural stresses in human atherosclerotic plaques by using
in vivo MRI-based 3D FSI models with ten plaque models.
Creane et al. [8] suggested that the curvature difference in the
inner and outer plaque surfaces could also be an important
factor in the development of a symptomatic plaque.

Moreover, efforts have been made to use plaque stress for
assessing and predicting plaque vulnerability [68]. The local
maximal stress hypothesis and a stress-based computational
plaque vulnerability index were proposed to assess plaque
vulnerability by Tang et al. [66]. A critical stress form in the
fibrous cap was chosen to determine the vulnerability index.
Their results showed that the vulnerability index based on
stress information was 85 % agreement with the assessment
given by histopathological analysis. Similarly a pilot study
was also performed on assessment of plaque vulnerability
by MRI and computational biomechanics by Zheng et al.
[84]. The stress/strain was calculated in plaque sections, and
an index including entire plaque area, lipid-cap-thickness,
and stress components was suggested for vulnerability as-
sessment. A negative correlation between human carotid
atherosclerotic plaque progression and plaque wall stress has
been demonstrated by Tang et al. [67] with in vivo MRI-
based 2D/3D FSI models. They also suggested that both
lower wall stress and lower wall shear stress may contribute
to continued plaque progression. Gao et al. [15] studied the
plaque wall stress with four patients with carotid plaques
by using FSI combining with morphological analysis, and a
risk assessment based on plaque wall stress has been tried.
Based on 12 carotid plaques, Tang et al. [69] compared
plaque stress between a group of five ruptured plaques
(confirmed by histology) and seven unruptured plaques by
using 3D FSI methods. They found that the stress in the
rupture sites was significantly higher than in the surrounding
region.

The studies linking plaque stress to plaque pro-
gression/rupture would advance the understanding of
biomechanical role in atherosclerosis plaque initiation,
development, and rupture, providing insights into therapy
options. Figure 7.5 shows an example of plaque stress
analysis by using FSI with patient-specific carotid plaque
geometry. Figure 7.5a is the pressure distribution at the
end of systole phase on the luminal surface, and due to
moderate stenosis, the pressure drop is not significant in
plaque region; Fig. 7.5b is the wall shear stress distribution,
and slightly higher wall shear stress could be found in the
plaque region; Fig. 7.5c is the corresponding plaque wall
tensile stress distribution, represented by the first principle
stress. The local high stress concentration at downstream of
the plaque can be identified, which has been believed to be
related to plaque rupture. From Fig 7.5, the stress factors
from hemodynamics and plaque structure dynamics are
available for analysis, providing a more complete framework
for analyzing stress-related plaque rupture.
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Fig. 7.5 Stress analysis with
fluid–structure interaction. (a)
Pressure distribution on luminal
surface at the end of systole
phase; (b) wall shear stress
distribution; (c) plaque wall stress
distribution, represented by first
principal stress

3 Factors Influencing the Simulation
Accuracy of FEM Models on Plaque
Stress Analysis

3.1 Model Reconstruction

The computational biomechanics simulation with two/three-
dimensional medical imaging provides a new approach for
advancing our understanding between biomechanics factors
and arterial disease. In order to perform biomechanical study
on plaques, the first step after the image acquisition is to
reconstruct the plaque model either 2D or 3D. However, the
reconstruction procedure is subject to several potential un-
certainties, especially for 3D models. From previous studies,
it has been demonstrated that the accurate reconstruction of
plaque geometry will greatly affect the biomechanics results,
and more effort should be given to a more accurate and
detailed geometry reconstructions, the primary influence on
physiologically significant indicators [37, 61].

With the development of modern medical imaging tech-
nique, increasing number of different kinds of in vivo images
can be used for geometry reconstruction. The reconstructions
of patient-specific diseased artery model from medical im-
ages have been studied for a long time, and the procedure has
been well established, either using third-party software [59]
for image analysis and geometry extraction or in-house soft-
ware based on established image processing techniques [60].
Most of the methods in existed literatures are based on the
extraction of arterial cross-sectional boundaries, alignment
of those boundaries in 3D context, and construction of 3D
surfaces and bodies from the stack of 2D boundary profiles.
Figure 7.6 shows the general plaque geometry reconstruction
from in vivo MRI carotid plaque geometries from our group.

The overall accuracy of 3D luminal wall geometry re-
construction has been investigated by Moore et al. [50] by

using a carotid bifurcation phantom and a human carotid
bifurcation. Five different reconstruction procedures were
applied to the reconstructions with or without smoothing.
Results showed that for phantom model, all reconstructions
gave acceptable results, while in vivo models need to be
properly smoothed for use in computational studies of in vivo
hemodynamics. Long et al. [42] studied the reproducibility of
3D geometrical reconstructions of eight human carotid bifur-
cations from in vivo MRI. Smoothed lumen contours were
aligned in the longitudinal direction, B-spline interpolation
was applied to reconstruct the 3D surface of carotid bifurca-
tion, and two steps of smoothing were employed to improve
the quality of the 3D reconstruction, including centerline
smoothing and surface smoothing. They concluded that the
geometry of common carotid artery was well reproduced
by the reconstruction procedure in most of the cases, while
the external carotid artery showed the worst reproducibility.
3D ultrasound also has been used for carotid geometry
reconstruction for image-based CFD modeling [19].

However most of studies have been focused on the arterial
luminal reconstruction and the effects on the hemodynamic
factors. The stress analysis in the plaque region requires the
accurate reconstructions of plaque components, which could
be much harder than the reconstruction of arterial lumen.
Compared to the lumen geometry reconstruction, the struc-
tures involved in the plaque structure analysis are different in
size, shape, etc. especially when coming to thin fibrous cap
reconstruction. A vulnerable plaque could have a thin fibrous
cap less than 65�m, which may be represented by one or two
pixels in medical images. Therefore the relative uncertainties
in fibrous cap reconstruction will be higher than other plaque
components.

Although structure stress analysis has been applied in
plaques with modern medical imaging to assess plaque vul-
nerability for many years, there are few studies on assessing
the plaque geometry reconstruction uncertainties and their
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Fig. 7.6 The general procedure
of patient-specific plaque
geometry reconstruction from in
vivo MRI. (a) Carotid plaque
MRI imaging with difference
sequences [(1) T2 weighted; (2)
T2 weighted with fat saturation;
(3) short T1 inversion recovery];
(b) segmentation of plaque
component from multi-sequence
MRI images; (c) 3D
reconstruction of plaque
geometry

effects on stress distributions in plaque region. In order to
provide the uncertainty analysis in plaque stress analysis
from MRI image processing to 3D reconstruction, and to
final plaque stress analysis, Gao et al. [14] studied three
carotid plaques to estimate the possible uncertainties. They
found that inter-operator reproducibility for the arterial wall
reconstruction based on T2W images was high, with the dis-
agreement among the operators being at one pixel level. The
reproducibility was lower for the segmentation of lipid core
and fibrous cap. The uncertainties caused during 3D surface
interpolation and smoothing and bifurcation 3D reconstruc-
tion were minor and negligible. The stress analysis showed
that the overestimation of the lipid region would induce a
higher stress concentration and general higher stress level in
the plaque region. The impacts on the stress distribution in
the plaque region caused by over/underestimation of arterial
wall are much less and insignificant comparing with the
variations caused by the over/underestimation of the lipid
region. The improved resolution/quality in plaque imaging
with newly developed MRI protocols would generate more
realistic stress predictions, while the uncertainties involved in
MRI image acquisition have not been assessed in that study,
which is equally important.

3.2 Material Properties

Quantifying the mechanical properties of healthy and dis-
eased arterial tissue is essential for realistic stress prediction.
Histological studies in the arterial wall have shown that
arterial wall is heterogeneous, nonlinear, anisotropic, and
viscous-elastic. Richardson [57] has pointed out that the lack
of accurate plaque material properties data is possibly the
most uncertain aspect in the existing literature on plaque
rupture study. The main components of the plaque are lipid
core, calcification, and fibrous cap tissue. While there has
been much research on the healthy arterial tissue [18, 77],
studies on the mechanical properties of plaque components
are much less. A review of published data showed a wide
range of material properties for plaque components [79].
In general, lipid is much softer compared to other plaque
components, while calcification is much stiffer. The stiffness
of fibrous cap is essential to the plaque stability. Because
of the complex fiber organization and content variation, the
stiffness of fibrous cap shows a great range of variation.
Therefore, to obtain a proper material data for structure stress
analysis is a key step towards on developing biomechanical
plaque models, especially for fibrous cap tissue.

Lee et al. [35] determined the mechanical properties of
plaque fibrous cap from human abdominal aortas by static
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and dynamic loading tests. The stiffness of the fibrous cap
was depended on its microstructure, including calcification,
collagen content, and organization. They also found that
fibrous cap stiffness increased with the increased frequency
of loadings, indicating fibrous cap stiffness is nonlinear in
nature. Loree et al. [45] investigated the static circumferential
modulus of human atherosclerotic tissue. They found that
the static circumferential tangential modulus was not signifi-
cantly affected by the degree of cellularity and calcification,
compared to the compressive modulus. Later, Loree et al.
[46] did the mechanical test on lipid pools with different lipid
compositions by using a torsion rheometer. Results showed
that the stiffness of lipid pools depended on the concentration
of cholesterol monohydrate crystals.

Topoleski et al. [71] used a custom-built experimental
system to test segments of a whole human atherosclerotic
plaque by uniaxial radial cyclic compressive testing, and
plaques showed nonlinear characteristic under finite defor-
mation, related to the plaque composition and load history.
Topoleski and Salunke [72] studied the mechanical behavior
of calcified plaques with compression and stress-relaxation
experiments, and the calcified plaques are significantly dif-
ferent from other plaques. Holzapfel et al. [24] measured
anisotropic mechanical properties of tissue components in
human atherosclerotic plaque tissue, including ultimate ten-
sile stresses/stretches. Results showed that plaque compo-
nents are highly nonlinear and different in the different
layers, and the lowest fracture stress occurred in the cir-
cumferential direction of the fibrous cap. Ebenstein et al. [9]
used nano-indentation to measure the mechanical properties
of blood clots, fibrous tissue, and calcified fibrous tissue
from human atherosclerotic plaque tissue and demonstrated
that the stiffness of plaque tissue increases with increasing
mineral content. Recently Barrett et al. [3] measured the
indentation response of eight human carotid atherothrom-
botic plaque samples by fitting the experimental results to
finite element simulations. Maher et al. [48] measured the
tensile and compressive properties of fresh human carotid
atherosclerotic plaques and found that calcified plaques had
the stiffest response.

Modern medical imaging has been employed to quantify
the material properties in diseased vessels recently, which
provides a possibility to characterize material properties
under in vivo situation for realistic patient-specific stress
simulation. Based on 3D IVUS model, Vonesh et al. [78]
developed a method to estimate the regional material prop-
erties in diseased iliac and femoral arteries by using FEM,
and results showed that the elastic modulus for non-diseased
tissue was significantly different from plaque tissue. Karimi
et al. [33] proposed a new method for estimation of nonlinear
elastic properties of soft tissue by combining the nonlinear
FEMs for estimating tissue stiffness profile. The proposed
method has been applied to realistic 2D and idealized 3D

arterial plaque models and proved the possibility for the
estimation of intraplaque distribution of nonlinear material
properties. Masson et al. [49] developed an approach to
identify material properties and wall stress prediction for
human common carotid arteries based on noninvasive in
vivo clinical data by measuring the dynamical intra-luminal
pressure, medial diameter, and intimal–medial thickness.
The method provided a way to characterize patient-specific
material parameters directly from noninvasive in vivo human
data.

3.3 Residual Stress/Strain

It is accepted that biological tissue does not become free
of stress when all external loads are removed. Previous
studies have shown that such residual stress/strain tends
to maintain the integrity of vessel structure, and make the
stress distribution more uniform throughout the arterial wall.
However the effects of residual stress on plaque stability
have not been well studied. Ohayon’s study [54] showed
the residual stress/strain in plaques is not negligible, and
may dramatically affect the physiological peak stress in thin
fibrous cap, and suggested that plaque rupture should be
treated as a combination of external loading and intraplaque
residual stress/strain. The study from our group showed
that the circumferential residual stress has limited effects
on the actual stress distribution under normal physiologi-
cal loadings [55]. Those controversial results indicated that
more efforts need to be made to understand the residual
stress/strain to plaque stability.

4 Discussion and Conclusion

Atherosclerotic plaque has been considered to be one of
the leading causes of death all over the world, caused
by the plaque rupture and subsequent thrombus formation.
Until now the exact mechanism of plaque rupture is not
clear, from biomechanical aspect, the rupture can be con-
sidered to be a mechanical event. Therefore it is essential
to predict plaque stress with high accuracy. Results from
those models will help understand how plaque ruptures.
Plaque stress has been studied for several decades from
2D structure-only to fully coupled 3D plaque stress in both
structure dynamics and hemodynamics. The extremely high
stress locations in plaque region also have been considered
to be a main factor responsible for plaque rupture. The
biggest challenge lies in how to predict plaque stress with
patient-specific simulations, for example, realistic geometry
reconstruction, boundary conditions, and material models.
Studies have demonstrated that 2D plaque models are prone
to overestimate the stress levels because of assumptions;
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3D plaque stress analysis with coupled FSI emerges to
advance the accuracy of analysis, not just the stress in
the plaque structure, but also the flow pattern around the
plaque.

The development of medical imaging provides the possi-
bility of realistic 3D plaque geometry with a high resolution,
and the plaque components (fibrous cap, lipid region) could
be obtained from multi-spectral MR images, for example.
However the resolution of MR images is not high enough
for very thin fibrous cap reconstruction, and also the contrast
is not high, which impose certain uncertainties on plaque
stress analysis based on in vivo MRI. The study on plaque
components’ effects to plaque stress distribution showed that
plaque stress level is significantly affected by the thickness
of fibrous cap compared to lipid size; therefore efforts to
increase the accuracy of plaque reconstruction from in vivo
MRI need to be made in the near future. The accuracy of
stress analysis based on plaque geometry is subject to MR
image quality. The improved resolution/quality in plaque
imaging with newly developed MRI protocols would gener-
ate more realistic stress predictions. Although FSI simulation
can provide a more realistic stress prediction than 2D/3D
structure stress analysis, some major limitations existing in
the current modeling techniques are (1) realistic material
property modeling; (2) the choice of blood flow model, such
as laminar flow assumption; (3) patient-specific boundary
conditions, especially the real pressure inside plaque lumen;
and (4) residual stress/strain incorporation, etc. Therefore
attention needs to be paid when interpreting plaque stress
results with patient situation, the uncertainties should be
acknowledged.

Rupture of the fibrous cap is a very complex process.
It is not only the mechanical factors that matter, but other
abnormalities in tissue and cells, such as elevated inflam-
matory activity and degraded collagen structures, may also
influence the rupture process [57]. Comprehensive plaque
vulnerability assessment should involve a combination of
systemic markers, morphological features, and biomechan-
ical factors. Considering only a few factors may not give a
complete picture of plaque rupture risk.

In conclusion, the summary of main plaque stress analysis
research in recent years, but not limited, is presented in the
following Table 7.1. The progress in numerical modeling
in stress analysis has made fluid–structure interaction anal-
ysis with patient-specific plaque models possible. Extreme
stress distributions in the plaque region could be predicted,
and may be used for plaque rupture risk assessment, and
these assessments could be helpful in clinical practice. The
combination of plaque MR imaging analysis, computational
modeling, and clinical study/validation would advance our
understandings of plaque rupture, and establish new proce-
dures for patient diagnose, management, and treatment.
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1 Introduction

From the previous chapter, it is demonstrated that stress
analysis in plaques can provide critical information on plaque
vulnerability assessment, which will be helpful in clinic.
Currently, to obtain the accurate stress field inside carotid
plaques is still a great challenge in the biomechanics commu-
nity, especially for the patient-specific modeling, including
patient-specific geometry, patient-specific boundary condi-
tions, patient-specific material models, and so on [12]. To
our best knowledge, there is no kind of study to incorporate
all those above issues together for the plaque stress analysis.

Plaque stress analysis by finite element models have been
developed from 2D to 3D, from idealized models to patient-
specific plaques in terms of geometrical accuracy, from
structure analysis only to fluid structure interaction (FSI)
analysis in terms of physical phenomenon reality [8, 13, 16,
19, 20, 31]. There are normally five main tasks involved in
building a plaque mechanical stress analysis model which
include the following: (a) to acquire plaque components,
(b) to reconstruct plaque geometry, (c) to apply mechanical
load and dynamic boundary conditions, (d) to define suitable
material constitutive models, and (e) to perform FEM simula-
tion and post-processing. In order to carry out the numerical
simulation, certain assumptions are applied during the above
five main tasks, such as idealized plaque geometry [8] or
general material properties [5, 29–31] and so on.

In this chapter, we will focus on the issues related to
patient-specific modeling, including (1) stress analysis based
on patient-specific geometry and (2) stress analysis by using
patient-specific material model. The chapter is divided into
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two parts as; (1) the first part is plaque stress analysis on
one symptomatic patient and one asymptomatic patient based
on high resolution in vivo carotid MRI; (2) the second part
is plaque stress by using anisotropic material constitutive
model, which is derived from in vivo high resolution carotid
MRI.

2 Plaque Stress Analysis:
Patient-Specific Plaque Geometry

Recent developments in high-resolution multispectral MRI
have allowed plaque components to be visualized in vivo
[2, 15, 35, 36], providing more realistic plaque geometries
for stress analysis [9, 27]. In this part, two plaque geome-
tries were reconstructed from high-resolution in vivo MR
images with detailed plaque stress analysis.

2.1 MRI Image Acquisition

Patient selection and image acquisition were performed by
investigators who were not involved in the stress analysis.
The protocol was approved by the local ethics committee,
and written informed consent was obtained from each patient
before the study. In vivo multispectral MRI scanning was
performed on one symptomatic patient and one asymp-
tomatic patient recruited from a specialist neurovascular
clinic. The symptomatic patient had recently experienced
either a retinal or cortical transient ischemic attack and was
scanned less than 6 months of the event. The asymptomatic
patient had not experienced any symptom before imaging.

Multicontrast imaging was carried out using a 1.5 T
MRI system (GE Diagnostic Imaging, WI) and a four-
channel phased-array neck coil (PACC, Machnet BV, Elde,
The Netherlands). Axial images were acquired through
the common carotid artery 12 mm below the carotid
bifurcation to a point 12 mm distal to the extent of the
stenosis identified on the TOF sequence to cover a large
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range of carotid bifurcation. The following 2D, ECG-gated,
blood-suppressed, fast spin echo pulse sequences were
used in the plaque region: intermediate T2 Weighted
(ImT2W FatSat: TR/TE: 2 � RR/46) with fat saturation; T2

Weighted (T2W: TR/TE: 2 � RR/100); short T1 inversion-
recovery (STIR: TR/TE/TI: 2 � RR/46/150). The field of
view was 10 � 10 cm2, matrix size 256 � 256, slice thickness
was 3 mm. It made the pixel size of 0.39 � 0.39 � 3 mm in
all cases except the TOF images. These images were used to
delineate the various plaque components such as fibrous cap,
lipid core. More details can be found in refs. [32, 33].

2.2 General Plaque Geometry
Reconstruction Procedure

The artery and plaque geometries were obtained from the
multispectral MR scans. An in-house program developed
in Matlab was used to facilitate the segmentation of lipid
core, arterial wall, and lumen, which have different signal
characteristics when imaged using multispectral protocol.
The plaque region was identified and reconstructed based
on T2W, ImT2W FatSat, STIR images (if existed), and the
healthy arterial part was reconstructed based on TOF images.
Figure 8.1 shows a general procedure for patient-specific
geometry reconstruction based on multispectral MRI images.
Details regarding plaque geometry reconstruction can be
found in ref. [10]. Figure 8.2 shows the segmentation results
for the symptomatic patient and the reconstructed 3D plaque
geometry.

2.3 Plaque Stress Analysis by FSI
Simulation

The carotid arterial wall was assumed to be nonlinear,
isotropic, and incompressible. The 3D nonlinear Mooney–
Rivlin model in ANSYS11.0 was used to describe the
material property, the strain energy density function W was

W D C10.I1 � 3/C C01.I2 � 3/C C20.I1 � 3/2

C C11.I1 � 3/.I2 � 3/C C02.I2 � 3/2 C 1

d
.J � 1/2

(8.1)

where I1 and I2 are the first and second strain in-
variants, d is the material incompressible parameter,
J stands for the ratio of the deformed volume over
the un-deformed volume of materials, C10, C01, C20,
C11, and C02 are material constants. In the study,
C10 D 50.445 kPa, C01 D 30.491 kPa, C20 D 40 kPa,
C11 D 120 kPa, C02 D 10 kPa, and d D 1.44e�7, derived

from existed literatures [29]. Lipid core was much softer
with 2 kPa for the Young’s modulus and 0.49 for Poisson
ratio. The structure model was meshed with an unstructured
mesh consisting of nearly 90,000 10-node 3D tetra elements.
The computational nodes at the efferent planes of ICA and
ECA were fixed in all directions and an axial pre-stretch
of 11 % (based on the shunk procedure in plaque geometry
reconstruction).

The fluid domain was meshed in ICEM CFD11.0 with a
much finer grid of around 1,000,000 3D tetra cells. Blood
was treated as an incompressible, Newtonian fluid with a
viscosity of 4 � 10�3 Pa s and a density of 1,067 kg m�3. The
flow was assumed to be laminar. Transient simulations were
carried out with time-dependent pressure at the inlet of the
CCA and mass flow rates at the ICA and ECA. In this study,
the boundary conditions for the two subjects were assumed to
be the same as in Fig. 8.3. The fully coupled FSI simulation
details also can be found in ref. [10].

2.4 Stress Analysis Results

The first principle stress (FPS) was used to represent the
plaque wall tensile stress, the strongest stretching stress.
Figure 8.4 shows the stress distributions between the symp-
tomatic (column 1) and asymptomatic (column 2) patients.
Figure 8.4a1, b1 shows the FPS distribution in the whole
plaque with longitudinal cutting view. Generally FPS is
higher at the luminal wall, lower at the outer arterial wall, and
lowest in the lipid region. The local high stress concentra-
tions could be identified in the plaque region at both patients,
indicated by arrows in Fig. 8.4a1, b1. The maximum FPS
value is much higher in the symptomatic patient (227.7 kPa)
than the asymptomatic patient (134.9 kPa). Figure 8.4a2, b2
presents FPS distributions in the transversal planes covering
the whole plaque region. For the sections with a thin fibrous
cap, the stress concentration regions appear at one or both
edges of the lipid core (or plaque shoulders).

Stress distribution in the fibrous cap has been considered
to be closely related to plaque rupture. The fibrous cap
surface in the lumen side was extracted, covering the lipid
core, to clearly show the stress distribution in the plaque
region. The fibrous cap thickness (FCT), defined as the
shortest distance between the fibrous cap surface (lumen
side) and lipid region, is shown in Fig. 8.5a1, b1. Although
MR image spatial resolution is 0.39 mm, the 3D surface
interpolation during model reconstruction can still produce
fibrous cap regions with a thickness less than 0.39 mm. The
minimum FCT in the symptomatic subject is much smaller
than the asymptomatic subjects (0.087 mm vs. 0.177 mm).
Figure 8.5a2, b2 shows corresponding FPS distributions in
fibrous cap surfaces. Generally, the high stress regions are
well correlated with the thin fibrous cap regions; especially
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Fig. 8.1 General procedure of
3D plaque geometry
reconstruction

Fig. 8.2 Segmentation results
for the symptomatic patients
superimposed on T2-weighted
MRI images (a) and
reconstructed 3D plaque
geometry (b)
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Fig. 8.3 Mass flow rates for ICA
and ECA (a) and pressure profile
at CCA (b)

Fig. 8.4 FPS distributions for
one symptomatic patient (a) and
one asymptomatic patient (b)

Fig. 8.5 FCT and FPS
distributions for symptomatic (a)
and asymptomatic (b) patients

for the asymptomatic patient, the high stress region upstream
is corresponding to a very thin fibrous cap location. While in
symptomatic patient, the highest stress region does not locate
in the thinnest fibrous cap region (downstream plaque); this
may be resulted in part from the blood pressure drop at
downstream plaque. Linear correlation analysis of the FPS
and FCT was performed for the two plaques by comparing
the FPS and FCT value at every computational node on the
fibrous cap surface in the lumen side. Figure 8.6a, b presents
the scatter plot between FCT and FPS. The correlation results
were r D �0.434 with p< 0.05 for the symptomatic patient
and r D �0.692 with p< 0.05 for the asymptomatic patient.

3 Patient-Specific Material Model Based
on In Vivo MRI

Recent studies have demonstrated that it is possible to obtain
patient-specific material model from in vivo human data [22],
which enable plaque stress analysis to be much closer to
the real situation rather than a general material model from
existed literatures or obtained by ex vivo experiments. There-
fore in this part, the method proposed by Masson [22] was
used to determine arterial properties from in vivo data and
applied the material properties to plaque stress analysis for



8 Carotid Plaque Stress Analysis: Issues on Patient-Specific Modeling 99

Fig. 8.6 Scatter plots of fibrous
cap thickness and plaque wall
stress for the symptomatic (a)
and asymptomatic patients (b)

one subject. An idealized 3D arterial wall section represent-
ing CCA was constructed based on in vivo MR images. Phase
contrast MR images, residual stress, perivascular stress, and
fiber-reinforced, hyperelastic effect of arterial tissue were
included in the mechanical model. The fitted material pa-
rameters were applied to a real plaque stress analysis. It is
believed that the procedure of using patient-specific material
model will yield more realistic plaque stresses.

3.1 MRI Data Acquisitions

The MRI acquisition protocol was the same as in Sect. 2.
Phase contrast MR images at common carotid artery were
obtained to provide the luminal area change over one cardiac
cycle as in Fig. 8.7a; the bright region, indicated by the
arrow, is the lumen region; however there is little information
regarding arterial wall. Figure 8.7b shows the luminal radius
change of the CCA section over one cardiac cycle. Due of
lack of pressure information, a pressure profile (denoted as
measured pressure) was chosen as in Fig 8.3b by rescaling
the pressure range of 80–110 mmHg according to luminal
area change over time at CCA.

3.2 Kinematics of Idealized Arterial Wall

CCA section in Fig. 8.7a was considered to be a thick-
walled circular cylinder in order to theoretically calculate
stretch ratio in radial and circumferential directions by using
a cylindrical coordinate system, that is, (er, e� , ez). Therefore
the deformation field of the CCA section over one cardiac
cycle could be calculated from two successive motions [17].
Three configurations were considered as �0: stress free and
excised configuration .R;‚;Z/; �1: intact and unloaded
configuration (�, �, 	); �2: in vivo loaded configuration (r,

 , z). The three configurations can be found in Fig. 8.8.

If a material particle is considered in the arterial wall,
such as the particle indicated by ‘ ’ in Fig. 8.8, then
X.R;‚;Z/, Qx.�; �; 	/, x(r, 
 , z) are the configurations of

�0, �1, and �2, respectively. By employing the relations
from Humphrey [17],

� D �.R/; � D
�
�

‚0

�
‚; 	 D ƒZ (8.2)

r D r.�; t/; 
 D �; ´ D �	 (8.3)

where t is the time, 0 is the open angle when arterial wall
is excised.� is the axial stretch accounting for axial residual
stress from �0 to �1. � is the in vivo load-induced axial
stretch, which is assumed to be constant over cardiac cycles.
Ri and ri are the inner radiuses in �0 and �2; Rm and rm are
the radiuses at the medial–adventitial interface.

The deformation gradient tensor from �0 to �2 can be
defined as F D @x.X/=@X , that is

F D
2
4

@r
@R

�r
‚0R

�ƒ

3
5 D

2
4�r

��

�´

3
5 (8.4)

where �r, �� , and �z are principle stretch ratios in radial, cir-
cumferential, and axial directions. The left and right Cauchy–
Green tensors are

B D FF T; C D F TF (8.5)

The local volume ratio is

J D det.F / D �r���´ (8.6)

Generally arterial wall is considered to be impressible,
therefore J D 1. Then by applying (8.2)–(8.6) with J D 1,

R@R D ��ƒ

‚0

r@r (8.7)

Integrating from ri and Ri to r and R respectively,

R D
s�

R2
m � ��ƒ

‚0

�
r2

m � r2
��

(8.8)

Therefore the stretch ratio in radial direction is
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Fig. 8.7 In vivo data in CCA.
(a) Phase contrast MRI of a CCA
section; (b) luminal radius
change

Fig. 8.8 Three different
configurations of the intact CCA
from stress free to load free and
loaded state
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3.3 Constitutive Modeling of Arterial Wall

The mechanical response of the CCA section is considered to
be anisotropic hyperelastic. Because the material properties

in adventitial layer is different from medial layer, and differ-
ent collagen fiber configurations compared to medial layer,
in order to simplify the solution procedure, as in Masson’s
study [22], only medial and intimal layers were studied in
this study. The strain energy function proposed by Gasser
[14] was used to model the CCA section with two families
of collagen fibers embedded in a soft incompressible ground
matrix, which is also available in Abaqus 6.8. The associated
strain energy function W is
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Fig. 8.9 Two families of
collagen fibers in medial layer of
artery

W D a.I1 � 3/C k1

2k2

NX
f D1

�
ek2hEf i2 � 1

�

C 1

D

�
.J /2 � 1

2
� ln J

�
(8.10)

Ef D �.I1 � 3/C .1 � 3�/.I4.ff / � 1/ (8.11)

a, D, k1, and k2 are material parameters. � denotes the level
of dispersion in the fiber directions, in this study �D 0,
which means fibers from one family are perfectly aligned
along one direction. f represents one fiber family, N is the
total number of fiber families. Two families of fibers (f1,
f2) are considered in this study (N D 2), and the fibers only
distribute in circumferential and axial directions, no fiber in
radial direction, as shown in Fig. 8.9. The angles of f1 and f2
with circumferential direction are '1 and '2. In this study, '1

is equal to '2.
The fiber orientations can be defined in the reference

configuration by unit factor Af1
.0; cos.'1/; sin.'1// and

Af2
.0; cos.'2/; sin.'2//, which depend on the angle of

'1 and '2. I1 is the first strain invariants, defined as
I1 D trace(C). I4(ff ) is the pseudo-invariants of C combined
with Af1

and Af2

I4.f1f1/ D Af1
CAf1

T (8.12)

I4.f2f2/ D Af2
CAf2

T (8.13)

The first term in the strain energy function W represents
the contributions of the noncollagenous isotropic ground
material; the second term represents the contributions from
the different families of collagen fibers; and the third term
is the contributions from volumetric change. A basic as-
sumption of the model is that the fibers can only support
tension, therefore, the anisotropic contribution in the second
term appears only when the strain of the fibers is positive,
that is Ef > 0, enforced by the term hEf i, where the oper-
ator h�i stands for the Macauley bracket and is defined as

hEi D 1=2.jEj C E/. The second Piola–Kirchhoff stress S
for nonlinear elastic incompressible material from strain
energy equation is

S D �pC�1 C 2
@W

@C
(8.14)

where p is the hydrostatic-like pressure, then the Cauchy
stress tensor � can be computed from S as

� D FSF TJ�1 (8.15)

From above equations, and '1 D '2 D ', the components
of Cauchy stress tensor � are

�rr D �p C 2a�r
2 (8.16)

��� D �p C 2a��
2 C 4k1ek2E4

2

E4 cos .'/2 (8.17)

�´´ D �p C 2a�´
2 C 4k1ek2E4

2

E4 sin .'/2 (8.18)

E4 D Af1
CAf1

T D Af2
CAf2

T

D �2
� cos .'/2 C �2

´ sin .'/2 � 1 (8.19)

3.4 Equilibrium of Arterial Dynamics

From Humphrey’s [18] study, if no body force is included,
the motion equation of the idealized CCA section as shown
in Fig. 8.8 at �2 configuration can be expressed as

@�rr

@r
C �rr � ���

r
D �ar (8.20)

� is the density of the CCA section. ar is the radial accelera-
tion, due to the insignificant contribution of inertial term, the
quasi-statically assumption is applied [18]. Equation (8.20)
can be solved by numerical integration over r from the
inner wall ri to the interface between media and adventitial
layers rm.



102 H. Gao and Q. Long

Fig. 8.10 (a) Predicted pressure
compared to the real pressure
profiles; (b) residual between
predicted and real pressure
profiles

Fig. 8.11 ��� response under
uni-axial stretch

Pi.t/ D Pa.t/C
Z rm.t/

ri.t/

��� .r; t/ � �rr .r; t/

r
(8.21)

where Pi(t) is the computed luminal pressure and Pa(t)
is the pressure-like contribution from the adventitial layer
on the medial layer (perivascular stress). Equation (8.21)
can allow the computation of luminal pressure by given
information of arterial wall motion, residual stress effects,
and pressure contribution from adventitial layer. The exact
form of (8.21) can be obtained from Matlab by Symbolic
Math Toolbox.

3.5 Material Parameters Fitting

The material parameters are estimated based on noninvasive
in vivo data. The residual stress-related axial stretch ƒ is
chosen to be 1 from existed literatures [6]. The in vivo
loading induced axial stretch ratio œ is assumed to be 1.1.‚0

is assigned to be 130ı, a static pressure of 2 kPa is assigned
to Pa(t) [22]. In order to define rm, which is not available in
phase contrast MR images, an assumed thickness (0.6 mm)
of medial and intima was assigned in the beginning of the
cardiac cycle, then the change of rm over one cardiac cycle

can be calculated by applying the constraint of constant area
of arterial wall because of incompressibility. Therefore the
undetermined parameters are a, k1, k2, ', and Rm. Best-fit
values for those parameters can be obtained using a nonlinear
least-square minimization of the difference between pre-
dicted and measured luminal pressures over one cardiac
cycle. The function lsqnonlin in Matlab was used for the
fitting procedure. The best fitted parameter from lsqnonlin
is [a, k1, k2, ', Rm] D [32.1 kPa, 9.6 kPa, 3.8, 45.7, 4.8 mm].

Figure 8.10a shows the predicted pressured compared
to the assumed measured pressure, the predicted pressure
agrees well with measured pressure, no noticeable difference
can be identified. The residual of the fitted procedure is in
Fig. 8.10b, the maximum difference between predicted and
measured pressure is about 0.288 mmHg. Figure 8.11 shows
��� under uniaxial stretch in circumferential direction. ���

increases dramatically when stretch ratio increases because
of the engagement of fibers in circumferential direction.

A cross section of plaque sample with lipid from the
same subject was chosen for stress analysis with the fitted
material parameters for arterial wall material model. Static
stress analysis was performed in Abaqus 6.8, which has
implemented the strain energy function (8.10). The geometry
is shown in Fig. 8.12, the cross section was extruded to
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Fig. 8.12 3D plaque geometry

Fig. 8.13 Maximum principle
stress distribution

construct the 3D plaque geometry, a cylindrical coordinate
system was created in the luminal center. A pressure load
of 110 mmHg was applied in the luminal surface. Lipid was
considered to be very soft with 2 kPa for Young’s modulus
and 0.49 for Poisson ratio.

Figure 8.13 shows the FPS distribution. The stress dis-
tribution pattern from the patient-specific material model
is similar as existed literatures on plaque stress analysis.
However the stress levels and detailed distribution pattern
would be much closer to the real situation. In Fig. 8.13,
a local high stress concentration can be found in the thin
fibrous cap region. Due to the thin wall region in the opposite
side of lipid core, a high region of stress appears.

4 Discussion

Atherosclerotic plaque has been considered to be one of the
leading causes of death all over the world, caused by the
plaque rupture and subsequent thrombus formation. Until

now the exact mechanism of plaque rupture is not clear.
From biomechanical aspect, the rupture can be considered
to be a mechanical failure event. Therefore it is essential to
numerically predict plaque stress with high accuracy. Results
from those models will be helpful in understanding how and
why plaque ruptures.

Plaque stress has been studied for several decades from
2D structure only to fully coupled 3D plaque stress in both
structure dynamics and hemodynamics. The extremely high
stress locations in plaque region have been considered to be
main factors responsible for plaque rupture [11]. The biggest
challenge lies in how to predict plaque stress with patient-
specific simulations and high accuracy, such as realistic ge-
ometry reconstruction, patient-specific boundary conditions,
and material models. Studies have demonstrated that 2D
plaque models are prone to overestimate the stress levels
because of simplifications. 3D plaque stress analysis with
coupled FSI emerges to advance the accuracy of analysis, not
just the stress in the plaque structure but also the flow pattern
around the plaque. In this chapter, two issues regarding 3D
patient-specific plaque stress analysis were studied.
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The development of medical imaging provides the
possibility of realistic 3D plaque geometry reconstruction
with a high resolution [27, 34]. However the resolution of
MR images is not high enough for tiny plaque component
reconstruction at present, the thin fibrous cap may go beyond
the highest resolution of in vivo MRI (in this study, the MRI
resolution was 0.39 mm, which was impossible to image a
fibrous cap with less than 0.39 mm thickness). Furthermore
the contrast between fibrous tissue and lipid region is poor
in general, which impose uncertainties on plaque stress
analysis based on in vivo MRI. Our previous study [9] on
plaque components’ effects to plaque stress distribution
showed that plaque stress level is significantly affected
by the thickness of fibrous cap compared to lipid size,
therefore efforts in increasing the accuracy of fibrous cap
reconstruction from in vivo MRI need to be paid in the near
future. The improved resolution/quality in plaque imaging
with newly developed MRI protocols would generate more
realistic stress predictions.

Plaque stress analysis on a symptomatic and asymptomatic
patients showed that the wall stress in the symptomatic
patient is much higher than the value in asymptomatic
patient (227.7 kPa vs. 134.9 kPa). According to Li’s 2D
stress analysis study [21], which was based on 2D in vivo
MRI images of 30 patients (15 symptomatic compared to 15
asymptomatic), the stress in asymptomatic patients was
lower than that in symptomatic patients (269.6 ˙ 107.9
vs. 508.2 ˙ 193.1 kPa, p D 0.004). Our 3D stress analysis
confirmed the conclusion that the maximum stress in the
symptomatic patient was much higher than that in the
asymptomatic patient. However in Li’s study, the 2D stress
model may not identify the maximum stress location in a
plaque with highly irregular 3D geometry; also the pressure
loading was not realistic since it did not consider the pressure
drop in the plaque region. From Tang’s study [31] based on
12 patient data, it was demonstrated that ruptured plaques
experienced much higher wall stress value than non-ruptured
plaques (247.3 ˙ 121.4 vs. 109.1 ˙ 21.0 kPa), which are
similar to the stress values in our study for the symptomatic
and asymptomatic patients. The great difference in plaque
wall stress between symptomatic and asymptomatic patient
may be used in the future for predicting plaque vulnerability,
while a large sample of different plaque prototypes is needed
in order to validate the procedure.

A vulnerable plaque usually is associated with a thinner
fibrous cap and a large lipid region [7, 25]. The comparison
between the two patients in minimum FCT and actual lipid
core size shows that the symptomatic patient had a thinner
FCT and larger lipid core size than the asymptomatic patient
(the symptomatic patients: 0.087 mm for minimum FCT,
247 mm3 for lipid core size; the asymptomatic patients:
0.177 mm for minimum FCT, 70 mm3 for lipid core size).
FCT is an important morphological feature associated with

plaque rupture. A very thin fibrous cap usually indicates a
more vulnerable plaque. According to Burke’s [1] study on
133 coronary plaques from male patients, a cap thickness of
65 �m was defined as a critical value of instability. While the
critical cap thickness of coronary plaque may not directly
be applied to carotid plaques. Redgrave et al. [24] studied
the critical cap thickness and rupture in symptomatic carotid
plaques, suggested that the optimum cut-off FCT value for
discriminating between ruptured and non-ruptured plaques
was a minimum FCT <200 �m. In the present study, the
minimum cap thickness for the symptomatic patient is much
less than 200 �m, while the asymptomatic patient had a thin
FCT close to 200 �m, which could serve for an indirect
evidence that a carotid plaque with a thin fibrous cap less
than 200 �m is more prone to rupture from biomechanical
aspect. However, until now, there is no clear indication of
the threshold value for lipid core size above which the plaque
will become unstable, as for the cases of FCT, 200 �m is the
critical value for carotid plaques. From a 2D study, Ohayon
[23] suggested that plaque instability is to be viewed as a
consequence of the combination of FCT, lipid core thickness,
and remodeling index, and the lipid core thickness is more
important than its area in determining plaque stability. When
we consider the lipid core in 3D context, it is expected that
the morphological feature is much harder to be represented.
It includes the volume, the shape occupied by lipids, interface
smoothness between fibrous tissue and lipids, lipid core
depths, and so on. The soft characteristic of lipid will cause
extreme stress concentrations in plaque shoulder region, a
frequent location of plaque rupture. Our study on the two
plaque samples showed that the symptomatic patient had
much larger lipid region than the asymptomatic patient.

Quantifying the mechanical properties of healthy and dis-
eased arterial tissue is essential for realistic stress prediction.
Histological studies in the arterial wall have shown that
arterial wall is heterogeneous, nonlinear, anisotropic, and
viscous-elastic. Richardson [26] has pointed out that the lack
of accurate plaque material properties data is possibly the
most uncertain aspect in the existing literature on plaque
rupture study. Based on the in vivo MR images of carotid
plaques, it is possible to characterize material properties of
arterial wall, which has been studied in the research as in the
second part. Based on phase contrast MRI, the time evolution
of arterial wall motion is available, and then the material
parameters for a specific material model could be obtained
by minimizing the difference between predicted arterial wall
dynamic and MRI-measured arterial wall dynamics. The
patient-specific material model will greatly advance plaque
stress analysis in terms of patient-specific model. However
there is still a long way to go for robust and reliable material
model characterization and application to real 3D patient-
specific plaque models for the fact that material properties
vary at different locations even for the same subject.
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Extracranial internal carotid artery stenosis accounts for
15–20 % of ischemic strokes, depending on the population
studied. Carotid endarterectomy is the most frequently per-
formed operation to prevent stroke. A recent study showed
that Carotid endarterectomy reduces the stroke risk com-
pared to medical therapy alone for patients with 70–99 %
symptomatic stenosis (16 % absolute risk reduction at 5
years) and number needed to treatment (NNT) on preventing
a stroke is 6.3. There is a smaller benefit for patients with
50–69 % symptomatic stenosis (absolute risk reduction 4.6 %
at 5 years), NNT D 22. The benefit/risk ratio is smaller
for asymptomatic patients with 60–99 % stenosis compared
to symptomatic patients and individual decisions must be
made [4]. Patient plaque rupture risk assessment could be
potentially a key factor on providing the best result on
preventing stroke and enhancing the ratio of benefit/risk. The
current patient-selecting criteria used in clinical practice are
based on whether the plaque is symptomatic or asymptomatic
and the degree of stenosis. Current studies have clearly
demonstrated that degree of stenosis is not a good criterion
on assessing plaque rupture risk [3, 28]. The significant
differences in plaque stress levels and difference in min-
imum FCT and lipid core size between symptomatic and
asymptomatic patients indicate that those parameters can be
used for plaque vulnerability assessment. A validated plaque
rupture risk assessment will enhance the CEA efficiency on
preventing rupture and reduce unnecessary procedure for
low risk patients, which will save money and unnecessary
operation risk. With the accumulated data of this kind of
study will eventually provide a useful risk predicting index
for individual plaque.

5 Conclusion

Two issues regarding patient-specific plaque stress analysis
are studied in this chapter: (1) patient-specific geometry;
(2) patient-specific material model. Based on high-resolution
in vivo MRI, patient-specific plaque geometry is available for
the followed plaque stress analysis. The comparison between
a symptomatic and asymptomatic patient showed that plaque
stress level in the symptomatic patient is much higher than
the asymptomatic patient. Furthermore, from the patient-
specific geometries for the two patients, the minimum FCT
is much thinner and the lipid core size is much larger in the
symptomatic patient than that in the asymptomatic patient.
Based on phase-contrast MRI sequence, a procedure for
obtaining patient-specific material model has been success-
fully carried out, and the predicted plaque stress pattern is
consistent with existed results. Plaque stress analysis with
patient-specific modeling will be helpful in the identification
of high-rupture risk patients.
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9Magnetic Resonance Imaging of Vulnerable
Carotid Plaques

Rohitashwa Sinha, Karol P. Budohoski, Victoria E.L. Young,
and Rikin A. Trivedi

1 Introduction

In 1951, C. Miller Fisher first recognized the connection
between an occluded carotid artery and cerebral infarction
[1]. Since this seminal finding, carotid atherosclerotic disease
has been recognized as a thromboembolic source, which
may precipitate cerebral ischemic episodes. The present
management of carotid atherosclerotic disease is directed at
reducing the risk of stroke. This can be achieved surgically,
by means of carotid endarterectomy (CEA), however, not
without significant perioperative risks involved. Indications
for surgical treatment are largely based on investigations that
assess the degree of luminal narrowing. The reason behind
this is a series of multicentre, randomized controlled trials
(RCTs), which have stratified the risk of stroke for symp-
tomatic and asymptomatic patients with various degrees of
luminal stenosis undergoing CEA [2–5].

An analysis of the pooled results from the major RCTs:
European Carotid Surgery Trial (ECST), North American
Symptomatic Carotid Endarterectomy Trial (NASCET), and
Veterans’ Affairs Trial, demonstrated that a significant bene-
fit can only be achieved in patients with severe stenosis (70–
99 %) [6]. The absolute risk reduction (ARR) of ipsilateral
stroke within the next 5 years was found to be 16 % [6]. Only
a marginal benefit was observed for patients with moderate
stenosis (50–69 %) with an ARR of 4.6 % [6]. Furthermore,
combined data from the Asymptomatic Carotid Atheroscle-
rosis Study (ACAS) and the Asymptomatic Carotid Surgery
Trial (ACST) showed a 5-year stroke risk reduction from
11.5 to 6 %, but only in patients with a significantnarrowing
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�70 % [7, 8] It is also worth noting that the benefit was
significant only for males aged >75 years [8].

Digital subtraction angiography (DSA) was used to as-
sess the extent of luminal narrowing in the major RCTs
for CEA in symptomatic patients [2–5]. However, as an
investigation, DSA has low availability, suffers inherent
measurement errors with a reported inter-observer variability
approaching 10 % [9]. The costs associated with DSA are
greater than modern noninvasive vascular imaging such as
ultrasonography (US), computed tomography angiography
(CTA), or even magnetic resonance angiography (MRA).
Furthermore, DSA is time consuming, requires highly skilled
interventional radiologists, and has a significant risk bur-
den (0.5–1.3 % permanent neurological complications and
0.4–1.3 % of transient neurological complications) [10–12].
Hence, in asymptomatic patients, ultrasound has been the
gold standard first-line investigation in assessing luminal
stenosis, despite being undermined by considerable variabil-
ity in intraobserver measurement readings as well as between
interobserver readers [8, 9].

Recently, as the understanding of carotid atherosclerosis
pathophysiology has developed, the emphasis on luminal
stenosis has diminished, further demonstrating the limita-
tions of DSA and ultrasonography as the first-line investi-
gation modalities. For example, adaptive arterial remodeling
mechanisms described first by Glagov et al. [13] in diseased
carotid arteries, which allow for large plaques to dilate the
outer wall circumference without reducing the lumen may
not be detected using DSA alone.

Histological analysis of plaques which were known to
have caused cerebrovascular events such as stroke or tran-
sient ischemic attack (TIA) have helped to elicit features of
the diseased arterial walls which may prove to be more sen-
sitive and accurate markers of disease progression [14, 15].
Recent research using Magnetic Resonance Imaging(MRI)
have shown it to be sensitive in identifying features of carotid
arterial walls which have been implicated in a significant risk
of disease progression [16–18].
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This chapter aims to describe the recent developments
in MRI, which make it a promising tool in the evaluation
of carotid atherosclerotic disease. The markers of high-
risk atherosclerotic plaques visible on MRI and evidence
obtained from long-term observational studies will be de-
scribed.

2 From Luminal Stenosis to Wall
Characteristics

Histological characteristics studied in excised carotid spec-
imens from stroke or TIA patients have been fundamental
to understanding disease progression in atherosclerosis [19,
20]. Subsequently, the term “vulnerable plaque” was coined,
referring to carotid plaques, which exhibit the characteris-
tics that have been commonly found in plaques that were
found to have caused cerebrovascular events. Nagahavi et
al. proposed the systematic classification of plaques at high
risk for thrombosis, rupture, and embolization. Major and
minor criteria were proposed. Major criteria include active
inflammation within the plaque, a thin fibrous cap (FC)
with a large lipid rich necrotic core (LRNC), fibrous cap
disruption, as well as severe stenosis. Minor criteria include
intraplaque hemorrhage (IPH), expansive remodeling, super-
ficial calcified nodules, yellow coloring on angioscopy, and
endothelial dysfunction [21, 22].

Various MRI sequences have been used successfully to
depict all of the aforementioned major and minor characteris-
tics within carotid plaques (with the exception of endothelial
dysfunction and yellow coloring on angioscopy). Further-
more, studies have ascertained a relationship between MRI
signs of “vulnerability” and subsequent risk of stroke and/or
TIA. For example, Takaya et al. found a significant correla-
tion between the presence of a thin or ruptured fibrous cap
on carotid MRI and ipsilateral ischemic stroke [23]. These
characteristics infer a significant risk of future ischemic
events for the affected patients irrespective of the extent
luminal stenosis. Indeed, several reports indicate that the
majority of people with neurological symptoms attributable
to ipsilateral internal carotid artery (ICA) atherosclerosis
have only moderate ICA stenosis [24].

This shift in emphasis, described above, from hemo-
dynamic compromise caused by luminal stenosis to
thromboembolism arising from “vulnerable” atherosclerotic
plaques is based on an evolving understanding of
the pathophysiology of atherosclerosis. As the disease
progresses, an ongoing inflammatory process occurs
whereby cholesterol carried by low density lipoproteins
(LDL) in the blood is deposited and oxidized in the
subendothelial layer of medium and large arteries such as
the carotid arteries [25]. Subsequently the LDL become
oxidized, attract macrophages, and later also smooth muscle

cells. Both these cell types phagocytose the oxidized LDL.
The internalized lipids within smooth muscle cells and
macrophages interspersed by discrete foci of extruded lipid
are histological and, on imaging, seen as the characteristic
lipid-rich necrotic core (LRNC). Furthermore, the amount
of activated macrophages can be quantitatively assessed and
is one of the markers used for imaging the inflammatory
process. Both the LRNC and activated macrophages, i.e.,
inflammation have been classified by Naghavi et al. as major
criteria characteristic of vulnerable plaques [21, 22].

The fibrous cap (FC), on the other hand, is formed by
the vascular endothelial layer along collagen fibers and
matrix glycoproteins which overlie the lipid core [25]. As
the intimal lipid core progresses, it incurs local hypoxia
leading to necrosis. Hypoxia and necrosis render the deli-
cate neovascular bed of the atherosclerotic plaque prone to
the development of intraplaque hemorrhage (IPH) [26–28].
All the above-described processes alongside the increasing
biomechanical stress due to deformation of vessel wall and
the action of inflammation-induced proteolytic enzymes such
as matrix metalloproteinases (MMPs) may lead to the rupture
of the fibrous cap and thromboembolism [26, 29–31].

In summary the characteristic stages of the pathophysiol-
ogy of atherosclerotic plaque formation have been identified
and described as the major and minor criteria of plaque vul-
nerability. The presence of these characteristics increases the
risk of subsequent TIA and/or stroke. It has been postulated
that the described characteristics may be more sensitive in
predicting the risk of TIA and/or stroke than the extent of
luminal stenosis. Therefore, the ability to image and monitor
their progression is of great clinical importance (Fig. 9.1).
Table 9.1 shows the different criteria outlined by Naghavi et
al. and the investigative modalities that can be used to assess
them [21, 22]. As can be seen at present MRI has the broadest
application [32].

3 Magnetic Resonance Imaging

MRI has many advantages, which make it likely to become
the investigative modality of choice for imaging carotid
disease. It yields images of high spatial resolution, even of
soft tissue. Additionally, MRI-derived measurements have
been shown to be reproducible and can be used in classifying
plaques according to the American Heart Association criteria
[33]. It has been shown that imaging plaques in vivo using
MRI corresponds well to postoperative histological exami-
nation of the excised plaques. It is noninvasive and does not
entail patient exposure to ionizing radiation. These particular
benefits mean that MRI can safely be used sequentially on
the same patient to assess disease progression or response to
treatment.
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Fig. 9.1 Sequential imaging of
bilateral carotid artery stenosis.
TOF depicts the area of luminal
narrowing. Axial slices depict the
full extent of the atherosclerotic
process, including expansive
remodeling. The atherosclerotic
process includes a larger area
than seen only by looking at the
extent of luminal narrowing. TOF
time of flight

Table 9.1 Imaging modalities available to assess atherosclerotic carotid plaque characteristics

Plaque characteristic MRI CT US PET SPECT DSA

Active inflammation X X X X X X

Thin FC with large LRNC X X X X X X

FC disruption X X X X X X

Severe stenosis X X X X X X
Intraplaque hemorrhage X X X X X X

Expansive remodeling X X X X X X

Superficial calcified nodules X X X X X X

Yellow coloring on angioscopy X X X X X X

Endothelial dysfunction X X X X X X

MRI magnetic resonance imaging, CT computed tomography, US ultrasonography, PET positron emission tomography, SPECT single photon,
emission computed tomography, DSA digital subtraction angiography

The disadvantages of MRI include its costs; it is an ex-
pensive technology requiring skilled staff, trained in imaging
carotid vessels and using specialist equipment. Furthermore,
MRI involves long-image acquisition times and this can pose
problems for patients suffering with impaired neurological
status, which is often encountered in patients following
stroke. MRI is absolutely contraindicated in an important
subsection of the patient population with metallic implants,
especially those with concomitant coronary atherosclerotic
disease who might have implanted cardiac devices. Different
techniques using MRI have been used to investigate the key
characteristics of “vulnerable” plaques. In the subsequent
sections we will outline recent research studies that demon-
strate how MRI is being used to investigate each of those
characteristics.

4 Fibrous Cap

As discussed earlier, the fibrous cap overlying the lipid core
of an atherosclerotic plaque is implicated as the thrombo-
embolic component which, when ruptured, leads to TIA or
stroke. Indeed, a number of histological studies have shown
that a thin fibrous cap overlying a large lipid-rich necrotic
core is a common feature of plaques prone to rupture [15,
21, 34, 35].

High resolution MRI using a 3D “multiple overlapping
thin slab angiography” sequence was employed in a study
by Hatsukami et al. to assess the feasibility of differentiation
types of FC depending on thickness into thin FC, thick FC,
and ruptured FC [36]. Their results had an 89 % agreement
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with ex vivo histological assessment of the imaged plaques.
In a study by Trivedi et al., the authors were able to quantify
both fibrous cap and the lipid-rich necrotic core using 2D,
blood-suppressed, fast spin echo, T2W MRI sequences with
high interobserver agreement [37]. The fibrous cap/lipid-rich
necrotic core ratio was introduced. Similar results were later
confirmed by other authors, who also found good agreement
of the MRI measurements with histological specimens [38].
The specific sequence employed included double inversion
recovery, T1W, time of flight, and proton density weighted,
which were statistically more accurate than T2-weighted
MRI.

These studies demonstrate that fibrous cap identification
and measurement can reliably be achieved using specialized
high-resolution MRI sequences with reliable comparison
to the histological measurements from the same plaques
postoperatively. These results suggest that the imaging tech-
niques could be used sequentially to assess disease progres-
sion. Additionally, there is wide scope for the morphological
parameters visualized with MR to be used for the assessment
of therapeutic interventions aimed at stabilizing the plaques
and their fibrous caps.

5 Lipid-Rich Necrotic Core

Larger sized LRNC in atherosclerotic plaques have been
postulated as inferring greater risk of plaque vulnerability
owing to the increased likelihood of hypoxia and necrosis in
the LRNC and the increased fragility of neovascularization
leading to intraplaque hemorrhage; all of which perpetuate
atherosclerotic disease progression. Recent studies have used
various different MRI techniques to reliably image and
measure the LRNC in vivo.

Echo-planar diffusion-weighted imaging (DWI) was used
alongside high resolution MRI to generate apparent diffusion
coefficient (ADC) maps in 26 patients with moderate to
severe carotid stenosis to distinguish between LRNC and FC.
They report a significant difference between the ADC values
for the FC and LRNC (p< 0.0001) as well as a significant
correlation (p D 0.005) between ADC values and histology
post CEA; lower ADC values matched with heavier lipid
staining in the excised specimens.

Underhill et al. [39] used multicontrast MRI in a prospec-
tive observational study in 108 asymptomatic individuals
with carotid stenosis, imaging at baseline and at 3 years to
assess for new ulceration or plaque disruption. Regression
analysis revealed that the proportion of wall volume occupied
by the LRNC was the strongest predictor of subsequent
“surface disruption” and that a new surface disruption was
associated with a significant increase in percentage LRNC
volume. This particular target step in the pathophysiology
may be of special relevance as the point where a stable plaque

becomes unstable. The use of high resolution MRI to assess
therapy effects on LRNC at this stage is likely to be of great
clinical importance.

In a randomized, double-blind, placebo-controlled
prospective study over 3 years, [40] used high resolution,
multicontrast bilateral carotid MRI scans at baseline and
annually in 33 patients to assess the effect of lipid lowering
therapy on LRNC volume and as percentage of the diseased
wall. They report significant LRNC volume reduction
(p< 0.001) and significant reduction in LRNC percentage
of arterial wall (p< 0.001) over 3 years with intensive lipid
lowering therapy. The statistically significant reduction in
LRNC percentage of the arterial reduction over the first 2
years precedes “plaque regression”; although longer term
follow-up would be required to verify whether this change in
imaged LRNC will translate into a lower incidence of stroke
or TIA in the future.

6 Fibrous Cap Disruption

Histopathological studies have shown that fibrous cap disrup-
tion is more frequently found in patients who have suffered
from a transient ischemic attack or stroke in the past [26,
41]. Specific assessment of the FC has been shown to be
able to detect with good accuracy situations of disrupted
fibrous caps, suggestive of plaque rupture (Figs. 9.2 and
9.3). This has been obtained using high resolution MRI with
multicontrast protocols [38]. A case series study has demon-
strated it possible to use multisequence, cross-sectional MRI
with black and bright blood sequences to identify carotid
plaques with disrupted fibrous caps [42]. However, the spa-
tial resolution of conventional scanners is approximately
250 �m, which is the dimension of a thin fibrous cap.
This demonstrates the existing pitfalls of imaging of carotid
atherosclerosis with conventional MRI scanners.

7 Intraplaque Hemorrhage

Fragile neovascularization in the inflammation-ridden
atherosclerotic plaque is prone to hemorrhage. Current
thinking suggests that hemorrhage within the atherosclerotic
plaque perpetuates the inflammatory processes and induces
further necrosis. All these increase the risk of ipsilateral
stroke.

As with imaging of the lipid-rich necrotic core, a variety
of recent studies have used different MRI techniques to
successfully investigate intraplaque hemorrhage in carotid
atherosclerotic lesions (Fig. 9.4).

One study compared contrast-enhanced MR angiography
(CE-MRA) with time-of-flight (TOF) MRA sequences in
15 patients and validated their accuracy with histological
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Fig. 9.2 Histological specimen
of a atherosclerotic carotid artery.
A thin fibrous cap is seen (short
arrow), with a rupture at one of
the edges (long arrow). Below the
fibrous cap the lipid-rich necrotic
core can be seen (asterisk). L
signifies arterial lumen

Fig. 9.3 T1w, PDw, STIR, T2w
images of the same plaque as in
Fig. 9.2. Ruptured fibrous cap is
visible in the STIR sequence
(long arrow). L signifies arterial
lumen, asterisk signifies the
lipid-rich necrotic core. T1w
T1-weighted sequence, PDw
proton density-weighted
sequence, STIR short T1
inversion recover sequence, T2w
T2-weighted sequence

findings from the ex vivo post-CEA plaque specimens.
They report a 94 % accuracy with CE-MRA over 84 %
using TOF sequences, with excellent intra and interobserver
agreement [43].

Improvements in the technique for imaging intraplaque
hemorrhage have been made. One study reported the use

of a novel technique to improve on IPH identification,
which has previously relied on methemoglobin detection
with T1-weighted sequences and blood suppression [44].
They report their novel technique “slab-selective phase-
sensitive inversion-recovery” (SPI) optimizes IPH detection
and is validated against histology, with significantly
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Fig. 9.4 MRI image with T1w,
PDw, T2w, and 3D-TOF
demonstrating thrombus within a
carotid artery plaque (short
arrow). Additionally thrombus
with partial calcifications is seen
in adjacent area (long arrow). L
indicates arterial lumen. T1w
T1-weighted sequence, PDw
proton density-weighted
sequence, T2w T2-weighted
sequence, 3D-TOF
3-dimensional time of flight

improved intraplaque hemorrhage-wall contrast-to-noise
ratio (p< 0.01) and blood suppression efficiency (p< 0.01)
when compared with recently used 3D rapid acquisition
gradient echo sequences.

8 Wall Thickness

As the focus has shifted from vessel lumen stenosis to the
arterial vessel wall, the relationship between the overall wall
thickness and the percentage of the wall occupied by the
LNRC has also been emphasized as a risk-stratifying char-
acteristic. In the Carotid Atherosclerosis Score (CAS) [39],
maximal vessel wall thickness (VWT) and the percentage of
the wall occupied by the LRNC were the strongest predictors
of FC disruption and IPH.

VWT and vessel wall area (VWA) have been used as
surrogate markers of expansive remodeling, whereby the
plaque progression occurs by enlarging the vessel wall out-
wards rather than encroaching on the lumen size. Black-
blood fast spin-echo sequences were used in a prospective
clinical trial of the effects of 12, 18, and 24 months of
simvastatin lipid lowering therapy on VWT and VWA [45,
46]. Changes in both VWT and VWA at all the predefined
times were statistically significant; the reduction in VWA
size at 24 months compared to baseline (p< 0.0001) and
VWT (p< 0.001). This feasibility study showed that MRI
can be used in clinical trials to evaluate treatment efficacy, by
means of assessing the change in wall characteristics rather
than the degree of lumen stenosis in a longitudinal manner.

9 Inflammation

The inflammatory process within the plaque itself plays
a major role in all aspects of atherosclerosis, i.e., plaque
initiation, plaque progression, and plaque rupture. Systemic
markers of inflammation, such as C-reactive protein (CRP)
have been correlated with the cardiovascular events due to
atherosclerotic disease [47]. Furthermore, inflammation has
become a target of new therapies for atherosclerosis. While
the exact mechanisms of inflammation related to atheroscle-
rosis are beyond the scope of this chapter, macrophage
infiltration of the plaque and neovascularization are of the
plaque are two aspects, which have been recognized as po-
tential markers of plaque vulnerability. MRI using a specific,
macrophage-directed contrast agent, such as ultrasmall su-
perparamagnetic iron oxide (USPIO) and dynamic contrast-
enhanced MRI (DCE-MRI) using traditional gadolinium-
based contrast agents have been used [48–51].

10 USPIO-Enhanced MRI
and Macrophage Content

Ultrasmall superparamagnetic iron oxide (USPIO) is a non-
gadolinium-based contrast agent that has been shown to be
useful in MRI. The USPIO particle consists of a microcrys-
talline magnetite core, within dextran coating. Typically the
diameter of USPIO is around 30 nm [52]. The particles are
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Fig. 9.5 USPIO-enhanced MRI at baseline and after 12 weeks of ator-
vastatin therapy. Note the increased enhancement in the right upper and
lower quadrant signifies a lower USPIO accumulation, thus, reduced
inflammatory process

absorbed by the reticuloendothelial system (RES) of the liver
and spleen and are subsequently nonselectively absorbed
by activated macrophages. Activated macrophages accumu-
late in areas of active inflammation, such as atherosclerotic
plaques, but not only, and thus can be visualized using MRI
[53, 54].

The effect of USPIO on MRI imaging has been de-
scribed by Bulte et al. [55]. Briefly, USPIO particles create a
large dipolar magnetic field, which acts on water molecules
thus reducing the T2 relaxation times. USPIO acts as a
negative contrast is on T2-weighted (T2W) sequences [55]
(Fig. 9.5).

The uptake of USPIO particles by macrophages has been
demonstrated in experimental studies [53] and later con-
firmed in plaques from carotid arteries of humans [49, 54,
56, 57]. Later, Trivedi et al. described the temporal rela-
tionship of the magnitude of signal loss following USPIO
administration, establishing an optimal window for imaging
between 24 and 36 h following administration of contrasting
medium [57].

Interestingly no relationship between USPIO uptake of
carotid plaques and luminal narrowing was demonstrated
[58]. On the other hand, a relationship between inflammation

as seen using USPIO-enhanced MRI and biomechanical
stress has been demonstrated [59]. These results suggest the
degree of inflammation may be an independent factor in
determining the risk of plaque progression and subsequent
risk of cerebrovascular events. Such findings prompted the
question whether inflammation can be used as a surrogate
end-point in clinical trials aimed at medical reduction of
plaque burden.

The first use of USPIO-enhanced MRI for this pur-
pose was published by Tang et al. in the ATHEROMA
trial [60]. Forty-seven patients with asymptomatic carotid
atherosclerosis (�40 % stenosis) were randomized into two
groups of high-dose (80 mg/day) and low-dose (10 mg/day)
atorvastatin. While a significant reduction in USPIO uptake
was demonstrated in the high-dose atorvastatin group as
early as 6 weeks after initiation of treatment, no such effect
was noted in the low-dose group. Previously interventional
studies aimed at reducing plaque burden have focused on
morphological characteristics [15, 45, 46, 61, 62]. Similarly,
these studies showed that improvements in gross morpho-
logical parameters such as vessel wall thickens and vessel
wall area, precede changes in luminal stenosis. However, the
earliest changes were visible after 12 months of treatment.
In contrast using USPIO-enhanced MRI quantifiable changes
were demonstrated as early as 6 weeks following start of ther-
apy. These results demonstrate the potential of novel imaging
techniques in the rapid assessment of plaque vulnerability
and therefore patient risk stratification. It needs to be noted
that only patients with baseline uptake of USPIO particles
were included in the ATHEROMA study, potentially limiting
the generalization of the results to a wider population [60].
However, the potential of imaging inflammation has been
demonstrated giving incentive for further development in this
area.

11 Dynamic Contrast-Enhanced MRI

Gadolinium-based contrast media are used for their T1-
shortening ability. The accumulation of the contrast causes
T1 hyperintensity. With the implementation of gadolinium
chelates, investigation of the late-phase enhancement is pos-
sible. Late enhancement is used as a surrogate marker of
contrast diffusion into the extracellular compartment. In
order to visualize the vessel wall, sufficient suppression of
the blood signal is essential, hence the choice of image
acquisition is essential when DCE-MRI is used. Commonly
black blood T1W sequences with either double inversion-
recovery (DIR) [63] or even, quadruple inversion-recovery
(QIR) are used [64].

Studies have shown that the extent of microvasculature
within a plaque corresponds to the risk of intraplaque hem-
orrhage and subsequent rupture [30, 65]. Neovascularization
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is induced by the chronic inflammatory process occurring in
the plaque. Dynamic contrast-enhanced MRI (DCE-MRI),
a method, which was originally developed for in neuro-
oncology to determine the extent of tumor neovasculariza-
tion, has been recently implemented in the study of carotid
atherosclerosis. The main advantage of this method is that it
can utilize routinely available contrasting media [66]. The
first human observation of enhancement of atherosclerotic
plaques was observed by Aoki et al. [67]. However, two
separate aspects of plaque enhancement have been noted. In
the first reports a hyperintense rim surrounding the diseased
vessel was reported [67]. This was thought to represent
vasa vasorum in the adventitia of the artery. However, direct
enhancement within the plaque, in particular the FC was also
noted [51, 68].

Kinetic modeling plays the role in the image analysis
today [48, 69, 70]. Two parameters which are considered
for analysis are fractional plasma volume (Vp) and transfer
constant of the contrast agent (Ktrans) and represent the
two compartments: intravascular space and extravascular,
extracellular space. Vp is thought to represent the actual
microvascular volume [48]. It was found to be a good marker
of plaque neovasculature when compared with histology
(r D 0.68, p< 0.001) [48, 70]. Ktrans, on the other hand, is
used to estimate the permeability of the microvasculature.
Interestingly, it was Ktrans which was found to correlate with
macrophage content within the plaque suggesting that there
may be distinct features of the neovascular bed which are
associated with inflammation [48].

One major pitfall of MRI-contrasting agents is the non-
specific enhancement, which may unfavorably alter results.
MRI contrasting media development is currently concentrat-
ing on designing new markers, which would bind to specific
targets in the atherogenic process. This progress is being
done on the molecular and cellular level. Contrast media that
bind to lipid [71, 72], thrombus [73], specific inflammatory
mediators [74–76], apoptotic cells [77], and proteolytic en-
zymes, which could contribute to plaque destabilization [77],
are currently under investigation and have the potential to
obtain similar binding specificity as the one found in nuclear
medicine.

12 Biomechanical Stress Modeling

The biomechanical forces acting on diseased arterial walls
with atherosclerotic plaques prone to rupture have also been
successfully modeled using MRI techniques [78]. As the in-
flamed endothelial layers are subject to biomechanical stress
from hyperkinetic and turbulent blood flow, the structural
integrity becomes progressively compromised which may
lead to plaque rupture [78]. Such stresses can be measured
using finite elements analysis (FEA) [79].

Trivedi et al. have used MRI-derived 2D geometrical
arterial models to perform FEA to predict the differences
in plaque tensile stress between symptomatic and asymp-
tomatic patients with carotid atherosclerosis [80]. They re-
ported a substantial difference in principal tensile stress
calculated between the two groups.

A recent study used MRI-derived FEA, in a series of
45 patients with carotid atherosclerosis, to demonstrate that
plaques with IPH had significantly higher stress than non-
hemorrhagic plaques (p D 0.003) [81]. Furthermore, biome-
chanical stress has been used to determine the effect of lipid
lowering therapies on carotid atherosclerotic plaques [82].
A reduction in arterial wall strain following aggressive lipid
lowering therapy was determined using MR-based modeling.
Maximum arterial wall strain at 12 weeks of treatment was
significantly lower in the high dose Atorvastatin (80 mg)
patient group versus the low dose (10 mg) group [82].

13 Recent Trends and Future Directions

The described studies illustrating how different MR tech-
niques have been used to evaluate the individual “high risk”
components of atherosclerotic carotid plaques are by no
means the only research employing MR for this purpose.
MRI-derived measurements have been shown to be repro-
ducible and that they can be used in classifying plaques
according to the American Heart Association criteria [33].
Furthermore, it has been shown that imaging plaques in vivo
using MRI corresponds well to postoperative histological
examination of the excised plaques [34, 51]. The efficacy and
feasibility of MRI in imaging vulnerable carotid plaques has
been repeatedly demonstrated [32, 33, 37, 39, 42, 48, 83].
MRI is increasingly being adopted as the imaging tool in
prospective studies. It has been successfully used in longi-
tudinal studies [46, 61, 84], as well as clinical intervention
trials [60, 85, 86] (Table 9.2).

A recent study by Bianda et al. [84] used high spatial
resolution MRI to quantify the progression of atherosclerotic
disease in 30 patients over 2 years, looking at both their
carotid and femoral arteries. Crucially, patients’ medication
regimens remained stable throughout the whole study period.
The authors were able to quantitatively measure the changes
in lumen area, total vessel area, and vessel wall area at base-
line and at 1 and 2-year follow-up. Interestingly, differences
in plaque progression were found between femoral artery
plaques and carotid artery plaques. During the 2 years obser-
vation period, the authors demonstrated disease progression
(as demonstrated by an increase in vessel wall area), despite
standard medical therapy with good compliance. However,
only in carotid arteries the increase in plaque size was
accompanied by a significant decrease in lumen area. De-
spite methodological limitations, (inclusion criteria required
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Table 9.2 Summary of recent longitudinal studies and clinical trials using MRI measures as primary or secondary end points

Author Design n Intervention Time Imaging Results

Corti et al.
[45, 46]

Long. 18 Simvastatin 24 months DIR, FSE PDw, T2w VWA: decrease of 15 % and 18 % at
12 and 24 months; VWT: decrease of
11 % and 19 % at 12 and 24 months;
LA: increase of 5 % at 24 months

Lima (2004)
[87]

RCT 27 20 vs. 80 mg/day
simvastatin

6 months DIR, FSE PDw, T2w PV: decrease of 12 % from baseline;
PA: decrease of 12 % from baseline;
no difference between groups

Corti et al.
[61]

RCT 51 20 vs. 80 mg/day
simvastatin

24 months DIR, FSE PDw, T2w VWA: decrease of 14 % and 18 % at
12 and 24 months, respectively; VWT:
decrease of 10 % and 17 % at 12 and
24 months, respectively; LA: increase
of 4 % and 5 % at 12 and 24 months,
respectively; no differences between
groups

Underhil et
al. [62]

RCT 43 5 vs. 40/80 mg/day
rosuvastatin

24 months DIR, FSE T1w, PDw, T2w,
3D TOF

LV, WV, NWI: no changes neither
between groups nor between baseline
and 24 months; %LRNC: decrease of
37.0 % in high-dose group, no change
in low-dose group

Tang et al.
[60]

RCT 47 10 vs. 80 mg/day
atorvastatin

12 weeks USPIO-enhanced �SI: 0.203 (95 % CI: 0.065, 0.198)
reduction from baseline at 6 weeks
(high-dose); difference of 0.240 (95 %
CI: 0.134, 0.347) between groups at
12 weeks

Fayad et al.
[85]

RCT 130 Dalcetrapib vs.
placebo

48 months TOF, DCE Reduction in VA in dalcetrapib vs.
placebo after 24 months; absolute
change from baseline relative to
placebo: �4.01 mm2 (90 % CI: �7.23
to �0.80; nominal p D 0.04)

Bianda et al.
[84]

Long. 30 Standard medical
management

48 months DIR, FSE T1w, PDw, T2w,
3D TOF

LA decreased (�3.19 %/year, p D
0.018); VWA increased
(C3.83 %/year, p D 0.019)

DIR double inversion recovery, FSE fast spin echo, T1w T1 weighted, T2w T2 weighted, PDw proton density weighted, TOF time of flight, DCE
dynamic contrast enhanced, Long longitudinal, USPIO ultrasmall superparamagnetic iron oxide, VWT vessels wall thickness, VWA vessel wall
area, LA lumen area, PA plaque area, PV plaque volume, �SI signal intensity change, SUV standardized uptake value

<70 % stenosis in the carotid arteries while all grades of
stenosis in the femoral arteries were permitted) the study
successfully demonstrated the sensitivity and usefulness of
MRI in monitoring atherosclerosis disease progression.

The recently published dal-PLAQUE (Safety and efficacy
of dalcetrapib on atherosclerotic disease using novel nonin-
vasive multimodality imaging) study [85], was designed to
assess the efficacy of Dalcetrapib (a cholesterol ester transfer
protein inhibitor) on atherosclerotic disease. Simultaneous
MR and PET imaging was undertaken to assess the primary
endpoints at 2 years from baseline. MRI was used to assess
structural changes in carotid arterial walls (total vessel area,
wall area, wall thickness, and normalized wall index). Pa-
tients treated with Dalcetrapib not only did not demonstrate
progression of carotid plaques but were also found to have
significant reductions in plaque burden as compared with
placebo. Together with the atorvastatin therapy: effects on
reduction of macrophage activity (ATHEROMA) study [60],
dal-PLAQUE have been the first interventional clinical trials
in the field of carotid atherosclerosis to use noninvasive

imaging as primary endpoints. The authors of dal-PLAQUE
conclude by stating that the imaged vascular endpoints will
need even further and longer term clinical validation of
the safety of Dalcetrapib on cardiovascular morbidity and
mortality. These results are to be published in the “dal-
OUTCOMES” trial.

Another study used MR to quantitatively detect changes
in the size and composition of carotid plaques following
cilostazol therapy; an antiplatelet agent [88]. They prospec-
tively imaged 16 patients at baseline and at 6 months, using
methodology where analysis of atherosclerotic plaques is
performed calculating a contrast ratio between the imaged
plaque and the sternocleidomastoid muscle. They also ana-
lyzed the intraplaque components and their relative size in
percentage of total area (i.e., fibrous tissue, lipid/necrosis,
and hemorrhage components). It was shown that the fi-
brous component increased significantly, while the lipid and
hemorrhagic components decreased. Unfortunately, due to
factors such as the small sample size and the lack of a control
group, these findings cannot reliably be attributed to the
therapeutic effects of Cilostazol.
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Aside from MR evaluation of plaque morphology in vivo
clinical studies, a recent longitudinal study simultaneously
assessed the relationship of biomechanical structural stresses
on the atherosclerotic plaques of previously symptomatic
patients with a past history of a recent (<1 month) transient
ischemic attack or a minor, nondisabling stroke in the last
month [89]. They followed up patients clinically from a base-
line MR assessment for up to 2 years or until they suffered
a cerebrovascular event in the territory of the previously
imaged carotid artery. The baseline MR imaging underwent
“finite elements analysis” to integrate information regarding
plaque morphology, material properties of the plaque con-
stituents, and patient-specific blood pressure during the com-
putational simulations. The additional information provided
by the stress factors, the authors’ state, give a much more
comprehensive assessment of plaque vulnerability compared
with plaque morphology alone. This is especially useful in
the subset of patients in whom there may be a history of
neurological symptoms but who have a moderate degree of
luminal stenosis. They report that plaques with hemorrhage
or fibrous cap rupture had six to seven times greater likeli-
hood of being associated with subsequent ischemic events,
high structural stresses were seen to increase the chance of
subsequent events by 13 times.

Further adaptation of currently used MR protocols in
clinical studies look likely to refine the use of MR to
evaluate prognostic risk, therapeutic effects, and the natural
pathophysiology of carotid atherosclerosis with even greater
reliability than currently seen. Future work incorporating
stress analysis and plaque morphology with bigger patient
sample sizes may well prove to be of vital importance in
stratifying risk more accurately than the cumbersome lumi-
nal stenosis assessment by ultrasound. Such dynamic evalu-
ation of vulnerable plaques could indicate another group of
patients who may benefit from CEA, such as those who cur-
rently have mild to moderate degrees of luminal stenosis but
have “high risk” plaque morphological characteristics and
high stresses exerted on the plaques. Alternatively, using 3D
volumetric MR measurements of vulnerable plaques, as sug-
gested by [88] and Bianda et al. [84], may be another route
for development of MR in imaging carotid atherosclerosis.

14 Conclusions

Current research is unanimous in its shift of focus from
the stenosed lumens of atherosclerotic carotid arteries to the
arterial wall characteristics that signify earlier phases in the
pathophysiology of atherosclerotic plaque progression than
the relatively late feature of luminal stenosis. Morpholog-
ical features such as the vessel wall thickness, lipid-rich
necrotic core, intraplaque hemorrhage, fibrous cap size, and
disruption as well as biomechanical stress can all be reliably

assessed with a variety of high-resolution MRI techniques
which are well validated against histological measurements
from the same plaques ex vivo. Even inflammatory character-
istics of the wall, such as neovascularization and macrophage
infiltration in the plaque can be visualized with the use of
gadolinium contrast and ultrasmall superparamagnetic iron
oxide-enhanced MRI.

As a result, the crude and outdated assessments of degree
of lumen stenosis by modalities such as digital subtraction
angiography and ultrasound have largely been replaced with
MRI as the modality of choice to investigate further details
in the pathophysiology of carotid atherosclerosis, to establish
patient risk stratification on more sensitive characteristics,
and to assess the efficacy of therapeutic interventions at
a much earlier stage than previously possible. With newer
molecular contrast media being developed to depict in even
more detail the full functional history of carotid atheroscle-
rotic plaques, MRI as a modality seems to be indispensable
in the future management of this disease.
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1 Introduction

Carotid artery atherosclerotic disease occurs frequently in the
general population, with a prevalence of 75 % in men and
62 % in women over 64 years of age [1, 2]. It is the reported
cause for 30 % of all ischemic strokes. As such, imaging
assessment of the carotid arteries is an important component
of the prevention and management of acute stroke [3, 4].

Computed tomography (CT), and CT-angiography in par-
ticular, have grown to occupy a preponderant role in the
evaluation of carotid arteries, almost completely replacing
diagnostic carotid angiograms. CT is widely available in the
emergent setting because of its speed and relative safety and
as such as become the imaging modality of choice in patients
with acute cerebral ischemic symptoms. New generations of
CT scanners can image the neck arteries from the aortic arch
to the vertex in less than 15 s. This short acquisition times
translates into few artifacts from patient motion and reduced
contrast requirement with accurate timing of contrast [5].
CTA is non flow-dependent technique, and has high spatial
resolution, which results into high accuracy for stenosis
measurements and carotid plaque characterization. CTA can
assess carotid arteries for near occlusion, tandem lesions,
collateral flow, and concomitant intracranial atherosclerotic
disease [5].

2 CTA Imaging Protocol

The CTA imaging protocol we are using at our institution
for the cervical carotid arteries on our 64-slice scanner is as
follows: number of activated detectors, 64; gantry rotation
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time, 0.5 s; caudocranial acquisition; collimation, 0.625 mm;
pitch, 1.375:1; 120 kV; 200–350 mA; dose modulation with
noise index of 4. Slices are reconstructed at 1.25-mm thick-
ness with a 1-mm reconstruction interval for evaluation of
the vasculature, while the 0.625-mm raw data images are
used to create maximum-intensity-projection (MIP) images.
Sections are also reconstructed at 2.5-mm thickness with a
2-mm reconstruction interval for evaluation of soft tissues.

For the above-described CTA acquisition, a bolus of
50 mL of iodinated contrast material is injected at a 5-mL/s
injection rate followed by a 25-mL saline bolus chaser. For
contrast material infusion, an 18-gauge intravenous catheter
is typically used. We generally attempt to administer in-
travenous contrast material from a right-sided injection for
two reasons. First, the left brachiocephalic vein takes a
more transverse course into the superior vena cava, which
produces a higher likelihood of undiluted contrast material
obscuring the origins of the great vessels. Second, compres-
sion of the brachiocephalic vein by an ectatic aorta, which is
especially common in elderly patients, can lead to contrast
material pooling and subsequent reflux into neck veins [5].

Proper timing of contrast material administration is a key
determinant of optimal arterial opacification and CTA image
quality. With multidetector scanners of up to 16 sections, a
fixed delay (e.g., 25 s) between contrast material injection
and the start of scanning has been successfully used by some
authors [6]. However, given the physiologic variability of
blood flow among patients (especially those with cardiac
dysfunction or vascular stenoses) and the very fast imaging
times of 64-section CT, accurately timing the delay between
contrast material administration and scanning initiation with
either a bolus-tracking technique or a preprocedure timing
bolus becomes important [7–9]. In bolus tracking, the main
contrast material bolus is injected and then a designated
vessel of interest is monitored in real-time with low-dose
dynamic scanning. When a certain enhancement threshold is
reached in the monitored vessel, the table moves to the start
position and scanning begins. The main drawback of this
technique is the inherent delay between when the threshold
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value is reached and when scanning begins (approximately
4 s), as well as the delay in computer reconstruction of bolus-
tracking images (2 s). The combined 6-s lag often requires
that an increased amount of contrast material be injected.

In our opinion, the timing bolus approach is superior
because CTA can be performed in pure arterial phase with
optimal enhancement of the carotid and vertebral arteries
and minimal enhancement in cervical veins. Also, there is no
intrinsic delay with the timing-bolus approach; the volume
of contrast material given for the CTA can be kept as low as
possible (60 ml for CTA). Finally, the perfusion-CT series
obtained prior to CTA can be used as a timing bolus, so no
additional amount of contrast needs to be injected [5].

In a study that used a phantom model of carotid stenosis
and nonionic contrast material, other authors have shown that
contrast densities between 150 and 200 HU yield the most ac-
curate assessments of stenoses on CTA [10]. With our carotid
CTA protocol, high arterial opacification is achieved, with a
mean arterial attenuation of approximately 310 HU [5].

Post-processing is performed by the technologist at the
scanner or in the 3D laboratory. MIP images of the carotid bi-
furcations are obtained bilaterally in sagittal oblique planes,
and MIP images of the origins of the great vessels and
extracranial carotid arteries are obtained in the coronal plane.
Additional computer-aided analysis of the degree of carotid
artery stenosis is undertaken by using the North American
Symptomatic Carotid Endarterectomy Trial (NASCET) cri-
teria (described below).

The rapid acquisition of CTA images with modern CT
scanners can generate a variety of flow artifacts, which are
very important for radiologist to recognize in order not to be
mislead by pseudodissection, pseudoocclusion, and pseudo
venous thrombosis appearances [5].

The typical radiation dose with CTA is in the range
of 5–7 milli-Sievert (mSv) [6]. Various methods can be
used to reduce the radiation dose such as manipulation of
acquisition parameters (KVp, pitch, gantry rotation time, and
milliampere) and use of x–y–z axis modulation, in which the
tube current applied within each section varies depending on
the patient girth and attenuation at each level [11, 12].

3 Carotid Luminal Measurements
Using CT

Luminal narrowing is the standard parameter to report on the
extent and severity of carotid artery stenosis. The widespread
use of this measure is based primarily on the results of several
randomized clinical trials, including the NASCET [13], the

European Carotid Surgery Trial (ECST) [14], and the Vet-
erans Affairs Cooperative Studies Program trial [15]. These
trials demonstrated a significant reduction in the risk of
ischemic stroke in patients with luminal stenosis of �70 %,
as assessed on conventional angiograms, after carotid en-
darterectomy compared with medical treatment alone. The
degree of luminal narrowing has been traditionally measured
on catheter angiography [16, 17]; however it is increasingly
being measured using CTA and other noninvasive techniques
[18, 19]. These have been shown to be equivalent to con-
ventional angiograms in characterizing the degree of luminal
narrowing [18, 20, 21].

Measuring the degree of luminal narrowing using CTA or
MRA raises some issues in the clinical setting. First, several
methods have been reported to characterize the degree of
carotid stenosis, including the NACSET method (Fig. 10.1)
[13, 22], the ECST method [14, 22], and the common carotid
method [23], which differ as to the reference arterial segment
used resulting in different percent measurements for the same
absolute residual lumen [23–26]. Also, different visualiza-
tion methods (MIP, volume rendering, surface-shaded dis-
play (SSD)) are available for the display of the same dataset
[21, 27–31], adding to the variability of the luminal nar-
rowing measurements. Furthermore, interobserver variability
results since, in typical clinical practice, neuroradiologists
simply “eyeball” the carotid artery lumen and only obtain
quantitative measurements in a limited number of cases. The
highest precision in measuring carotid stenosis is known to
be attained by using magnified axial images and by getting
measurements exactly perpendicular to the longitudinal axis
of the vessel [19, 31]. Finally, the measurement of the
luminal narrowing is influenced by the image quality and
particularly by the quality of the contrast injection [32]. The
proper window width and level must be used to avoid vari-
ability in quantifying carotid stenosis. Too narrow window
may lead to overestimation of the degree of stenosis; a wide
window is desirable for carotid artery stenosis evaluation.

An alternative method to calculating directly percent of
stenosis has been proposed by Fox et al. [33] (Table 10.1).
It consists of measuring the minimal luminal diameter in
millimeters and infer the corresponding degree of stenosis.
A minimal lumen of 1.3 mm corresponds with 70 % stenosis
and a minimal lumen of 2.2 mm with 50 % stenosis [34].

Recently, software has become available on post-
processing workstations that performs semiautomatic seg-
mentation of the carotid artery lumen on CTA studies
and automatic quantitative measurements of diameter and
area. This approach could potentially alleviate some of the
limitations listed above, and the use of such software has
recently been validated [35].
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Fig. 10.1 Measuring the degree of luminal narrowing using the
NASCET method involves measuring the minimal residual lumen
diameter at the level of maximal stenosis (double arrow), measuring the

lumen diameter at the level of the distal cervical internal carotid artery,
and reporting the difference of the two as a percentage of the later

Table 10.1 Correspondence
between minimal luminal diameter in
millimeters and degree of stenosis in
%, as proposed by Fox et al. [33]

Stenosis (mm) Stenosis (%)

2.2 50–55
2.0 54–59

1.7 61–66

1.5 66–70

1.3 70–74
1.0 77–80

0.9 80–82

0.6 86–88

0.4 91–92

0.2 95–96

4 Carotid Wall Characterization
Using CT

The widespread use of the luminal narrowing to assess the
severity of carotid artery stenosis is based primarily on the
results of several randomized clinical trials that demonstrated
a reduction in the risk of ischemic stroke in patients with
luminal stenosis of �70 % (assessed on conventional an-
giograms), after carotid endarterectomy compared with med-
ical treatment alone [13, 15, 22]. However, �70 %-carotid
stenosis occurs in fewer than 10 % of patients, whereas
<70 %-carotid stenosis is extremely frequent in the general
population (70 % in men and 60 % in women over 64 years
of age) [1, 2]. In patients with <70 % carotid stenosis, high-
resolution lumenography fails to provide any insight into
the associated risk of stroke, because angiography is able to
detect atherosclerosis only when >40 % of the area of the
vessel wall is occupied by the plaque [36].

Luminal narrowing on conventional angiogram is only
an indirect measure of the carotid atherosclerosis process
as it occurs in the vessel wall, not the lumen. Angiography

is not able to detect atherosclerosis at early stages because
luminal narrowing begins only when >40 % of the vessel
wall is occupied by plaque [36, 37]. However, plaque
complications that result in strokes can occur in these
early stages of atherosclerosis, a phenomenon that has also
been described for coronary arteries (where a significant
proportion of acute myocardial infarcts occur as a result of
plaque rupture in coronary arteries with normal or subcritical
narrowing) [38, 39]. For this reason, parameters other than
luminal narrowing are needed to predict the risk of stroke
more reliably, particularly in patients with <70 % stenosis.
Plaque morphology and composition have been suggested
as a complement to luminal narrowing measurements for
assessing carotid atherosclerotic disease, giving rise to
the concept of “vulnerable plaque” [40–44]. A number of
carotid plaque morphological features have been suggested
as potential markers of the “vulnerable plaque” and are
possibly associated with an increased risk of stroke, the
most studied of which being the common carotid artery
(CCA) intima–media thickness [1, 2, 45–49]. Also, embolic
phenomena have been reported as being associated with
thinning and subsequent ulceration of the fibrous cap on
the surface of the atherosclerotic plaque [40, 44, 50–52]
resulting in release into the parent vessel of necrotic lipoid
debris from the plaque substance, especially in the case of a
high plaque lipid content [53, 54]. On the contrary, carotid
plaque calcifications appear to be protective [55, 56].

Noninvasive in vivo imaging of carotid atherosclerotic
plaques holds considerable promise for clinical decision-
making and treatment [53, 57, 58]. Such imaging has clas-
sically been achieved using ultrasound [1, 2, 45–49] and also
magnetic resonance imaging (MRI) [13, 59–64].

More recently, the ability of modern, multidetector-row,
isotropic resolution CTA (Fig. 10.2) studies to assess the
histological composition (including non-calcified compo-
nents) and characteristics of carotid artery atherosclerotic
plaques were demonstrated, using histology as the gold
standard. In this study, there was 72.6 % agreement between
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Fig. 10.2 CTA image showing a complex plaque at the right internal
carotid artery bulb, with an ulceration (arrowhead), lipid-rich necrotic
plaque (arrow), and calcified plaque (star)

CTA and histology for carotid plaque classification, perfect
concordance for calcifications, and good correlation with
histology for large lipid cores. CTA was also accurate in the
detection of ulcerations and in the measurement of fibrous
cap thickness [51]. Utilizing the standardized, computerized
assessment of CTA studies described above, Wintermark
et al. performed a retrospective, cross-sectional study to
identify the CT features of carotid atherosclerotic plaques
that were significantly associated with the occurrence of
ischemic stroke [65]. This study revealed that a small number
of carotid wall CT features were significantly associated
with acute carotid stroke. Specifically, increased risk of acute
carotid stroke was associated with an increased wall volume,
a thinner fibrous cap, a higher number of lipid clusters,
and lipid clusters closer to the lumen [65]. The number of
calcium clusters was a protective factor [65]. Unfortunately,
there were several limitations to the pilot study. The design
of the study was cross-sectional, and it involved only a small
number of patients. The authors concluded that their results
needed to be confirmed in a large cohort study.

In a subsequent study, involving a retrospective cohort
of a large sample of patients, 14 patients who developed a
new, carotid ischemic stroke between the time when they
underwent their baseline CTA of the neck and a follow-
up imaging study of the brain were identified. Three risk
factors that would predict 10 of the 14 carotid ischemic
strokes were identified, including two clinical risk factors
(age � 75 and antihypertensive treatment) and one CT fea-
ture of carotid atheroscleroticdisease—the maximal carotid

wall thickness> 4 mm. This new rule appears straightfor-
ward to remember and apply clinically.

5 Conclusion

A better understanding of the role of carotid plaque com-
ponents in predicting ischemic stroke will be important in
designing future treatment trials for carotid artery stenosis.
A decade ago, studies demonstrated a clear advantage in
certain populations of endarterectomy compared with med-
ical therapy. However, these studies were conducted before
the widespread use of medical treatments that have been
demonstrated to reduce stroke risk in patients with vascular
disease, such as clopidogrel; extended-release dipyridamole;
and aspirin, statins, and more aggressive blood pressure
control [66].

With the development of both improved medical therapy
and less invasive percutaneous stenting approaches over the
last few years, some of the same questions must be addressed
again [1]. Should our hypotheses prove correct, these results
will provide a relevant, standardized, and validated method
of interpreting the carotid artery wall findings using a routine
imaging technique that could be used in future trials to
monitor the carotid wall composition, both to select patients
for treatment and to determine whether drug treatments are
effective in altering the size and composition of the atheroma.
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1 Background

Stroke is the second leading cause of mortality in the Western
world after coronary heart disease. Although stroke death
rate declined to 44 % in the last decade, the burden of
disease remains high [1]. Of all strokes, 87 % are ischemic,
10 % are intracerebral hemorrhage and 3 % are subarachnoid
hemorrhage strokes [1]. About 50 % of the ischemic strokes
are due to atherosclerotic disease, which is preferentially
located in the carotid artery [2].

Till now, the degree of luminal narrowing of the carotid
arteries, caused by atherosclerosis, has been the only image-
based risk factor for (recurrent) stroke that is used in thera-
peutic decision making. Large, randomized clinical trials (the
North American Symptomatic Carotid Endarterectomy Trial
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(NASCET) and the European Carotid Surgery Trial (ECST))
have established the imaging criteria for surgical treatment
in symptomatic patients. Carotid endarterectomy (CEA) is
indicated for symptomatic patients with high-grade stenosis
(>70 %) and in selected patients with recent symptoms and
moderate stenosis (50–69 %) [3–5]. In asymptomatic carotid
artery stenosis, a modest benefit of CEA is described in
selected patient groups (relatively young male patients) who
had a severe stenosis [6–8]. However, most patients with
a stenosis >70 % are asymptomatic and most symptomatic
patients have a carotid stenosis <70 %, which suggest that
other factors play an important role in the pathophysiolog-
ical cascade of ischemic stroke. Especially in the group
of patients with moderate carotid stenosis, it is of clinical
importance to improve risk prediction.

The last decades, extensive research has been performed
to increase our knowledge of the pathophysiology of
atherosclerosis. Apart from luminal narrowing of the carotid
artery resulting in blood flow compromise, rupture of the
atherosclerotic plaque and subsequent thromboembolism is
thought to result in ischemic events. Histological studies
of coronary arteries and carotid arteries have found that
certain atherosclerotic plaque characteristics increase the
vulnerability of the plaque to rupture. Inflammation is
the hallmark of vulnerability and plaques with active
inflammation may be identified by extensive macrophage
infiltration. Plaques with a thin cap of <100 �m and a
lipid core accounting for >40 % of total plaque volume
are also considered highly vulnerable. Plaques with a
fissured or ruptured cap are prone to thrombosis and
thromboembolization [9]. Carotid plaque ulcerations on
digital subtraction angiography (DSA) have been associated
with plaque rupture [10] and with an increased risk of acute
recurrent ischemic events [11, 12]. Advanced invasive and
noninvasive imaging technologies enable the visualization of
these atherosclerotic plaque characteristics in vivo.

DSA has long been the modality of choice for imag-
ing carotid arteries, since it accurately visualizes the vas-
cular lumen and its contours. However, DSA has several
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disadvantages: it is invasive, laborious, time intensive, and
expensive. Moreover, DSA requires skilled operators and
is therefore less readily available. More importantly, cere-
brovascular DSA has a non-negligible morbidity and mortal-
ity, with a complication rate of 0.4–12.2 % for neurological
deficits [13, 14]. These drawbacks and the increasing interest
in the arterial vessel wall have driven the use of other, less
invasive modalities for imaging the carotid arteries.

Nowadays, noninvasive imaging techniques like duplex
ultrasound (DUS), magnetic resonance imaging (MRI), and
computed tomography (CT) not only enable grading of
carotid stenosis but also provide a window to the atheroscle-
rotic process in vivo [15]. They also allow for the quantifi-
cation of plaque measures like plaque burden and plaque
composition.

Using serial imaging, the early natural development of the
atherosclerotic plaque can now be studied in vivo. Further-
more, it provides a tool to monitor changes in atherosclerotic
plaque in response to secondary preventive therapies. The
development of new pharmaceutical therapies is a slow and
costly process, since the most reliable way to measure their
clinical impact is to study its effect on clinical endpoints. The
use of imaging biomarkers of atherosclerotic disease could
speed up this process and reduce the number of subjects
studied. For an effective use, imaging biomarkers should
be derived in a robust, noninvasive way and the imaging
modality should be broadly available [16]. Further, stan-
dardized image acquisition parameters and post-processing
methods are required and the imaging biomarkers should be
carefully validated and highly reproducible. The changes in
an imaging biomarker should be correlated to the biolog-
ical effect and the clinical endpoints [16]. Quantification,
and especially automated quantification, of the degree of
stenosis and atherosclerotic plaque measures is therefore
important in the development of reliable surrogate endpoints
for atherosclerosis.

Computed tomography angiography (CTA) is a potential
imaging modality for monitoring atherosclerosis in vivo. It
is a readily available and fast imaging technique causing
minimal inconvenience for the patient. Although CTA in-
volves potentially harmful ionizing radiation, the effective
dose during a diagnostic CTA is relatively low (1–5 mSv)
[17]. The increased acquisition speed of multidetector CT
angiography (MDCTA) reduces motion artifacts. Current
multidetector row CTA enables fast vascular imaging from
the aortic arch to the intracranial vessels. This enables si-
multaneous investigation of other vascular territories, which
makes that MDCTA can compete with other noninvasive
imaging techniques and is increasingly used in the clinical
evaluation of stroke patients. In this chapter, the state-of-the-
art CTA technique used to evaluate carotid artery stenosis
and atherosclerotic plaque is described.

2 Luminal Imaging Using CTA

2.1 Technical Aspects

In the early 1990s spiral CT was introduced, which enabled a
volumetric data acquisition through continuous X-ray source
rotation and simultaneous continuous table movement. Using
this technique noninvasive imaging of blood vessels became
widely available. The steady increase of the longitudinal
coverage of the X-ray detectors, i.e., the number of slices,
even further improved the feasibility of luminography.

Contrast material is necessary for the visualization of
the lumen. Stenosis measurement relies upon the contrast
difference between the lumen and its environment. Several
technical factors should be taken into account when imaging
vessel lumen using MDCTA.

The contrast difference between lumen and surrounding
tissue is varying and depends mainly on the amount of lumen
attenuation which is artificially increased by contrast mate-
rial. The attenuation caused by contrast material can vary
depending on patient-related factors like cardiac output and
weight and on scan parameters and contrast protocol-specific
factors. Peak tube voltage (kVp) influences the difference
in HU values between different tissues. The lumen contrast
density increases as tube voltage decreases. The lumen en-
hancement pattern is determined by the injection volume,
the injection rate, and the iodine concentration in the contrast
material [18]. Timing of contrast bolus arrival should be such
that a maximum contrast density is achieved in the carotid
artery with a concomitant low contrast density in the neigh-
boring jugular vein. Use of a saline bolus chaser reduces the
amount of contrast material needed by 20–40 % and reduces
the extent of perivenous artifacts caused by a high contrast
density in the jugular vein [18]. Synchronization between
passage of the contrast bolus and data acquisition can be
achieved by real-time bolus tracking at the level of the as-
cending aorta. Moreover, a craniocaudal scan direction also
reduces contrast material-related perivenous artifacts [19].
The contrast injection protocol for carotid artery imaging
is generally standardized with a fixed contrast volume of
80–125 mL (iodine concentration of >300 mg/mL) and a
saline bolus chaser of 40 mL, both at an injection rate of
2–4 mL/s. The disadvantage of intravenous contrast in CT
angiography remains its limited application in patients with
renal insufficiency and hyperthyroidism.

Because of the limited spatial resolution of the CT scanner
partial volume averaging occurs, leading to the so-called
blooming artifact. This is easily appreciated at the boundary
of the enhanced lumen and the vessel wall where differences
in density are large. In subtle cases this is reflected in a
blurred interface between structures as well. Partial volume
averaging may influence the appreciation of the real lumi-
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Fig. 11.1 Influence of window-level setting and convolution kernels
on the evaluation of lumen and plaque. Four axial MDCT images
through the carotid bifurcation obtained with a smooth (a, c) or a
sharp (b, d) kernel and with a larger (W1000 L200; a, b) or smaller
(W400 L100; c, d) window width setting. A large window width
(a, b) gives a better differentiation between lumen and neighboring
calcifications, which mostly appear brighter. A smaller window width

(c, d) enables visualization of the small density differences inside the
non-calcified part of the plaque. A sharper reconstruction kernel (b,
d) increases the contrast between the small dense calcifications and
the surrounding structures, whereas a smoother kernel (a, c) leads to
averaging of contrast differences, which gives a smoother appearance
to the structures

nal dimensions and therefore the accuracy of the stenosis
measurements. The extent of blooming also depends on the
convolution kernel chosen in the filtered-back projection
algorithm. Sharp convolution kernels increase the contrast of
small dense structures as the blurring is reduced, whereas
smooth kernels lead to averaging of contrast differences.
The signal-to-noise-ratio on the other hand improves when
applying a smooth kernel because the image noise is reduced.

The appearance of the lumen–wall interface is influenced
by adjustment of the window-level setting. Each lumen
contrast opacification has been shown to theoretically have
its own optimal window-level setting for which lumen mea-
surements are most accurate [20]. When calcifications border
the lumen, the two hyperdense structures may be difficult
to differentiate from each other, impeding accurate lumen
measurement. Normally, in CTA a large window width (500–
1,000 HU) is used, which can be adjusted by the reader
dependent on the lumen attenuation and the presence of
calcifications near the lumen in order to improve the visual

differentiation between dense structures. Figure 11.1 illus-
trates the influence of window-level setting and convolution
kernels on the evaluation of the lumen.

In MDCTA images a challenge is formed by the artifacts
from extra luminal dense structures like dental material,
bone, and atherosclerotic calcifications which might obscure
a clear visualization of the lumen. Correct head positioning
with a slight tilt of the head and an upright position of the
chin reduces the effect of beam hardening artifacts from
dental material at the level of the carotid bifurcation, the
predilection place for atherosclerotic disease in the carotid
artery (Fig. 11.2). As described, convolution kernels and
window-level settings highly influence the appearance of
high density structures like calcifications. In addition, with
a fixed window-level setting, calcification volumes appear
smaller in higher kVp-settings [21].

From the cross-sectional source images, 2D or 3D image
reconstructions can be created which aid in the identifica-
tion and measurement of the maximal stenosis. Multiplanar
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Fig. 11.2 Influence of artifacts on MDCTA imaging. (a) Axial image
at a level above the carotid bifurcation showing motion artifacts due
to swallowing. The tissue boundaries are heavily blurred. (b) The
dependent part of the jugular vein is filled with high density contrast
material, which causes streaks of low attenuation, artificially introduc-
ing a low contrast area in the neighboring carotid artery and hampering
visualization of its wall. (c) Dental material can cause enormous streak
artifacts (images on the left), impeding correct judgment of surrounding
structures. A slight upward tilt of the chin moves these artifacts away
from the region of interest and allows a normal visualization of the
larger part of the carotid bifurcation (as shown on the right)

reconstructions (MPR) and curved planar reconstructions
(CPR) provide 2D images of any predefined plane and enable
accurate stenosis measurement. For creating a longitudinal
view of the artery, CPR has the advantage over MPR that
it corrects for vessel curvature outside of the plane. Shaded
surface display (SSD), volume rendering (VR), and maxi-
mum intensity projection (MIP) are all 3D techniques with
their own strengths and weaknesses. In SSD all pixels with
densities below a certain threshold are excluded and the
remaining data are viewed as if their surfaces are illumi-
nated by a point source. VR utilizes the image intensities
directly, by assigning opacity and color coding, to create 3D
reconstructions. Both techniques are less useful for carotid
artery stenosis measurements. MIPs are created by projection
of the maximum intensity pixels from a 3D data set on a
predefined 2D plane and give a simple overview of the vessel

and its stenosis. However, this technique is limited in arteries
with atherosclerotic calcifications, since calcifications in the
vessel wall can easily cover the contrasted lumen causing
overestimation of the degree of luminal stenosis. In addition,
bony structure like the spine, thyroid cartilage, cricoid, and
hyoid might interfere with a clear overview of the artery in
3D post-processing techniques (Fig. 11.3).

New techniques have been investigated that might solve
the problem of artifacts from bone and calcifications on
images. Matched mask bone elimination (MMBE) is a tech-
nique for the automated removal of bone pixels from CTA
data sets. Preceding to the CT angiography a nonenhanced
data set is acquired on which the bone pixels are identified.
The corresponding pixels on the registered CT angiography
are assigned an arbitrarily low value and MIP images free
from overprojecting bone can then be obtained [22, 23].
Whereas for MMBE, acquisition and registration of two sep-
arate datasets is necessary, in dual-energy CT (DECT) two
image data sets can be simultaneously acquired with different
tube voltages (for example 80 and 140 kVp). Tissues can
be differentiated by analysis of their attenuation differences
depending on the tube voltage. The attenuation difference
is especially large in materials with a high atomic num-
ber, such as iodine. Bone and calcifications, which show a
smaller attenuation difference, can therefore be differentiated
from iodine in the carotid lumen. As a result, calcifications
can be removed from the contrast-filled lumen, enabling
quantification of carotid stenosis in heavily calcified arteries
[24]. However, because in both techniques an additional
rim around the calcified pixels is removed due to blooming
artifacts, overestimation of the grade of stenosis can still be
introduced.

2.2 Stenosis Measurement

The accuracy of the stenosis measurement is important, seen
its role in clinical decision making about carotid endarterec-
tomy. Traditionally, the stenosis in the carotid artery was
assessed using intra-arterial digital subtraction angiography
(DSA), which is still considered the gold standard. The
degree of stenosis was defined as the residual lumen at the
stenosis as a percentage of the normal lumen in the distal in-
ternal carotid artery (according to the NASCET criteria) or as
the residual lumen as a percentage of the estimated original
diameter of the artery at the level of the stenosis (according to
the ECST criteria). In the large symptomatic carotid surgery
trials, conventional DSA was performed in two or three
projections (lateral, posterio-anterior, and/or oblique) which
were investigated for the most severe stenosis. Whereas
rotational DSA, using multiple planes, showed to provide
a benefit in detecting the smallest diameter in a stenosed
artery compared to conventional DSA [25], the association
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Fig. 11.3 [!t]Different post-processing techniques in MDCTA images
of a moderately stenosed carotid artery. (a) Axial slices through the
common carotid artery (lower image), the level of the carotid bi-
furcation (middle), and a level above the bifurcation (upper image).
(b) Multiplanar reformat (MPR) in the sagittal plane visualizing the
atherosclerotic plaque around the bifurcation. (c) Maximum intensity

projection (MIP, 8.8 mm) in the same plane. Over projection of
calcifications hampers a clear visualization of the lumen. (d) Volume
rendering (VR) shows a 3D reconstruction of the carotid artery. (e)
Shaded surface display (SSD) of the same carotid bifurcation. Both last
techniques suffer from over projection of calcifications

Fig. 11.4 Assessment of carotid stenosis with DSA and MDCT an-
giography. (a) Digital subtraction angiography (DSA) of a right carotid
artery shows a 50 % stenosis at the level of the bifurcation. (b) A maxi-
mum intensity projection (MIP, 6 mm) of MDCTA images of the same
artery. MIP has the disadvantage of overprojection of calcifications

over the lumen, causing overestimation of stenosis measurement. (c)
A multiplanar reformatted image (MPR, 1 mm) in the same plane as the
MIP in (b); the problem of overprojection does not occur here. Using
MPR reconstruction of 3D data the point of maximum stenosis can be
found easier compared to using DSA

between the severity of stenosis and stroke risk and therefore
the indication for surgical intervention remained based on
conventional DSA.

The volumetric CTA datasets allow for MPRs and MIPs in
any plane and therewith provide much more information on
the lumen and its morphology than conventional DSA. The
residual lumen is almost never circular and DSA performed
in a limited number of projections does not always reveal
the narrowest lumen. Analysis of 3D information therefore
may provide a more realistic way to assess the true maximum
stenosis.

In case CTA replaces DSA in clinical decision making,
stenosis measurements on CTA should be performed in a
comparable way, i.e., measuring the diameter of the re-
maining lumen at the level of the maximal stenosis and of
the normal lumen distal to the stenosis. This can be done

in several ways using different post-processing techniques.
Although with MIP reconstructions images comparable to
those in DSA can be obtained, this technique is limited in
calcified plaques and it is recommended not to use MIP im-
ages for stenosis measurements in arteries with calcifications
(Fig. 11.4). Generally, one uses 3D software to create MPRs
and/or CPRs in oblique planes parallel to the carotid lumen
to seek the point of maximum stenosis and measures the
smallest diameter in the cross-sectional plane perpendicular
to the central lumen line at that level. Figure 11.5 shows
this method of stenosis measurement using 3D software. The
reference diameter is measured in the same way at a level
above the carotid bulb where the lumen walls run parallel to
each other (i.e., the healthy distal carotid artery).

When using the ECST criteria to assess the degree of
stenosis, CTA directly enables visualization of the outer
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Fig. 11.5 Stenosis measurement in MDCT angiography using 3D
software. Multiplanar reformatted images are created in planes parallel
and perpendicular to the lumen axis; the smallest lumen diameter in the
cross-sectional plane can then be measured using calipers. (a) A sagittal
view of the carotid bifurcation. The blue and red lines correspond to the
planes that are depicted in b and c, respectively. A large atherosclerotic

plaque is visible at the origin of the internal carotid artery, causing
a high-grade stenosis. (b) The cross-sectional image perpendicular to
the central lumen line at the level of the smallest vessel diameter. The
residual lumen has an oval shape. (c) The view perpendicular to those
in a and b. In this plane the stenosis is not very prominent (Color figure
online)

vessel wall, whereas on DSA the vessel diameter has to
be estimated by delineating the projected lumen contour.
Therewith, CTA takes into account the changes in vessel
diameter caused by vascular remodeling, whereas this phe-
nomenon is ignored when measured on DSA. This might
cause differences in ECST stenosis measurements between
CTA and DSA.

2.3 Diagnostic Accuracy

Several diagnostic studies have been performed which com-
pared single slice CTA with DSA in the assessment of carotid
stenosis. From a meta-analysis of studies published between
1990 and 2003, single slice CTA has been shown to have
a pooled sensitivity of 85 % and a pooled specificity of
93 % for detection of a 70–99 % stenosis. Sensitivity and
specificity for detection of an occlusion were 97 % and 99 %,
respectively [26]. Another systemic review reported a pooled
sensitivity of 95 % and a specificity of 98 % for the detection
of a 70–99 % stenosis [27]. The latter study also found that
CTA was sensitive (95 %), but slightly less specific (92 %) in
depicting stenosis >30 %. In 2006, Wardlaw and colleagues
performed a meta-analysis comparing noninvasive imaging
techniques with intra-arterial angiography. They found only
11 studies on CTA, published between 1980 and 2004, that
explicitly met the Standards for Reporting of Diagnostic
Accuracy (STARD) criteria [28] and they reported a sen-
sitivity of 77 % and a specificity of 95 % for diagnosing
70–99 % stenosis using CTA [29]. The authors warned for
the methodological shortcomings of many studies evaluating
diagnostic imaging. They concluded that the existing data
might support the cautious use of noninvasive imaging to
diagnose 70–99 % stenosis, but that more data are needed
from carefully designed trials to determine true sensitiv-
ity and specificity of noninvasive imaging techniques in

routine clinical practice, especially for 50–69 % stenosis, or
when used in combination [29]. In 2009, Chappell and col-
leagues performed an individual patient data meta-analysis
to find clinically significant estimates of the accuracy of
non-invasive imaging in diagnosing severe and moderate
symptomatic artery stenosis [30]. They also concluded that
existing primary studies provide limited data and that the
literature overestimates the accuracy of noninvasive imaging
techniques. The small CTA dataset included in this analysis
revealed a sensitivity and specificity of 65 % and 56 % for
detection of 70–99 % stenosis, respectively [30].

A difficulty in the evaluation of the accuracy of steno-
sis measurement using noninvasive imaging techniques is
that both acquisition and post-processing procedures evolve
rapidly. Although multidetector CTA is now widespread
and is expected to improve diagnostic accuracy, this has
barely been tested. Only one study compared MDCTA with
DSA and found MDCTA to have a high specificity and a
high negative predictive value for significant carotid disease
[31]. Since DSA is not routinely used anymore in clinical
practice, the assessment of new noninvasive imaging tech-
niques against DSA can not be justified ethically anymore.
Therefore there is an increasing need for practical, reliable
methods for evaluating new technologies, for example, by
standardized comparison with other non-invasive tests or test
phantoms.

Both aforementioned systemic reviews [26, 27] did not
provide enough evidence to draw robust conclusions about
the diagnostic accuracy of the different post-processing tech-
niques, although stenosis assessment using axial slices and
MIPs seemed to be better than when using VR and SSD [27].
Most studies did not report on the exact—combinations of—
reformatting techniques used, which hampers a solid meta-
analysis. More recent studies comparing the post-processing
techniques in MDCTA revealed that stenosis measurements
on axial source images are highly reproducible and accurate
and that the additional use of MPRs or other reconstructions
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is not necessary, but might aid in finding the location of the
maximum stenosis [32–34].

2.4 (Semi)automated Quantification
of Luminal Measures

Manual lumen segmentation and stenosis quantification are
laborious and suffer from interobserver and intraobserver
variability. Consequently much work has been performed on
the development of (semi)automated lumen quantification.
The majority of publications with respect to lumen quan-
tification focus on the segmentation of the lumen while the
assessment of the severity of luminal stenosis is addressed by
few.

Lumen segmentation methods have been reviewed and
grouped according to the mathematical framework used [35]
or categorized with respect to (1) the way vessel geometry
and appearance are modeled, (2) the image features which
are used for vessel extraction, and (3) the methodology used
in vessel extraction [36].

Some of the published methods have been tailored to or
evaluated on carotid CTA images [37–40]. Reported values
vary highly. However the comparison of these methods is
hampered by the fact that they all use different imaging data
and evaluation measures, like Dice similarity coefficient,
mean surface distances, or visual inspection. In addition,
most studies were performed on small and selected data sets.
Figure 11.6 illustrates a 3D lumen segmentation of a carotid
bifurcation.

To facilitate an objective comparison of carotid artery seg-
mentation and stenosis quantification algorithms, the Carotid
Bifurcation Algorithm Evaluation Framework was set up in
2009 (http://cls2009.bigr.nl/) [41]. This framework consists
of a publically available image database, annotated data for
training and evaluation, and standardized evaluation mea-
sures. Till date nine algorithms have been evaluated by the
framework, of which only one is fully automatic, whereas
the others require three initialization points. The three best
performing methods evaluated by the framework have dice
similarity coefficients of 0.92, 0.88, and 0.90, mean surface
distances of 0.18, 0.54, and 0.17 mm and Hausdorff distances
of 1.5, 4.4, and 1.7 mm, respectively [41]. Figure 11.7 shows
three examples of lumen segmentations with three different
dice values.

These three best performing methods are based on three
different approaches, i.e., graph cut, level set, and active
surface algorithms [41].

In the graph cut framework voxels are assigned to vessel
lumen or background by considering all image voxels as
nodes in a three-dimensional graph and creating an optimal
surface which separates (cuts) the foreground (lumen) from

Fig. 11.6 3D-segmentation of the lumen of a carotid artery. An exam-
ple is shown of a carotid artery lumen segmentation using three different
segmentation representations. The red dots indicate a centerline through
the centroids of the vessel cross sections. The yellow “circles” show
the lumen contours perpendicular to the centerline. The blue surface
shows an interpolated surface through the yellow contours (Color figure
online)

the background. To compute this optimal cut the image
gradient can be used.

In the level set framework, the vessel surface is repre-
sented implicitly by the zero level lines (zero level set) of
an embedding function (similar as, e.g., sea level in a height
map). This embedding function is then changed (evolved),
implicitly resulting in deformation of the zero level set.
This representation has the advantage that the zero level
set can change topology (Fig. 11.8). The evolution of the
embedding function should ensure that the zero level set halts
at the vessel lumen boundary. This is achieved by defining a
speed function derived from the image data. Both the initial
segmentation and the design of the speed image are the key
ingredients in the design of a level set-based segmentation
method.

Active surfaces are a generalization of active contours
(also called snakes). Using active surfaces the segmentation
is also the result of the evolution of an initially segmented
surface. However changing topology is much harder to
model in this framework. The segmentation is modeled as a
surface on which forces are acting which causes the evolution
of the segmentation. This evolution can be constrained by
properties of the used surface representation.

Although considerable research has been performed on
vessel lumen segmentation, only few researchers have pub-
lished on automatic vessel stenosis grading [42–44]. Also,
approaches differ widely in the evaluation that has been
performed, both with respect to evaluation measures and
number of data sets used.

http://cls2009.bigr.nl/
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Fig. 11.7 (Semi)automated lumen segmentations of a carotid artery of
different qualities. Shown are curved multiplanar reformats (CMPR)
of a carotid artery with a calcified atherosclerotic plaque that causes
a high-grade stenosis. A visual impression is shown of the reference
standard (yellow line) based on manual annotations by three observers
and automated lumen segmentations (in red) that have different quali-
ties: (a) with a bad Dice similarity index (SI) of 0.881, (b) a moderate
Dice SI of 0.884 and (c) a good Dice SI of 0.945. The Dice similarity
indices are calculated on the whole volume of which the shown CMPR
is just a single plane (Color figure online)

The evaluation framework discussed previously also al-
lows objective comparison of performance in stenosis quan-
tification. To date only three stenosis grading methods have
been evaluated using this framework, also indicating that
this field has received less attention [41]. Clinically, the
minimal diameter is often used to calculate the stenosis
degree. However, the minimal diameter of a non-elliptical
shape is not uniquely defined and is therefore prone to
measurement errors and is hard to measure automatically.
The evaluation framework evaluates two stenosis measures:
an area-based measure which compares the area of the lumen
at the stenosis to the area of a distal vessel part and a measure
that compares the minimal diameter at the two positions. In
the framework, the diameter-based stenosis degree is defined
by the smallest line that divides the cross-sectional area in

two equal parts. Using automated lumen segmentation, the
minimal diameter can easily be replaced by the lumen cross-
sectional area. This is a much more accurate measure for the
obstruction of the blood flow as carotid arteries, especially
at the site of atherosclerotic plaque, generally do not have
circular luminal cross sections and also do not run exactly
perpendicular to the axial plane of the CT scan. Zhang et
al. investigated the use of area measurements and found that
assessment of area stenosis on CTA was highly reproducible
and showed a satisfactory agreement with diameter stenosis
on DSA, although it provides a less-severe estimate of the
degree of carotid stenosis, especially in noncircular lumens
[45]. The average error in assessing carotid artery stenosis
of the best stenosis grading method according to the evalu-
ation framework was 16.9 % for area-based and 17.0 % for
diameter-based measurements [41].

Besides stenosis grading, lumen segmentation also en-
ables the extraction of other quantitative measures. The
extracted lumen model can, e.g., be used for Computation
Fluid Dynamic calculations to assess the shear stress in the
atherosclerotic carotid bifurcation [46] and the quantification
of geometric parameters such as vessel tortuosity and bifur-
cation angles [47].

3 Plaque Imaging Using CTA

3.1 Technical Aspects

Assessment of different atherosclerotic plaque components
in CTA relies on the differences in linear attenuation co-
efficient expressed in Hounsfield Units (HU) of the plaque
components. Plaque component differentiation is highly de-
pendent on scan parameters.

Reconstruction of thin slices is very important for plaque
evaluation. Thin slices allow for datasets with isotropic and
higher resolution and therefore enhance the differentiation
of plaque components. Especially for plaque components of
which HU values are close, like lipid and fibrous tissue, thin
slices are crucial.

Where blooming artifacts from vessel wall calcifications
can hamper correct stenosis measurements, it also causes a
problem in the evaluation of plaque, since it interferes with
optimal plaque characterization of the non-calcified part of
the plaque. The finite spatial resolution of CT causes partial
volume averaging and therefore blooming artifacts. Bloom-
ing of calcifications leads to overestimation of calcification
size and inability to evaluate the atherosclerotic regions that
border the calcifications. Moreover, the calcification volume
appears larger when using lower kVp settings [21].

For accurate differentiation of plaque components a high
signal-to-noise ratio (SNR) is necessary. Image noise de-
pends mainly on the product of the tube current and rotation
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Fig. 11.8 Level set method for lumen segmentation. Using the level set
framework a segmentation (indicated by the yellow contours) is seen
as the zero level (gray plane) of an embedding function in a higher
dimension (blue surface). If the embedding function changes as is
indicated by the two blue surfaces which are slightly different, the zero

level (segmentation) changes. Using this framework a segmentation can
easily change topology. The segmentation on the left has one object
(contour) while the segmentation on the right consists of two distinct
objects (Color figure online)

time (mAs), the tube voltage, and reconstruction kernel.
Because the atherosclerotic plaque is a relative small struc-
ture, a thin slice thickness and a small field-of-view are
required. These result in a decrease of SNR, which should
be compensated by a higher radiation exposure.

High intraluminal contrast material density may influence
the density measurements in the plaque. Ex vivo studies
in coronary arteries revealed that intraluminal attenuation
strongly affects the measured attenuation of the plaque [48].
This can be explained not only by partial volume effects but
also by the entrance of contrast material in the plaque via
the vaso vasorum. It is unknown yet if this effect is also
seen in the larger carotid artery, but it underlines the neces-
sity of standardized scan protocols, especially since carotid
plaque enhancement in CTA is thought to be associated with
increased risk for neurological events [49, 50].

Another technical aspect influencing accurate differentia-
tion of plaque components in CTA is the convolution kernel
used for reconstruction of the image dataset. The convolution
kernels allow for influencing the image characteristics; a
smooth algorithm will reduce spatial resolution, image noise,
and image contrast for tiny structures, whereas a sharp
algorithm has the opposite effect. Plaque characterization
and quantification of the different plaque components based
on measurement of HU densities is thus highly influenced
by the convolution kernel used. Smooth kernels hamper the
correct differentiation between tissues with small differences
in density, as is the case for lipid and fibrous tissue. In
contrast, sharp kernels not only increase contrast differen-
tiation but also lead to an increase in calcium size and
low-intensity rings around calcifications (edge-enhancement
artifacts), which hamper further plaque interpretation. Inter-
mediate reconstruction kernels turned out to allow optimal
plaque interpretation [21].

The window-level setting also influences the visualiza-
tion of the different plaque components. Whereas a large
window-width is used in luminography to differentiate lumen
from calcifications that border the lumen, a small window-
width is necessary to enhance the small differences in HU
density inside the non-calcified plaque (Fig. 11.1).

3.2 Diagnostic Accuracy

3.2.1 Plaque Surface Morphology
The accuracy of DSA in the detection of plaque ulceration,
as compared to macroscopic surgical observations, has been
found to be low (sensitivity 46 % and sensitivity 74 %) [51].
CTA allows for analysis of the plaque surface (Fig. 11.9) and
the differentiation between ulcerations and irregularities and
has been demonstrated to perform better than DSA [52]. A
validation study, comparing single slice CTA with histologi-
cal specimens reported a sensitivity and specificity of 60 %
and 74 %, respectively [53]. However, MDCTA has been
found to have a high sensitivity and specificity (94 % and
99 %, respectively) in detecting plaque ulcerations compared
to surgical observation [54]. Assessment of plaque ulceration
on MDCTA is highly reproducible (� > 0.86) [55, 56].

3.2.2 Plaque Composition
The first validation studies compared 3 mm single slice CT
images with histological sections from carotid endarterec-
tomy specimens and did not show clear-cut results. Whereas
two studies reported that calcifications, lipid, and fibrous
tissue could be differentiated based on density measurements
[57, 58], another study concluded that single slice CT was
not sufficiently robust to reliably characterize plaque com-
position and plaque morphology [53]. The introduction of
multidetector CT enabled a more detailed analysis of the



138 M.J. van Gils et al.

Fig. 11.9 Assessment of plaque
surface morphology using MDCT
angiography. Cross-sectional
images (upper panels)
perpendicular to the central
lumen line and multiplanar
reformats (lower panels) of
carotid bifurcations. (a) An
atherosclerotic carotid plaque
with a smooth surface. (b) A
plaque at the level of the carotid
bifurcation with an ulceration
(arrowhead). (c) An ulcerated
plaque with thrombus material
(arrow head) that protrudes into
the lumen

atherosclerotic carotid plaque composition and the differen-
tiation of plaque components.

Several validation studies have been performed, in
carotid arteries as well as in coronary arteries. In coronary
artery studies, intravascular ultrasound (IVUS) is used as
a gold standard. In carotid artery studies, the availability
of histological carotid plaque specimens from carotid
endarterectomy enables reliable validation against histology.
An additional advantage is that the characterization of the
separate plaque components can be performed easier and
in more detail in the larger carotid arteries. In 2005, we
performed an ex vivo validation study, in which CEA
specimens were scanned and the images were compared
with the histological slices (Fig. 11.10). The CT value of
lipid-rich regions differed significantly from that of fibrous-
rich regions (45 ˙ 21 HU versus 79 ˙ 20 HU, p< 0.001).
An ROC analysis revealed 60 HU as the optimal cut-off
point for differentiation between lipid and fibrous tissue,
with a sensitivity of 89 % and a specificity of 93 % [21]. The
study was repeated in vivo, in which the CT values for lipid-
and fibrous-rich tissue were 25 ˙ 19 HU and 88 ˙ 18 HU,
respectively. Again an optimal threshold value of 60 HU
was found, with a sensitivity and specificity of both 100 %
[59]. Calcifications are easily detected on CT images as
high density structures and equivalent to coronary calcium
scoring in electron beam CT, 130 HU is generally taken as a
threshold for differentiating calcifications.

Wintermark and colleagues performed a validation study
in which they compared in vivo MDCTA images with
histological sections for the non-calcified plaque components
and with ex vivo MDCTA images for the calcifications [56].

They found the following scan-parameter dependent cut-off
values, determined as the half way HU attenuation value
between the average HU values of each plaque component:
39.5 HU between lipid-rich necrotic core and connective
tissue, 72.0 HU between connective tissue and hemorrhage,
and 177.1 HU between hemorrhage and calcifications. They
further compared the CT classification with the histological
classification of type of atherosclerotic plaque and stage of
lesion development according to the system derived from
the AHA classification and found an overall agreement of
72.6 % (unweighted � of 67.6 %) [56]. The concordance
for calcifications was perfect, whereas the reliability of
the identification of the non-calcified plaque components
was limited due to overlap of the values between the soft
components. However, CTA showed good correlation with
histology for larger lipid cores and larger hemorrhages.
Further they demonstrated that CTA performed well in
measuring fibrous cap thickness (R2 D 0.77, p< 0.001) [56].

3.3 Quantification of Plaque Components

Calcifications in the vessel wall can easily be measured in
a quantitative way. Agatston and colleagues were the first
to quantify coronary calcifications with electron beam CT
[60]. As a default, the threshold to differentiate calcification
is �130 HU in non-contrast CT scans. Although the Agat-
ston score as a quantification tool can be used in carotid
arteries, other scoring methods like a volume score are more
frequently used [61]. However, when CTA images are used,
the threshold has to be higher in order to automatically
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Fig. 11.10 Hounsfield attenuation-based differentiation of plaque
components—validation against histological sections. Column a: axial
MDCT images of a carotid artery with atherosclerotic plaque. Column
b: MDCT plaque composition based on HU differences. Column
c, d: Corresponding histological sections with Sirius Red (SR) and
hematoxylin eosin (HE) staining, respectively. Blue regions in the
MDCT plaque composition images correspond well with lumen and
calcifications on HE stained histological sections (arrows). The red
regions correspond well with the red collagen-rich regions in the

SR stained sections. Yellow regions correspond with the lipid core
(i.e., lipid, hemorrhage, and necrotic debris) (arrowhead) regions on
histology (the non-red regions on the SR stained sections that are not
calcified areas on the HE stained sections). (Reprinted with permission
from de Weert TT, Ouhlous M, Meijering E, et al (2006) In vivo
characterization and quantification of atherosclerotic carotid plaque
components with multidetector computed tomography and histopatho-
logical correlation. Arterioscler Thromb Vasc Biol 26(10):2366–2372)
(Color figure online)

differentiate calcifications from the bordering luminal con-
trast. Another possibility is to first delineate the inner and
outer borders of the carotid plaque and subsequently dis-
criminate calcifications using a threshold of 130 HU within
the plaque. In this way, 3D volumetric MDCTA datasets also
allow for quantification of the soft plaque components.

Annotation of the luminal area can be done (semi)auto-
matically based on thresholds that separate the bright,
contrast-filled lumen from the lower density plaque.
However, calcifications bordering the lumen might be
included in the lumen segmentation and therefore manual
correction is necessary. Using lumen and outer vessel wall
contours, the plaque area can be calculated by subtracting
lumen area from total vessel area.

Validation studies of plaque area measurements with
histology as gold standard are hampered by the fact that
histological preparation leads to shrinkage of the specimens.
Nevertheless, strong correlations have been found between
ex vivo and in vivo MDCTA and histology for the assessment
of plaque area (R2 D 0.81 and 0.73, respectively) [21, 59].

Intraobserver reproducibility of plaque area measurements
with MDCTA was good (coefficient of variation of 8 %) [59].

The CT value thresholds in HU that differentiate between
plaque components create the opportunity to quantify plaque
composition. The aforementioned in vivo validation study,
comparing MDCTA images with histological specimens,
showed that area measurements of calcifications were over-
estimated by MDCTA; however the correlation with histol-
ogy was good (R2 D 0.74). The correlation between MDCTA
and histology for fibrous area measurements was also good
(R2 D 0.76) but was poor for lipid (R2 D 0.24). Further inves-
tigation, however, showed that this correlation improved in
mildly calcified plaques and non-calcified plaques (R2 D 0.77
and 0.81, respectively). The intraobserver variability of area
measurements of the different plaque components was low,
with a coefficient of variation of 8 %, 11 %, and 15 % for
calcifications, fibrous tissue, and lipid, respectively [59].

Plaque volume and plaque component volumes can be
calculated by multiplying area measurements with slice in-
crement and the number of slices in the range of interest.
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Fig. 11.11 (Semi)automated segmentation of lumen and plaque com-
ponents. (Semi)automated segmentation of lumen and plaque is per-
formed on axial images within a predefined range. Contours of lumen
and plaque are generated and can be manually adjusted if necessary.
Within the plaque area (outer vessel wall contour minus lumen con-
tour) the plaque components are differentiated based on Hounsfield
Unit thresholds (lipids: <60 HU, fibrous 60–130 HU, calcification
>130 HU). The color overlay shows the different structures; lu-

men D red, lipid D yellow, fibrous D green, calcification D white. This
figure shows a CPR image of a carotid bifurcation on the left and
plaque segmentation on axial slices at three levels: (a) through the
internal and external carotid artery, showing a large, mainly non-
calcified atherosclerotic plaque in the internal carotid artery; (b) through
the distal common carotid artery just below the bifurcation on which an
ulcerated surface is visible; and (c) through the common carotid artery
at the level of the smallest vessel diameter (Color figure online)

In an in vivo study in 56 patients, plaque volume and plaque
component volumes could be assessed in a reproducible way.
The difficulty of defining the transition of normal wall into
atherosclerotic plaque contributes highly to the interobserver
variability. Consensus about the longitudinal dimensions of
the plaque improved the reproducibility of plaque volumes
strongly [62].

3.4 (Semi)automated Plaque
Measurements

Manually assessing lumen and vessel contours is a time-
consuming task and is highly influenced by the window-level
setting. Segmentation of the outer vessel wall and subsequent
automated plaque characterization has received considerably
less attention than luminal analysis.

The challenge of automated analysis of carotid atheroscle-
rotic plaque lies in the difficulty of defining the outer vessel
wall. This is a challenging task due to the low and varying
contrast between the plaque and its surrounding soft tissue.
Vukadinovic et al. developed a semiautomated method to
segment the outer vessel wall [63], which only required

clicking initialization points for lumen segmentation and
clicking seed points for defining the range of interest for
plaque segmentation. The method uses a level-set framework
for vessel lumen segmentation [37], followed by classifica-
tion of calcium objects using a set of image features related
to the appearance, shape, and size of bright objects in the
CTA data set. Subsequently, image voxels are identified as
lying inside or outside the vessel wall, using a same set of
image features. Finally, the outer vessel wall is determined
by fitting an ellipsoid that utilizes the information from
the calcium and inner/outer vessel classification step. After
generation of the inner and outer vessel wall contours,
the plaque components (lipid, fibrous tissues, and calcifica-
tions) are automatically differentiated based on the afore-
mentioned HU-thresholds. Figure 11.11 shows the results of
(semi)automatically generated plaque segmentations.

The method has been trained and tested on manually
annotated MDCTA datasets of the carotid arteries and val-
idated against manually segmented carotid arteries. The
average Dice similarity index was 91 %, which was com-
parable to the similarity index between two observers [63].
Subsequently, the performance of this plaque segmentation
method in quantifying plaque volume and plaque component
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Fig. 11.12 Serial quantitative
plaque imaging. Serial plaque
imaging in a 67-year-old male
patient (a, b) and a 62-year-old
male patient (c). On the left, axial
MDCTA images and the plaque
color overlays of the baseline
scan and on the right the
corresponding images of the
follow-up scan. (a)
Predominantly non-calcified
plaque at a level just above the
bifurcation. At follow-up imaging
after 6 years an ulceration is
visible (arrow head). (b) Images
from the same artery at a more
distal site. (a, b) At follow-up a
decrease in plaque volume and a
change in plaque composition is
demonstrated. (c) Internal carotid
artery demonstrating an increase
in calcification of the vessel wall
at follow-up (after 6 years)
(Color figure online)

volumes was studied by comparing measurement error of
the automated method using manual contours as a reference
standard with the interobserver variability in manual anno-
tations. The differences between the automated method and
the manual observers were comparable to the interobserver
differences [64].

Although the method is highly automated some observer
interventions are still needed and the outer vessel wall
segmentations should still be checked manually for erro-
neous in or exclusion of calcifications, and therewith over-
segmentation or under-segmentation of the plaque. Taken
these manual interventions into account, the intraobserver
and interobserver reproducibility of the semiautomated
method is better as compared to the reproducibility of
manual annotating, with intraclass correlation coefficients
of 0.93/0.84 for plaque volume and 0.86–1.00/0.76–0.99 for
plaque component volumes (unpublished data).

4 Applications of Quantitative
Atherosclerotic Measures

MDCTA-based quantitative plaque measures have been used
in several studies to investigate atherosclerotic development.
Rozie et al. investigated in a cross-sectional study the corre-
lation between cardiovascular risk factors and plaque volume
and plaque composition. They found that plaque volume
and severity of stenosis were just moderately correlated,
which means that plaque volume could be an additional
predictor for ischemic stroke. An increasing plaque volume

was associated with increased lipid and calcium proportion
and a decreased fibrous proportion. Age and smoking were
independently related to plaque volume. Patients with hy-
percholesterolemia had a significantly higher contribution of
calcifications and a significantly lower contribution of lipid
in the atherosclerotic plaque [65]. Another study investi-
gated whether plaque features could be correlated with the
presence of ulcerations, which is thought to be a marker
of plaque rupture [10]. It was demonstrated that degree of
stenosis, plaque volume, and the proportion of lipid-rich
necrotic-core were associated with the presence of carotid
plaque ulcerations [66]. In another cross-sectional study,
carotid atherosclerotic plaque features were identified that
were significantly different in acute carotid stroke patients
compared to non-stroke patients and on the infarct side
compared to the contralateral side in stroke patients. These
features included increased vessel wall, thinner fibrous caps,
greater number of lipid cores, and their location closer to
the lumen. The number of calcium clusters was a protective
factor [67].

Numerous studies report on the role of plaque calcifica-
tions in plaque stability. The findings are not conclusive. A
recent systemic review suggests that clinically symptomatic
plaques have a lower degree of calcifications than asymp-
tomatic plaques [61]. The percentage calcification within a
plaque of a stenosed artery, rather than the absolute volume
seems to be associated with plaque stability [68]. This un-
derscores why the (automated) quantification of the relative
contribution of the plaque components might add to the
improvement of stroke risk prediction.
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The MDCTA plaque imaging studies performed so far
had a cross-sectional study design. The ability to quantify
atherosclerotic features in vivo creates the potential to further
explore atherosclerotic plaque development by prospective,
serial in vivo imaging of the carotid plaque (Fig. 11.12). Cur-
rently, a prospective serial MDCTA plaque imaging study is
being performed, which investigates the temporal changes in
plaque burden and plaque composition and its determinants
in TIA and stroke patients.

5 Summary and Future Directions

Currently, MDCTA is a noninvasive imaging technique fre-
quently used in clinical practice for the assessment of carotid
stenosis grading and is replacing the more invasive technique
of DSA. MDCTA can perfectly be combined with a native
CT scan and a perfusion CT scan of the brain in the evalua-
tion of stroke patients.

Although plaque imaging is currently only used in
research settings, the same MDCTA data set might
provide further clinically important information on the
atherosclerotic plaque burden, plaque surface morphology,
and plaque composition for a more individualized risk
prediction. Large, prospective studies demonstrating
significant associations between CTA-based risk factors
and (recurrent) events are yet lacking. Future research
should focus on the role of plaque measures in stroke
risk prediction and on the use of MDCTA-based quantified
plaque measurements in monitoring efficacy of medical
therapy. Large—preferably multicenter—studies should
pay attention to the standardization of data acquisition and
postprocessing across centers and imaging time points, since
several technical parameters highly influence quantification
of plaque features as is broadly depicted in this chapter. More
effort should further be put in the development of robust,
accurate, automated quantification of plaque measures in
order to minimize measurement variability.
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Chiara Martini, Massimo Imbriaco, and Filippo Cademartiri

1 Introduction

Coronary artery disease (CAD) is one of the leading causes
of death in developed countries. The correct evaluation of
CAD presence and severity is fundamental for establish
an appropriate clinical management. Recent literature con-
firmed multi detector computed tomography (MDCT) as a
noninvasive imaging technique able to rule out and rule in
CAD with a very high accuracy compared with conventional
coronary angiography (CCA) [1–3].

Numerous studies successfully investigated the incremen-
tal prognostic value of MDCT over other noninvasivetests
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and, as a result, this tool is increasingly being used in CAD
evaluation [4–9].

However the plaque burden and stenosis severity on
MDCT is usually visually assessed with sequent inherent
limitations. Recent technologies have permitted a real quan-
titative assessment of CAD.

2 Calcium Score

Coronary calcium (CA) is widely recognized as a remnant
of passed atherosclerosis and it reflects the epicardial coro-
nary artery total plaque burden [10–12]. Numerous studies
report CA as a predictor of cardiac events in patients, pro-
viding independent and incremental prognostic information
over factor-based risk calculators, such as Framingham and
Procam [13].

Electron beam computed tomography was the first tool
able to identify and quantify CA and extensive database
have been drawn up to correlate the extent of CA to cardiac
events, according to ethnicity [14–18]. Relative recent stud-
ies demonstrated MDCT is comparable to electron-beam CT
for coronary calcification screening and nowadays MDCT is
routinely used for this issue [19].

According to the method described by Agatston, a cal-
cified lesion (CL) is defined as an area �1 mm2 lying on
coronary arteries and having a density �130 HU; these cut-
off values permit to eliminate single pixels with a computed
tomographic density �130 HU due to noise or non CL.
Today most of post-processing workstations allow a colored
display of CL simplifying the operator job who has just
to trace a “region of interest” (ROI) around colored plaque
(Fig. 12.1). Automated measurements of the lesion area in
square millimeters and the maximal computed tomographic
number of each ROI are recorded by the workstation [14];
for each lesion, a score is determined based on the CL area
and maximal computed tomographic number; in particular,
the area is multiplied for the density score which is:
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Fig. 12.1 Calcified plaques on
left anterior descending
quantified with Agatston score
and volume evaluation

(a) One, if the density plaque (DP) is 130<DP< 199
(b) Two, if 200<DP< 299
(c) Three, if 300<DP< 399
(d) Four, if DP � 400

The total calcium score (CaS) according to Agatston is
calculated summing all the scores of all CLs present in
epicardial coronary arteries (Fig. 12.1) [14].

Recent guidelines for interpretation of MDCT state that
when reporting, the calcium score for each vessel and a total
calcium score should be written [20].

Different papers showed an interscan variability too large
to make monitoring annual change meaningful on an individ-
ual basis, so on other techniques of calcium quantification
have been proposed, such as calcium volume (CV) and
calcium mass (CM) [21]. CV is calculated tracing a ROI
around each CL, then the software multiplies each area with
slice thickness. The total sum is the CV in mm3 (Fig.12.1).
CM is calculated tracing a ROI around each CL, then the
software multiplies every plaque area with its density in
HU; finally, the sum of all measurements is multiplied by
a scanner and scan protocol-specific calibration factor allow-
ing for calculating the absolute mass of coronary calcium in
mg calcium hydroxyapatite (CaHA) [22–24]. Of worth, the
volume and mass score are less commonly used in clinical
practice, since there is no current validation data for this
measures (no normograms and outcome studies) and the
Society of Cardiovascular Computed Tomography suggests
these scores should be accompanied by reporting of the more
traditional Agatston score [20]; furthermore non-contrast

Fig. 12.2 MPR thick of non-calcified eccentric plaque positively re-
modeled lying on distal left main and proximal LAD, without signifi-
cant stenosis; visual assessment D caliper reduction <50 %

CT is nowadays considered as appropriate for intermediate
coronary heart disease (CHD) risk patients and for a specific
subgroup of low-risk patients in whom a family history of
CHD was present in relatives at a young age [20].
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Fig. 12.3 MPR thick of non-calcified eccentric plaque positively re-
modeled lying on distal left main and proximal LAD, without signifi-
cant stenosis; quantitative assessment of %AS D 25 %

3 Quantification of Coronary Artery
Stenosis

Molecular and cellular events leading to atherosclerosis, such
as lipoprotein deposition, inflammation, smooth muscle cell
proliferation, apoptosis, necrosis, calcification, and fibro-
sis, cause specific geometric and compositional changes in
coronary vessels [25, 26]. Some of these changes, such as
increased plaque volume, positive remodeling, lipoprotein
deposition in the form of non-calcified plaques, and calci-
fication, can be detected by contrast-enhanced MDCT [26].

MDCT has gained acceptance as an accurate, noninvasive
tool to evaluate coronary artery disease, in most of the cases
with a dichotomous score assessment (cutoff value 50 %)
for significant stenosis [1–3, 27] (Fig. 12.2); however, the
visual score assessment represents a major limitation of this
technique and quantitative analysis of coronary stenosis is
aimed to overcoming this drawback. With recent imaging

Fig. 12.4 MPR reconstruction of a totaled occluded mid-portion left
anterior descending reperfused in distal tract

Fig. 12.5 MPR reconstruction of a totaled occluded mid-portion left
anterior descending reperfused in distal tract. The image shows the
length stenosis quantification

technology and user-friendly post-processing tools, a quan-
titative evaluation of stenosis, which may be preferred in
terms of diagnostic accuracy and reproducibility, has be-
come feasible. Recent papers explored the role of MDCT
in quantify coronary artery stenosis; in most of the cases
CCA was considered the reference standard but last literature
confirmed the limitation of CCA in the assessment of com-
plex vasculature anatomy [28]. Because of its tomographic
nature, MDCT allows the display of coronary vessels in
unlimited projections, including cross-sectional views and
three-dimensional vessel reconstructions and studies using
intravascular ultrasound (IVUS) as the gold standard found
superior accuracy for MDCT stenosis quantification com-
pared to CCA [28–30].

Different geometrical parameters are nowadays used to
quantify CAD with MDCT. They include plaque length (PL),
minimal lumen diameter (MLD), percentage of diameter
stenosis (%DS), minimal lumen area (MLA), percentage of
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Fig. 12.6 Volume rendering and
MPR reconstructions of a totaled
occluded mid-portion left anterior
descending with %AS
quantification

Fig. 12.7 Volume rendering
reconstruction of a totaled
occluded mid-portion left anterior
descending

area stenosis (%AS), percentage of atheroma volume (%AV),
and remodeling index (RI) [29, 30]. The %DS is calculated as
(diameter lesion/diameter mean reference diameter) � 100,
where the mean reference diameter is calculated by averag-

ing the diameter of the proximal and distal reference slices
to correct for vessel tapering; similarly, %AS is calculated
as (area lesion/area mean reference area) � 100, where the
mean reference area is calculated by averaging the area of
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the proximal and distal reference slices to correct for vessel
tapering. %AV is calculated with the following equation:
(total vessel volume � total lumen volume)/total vessel vol-
ume � 100. RI is calculated as (total vessel area)/(mean of
proximal and distal reference areas) [31].

Geometrical parameters are usually accompanied by com-
positional parameters in particular dividing plaques in three
calcified, non-calcified, and mixed with some authors distin-
guishing between Calcified Plaque (CP) (attenuation values
150 HU or greater), High Density Non-calcified Plaques
(HD-NCP) (30–149 HU), and Low Density Non-calcified
Plaques (LD-NCP) (�100 to C30 HU) [31].

Literature data confirmed the feasibility of quantitative
coronary MDCT stenosis and plaque measurements with
heterogeneous sensitivity (I2 D 82 %) reported by a recent
meta-analysis, in part explained by scanner type (16-slice
MDCT 0.84; 95 % CI: 0.80–0.88 and 64-slice MDCT
0.94; 95 % CI: 0.83–0.98) [26]. For quantitative stenosis
assessment, MDCT slightly overestimated lumen area by
0.46 mm2 (95 % CI: 0.14–0.79), or by 6.7 % (p D 0.005),
with plaque area and volume being similar between CT and
IVUS (plaque area mean difference 0.09 mm2, 95 % CI:
�1.00 to 1.18 mm2, p D 0.88; plaque volume mean differ-
ence 5.30 mm3, 95 % CI: �3.01 to 13.60 mm3, p D 0.21);
%AS is very similar between CT and IVUS (weighted mean
difference �1.81 %, 95 % CI: �4.10 to 0.49, p D 0.12) and
represent the most concordant parameter (Fig. 12.3).

Different papers showed a slight overestimation of calci-
fied plaque stenosis due to blooming effect with sequent poor
correlation and a larger limit of agreement in the lesions with
calcified plaque compared with non-calcified plaques [32];
anyway the quantitative approach is found to be reproducible
and may be used for the assessment of plaque progression
[26, 30, 33, 34].

The powerful of tomographic nature of MDCT may be
useful also to quantify lesion length and density in totaled
occluded coronary artery, furnishing an added value over
CCA for stent planning in chronic occlusion [35] (Figs. 12.4,
12.5, 12.6, and 12.7).

The characterization of plaque components is one of the
biggest challenges of MDCT with different papers dealing
with this issue; a significant overlap exists between lipid
and fibrous material, making interpretation of plaque HU
problematic [20, 30, 34, 36]; anyway all studies agree on the
fact that a correlation is found for all plaque components but
with large limits of agreement.

In summary, although future technical developments may
improve the accuracy, at the state, the relatively wide limits
of agreement for geometrical and compositional parameters
with MDCT suggest that quantification should only sup-
plement and not replace the more descriptive report in the
clinical practice [20, 30]. Of worth, they can be used in well-
selected clinical trials.

4 Future Directions

Even if MDCT has been one of the greatest advances in the
noninvasive diagnosis of CAD in the past decade, it is a poor
discriminator of the functional impact of identified plaques
[2, 3, 37]. The mismatch between anatomic and functional
evaluation of CAD can be due to microvascular dysfunction
independent of epicardial coronary arteries, multiple non-
significant stenoses in series, difficult assessment of stenoses
grading in calcified plaques, and to collateral blood flow [37].

Nowadays, recent technologies allowed a rest and stress
myocardial perfusion with MDCT and preliminary and sat-
isfying results are available in animals and humans showing
MDCT is able to furnish qualitative and quantitative mea-
surements of myocardial perfusion [38–40]. The confirm of
these results in the next future will give to this tool the
unique capability of providing anatomic as well as coronary
stenosis-related functional data increasing the potential of
MDCT to revolutionize the way we diagnose and treat
ischemic heart disease [37].
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G. Vegas-Sánchez-Ferrero, M. Martı́n-Fernández, and J. Miguel Sanches

1 Introduction

Cholesterol and collections of blood cells in the wall artery
conforms what is commonly called vulnerable plaque, which
is prone to cause cardiovascular problems like heart attack
and brain stroke [1,2]. The presence of these structures in the
arterial wall causes mechanical stress, which leads to rupture
of the vulnerable plaque and clots. Stenosis is also one of the
problems derived from the presence of plaques.

The coronary angiography has been considered the stan-
dard imaging modality among all the imaging techniques
commonly used for detecting atherosclerotic plaques in the
coronary arteries. However, this modality has shown a lim-
ited ability to accurately measure the degree of stenosis and
to characterize the plaque. Concretely, most patients with
acute coronary syndromes have minimal or mild coronary
lumen obstruction detected by angiography [2]. Given these
limitations, the importance of detecting stenosis areas and the
presence of different kinds of plaque becomes evident. In-
stead of angiography, intravascular ultrasonography (IVUS)
has demonstrated to provide clear visualization of arterial
wall inner morphology and turns out to be a convenient
alternative method for assessing the severity of morphology
lesions [2]. The IVUS data acquisition procedure consists
of introducing a catheter similar to the standard catheters
employed in coronary angioplasty. The catheter is inserted
inside the artery and moved until it reaches the artery seg-
ment to be studied. A piezoelectric transducer transmits
acoustic pulses in a rotating fashion and collects the A-lines
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that correspond to the reflected echoes along the depth, �, for
each direction 
 . This results in a polar representation of a
360ı cross-sectional view. Then, the image is interpolated
and geometrically arranged to build the Cartesian image.
In Fig. 13.1 an example of an IVUS image in polar and
Cartesian coordinates is depicted.

The acoustic response of different kinds of plaque is
qualitative known: lipidic plaque presents low echolucent re-
sponse; fibrous plaque presents intermediate level echogenic-
ity; calcified plaque is hyperechogenic and usually presents
an acoustic shadow due to the series of echoes created
by multiple reflections within a small but highly reflective
tissue [2–5].

However, although this qualitative characterization of the
plaques offers an intuitive interpretation of IVUS images,
an important effort has been done to understand the echo-
morphology and pathological evolution [6]. A quantitative
characterization of plaques allows developing or refining
methods for plaque detection, risk predictions, and poten-
tially suggesting different therapies.

Obtaining a quantitative characterization of the ultrasonic
responses of plaques involve the analysis of the physics of
ultrasound imaging throughout the acquisition process.

Basically, the process of image formation in medical
ultrasound begins with the propagation of a pulse packet
emission along the beam vector axis. This pulse changes its
shape according to media properties The traveling pulse is
scattered by objects placed at different scattering depths and
cause delays in the pulse.

As a result, the backscattered (received) signal is
corrupted by a characteristic granular pattern noise called
speckle which depends on the number of scatterers per
resolution cell as well as their size [7, 8]. This type of
multiplicative noise, in the sense its variance depends
on the underlying signal, is observed in other modalities
using coherent radiation such as LASER [9] and Synthetic-
Aperture Radar (SAR) [10].

Speckle mainly depends on the microstructure of the
tissues and thus its statistics can be used as tissue histological
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Fig. 13.1 IVUS image in polar coordinates (a) and Cartesian coordinates (b) with the presence of lipidic (LIP) and calcified (CAL) plaques that
were histologically identified

descriptors [11]. These statistics strongly depend on the scat-
ter density, that is, on the number and intensity distribution of
the scatters in each resolution cell and the resulting speckle
noise can be grouped in the following main classes:
• Fully developed: large number of scatters (central limit

theorem can be applied) per resolution cell and nonexis-
tence of deterministic component, modeled by Rayleigh
distribution [12, 13].

• Fully resolved: large number of scatters per resolution
cell and existence of deterministic component, modeled
by Rice distribution [14].

• Partially developed: small number of scatters per reso-
lution cell and nonexistence of deterministic component,
modeled by K distribution [15, 16].

• Partially resolved: small number of scatters per resolution
cell and existence of deterministic component, modeled
by K-Homodyne distribution [17].
Fully developed speckle is the most common model for

speckle formation. It considers a tissue or region composed
of a large number of scatterers, acting as echo diffusers.
These scatterers arise from inhomogeneity and structures
approximately equal to or smaller in size than the wavelength
of the ultrasound, such as tissue parenchyma, where there are
changes in acoustic impedance on a microscopic level within
the tissue.

There are different approximations for this model, the
one-parameter probabilistic model that describe the pixel
intensities in envelope data is by Rayleigh probability density
function (PDF) [7, 13, 18].

Other distributions have been proposed for the character-
ization of speckle. Probably, the most noticeable distribution
is the Nakagami proposed in [19]. This distribution has two
parameters and can be considered as a generalization of the
Rayleigh distribution. In [20], a model based on Nakagami
distributions is proposed for the characterization of backscat-

tered echo. This model is motivated from the fact that the
Nakagami distribution generalizes the Rayleigh distribution
and also appears to be similar to Rician distribution, which is
also a generalization of the Rayleigh (see [20]).

Plaque echo-morphology is the contribution result of dif-
ferent tissue types (components). The lipidic plaque usually
presents a fibrotic cap which has different acoustic response
and thus different distributions [2]. Additionally, accumula-
tion of blood cells (macrophages) within plaques may change
their probabilistic models. Hence, a mixture model becomes
an opportune strategy for statistically describing the echo-
morphology of the plaque.

The Rayleigh mixture model (RMM) was first proposed
in [8, 21] for plaque characterization and classification.
In that work, a RMM was obtained by Expectation–
Maximization method [22, 23]. Three kinds of plaque were
considered in that study: fibrotic, lipidic, and calcified. The
RMM parameters were estimated for each kind of plaque
and were used, in combination to other textural features, to
provide a descriptor of plaque composition. On the other
hand, a Nakagami mixture model (NMM) was proposed
in [24] for segmentation of arteries. This approach uses the
Nakagami as a generalization of Rayleigh distribution as a
good candidate to characterize the speckle.

Although the characterization of speckle can be modeled
by different PDFs, the echo-morphology of plaque presents
a more complicated nature than an isolated kind of speckle.
It is the contribution result of different tissue types (com-
ponents): the lipidic plaque usually presents a fibrotic cap
which has different acoustic response and thus different
distribution [2]. Additionally, the presence of macrophages
within plaques change their probabilistic models.

The complexity of the composition of the plaque intro-
duce difficulties when the echolucent response is modeled
by a simple model such as a unimodal PDF (Rayleigh,
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Rice, K or K-Homodyne). Instead of that, a mixture model
offers a good strategy for statistically describing the echo-
morphology of the plaque. Among mixture models proposed
in the literature for describing plaque characterization, two
are of capital importance. On the one hand, a RMM which
was first proposed in [8, 21] for plaque characterization
and classification. In that work, a RMM was obtained by
Expectation–Maximization method [22, 23]. Three kinds of
plaque were considered in that study: fibrotic, lipidic, and
calcified. The RMM parameters were estimated for each kind
of plaque and were used, in combination to other textural
features, to provide a descriptor of plaque composition.

On the other hand, a NMM was proposed in [24] for
segmentation of arteries. This approach uses the Nakagami
as a generalization of Rayleigh distribution as a good can-
didate to characterize the speckle. Note that both mixture
models describe the behavior of speckle in the case of fully
formed speckle. And the NMM could be considered as a
generalization of the RMM.

Both the Rayleigh and the Nakagami have been com-
monly accepted assumptions for fully developed speckle.
The former is justified because it is based on the physics of
the data generation process, the later has proven to provide
a better description since it is a two-parameter generaliza-
tion of the Rayleigh. However, real-life cases of ultrasound
images have shown that Rayleigh or Nakagami models do
not describe it as good as expected. In [18, 25], many distri-
butions were empirically fitted to real data and showed that
fully developed speckle is better described by the Gamma
distribution. Those distributions were tested in the resulting
image after the reconstruction process, so it is clear that
the different reconstruction stages modify dramatically the
statistical behavior. This result was also confirmed in [7]
where the PDFs were tested after the interpolation stage
when no logarithmic compression is performed. In that work,
experimental tests showed the superiority of the Gamma dis-
tribution over the Rayleigh and Nakagami for describing US
data—85 % of the fully developed speckle areas passed the
�2 test when a Gamma distribution was fitted, whereas 70 %
and less than 10 % passed in the Nakagami and Rayleigh
cases respectively.

The interpolation operation performed in the A-lines of
the raw RF signal to resample the data and equalize the
resolution in both dimensions, angle and depth seems to be
the key element to explain why Gamma describes better the
data than the Rayleigh or Nakagami distributions. The inter-
polation process can be formulated as linear filter that lin-
early combines different pixels that are Rayleigh distributed.
As shown in [7], a linear combination of Rayleigh random
variables can be accurately fitted by Gamma distributions
even when the central limit theorem can be applied (when
the number of combinations of Rayleigh distributions is high
enough to apply the central limit theorem). Note that the in-

terpolation process consists of a weighted sum of values that,
in the case of Rayleigh distributed data, results in a different
random variable. Hence, not only interpolation processes but
every linear filter applied to a Rayleigh distributed data is a
weighted sum of Rayleigh random variables, which is better
described by a Gamma random variable than a Rayleigh.

A common stage of the acquisition process of US images
is to downsample the acquisition in order to provide an
isotropic resolution of the image. This resampling stage
usually involves an interpolation stage where linear filtering
is applied. This interpolation is performed when the final
resolution is not a multiple of the initial resolution. In these
conditions, the results obtained in [7,18,25] still hold and the
Gamma distribution better describe US RF envelope down-
sampled data than the Rayleigh or Nakagami distributions.

In this chapter we propose a Gamma mixture model
(GMM) to describe the interpolated/resampled RF envelope
US data. This model is compared with the other mix-
ture models (Rayleigh and Nakagami) for different sort of
plaques.

The characterization method provides probability maps
which can be of help for physicians or for automatic postpro-
cessing techniques such as filtering or segmenting methods.
Concretely, a filtering method based on the estimation of the
underlying parameters of the speckle is presented.

The rest of the chapter is structured as follows: in Sect. 2
we justify the better behavior of the Gamma PDF when linear
filters and/or interpolation are applied. This justification
follows that one presented in [7]. In Sect. 3 we describe the
dataset, the acquisition protocols, and histological validation
for plaques for which the comparison between methods is
performed. Section 5 is devoted to the GMM, where the
GMM is derived. The comparison between mixture models
and experiments are presented in Sect. 6. As an application
of the characterization of the GMM probability maps, a filter
is proposed in Sect. 7. Finally, we conclude in Sect. 8.

2 Interpolation on Probabilistic Models
for Ultrasonic Images

2.1 Overview

Some image filtering and segmentation techniques for ultra-
sound imaging, as those approaches based on maximum like-
lihood and maximum a posteriori [25], rely on an accurate
statistical model for the different regions in the image. This
model is usually derived from the analysis of the acoustic
physics and the information available of the ultrasound
probe [7, 26]. However, the whole information during the
acquisition process is not usually available, and therefore
some suppositions must be considered. For example, im-
ages provided by practitioners usually do not include the
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acquisition parameters as gain and/or contrast adjustment.
Additionally, some of the steps of the acquisition process
may be unknown, depending on the commercial firm of the
ultrasound equipment.

In this section we focus on fully formed speckle. In fully
formed speckle regions, acquired signal can be modeled
following a Rayleigh distribution [13]. However, to form the
final Cartesian image, these Rayleigh distributed data have to
be interpolated. Thus, the resulting image will no longer fol-
low a Rayleigh distribution. This section is devoted to model
this final distribution taking into account the interpolation
process [7, 26].

If no compression of the data is done (which will be an
assumption throughout the section), we show that the results
provided in literature [18, 25] hold with the interpolation
probabilistic model here presented and that this approach can
be extended easily to other distributions.

2.2 Interpolation Model

Ultrasonic images are constructed from a number of acoustic
“lines” or vectors usually organized in a sequential pattern
[26]. These vectors form lines in the image after conversion
by envelope detection. Each line represents a time record
of the scattered waves from different depths. The process
of image formation begins with a pulse packet emission
which travels along the beam vector axis and changes shape
according to characteristics of the media. The traveling pulse
is scattered by objects placed at different scattering depths
and cause delays in the pulse. Reflections are received by
the transducer and, considering a constant sound speed, the
depths of the scattering objects can be estimated. These
intercepted waves are integrated over the surface of the
transducer with a suitable weighting and time delays are
added for focusing and beamforming. The amplitude of the
envelope record is usually logarithmically compressed but
this is optional depending on the ultrasonic machine. At this
point, when fully formed speckle regions are observed, a
Rayleigh probabilistic distribution is often considered [9].
After this step all the lines are interpolated to form a com-
plete Cartesian image from a number of image lines arranged
in their geometrical attitude [7, 26].

Let fXig be independent and identically distributed (IID)
random variables (RVs) which follow a Rayleigh distribution
fX .x/:

f .x/ D x

�2
exp

�x2

2�2
; x � 0: (13.1)

When a simple scheme of interpolation is considered such
the bilinear one in the 2D-case or trilinear in the 3D-case
(which is likely to be the one used by the ultrasound machine
because of its computational efficiency), the resultant inter-
polated value of the pixel can be calculated as

Y D
nX

iD1

wiXi ; where
nX

iD1

wi D 1: (13.2)

The resultant PDF of the interpolated RV has no closed
expression and several ways for calculating it has been
presented in the last years [27]. In this work, we will consider
a numerical approach based on quadrature methods due to its
simple implementation, since we want to study the behavior
of this PDF in order to validate the empirical approaches of
the literature.

One simple way to calculate fY .y/ is to see it as the
convolution of the weighted PDFs of independent RV. This
way, a closed expression can be obtained when character-
istic functions are used since a Rayleigh distribution ad-
mits a characteristic function which is known, though not
simple [27]:

�X .t/ D EfetXgD1Ci� te��2 t2=2
p
�2

�
erf

�
i
� tp
2

�
C1
�

D 1F1

�
1;
1

2
;

�t2�2

2

�
C i

r
�

2
t�e�t2�2=2; (13.3)

where erf.�/ is the error function defined as

erf.x/ D 2p
�

Z x

0

e�t2

dt (13.4)

and 1F1.a; b; x/ is the confluent hypergeometric function of
the first kind defined as

1F1.a; b; x/ D 1C a

b
x C a.aC 1/

b.b C 1/

x2

2Š
C � � � : (13.5)

So, the characteristic function of Y is

�Y .t/ D
nY

iD1

�i .t/; (13.6)

where �i .t/ is the characteristic function of each wiXi . Note
that wi affects Xi in such a way that Y can be considered
as the sum of Rayleigh RVs with different � . The PDF is
obtained from (13.6) by numerical quadrature.

This distribution is not practical in statistical estimation of
real data, due to the large number of parameters to estimate.
A simplified model is more suitable. Concretely, the sum
of Rayleighs is approximated by a Gamma distribution.
Note that a Gamma PDF has only two free parameters and
the behavior of the tails is similar to the PDF of Y . In
addition, in literature Gamma PDFs has also been used to
model this kind of speckle [25], but no justification has been
given.
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Fig. 13.2 Characteristic functions for Gamma, Normal, and interpo-
lated Rayleighs RVs. (a) Four terms characteristic functions and the
error committed (dash–dotted lines). (b) Error of the approach of
Gamma and Normal when number of terms increases. (c) Error of the

approach of Gamma and Normal when number of terms increases for
random weights for each case. The errors were calculated by using the
uniform norm of the difference between both functions

In Fig. 13.2 we show the characteristic function of a
Gamma �	 , Gaussian �G, and theoretical sum of Rayleigh �
for four terms and the error committed in the approximation
for an increasing number of terms by using the uniform norm
of the difference.

In that figure we can see that the characteristic function
of a Gamma distribution offers a better behavior than the
Normal distribution even when the central limit theorem can
be applied. Experiments were made considering the same
weights of the RVs, however this approach can be done for
arbitrary weights and the result still holds (see Fig. 13.2c).

In order to test this assumption we simulate speckle based
in the acquisition model in the same fashion as it is done in
[28]. This method scans an image and records the data in a
matrix which is corrupted by means of the speckle formation
model of [13] where the tissue is modeled as a collection of
scatters that are so numerous and of size comparable to the
wavelength. The speckle pattern is obtained by means of ran-
dom walk which does not assume any statistical distribution
in order to avoid any bias of the results.

In Fig. 13.3 we show the reconstructed image when no
coherent echoes exist and the number of scatters is high
enough to consider the speckle as a fully formed speckle
pattern. As it is shown, the histogram of the image before
interpolation follows a Rayleigh distribution whereas, in the
case of the interpolated image, the result shows clearly that a
Gamma distribution accurately fits to the data histogram.

3 Materials

In this work, the characterization is tested with the golden
standard recently presented in [29]. This IVUS dataset con-
sists of nine postmortem coronary arteries. From these ar-
teries, 50 different images with the presence of plaques of
different nature were selected. Then the arteries are sliced in
order to characterize plaques by histological analysis.

The acquisition of the images was performed in the fol-
lowing way: the artery is separated from the heart fixed in a
mid-soft plane and filled (using a catheter) with physiological
saline solution at constant pressure (around 120 mmHg),
simulating blood pressure. References of distal, proximal,
left, and right positions are marked. The probe is introduced
through the catheter and RF data are acquired in correspon-
dence of plaques.

Real-time radio-frequency (RF) data acquisition was per-
formed with the Galaxy II IVUS Imaging System (Boston
Scientific) using a catheter Atlantis SR Pro 40 MHz (Boston
Scientific). To collect and store the RF data, the imaging
system has been connected to a workstation equipped with
a 12-bit Acquiris acquisition card with a sampling rate of
200 MHz.

The RF data for each frame is arranged in a data matrix of
N �M samples, whereM D 1;024 isthe number of samples
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Fig. 13.3 (a) Fully formed speckle pattern. (b) Histogram of the received signal and Rayleigh distribution estimate. (c) Histogram of the
reconstructed image and Gamma distribution estimate

per A-line, andN D 256 is the number of positions assumed
by the rotational ultrasound probe.

The histological validation of plaques comprises the fol-
lowing steps: vessels are cut in correspondence with pre-
viously marked positions and plaque composition is deter-
mined by histological analysis. A correspondence between
detected plaques by histology and respective IVUS image is
established by means of the reference positions by expert
interventionists in cooperation with pathologists. With the
purpose of preserving a reliable correspondence between
histological tissue and regions of the IVUS image, the
medical team manually performs the plaque labeling task
discarding pairs of images in which a correspondence cannot
be obtained.

Finally, the dataset comprises 50 different images (with
the presence of one or more plaques), all of them present seg-
mentations of the lumen, a set of 69 plaques was identified in
the images and histologically characterized in the following
types: 30 calcified, 14 lipidic, 25 fibrotic.

The IVUS images were directly reconstructed from the
raw RF signals rather than using the ones produced by the
IVUS equipment. The image reconstruction algorithm used
is the one described in [29], which is shown in Fig. 13.4. The
process comprises the following stages:
1. Time Gain Compensation, with TGC.r/ D 1 � e�ˇr

where ˇ D log 10 f̨ =20, ˛ is the attenuation coefficient

for biological soft tissues (˛ � 0:8 dB/MHz cm for f D
40MHz [29]), f is the central frequency of the transducer
in MHz, and r is the radial distance from the catheter in
cm.

2. Butterworth Band pass filter with cut frequencies fL D
20MHz and fu D 60MHz.

3. Envelope recovering with Hilbert Transform.
4. Downsampling of the image in order to obtain isotropic

resolution with linear interpolation.
5. Log-compression.
6. Digital Development Process (DDP). A nonlinear adjust-

ment of the gain and edge-emphasis process to enhance
the tissue visualization.
After this reconstruction process, the IVUS displayed im-

age can be easily obtained by interpolating polar coordinates
into Cartesian coordinates, resulting in a noncompressed,
256 � 256 pixels image (cf. Fig. 13.1a where the polar coor-
dinate image is shown and Fig. 13.1b where the interpolation
into Cartesian coordinates is depicted).

The traditional displayed IVUS image is obtained from
the polar representation .�; 
/ by interpolating in a rect-
angular (Cartesian) grid, .i; j /. However, in this work, the
image used for the analysis is the noncompressed polar
one obtained after the Downsampling step (cf. Fig. 13.4).
This stage of the reconstruction process involves linear
filtering and, thus, Rayleigh or Nakagami models do not
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Fig. 13.4 Image reconstruction process. A Time Gain Compensation
(TGC) operation is applied to the RF IVUS data acquired. The envelope
is recovered by a Hilbert Transform. A downsample stage is applied to
obtain isotropic resolution, all the analysis of this work is applied after

this stage where the Gamma assumption is applied. Log-compression
and Digital Development Process (DDP) stages are usually applied for
visualization

hold. This linear filtering is performed by default in order
to obtain an isotropic resolution even if the final resolution is
a multiple of the initial one.

4 Statistical Analysis of Envelope Data

In this section we test the performance of the Gamma
distribution for describing the speckle when internal prepro-
cessing such as linear filtering and interpolation (due to the
downsampling stage, see Fig. 13.4). We perform a compar-
ison with the Rayleigh distribution and its generalization,
the Nakagami distribution, since they are considered as good
candidates for describing the statistics of speckle.

Two measures were used for testing the performance:
Kullback–Leibler divergence and uniform norm of the cu-
mulative distribution function (CDF). The former is a non-
symmetric measure of the difference between two probability
distributions defined as

DKL.pn; fX / D
NX

iD1

pn.i/ log
pn.i/

fX .i/
; (13.7)

where pn is the empirical PDF estimate and fX is the
theoretical distribution: Rayleigh, Gamma, or Nakagami.

The approximation of the PDF was estimated by means of
the histogram of the neighborhood of the pixel under study.
The size of the neighborhood used was 11 � 11, which is a
reasonable number of samples to provide an estimate of the
PDF of homogeneous regions. The number of bins used of
the histogram is n D 30. Parameters of Rayleigh and Gamma
distributions were calculated by maximum likelihood esti-
mates of the data in the defined neighborhood. Parameters of
the Nakagami distribution were calculated as in [24].

The uniform norm of the CDF, also called Kolmogorov–
Smirnov (KS) statistic, is defined as

DKS D sup j OFn.i/� FX .i/j; (13.8)

where OFn is the empirical CDF of data and FX is the CDF of
either Gamma or Rayleigh distributions.

This last metric was chosen since it does not depend on
the PDF estimate and can be calculated with a few number of
samples. Additionally, the Glivenko–Cantelli theorem states
that, if the samples are drawn from distributionFX , thenDKS

converges to 0 almost surely [30].

The comparison between Gamma, Nakagami, and
Rayleigh distributions was done by applying a Welch t-test
for both measures,DKL andDKS. To that end, both measures
were calculated in each neighborhood (with size 11 � 11).
The average value was calculated for each image (50 images
of the dataset) and the Welch t-test is performed with 50
samples. This test was chosen since no equal variance should
be assumed. The test was performed by considering pairs of
distributions (Gamma vs. Rayleigh, Gamma vs. Nakagami,
and Rayleigh vs. Nakagami). The null hypothesis considers
that both population means are the same. The boxplot of both
measures obtained for the 50 samples (images) is depicted in
Fig. 13.5.

Note that boxplots reveals the better performance of the
Nakagami when compared to the Rayleigh distribution. This
result was expected since the Nakagami distribution is a
generalization of the Rayleigh one. However, for the Gamma
distribution case, the mean values of both measures is below
the Rayleigh and the Nakagami. This result evidences the
better performance of the Gamma distribution for describing
the probabilistic behavior of speckle. In order to confirm
this result, the p-values of the Welch t-test for the case of
KL divergence and uniform norm of the CDF are shown in
Table 13.1. Note that all values are negligible and the null
hypothesis has to be rejected in all cases. Consequently, these
three distributions fit in a different way, and the Gamma is the
one with best fitting for both measures.

This result confirms that Gamma distribution better de-
scribes the probabilistic nature of speckle when internal
preprocessing such as linear filtering and interpolation (due
to the downsampling stage) are taking place and confirms the
result obtained in [7, 18, 25].

5 Gamma Mixture Model

In this section the GMM is proposed and the method for the
computation of its parameters and coefficients is described.
The aim of using GMMs is that the echo-morphology may re-
sult from the contribution of different echogenic components
of the plaque that follow different distributions. Under the
assumption of Gamma distributed speckle, the GMM arises
in a natural way.

Let X D fxig, 1 � i � N be a set of samples
(pixel intensities) of a given region of the ultrasound image.
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Fig. 13.5 Boxplots for both measures DKL and DKS are represented in (a) and (b) respectively. Welch t -test results show that populations are
statistically different and thus the Gamma distributions fits better than Rayleigh or Nakagami distributions

Table 13.1 p-Values the Welch t -test for the case of DKL and DKL

Rayleigh Nakagami Gamma

Rayleigh

Nakagami

Gamma 1.92.10−22
1.05.10-18

7.54.10−35
7.9.10−38

3.67.10−461.83.10−30

Kullback-Leibler Divergence Kolmogorov-Smirnov Statistic

These samples can be considered as IID random variables
(RVs). This assumption is taken since the downsampling
stage reduces the possible correlation between neighboring
pixels. The GMM considers that these variables result from
the contributions of J distributions1:

p.xi j/ D
JX

j D1

�jfX .xi jj /; (13.9)

where  is a vector of the parameters of the GMM
.�1; : : : ; �J ; 1; : : : ; J / and j are the parameters of
the PDF (in our case the parameters of a Gamma distribution
are represented as ˛j and ˇj ). The Gamma PDF is defined as

fX .xj˛; ˇ/ D x˛�1

ˇ˛� .˛/
e�.x=ˇ/; x � 0 and ˛; ˇ > 0;

(13.10)

where � .x/ is the Euler Gamma function defined as � .x/ DR1
0 tx�1e�tdt , for x > 0. Thecondition

PJ
j D1 �j D 1must

1The notation used, from here forth, refers to random variables in
capital letters and samples of random variables in lower case letters.
The expectation operator is denoted as Ef�g.

hold to guarantee that p.xi j/ is a well-defined probability
distribution.

The joint distribution of IID samples is given by

p.Xj/ D
NY

iD1

p.xi j/: (13.11)

The Expectation–Maximization method is applied here
to maximize the log-likelihood function when some hidden
discrete random variables, Z D fZi g, are introduced to the
model. These RVs take values in f1; : : : ; J g, their meaning is
that the sample xi belongs to the distributions class j when
Zi D j .

Now, let .n/ be an estimate of the parameters of the
mixture in the nth iteration, the expectation step is performed
by calculating the expected value of the log-likelihood
L.jX;Z/:

Q.j.n/;X/ D EZj
.n/;XfL.jX;Z/g: (13.12)

In the maximization step the new estimate .n/ is ob-
tained by maximizing the expectation of the likelihood func-
tion Q.j.n/;X/. These steps are iterated until a stop
criterion such as jj.nC1/ � .n/jj < TOL for some pre-
established threshold (TOL) is reached.

The application of the EM algorithm for general distribu-
tions is not new, see for example [23, 31]. In the case of a
GMM, it was firstly derived by Webb in [32]; another similar
derivation was obtained in [24]. For the sake of completeness
we give in this chapter our own derivation.
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The expectation of the likelihood function with respect to
the hidden RVs when data x and the previous estimate .n/

are known is

Q.j.n/; x/ D EZj
.n/;xfL.jX;Z/g

D
NX

iD1

EZi j
.n/;xi
flogp.xi j´i

; Zi D ´i /C logp.Zi D ´i j/g

D
NX

iD1

JX
j D1

p.Zi D j jxi ; 
.n//

�
logp.xi jj /C log�j

�
; (13.13)

where p.Zi D j j/ is the probability of xi to belong to
the class j , denoted as �j . On the other hand, p.Zi D
j jxi ; 

.n// can be derived by the Bayes theorem as

p.Zi D j jxi ; 
.n// D p.xi j.n/

j /p.Zi D j j.n//

fX .xi j.n//
;

(13.14)

where, as in (13.9),

JX
j D1

p.xi j.n/
j /p.Zi D j j.n// D

JX
j D1

�jfX .xi j.n/
j /:

(13.15)

Since (13.13) is composed of two terms, the maximization
step can be done to each term independently. For the term
depending on �j an optimization via Langrange Multipliers
can be done in a straightforward way, where the constraint
is the well-defined probability condition

PJ
j D1 �j D 1.

The Lagrange method of multipliers guarantees a necessary
condition for optimality in this problem. The new Lagrange
function with the Lagrange multiplier, �, is the following:

�.�; �/ D
NX

iD1

JX
j D1

�i;j log�j C�
0
@ JX

j D1

�j � 1
1
A ; (13.16)

where �i;j D p.Zi D j jxi ; 
.n// to make notation simpler.

Now, one can calculate the derivative with respect to each
�j and equaling to 0, the following expression is derived:

NX
iD1

�i;j D ���j : (13.17)

By summing both terms of the equation over j , we obtain
� D �N . Finally, the values of O�j that maximize the
Lagrange function (and the likelihood term) are

O�j D 1

N

NX
iD1

�i;j D 1

N

NX
iD1

p.Zi D j j/: (13.18)

Now, we can maximize the term of (13.13) which depends
on j D .˛j ; ˇj /. First with respect to ˇj

@

@̌ j

8<
:

NX
iD1

JX
j D1

�i;j logp.xi jj /

9=
; D 0; (13.19)

where the loglikelihood of p.xi jj / is

logp.xi jj /D.˛j �1/ logxi � xi

ˇj

�˛j log.ˇj /�log.� .˛j //

(13.20)

it results in the following expressions:

NX
iD1

�i;j

 
xi

ˇ2
j

C �i;j

˛j

!
D 0 (13.21)

which gives the following result:

ˇj D 1

˛j

PN
iD1 �i;jxiPN

iD1 �i;j

: (13.22)

Now, plugging (13.22) into (13.13) and deriving with
respect to ˛j

@

@˛j

8<
:

NX
iD1

JX
j D1

�i;j logp

 
xi j˛j ;

1

˛j

PN
iD1 �i;jxiPN

iD1 �i;j

!9=
; D 0:

(13.23)

The result is

NX
iD1

�i;j log.xi / �
NX

iD1

�i;j log

 PN
kD1 �k;jxkPN

kD1 �k;j

!

C
NX

iD1

�i;j log.˛j / �
NX

iD1

�i;j .˛j / D 0; (13.24)

where  .x/ is the Digamma function defined as  .x/ D
� 0.x/=� .x/.

Finally, reordering terms, the following equality is
derived:
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log.˛j / �  .˛j / D log

 PN
i �i;jxiPN

i �i;j

!
�
PN

i �i;j logxiPN
i �i;j

:

(13.25)

This expression has no closed solution; however it can be
obtained by numerical methods since the function f .x/ D
log.x/ �  .x/ is well behaved.

From the estimated value Ǫj that maximizes the log-
likelihood, the estimate of Ǒ is directly obtained from
(13.22).

6 Results

In this section we test the GMM, RMM, and NMM are tested
for fitting different tissue classes for an increasing number
of components. Both measures, DKL and DKS were used
for this purpose. The measure Kullback–Leibler divergence,
DKL, was calculated by estimating the empirical PDF with
300 bins. Note that this measure strongly depends not only
on the number of samples but also on the selections of bins
and, thus, some discrepancies can be obtained depending on
these selections. The Kolmogorov–Smirnov statistic is more
robust in the sense that only depends on the samples. For this
reason, this measure can be considered as a better descriptor
of the fitting performance. An example of the performance
of the all the mixture models is depicted in Fig. 13.6 where
three components are used for each tissue model. Results are
shown in Table 13.2.

Note that these results evidence the better fit for the
GMM in almost every case for both measures (DKS and
DKL). There are some exceptions that are worth to comment,
concretely the case of Lumen for four to seven components.
In those cases the DKL measure of the RMM shows a better
result, while theDKS measure shows a better performance for
the GMM. This effect is due to the problems of estimating
the PDF from the samples since the dynamic range of the
values for Lumen is too big and the concentration of the PDF
is closer to lower values. This provokes a narrow peak that
is difficult to describe by approximating the PDF by bins.
The variations of the values of the PDF estimate in this peak
decrease the precision of DKS. On the other hand, the DKL

measure just takes into account the samples of the Lumen
and gives a better error measure.

In some other cases, the NMM and RMM show a lower
DKS measure compared to the GMM. However, note that the
differences of the DKS measures of RMM and NMM with
respect the GMM are almost negligible (these differences are
about 0:0005 in the worst case) and one can conclude that, in
those cases, the GMM fits as good as the others.

These results can be used in order to select the number
of components of the GMM model. Note that, as the number
of components increases, the measure decreases with slower

rate. In Fig. 13.7 the rate of decreasing of both measures for
GMM and RMM are depicted for each tissue class. This rate
is calculated as frate.n/ D D.n � 1/ � D.n/, where D.n/
is DKL or DKS measures and n is the number of components
of the mixture model. The global maximum is obtained for
n D 3 so this can be considered the optimal number of
components for describing every plaque and lumen.

7 Application: A Probabilistic Filter with
Detail Preservation

In this section we show the potential of the GMM probability
maps provided by the Bayes theorem, that we describe again
by convenience:

p.Zi D j jxi ; 
.n// D p.xi j.n/

j /p.Zi D j j.n//

fX .xi j.n//
:

(13.26)

These probability maps can be used for determining the
most probable contours between tissue classes, which is a
valuable information for developing segmenting of filtering
algorithms.

As an example of the potential of this probability maps,
we present a novel and fast method for filtering ultrasonic
images which takes into account any linear filtering or
interpolation of the original image.

Let Xi be a set of IID RVs which follow a Rayleigh dis-
tribution with parameter � . After the interpolation/filtering
stage,2 this RV is transformed in the following way:

Y D
4X

iD1

wiXi D �

4X
iD1

wiRi ; where
4X

iD1

wi D 1;

(13.27)

where Ri are IID normalized Rayleigh random variables
(�R D 1) and wi are weights which, in the case of
the 2D interpolation, come from two IID uniform random
U1; U2variables in Œ0; 1� which conform the coefficients as

w1 D U1U2; w2 D U1.1 � U2/; w3 D .1 � U1/U2;

w4 D .1� U1/.1 � U2/:

Note that this new RV, Y does not follow a Rayleigh
distribution but a Gamma-like distribution as was shown in
Sect. 2. By means of GMMs, the distributions that describe
the probabilistic behavior of the RVs can be obtained easily.
This offers an effective way to calculate local conditioned
moments of the random variables that correspond to each

2Throughout the derivation of the equations, the linear filter will be
considered as an interpolation filter for 2D images. The derivation can
be easily extended for other linear filters for 2D or 3D.
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Fig. 13.6 Gamma mixture model and Rayleigh mixture model and
Nakagami mixture model fitting for different kinds of tissue. In all the
methods the tolerance was fixed to jj
.nC1/ � 
.n/jj < 10�4 with a

maximum number of iterations of 1,000 and three components in each
mixture. (a) Calcified. (b) Lipidic. (c) Fibrotic. (d) Lumen

tissue class. The use of local conditional moments offer a
powerful information to develop a Linear Minimum Mean
Square Error Estimation (LMMSE) of the underlying param-
eter � .

7.1 Formulation

The LMMSE filter can be defined in the following way [33]:

O� D Ef�g C C�YC
�1
Y Y .Y � EfY g/; (13.28)

where C�1
Y Y is the covariance of Y and C�Y is the cross-

covariance. Both covariance terms and Ef�g can be calcu-
lated by directly applying (13.27):

Ef�g D
r
2

�
EfY g; (13.29)

CY Y D EfY 2g � EfY g2; (13.30)

C�Y DEf.Y�EfY g/.��Ef�g/gD.Ef�2g�Ef�g2/

r
�

2
:

(13.31)

Note that C�Y depends on the calculation of the variance
of � , varf�g D Ef�2g � Ef�g2. This parameter could de

obtained by the estimation of local moments of Y in the
following way:

EfY 2g D E

8<
:�2

 
4X

iD1

wiRi

!2
9=
;

D Ef�2g
�
4

9
EfR2

i g C 5

9
EfRig2

�

D Ef�2g
�
8

9
C 5

9

�

2

�
(13.32)

so, the variance of � is

varf�g D EfY 2g 9

8C 5�
2

� EfY g2 2

�
: (13.33)

This value could be calculated by means of the local
moments calculated over Y in a similar way as was done
in [34,35]. However, since equation does not depend directly
on the value of varfY g, the estimate of varf�g by means
of local moments could result in negative values. This is a
nondesired property which strongly depends on the image
(the values of Y ).

As a solution to this problem we can make use of the
probability maps in order to obtain a suitable C in the
modified LMMSE equation:
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Table 13.2 Gamma mixture model, Rayleigh mixture model, and Nakagami mixture model fitting for different kinds of tissue and number of
components. Bold values are the best results for each tissue and metric

] components D 2 DKL DKS

Tissue GMM NMM RMM GMM NMM RMM

Calcified 0.0269 0.0521 0.1974 0.0126 0.0331 0.1087

Lipidic 0.0211 0.0403 0.1037 0.0198 0.0410 0.1059

Fibrotic 0.0156 0.0272 0.0449 0.0085 0.0257 0.0445

Lumen 0.0444 0.1378 0.6712 0.0277 0.0768 0.4110

] components D 3 DKL DKS

Tissue GMM NMM RMM GMM NMM RMM

Calcified 0.0197 0.0279 0.0607 0.0080 0.0180 0.0359

Lipidic 0.0119 0.0192 0.0222 0.0054 0.0114 0.0161

Fibrotic 0.0145 0.0166 0.0178 0.0038 0.0078 0.0117

Lumen 0.0128 0.0322 0.0697 0.0167 0.0341 0.0894

] components D 4 DKL DKS

Tissue GMM NMM RMM GMM NMM RMM

Calcified 0.0189 0.0197 0.0253 0.0079 0.0072 0.0141

Lipidic 0.0117 0.0152 0.0159 0.0055 0.0076 0.0083

Fibrotic 0.0144 0.0152 0.0148 0.0032 0.0062 0.0036

Lumen 0.0261 0.0315 0.0153 0.0043 0.0339 0.0126

] components D 5 DKL DKS

Tissue GMM NMM RMM GMM NMM RMM

Calcified 0.0170 0.0188 0.0253 0.0042 0.0071 0.0141

Lipidic 0.0110 0.0134 0.0140 0.0044 0.0070 0.0060

Fibrotic 0.0144 0.0151 0.0147 0.0029 0.0062 0.0033

Lumen 0.0258 0.0153 0.0119 0.0044 0.0117 0.0110

] components D 6 DKL DKS

Tissue GMM NMM RMM GMM NMM RMM

Calcified 0.0170 0.0184 0.0178 0.0041 0.0068 0.0036
Lipidic 0.0104 0.0119 0.0133 0.0029 0.0057 0.0065

Fibrotic 0.0143 0.0148 0.0146 0.0031 0.0054 0.0031
Lumen 0.0295 0.0151 0.0073 0.0031 0.0110 0.0118

] components D 7 DKL DKS

Tissue GMM NMM RMM GMM NMM RMM

Calcified 0.0170 0.0186 0.0178 0.0041 0.0069 0.0036
Lipidic 0.0103 0.0118 0.0133 0.0026 0.0059 0.0066

Fibrotic 0.0142 0.0146 0.0146 0.0024 0.0047 0.0029

Lumen 0.0293 0.0197 0.0072 0.0031 0.0052 0.0118

O� D Ef�g C C.Y �EfY g/: (13.34)

This equation is a linear estimate. Now, we define a
new constant C with some desired properties similar to
that one of the LMMSE C�YC

�1
Y Y . This coefficient should

describe the statistical discrepancies of the covariance and
the cross-covariance. When the coefficient is close to zero,
the statistical behavior of the Normalized RV Y is closed
to � . Conversely, when the coefficient is close

p
2=�, the

estimate leads to O� D p
.2=�/Y , which is the unbiased

estimate of � (since Ef O�g D Efp.2=�/Y g D �).
For the definition of C , we propose to obtain the gradient

of the probability maps for each tissue class. This way, the
coefficient will be closer to zero in areas with the same
statistical behavior; conversely, it will be closer to one in
heterogeneous areas, where the estimate should maintain the

details of the image. Formally, the proposed coefficient is
defined as

Ci D
PJ

j jjr"p.Zi D j jyi ; /jj
max

PJ
j jjr"p.Zi D j jyi ; /jj

r
2

�
; (13.35)

where Zi are the hidden RVs that express that variable
Yi belongs to the j th class. The operator r" means the
gradient operator calculated over the image convolved with a
Gaussian kernel with " as the standard deviation. The index
i refers to each pixel; hence, the definition of the coefficient
is for each pixel of the image.

The definition in (13.35) ranges in Œ0;
p
2=�� since the

discrete implementation of the gradient by finite differ-
ences over the probability maps with unitary step is always
bounded in Œ0; 1�.
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Fig. 13.7 Difference rate (frate.n/) of DKL and DKS for GMM, RMM, and NMM models. (a) Calcified. (b) Lipidic. (c) Fibrotic. (d) Lumen

In order to obtain a better estimate of � , the probability
maps can be used as well to calculate it as the contribution
of each local mean in the local neighborhood, �.m; n/ condi-
tioned to each tissue class. When the moments are calculated
in this way, only those pixels belonging to each tissue class
contribute to the estimate of each local moment, resulting in
a more accurate estimate of local moments. This result can
be considered as a non-isotropic way to calculate the local
moments since each pixel is not equally treated when the
local moments are calculated. The main advantage of local
conditional moments is that it provides robustness to the
method. In other words, bigger windows for the calculation
of local moments may include different tissues (different
statistics) which introduce deviations in the calculation of the
moments. The inclusion of conditional probabilities allows
to discard or attenuate the effect of the presence of pixels
belonging to other tissues.

By introducing the probability of belonging to each tissue
class in the calculation of the local moments, they are
calculated as

hY.m; n/i D
JX

j D1

P.Z D j /hY.m; n/jZ D j i; (13.36)

where the local mean for each tissue class, j is

hY.m; n/jZDj i

D

P
.m0;n0/2�.m;n/

Y.m0; n0/p.Z.m0; n0/Dj jY;/
P

.m0;n0/2�.m;n/

p.Z.m0; n0/Dj jY;/ (13.37)

with

p.Z.m0; n0/ D j jY;/ D �jp.Y.m
0; n0/jj /

p.Y.m0; n0/j/ : (13.38)

The weight P.Z D j /, is the probability of belonging
to the j th tissue class for the neighborhood of .m; n/ and is
calculated as

P.Z.m; n/Dj /D

Q
.m0;n0/2�.m;n/

p.Z.m0; n0/ D j jY; 
/
JP

j D1

Q
.m0;n0/2�.m;n/

p.Z.m0; n0/ D j jY; 
/
:

(13.39)

As an example, a real IVUS in the downsample stage is
filtered with the proposed method. The image is depicted in
Fig. 13.8a and the filtered image is represented in Fig. 13.8b.
The parameters of the filter for this image are neighborhood
radius 7, " D 1, and 12 components for the GMM. Note that
these 12 components were selected in order to describe the
presence of all possible plaques (three for each plaque and
three more for the lumen).



168 G. Vegas-Sánchez-Ferrero et al.

Fig. 13.8 (a) IVUS image in polar coordinates in the downsampling stage of the acquisition protocol. (b) Filtered image with the proposed
method. Both images are log compressed only for representation purposes
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Fig. 13.9 (a) Residual noise of Fig. 13.8a. (b) Probability density function of the residual noise. Note that the mode of the residual noise PDF is
clearly placed in

p
�=2

In order to see whether this estimate of � is properly
calculated, an analysis of the residual noise after the filter can
be performed. Note that the residual noise, N , of the image
can be calculated by simply dividing the original image by
the estimate of � :

N D 1

O�
4X

iD1

wiXi D �

O�
4X

iD1

wiRi : (13.40)

If a perfect estimate was obtained, N would behave as
the probability distribution of

P4
iD1wiRi . This distribution

would have a mean value of
p
�=2. Since O� is estimated by

conditioned local means in homogeneous areas, the PDF of
the residual noise should have its mode at the mean value ofP4

iD1wiRi , which is
p
�=2.

In Fig. 13.9a the residual noise is represented as well as its
PDF, Fig. 13.9b. Note that the noise presents its mode close
to the ideal value. Concretely, the relative error of the mode is
2.23 %. This result shows that the proposed method provides
a good estimate of the underling � .

7.2 Robustness of the Method

The advantages of introducing conditional moments in the
calculation of local moments lie in the robustness of the
estimation of the moments. This allows to consider neigh-
borhoods of any sizes without the typical blurring effect of
isotropic local means (which actually is a convolution with a
constant value that acts like a low pass filter).
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Fig. 13.10 Filtered images for
different parameters. The size of
the neighborhood (Dim.)
windows ranges in [3, 113],
while the " ranges in [1, 9]. Note
that the performance of the filter
si stable for all the ranges of the
parameters. This is due to the
robustness introduced by the
calculation of the conditioned
moments to each tissue class

The effect of increasing the neighborhood size in the pro-
posed method is that local variations are discarded while the
moments estimates are calculated with more samples from
the same nature (same tissue class and, thus, same probability
distribution), resulting in a more accurate estimate.

The parameter " is a detail preservation. Note that this
parameter extends the effect of the edges of its boundaries;
so, when the " parameter takes a higher value, the filtered
image preserves the details of the most probable edges
between tissues.

To see the effect of the variation of both parameters, in
Fig. 13.10, some of the filtered image obtained from that
one of Fig. 13.8a are depicted. Additionally, we include the
relative error of the residual error mode.

The size of the neighborhood windows ranges in f3; 113g
and the detail parameter, ", ranges in f1; 9g. Note that
resultant filtered provide an enhanced image for all the cases
in which the blurring effect due to bigger neighborhoods
is avoided. Note that, in the case of a small neighborhood,
the local varying intensities are maintained, this is the most
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restrictive case of the filter which can be used in situations
where physicists want a good enhancement of the image but
preserving the speckle texture.

As the dimension of the neighborhood (Dim.) increases,
the estimate of local moments is calculated with more sam-
ples and, thus, the resulting moments vary in a smooth
way but always preserving edges between tissues. Note that
even for a huge dimension such as 113 (the size of the
image is 256 � 256), the filtered image does not present any
evidence of blurring effect due to inaccurate calculation of
moments.

8 Conclusions

In this chapter we have analyzed the acquisition process of
IVUS images and the probabilistic distributions that better fit
the statistical properties of speckle.

We put emphasis on the effect that linear filters or inter-
polation processes have in the probabilistic models, which
are commonly applied during the acquisition stage. As it was
shown, the fully formed speckle distribution is transformed
in a Gamma-like distribution. This distribution was tested
against the Nakagami and the Rayleigh which are the most
widespread models used in the case of fully formed speckle.
Results evidence the better fitting of the Gamma distribution
in the case of IVUS images.

A GMM was proposed as a model for fitting the echo-
morphology which results from the contribution of different
echogenic components of the plaque. This GMM was tested
against the NMM and the RMM. Results have proved that
the GMM provides a better fitting than NMM or RMM.

As an application to the GMM for IVUS images, a detail
preserving filter is proposed. This filter takes advantage
of the probabilistic information that provides the GMM.
Concretely, the GMM provides the probability of belonging
to each tissue class for each pixel. This information procure
a useful and robust way to calculate local moments, even for
huge neighborhoods. Additionally, probability maps can be
used for detecting the most probable edges between tissue
classes.

The combination of a robust way for calculating lo-
cal moments and the probability of edges can be used
for defining an estimation of the underling parameters of
the fully formed speckle filtering which preserves details
while estimates. This filter was tested with real IVUS im-
ages without log-compression transformation. The residual
noise obtained by directly dividing the � estimate from
the original image presents its mode about the ideal valuep
�=2 (the mean of a Rayleigh distribution with parameter

1); this result evidences the consistence of the proposed
filter.
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14Ultrasound Profile of Carotid Plaque: A New
Approach Towards Stroke Prediction

José Seabra, L.M. Pedro, J. Fernandes e Fernandes, and J. Miguel Sanches

1 Introduction

Carotid artery atherosclerosis is an important cause of death
and disability due to stroke. Among patients with carotid
plaques, only a few show warning events, whereas the
majority present cerebral events associated with previous
asymptomatic plaques.

Numerous studies reported the importance of the degree
of stenosis as an indicator of stroke in both symptomatic
and asymptomatic groups [1, 2]. Indeed, disease severity
and selection of patients for surgery is based on previous
occurrence of clinical symptoms, such as stroke, transient
ischemic attack (TIA), amaurosis fugax (AF), and the degree
of stenosis presented by the plaque.

Moreover, it has been shown [1,2] that surgery associated
with a degree of stenosis of more than 70 % resulted in an
absolute reduction of 17 % in the risk of ipsilateral stroke
after 2 years and 11.6 % at 3 years. These observations
suggest that not all severe stenotic plaques are harmful;
in fact, as reported by Inzitari et al. [3], the majority of
asymptomatic high-grade stenotic plaques remain asymp-
tomatic. Moreover, a study performed by Polak et al. [4]
reported evidence that atheromatous plaques with relatively
low degree of stenosis may produce symptoms as well. In
addition, endarterectomy carries a non-negligible risk for the
patient as well as significant financial costs for the patient,
hospital, and health system in general. Consequently, an
optimized characterization and identification of symptomatic
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lesions must be carried out to objectively select patients
which should be treated with surgery among those to whom
a correct medication represent a better solution.

While preliminary studies [5, 6] were based on a
subjective evaluation of the plaque appearance to interpret
the lesion severity, nowadays advanced methods of image
processing allow the extraction of a large number of features
from B-mode ultrasound (BUS) images of the carotid plaque.
Furthermore, specialized techniques can be employed to
identify a subset of salient features, which may be used
as input to a classification system. The use of feature
selection methods significantly simplifies the classification
task, which will be faster and use less memory, while usually
achieving a high classification performance. The evolution of
artificial intelligence methods in conjunction with optimized
computer performance has allowed the development of
computer-aided diagnosis (CAD) systems [7]. Such systems
are expected to help physicians on supporting the evaluation
of pathologic findings during the diagnostic procedure.

1.1 Background

Different techniques relying on both qualitative and quan-
titative assessment of carotid plaque echo-morphology can
be found in the literature, although no single technique has
emerged as the method of choice.

As suggested by histopathological studies, other factors
besides stenosis, including plaque structure and echo-
morphology (information on plaque gray-scale intensities)
have shown to be associated with neurological symptoms
[8–10]. Echogenic material reflects strongly the ultrasound
signal and comprises fibrous tissue and calcium deposits,
whereas echolucent material has less reflecting ability and
includes blood and lipids. As previously referred, echolucent
plaques are more likely to lead to development of neurologic
events than echogenic ones.

El-Barghouty et al. [8] in a study with 94 plaques
has provided a characterization of plaques based on the
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gray-scale median (GSM), reporting an association between
echolucency (GSM � 32) and the incidence of cerebral
computed tomography brain infractions. Subsequently, the
study conducted by Iannuzzi et al. [11] in 242 stroke and 336
transient ischemic attack patients showed that the features
more consistently associated with cerebrovascular events
were low echogenicity, thicker plaques, and presence of
longitudinal motion.

Then, Wilhjelm et al. [12] in a study with 52 patients
scheduled for surgery, presented a comparison between sub-
jective visual classification of the plaque appearance, first
and second-order statistical features, and histological anal-
ysis of the excised plaques. Some correlation was found
between the three types of information, where the best
performing feature was found to be the histogram contrast.

From thereon, various studies have emerged, either using
exclusively or combining texture information, based on first
and second order statistics [13], Fourier power spectrum
[13], fractal properties [14], and Law’s texture energy [7].
Particularly, Christodoulou et al. used statistical, model-
based, and Fourier-based methods as well as a combination
of classifiers and found an average diagnostic performance
(accuracy) of 73.1 % in identifying symptomatic lesions,
using a dataset composed of 230 plaque images.

The comprehensive study conducted by Pedro et al. [15]
in 215 carotid plaques, combined quantitative (e.g., the
degree of stenosis and histogram features) and qualitative
information resulting from visual inspecting the plaques on
BUS images for developing an ultrasound score. This score,
designated as Activity Index (AI) provides promising results
in identifying plaques with a high likelihood of developing
symptoms despite the significant number of false positive
samples.

Moreover, the work developed by Mougiakakou et al. [7]
extended previous studies on the characterization of carotid
plaques from BUS images, by systematically studying all
available first-order statistics, as well as Law’s texture energy
features. In that study, a CAD system is used to support
diagnosis based on a neural network trained via a combi-
nation of back propagation with a genetic algorithm. This
study produced promising results in identifying atheroma-
tous lesions at high risk of stroke in a population of 108
plaques, thus suggesting the use of CAD systems as valu-
able tools in modern clinical practice. A rather interesting
study performed by Kyriacou et al. [16] in a population of
137 asymptomatic and 137 symptomatic plaques proposed
a multilevel binary and gray-scale morphological analysis
method that have strong connections to prior clinical studies
on what constitutes an unstable, symptomatic plaque. The
multilevel approach is used to decompose the BUS image
in its low-image, middle-image, and hi-image parts corre-
sponding to hypoechoic, isoechoic, and hyperechoic image
components, as originally proposed by AbuRahma [17].

The power spectra was computed from such images, showing
significant differences between the symptomatic and asymp-
tomatic spectra. Moreover, the derived pattern spectra were
used as classification features with two different classifiers,
the Probabilistic Neural Network (PNN) and the Support
Vector Machine (SVM) and, as noted by the authors, the
low-images alone provide better results than complicated
multifeature classifier systems (�74 % versus 73 % [13]).
An elegant explanation of why the pattern spectra for low-
images performed better is that such images capture the
(more echolucent) lipid components and there is clinical
evidence that unstable plaques have large lipid components.

Furthermore, the importance of speckle in BUS images
as well as its statistical modeling for tissue characterization
has been previously documented [18]. In this chapter, we in-
vestigate the usefulness of a recently proposed de-speckling
algorithm [19] which is able to decompose an ultrasound
image into its noiseless and speckle components for feature
extraction and, consequently, for tissue characterization. It is
expected that such echo-morphology and texture parameters
obtained from these image sources could contribute to a
better analysis of the symptomatic plaque and differentiation
from the asymptomatic lesion.

Here, it is argued that an optimal method for identify-
ing vulnerable lesions should attempt to include not only
morphological and textural features extracted from pixel
intensity information within the plaque but also diagnostic
information regarding plaque structure and appearance (e.g.,
stenosis, evidence of surface disruption, and presence of
echogenic cap), interpreted and given by experienced physi-
cians. The combination of this information is expected to
produce a more comprehensive description of the profile of
an active plaque, potentially providing the identification of
lesions that would developed symptoms in the future.

1.2 Chapter Organization

This chapter is composed of two main parts, reflecting two
different studies that were performed. The workflow of the
current chapter is presented in Fig. 14.1.

Section 2 describes a cross-sectional study for character-
izing the symptomatic plaque including a detailed descrip-

Fig. 14.1 Framework presented in the current chapter
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tion of the data (Sect. 2.1) and methods (Sect. 2.2) used.
Then, the results and main observations about the first study
are drawn in Sect. 2.3.

The second study, presented in Sect. 3, involves the de-
velopment and testing of a diagnostic measure to quantify
plaque activity in a group of asymptomatic subjects. The
data used in the longitudinal study is described in Sect. 3.1.
The design of the plaque activity measure is described in
Sect. 3.2 and experimental results are given in Sect. 3.3.
Finally, Sect. 4 concludes the chapter.

2 Cross-Sectional Study

This study introduces a classification framework which en-
ables to distinguish between symptomatic and asymptomatic
lesions (Fig. 14.1). This method uses a collection of ultra-
sound image processing methods for feature extraction and
tissue classification. In addition, it provides the identification
of the most relevant parameters for plaque classification,
consequently yielding an ultrasound profile of the “active,”
symptomatic plaque.

2.1 Data Management

This study included 221 carotid bifurcation plaques acquired
from 99 patients, 75 males and 24 females. Mean age in this
group of subjects was 68 years old (41–88). This data set was
specifically assigned for training and testing the performance
of a classification framework in separating symptomatic from
asymptomatic lesions.

Patients were observed through neurological consultation
at Instituto Cardiovascular and Hospital de Santa Maria,
Lisbon, Portugal. A typical exam included a noninvasive
examination with color-flow duplex scan of one or both
carotids, performed with ATL-HDI 3000 equipment (Philips

Medical Systems, Bothell, WA, USA) using a L12-5 scan
probe (5–12 MHz broadband linear-array transducer). A
plaque was considered symptomatic when AF or focal tran-
sitory, reversible or established neurological symptoms in
the ipsilateral carotid territory, was observed in the previous
6 months. From this data set, 70 plaques were symptomatic
while the remaining 151 did not reveal symptoms. This
study was based on ultrasound images of plaques acquired at
a fixed time frame (cross-sectional study).

2.2 Methods: CAD System

The conceptual idea of the cross-sectional study relies on a
computer-assisted diagnostic framework (Fig. 14.2) designed
with the purpose of distinguishing between symptomatic
and asymptomatic lesions and, consequently, providing an
accurate description of the vulnerable plaque.

The CAD system is supported by an user-friendly
graphical interface, developed in MATLAB (Version
R2007b, The Mathworks, Natick, MA, USA). This program
provides the physician with several functionalities, including
image normalization, definition of plaque(s) contour(s),
adding relevant patient information (e.g., age, clinical
history, medication, risk factors) and about subjective plaque
structural characteristics (e.g., degree of stenosis, evidence
of surface disruption, presence of fibrous cap and echolucent
areas). Physicians can easily give their clinical input through
an application designed for this purpose. In addition, the
CAD system incorporates a chain of image processing tasks,
such as image normalization as well as estimation of the
envelope image and de-speckling. Operations involving
envelope RF (ERF) image retrieval and de-speckling are
employed to create new sources of information used for
plaque characterization. Finally, the designed CAD system
supplies the calculation of a measure which indicates the
risk of the plaque to developing symptoms formulated in two

?Fig. 14.2 Plaque classification
framework
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Fig. 14.3 RMM applied to
plaque intensities in the ERF
image: the RMM PDF is obtained
as in (14.1) using the estimated
weights and Rayleigh parameters

different ways: the Activity Index, early proposed by Pedro
et al. [15] and the Enhanced Activity Index (EAI), which is
detailed ahead in this chapter.

The main steps of the CAD system, supported by the
described application, are explained next.

2.2.1 Image Processing
Image normalization is an important step to guarantee that
images acquired under different conditions yield comparable
and reproducible features and classification results. Image
normalization was achieved as previously reported [9]; in
particular, pixel intensities across the image were linearly
scaled so that the adventitia and blood intensities would be
in the range of 185–195 and 0–5, respectively (Fig. 14.3,
top-left). This is an interactive procedure since the user
must select two regions in the image, one corresponding to
the adventitia (accounting for the most echogenic part) and
the other to the blood (corresponding to the less echogenic
component).

The normalized image is used to segment existing
plaque(s) in the image. Each plaque is delineated by
drawing around its structure and the obtained contour is
a result of a two-step procedure: (a) contour interpolation
according to a maximum distance (10 pixels) allowed
between two consecutive points defined manually and (b)
contour smoothing using basis functions (sinc functions).

De-speckled and speckle components of the image are re-
quired to compute echo-morphological and textural features.
It is argued that the speckle-free (noiseless) component of
the ultrasound image contains echogenic contents providing
important insight on plaque morphology (and surrounding
tissues). On the other hand, the speckle component, due
to its multiplicative nature which makes it possible to dis-
sociate it from the underlying anatomy, enables to better
investigate the spatial relationship among pixels (texture)
in the image. In a first step, an estimate of the envelope
image (Fig. 14.3, top-right) is obtained from the normalized
BUS image through the proposed decompression method.
Subsequently, the ERF image is used to compute speckle-

free and speckle components, displayed in Fig. 14.3, bottom-
left and Fig. 14.3, bottom-right.

2.2.2 Feature Extraction
Features used for training the plaque classifier comprise
subjective input given by the physician together with infor-
mation automatically extracted from the normalized BUS,
ERF, de-speckled and speckle images. As a consequence,
features used for the purpose of plaque characterization
include:
• BUS morphological features given by a physician during

BUS examination. The 4-element vector of morphological
parameters include (a) evidence of plaque disruption,
defined by an interruption in the echogenic surface of
the plaque; (b) presence of echogenic cap, identified as
an equivalent of a thick fibrous cap and characterized
by an echogenic line over the visible structure of the
plaque; (c) the degree of stenosis, quantified using cross-
section area measurement combined with hemodynamic
assessment; and (d) plaque echo-structure appearance,
where uniform plaques are defined as homogeneous while
plaques presenting significant areas of echolucency are
defined as heterogeneous.

• Histogram features extracted from the histogram of nor-
malized pixel intensities inside the plaque. A total of 13
histogram features is estimated, including the mean gray
value, median gray value, percentage of pixels with grey
value lower than 40, standard deviation of gray values,
kurtosis, skewness, energy, entropy, 10-, 25-, 50-, 75-, and
90-percentiles.

• RMM features consist of the parameters of a mixture
of Rayleigh distribution (RMM), early proposed in [20],
used to model plaque echo-morphology contents. The
RMM method is applied on envelope data, whose pixel in-
tensities approximately follow Rayleigh statistics. Given
this, gray-scale intensities within the plaque are consid-
ered random variables described by the following mixture
of K distributions:
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p.yi j‰/ D
KX

kD1


kp.yi j�k/; (14.1)

where p.yi j�k/ is the Rayleigh PDF. 
k and �k are
the weights and Rayleigh parameters of the mixture,
respectively, which are estimated using the Expectation–
Maximization method, K D 6 (see Fig. 14.3) and ‰ D
f
1; : : : ; 
k ; �1; : : : ; �kg. Hence, a 13-element feature
vector is obtained, consisting of 6 mixture weights, 6
Rayleigh parameters, and the effective number of RMM
components, determined by the number of mixture com-
ponents with nonzero weight.

• Rayleigh features consist of average theoretical estimators
of the Rayleigh distribution, whose parameters are given
by the pixels on the de-speckled which contains the
plaque. The Rayleigh features include the mean, �� D
�i;j

p
�=2, median, �� D �i;j

p
2 log.2/, variance, �� D

�i;j

p
.4 � �/=2 of Rayleigh values and percentage of

pixels with Rayleigh value lower than 40, �PP 40 D 100�
exp.�.402=2�i;j

2//.
• Texture features involve the study of the spatial distri-

bution of gray levels inside the plaque region extracted
from the speckle image. These features are estimated
from gray level cooccurrence matrices (GLCMs), autore-
gressive (AR) models, and wavelet models. GLCMs are
constructed using the relative frequencies P.i; j; d; 
/
with which two neighboring pixels with gray levels i
and j at a given distance d and orientation 
 occur
on the image. The distances used are d D f1; 2; 3; 4g
pixels and the angles 
 D f0; 45; 90; 135gı, thus creat-
ing 16 different GLCMs. From each computed GLCM
different statistics can be derived, namely the Contrast,
Correlation, Energy, and Homogeneity thus producing a
64-element feature vector. Contrast measures the local
variations in the GLCM, while Correlation gives the
joint probability occurrence of the specified pixel pairs.
The Energy provides the sum of squared elements in the
GLCM and, finally, Homogeneity measures the closeness
of the distribution of elements in the GLCM to the GLCM
diagonal. Furthermore, to investigate a possible relation
between each pixel and its neighborhood, the AR model
is used on the speckle image, N D f�i;j g. This model
assumes �i;j to be a 2D random variable where each pixel
depends on its causal neighbors according to [21]:

�i;j D
p;qX
n;m

an;m�i�m;j �n C ui;j ; (14.2)

where an;m are the AR coefficients to be estimated and
ui;j are the residues. Considering a 1st order model such
that .p; q/ D .1; 1/, we estimate 3 AR coefficients.
Alternatively, plaque texture can be studied using multi-

level 2D wavelet decomposition. This technique consists
of using low and high pass filters onto the approximation
coefficients at level l in order to obtain the approxima-
tion at level l C 1 and the details in three orientations
(horizontal, vertical, and diagonal). Here, decomposition
is made along l D 4 levels. For each level, the percentage
of energy for the approximation EA as well as horizontal
EH, vertical EV, and diagonal ED details is computed.
Hence, a 13-element wavelet-based feature vector is ob-
tained composed of 4 (EH) C 4 (EV) C 4 (ED) C EA.
Therefore, each plaque is described by a feature vector

x of 4 (Clinical) C 13 (Histogram) C 13 (RMM) C 4
(Rayleigh) C 80 (Texture) D 114 features.

2.2.3 Classification
The aforementioned features which describe each plaque
are used to train the AdaBoost (Adaptive Boosting) clas-
sifier [22]. The use of such classifier is motivated by the
promising results achieved when classifying plaque compo-
nents on IVUS images [23]. AdaBoost is a binary classifier
which consists in designing a strong classifier by linearly
combining a set of weak classifiers. At each round of the
boosting algorithm, the classification error in classifying
the training data set is minimized by selecting the best
discriminative value of one feature in the vector x. The
classifier performance is assessed by means of the LOPO
cross-validation technique, where the training set is built
taking at each time all patients’ data, except one, used for
testing. Performance results are given in terms of Sensitivity:
Sens D TP/(TP C FN), Specificity: Spec D TN/(TN C FP),
Precision or PPV (Positive Predictive Value): Prec D TP/(TP
C FP) and Accuracy: Acc D (TP C TN)/(TP C TN C FP
C FN), where TP D True Positive, TN D True Negative,
FP D False Positive and FN D False Negative. Hence, a
good classifier for diagnostic purposes would present a high
sensitivity, meaning that it would be able to detect most of the
symptomatic lesions, and a high PPV, which indicates that
few asymptomatic lesions were identified as symptomatic.

2.2.4 Feature Analysis
A considerable amount of features was collected after
ultrasound image processing. Naturally, not all the features
are important to accurately characterize the plaque status,
whether it is symptomatic or not. Hence, at this point an
attempt is made to identify the most relevant ultrasound
parameters for this particular problem. Hypothesis testing is
a common method of drawing inferences about one or more
populations based on statistical evidences from population
samples (features). Here, we want to investigate if the
statistical properties of a given feature significantly differ
from the symptomatic to the asymptomatic group. Different
hypothesis tests, including the ´-, t-, Kolmogorov–Smirnov,
and Mann–Whitney U-tests, make different assumptions
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about the distribution of the random variable (feature value)
being sampled in the data. For example, the ´-test and the
t-test both assume that the data are independently sampled
from a normal distribution. In this work, the Mann–Whitney
U-test [24] was chosen because it was the one providing the
most promising results. This method performs a two-sided
rank sum test of the null hypothesis that feature values in
symptomatic and asymptomatic populations are independent
samples from identical continuous distributions with equal
medians, against the alternative that they do not have equal
medians. Moreover, the p-value is the probability of rejecting
the null hypothesis assuming that the null hypothesis is
true. Clinically significant features will have a p-value
which is typically lower than 0:05 or 0:01. In this work,
features were considered to be relevant for differentiating
between symptomatic and asymptomatic groups when the
p-value< 0:05.

2.3 Experimental Results

This section presents three types of results. First, a suitable
feature set, which is statistically relevant for the plaque clas-
sification problem is investigated and identified. Secondly,
AdaBoost is trained with different ultrasound feature sets
in order to evaluate which feature source is more effective
to distinguish between plaques with and without symptoms.
Then, an overall comparison study between state-of-the-art
classifiers (degree of stenosis and AI) and the proposed
method is provided.

Before implementing AdaBoost, it is of crucial impor-
tance to investigate the best feature set to describe and
identify symptomatology in carotid plaques. This will allow
to draw some conclusions about the different sources of
information employed for plaque classification.

The use of a Mann–Whitney (M–W) U hypothesis test,
described in Sect. 2.2.4, enables to identify ultrasound pa-
rameters with statistical significance. Table 14.1 presents the
parameters and corresponding sources and p-values of the
so-called best feature set.

Table 14.1 Optimal ultrasound parameter set

Ultrasound parameter Type

Degree of stenosis Clinical
Plaque echo-structure appearance Clinical
Evidence of plaque disruption Clinical
Presence of echogenic cap Clinical
Mean Histogram
Skewness Histogram
Percentile 10, 50 Histogram
4th; 5th; 6th Rayleigh parameters Rayleigh mixture models
5th; 6th mixture components Rayleigh mixture models
# mixture components Rayleigh mixture models
Wavelet decomposition energy Speckle
GLCM homogeneity Speckle

A closer look at the 16-element feature set allows to verify
that both subjective and image-based parameters are useful
for plaque classification. In particular, features from different
image sources, namely the normalized image, the envelope
RF image, and speckle field are considered statistically
relevant. This preliminary observation justifies the use of an
ultrasound preprocessing set of operations since it enables to
estimate useful parameters for plaque classification.

Furthermore it is interesting to study the classifier
performance under different conditions. Hence, AdaBoost
is trained with five different parameter sets, considering
only morphological information (F:1), parameters used to
estimate the AI (F:2), the total feature set (F:3), and a
feature set composed of the most relevant features (F:4),
summarized in Table 14.1. Moreover, a last feature set
(F:5) is also considered, including again the best feature
set except that now all parameters were computed from just
one image source—the normalized image, thus discarding
information contained on de-speckled and speckle images.
After training, the diagnostic value of each classifier is tested
on the validated database, according to the LOPO technique.
Classification performance is shown in Fig. 14.4, while a
detailed description is given in Table 14.2.

Several observations can be made: first, morphologi-
cal features are important markers of symptomatology as
justified by the significant accuracy and specificity values

Acc Sens Spec Prec

Fig. 14.4 Plaque classification
with AdaBoost trained with
different feature sets
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Table 14.2 Detailed classification of results obtained
with AdaBoost (results obtained with best feature set are
highlighted)

LOPO ( %) F:1 F:2 F:3 F:4 F:5

Acc 85.57 85.10 78.37 88.46 80.77

Sens 73.85 75.38 56.92 80.00 63.08

Spec 90.91 89.51 88.11 92.31 88.81

Prec 78.69 76.56 68.52 82.54 71.93

obtained with F:1. However, it is important to bear in
mind that this result is attained exclusively with subjective
parameters, quantified and interpreted by physicians, which
naturally know the patient clinical status. It is not quantifiable
to what extent this a priori knowledge influences the estima-
tion of morphological parameters. Secondly, morphological
parameters are combined with histogram parameters, namely
the GSM and P40, thus determining the feature set used in
the AI method. Results obtained with F:2 are similar to F:1,
except for sensitivity which is higher in F:1 meaning that it
is able to detect more TP at the expense of getting more FP
(lower precision).

Moreover, in order to investigate the usefulness of the
proposed feature set we have trained AdaBoost with all the
ultrasound parameters proposed in this work. Naturally, F:3
results in lower classifier performance and this can be mostly
explained by the fact that some undesirable features are clut-
tering the classifier, which tweaks in favor of those features
thus leading to poor classification performance. Finally, the
collection of features which were found to be statistically
relevant for this particular problem were used to train the
studied classifier. Using F:4, all the performance criteria are
significantly better than the reference classifier (F:2) up to
80 % sensitivity (improvement of 5 %) and 88.5 % accuracy
(improvement of 3 %).

Hence, it was clearly identified a set of features, including
morphology, echogenicity, and texture, which proved to be
suitable for identifying symptomatic plaques among plaques
presenting no symptoms. As it was previously detailed, such

features were extracted after applying a set of processing op-
erations, including envelope RF estimation and de-speckling.

In order to assess the usefulness of the aforementioned
sources of information, a comparison is made between clas-
sification results when features are computed from different
image sources (F:4), as proposed along this chapter, and
when such features are exclusively obtained from normalized
images (F:5). Results clearly show that the classification
performance is substantially improved from F:5 to F:4

showing that it is preferable to use the mentioned RMM and
textural features when these are extracted from their sources,
envelope RF image, and speckle, respectively, rather than
computing such features on the normalized image.

A third result, presented in Fig. 14.5 and Table 14.3, is
designed to show a general perspective of the classification
performances obtained with different approaches. Hence, in
this study we have included the gold-standard method, based
on the degree of stenosis with a clinical meaningful cut-off of
80 %, together with a recent approach based on the AI score
and, finally, the best classifier investigated so far throughout
this chapter, that is, the AdaBoost method trained with the
so-called best feature set.

By comparing the outcomes of each classifier, it is ob-
served that AdaBoost trained with the estimated best feature
set outperforms the other two approaches which are often
referred in literature. In particular, specificity and precision
values are significantly higher for AdaBoost with respect
to the other classifiers which suggests that the number of
detected FP is relatively small. As a consequence, the accu-
racy obtained in correct plaque classification is also high.

Furthermore, it should be interesting to perform a di-
rect comparison between the effectiveness of the proposed
classification method and other related work [13,16]. Even if
this is not possible because the ultrasound data used is not
the same, the margin between the accuracy obtained with
the AdaBoost method (�88 %) and these studies (�74 %)
is large enough to argue that the proposed method indeed
outperforms other related plaque classification approaches.

Acc Sens Spec Prec

Fig. 14.5 Plaque classification
using two state-of-the-art
approaches together with
proposed method



180 J. Seabra et al.

Table 14.3 Detailed classification results according to different
feature sets and performance criteria

LOPO ( %)
Degree
of stenosis AI

AdaBoost
w/best feature set

Acc 66.44 74.66 88.46
Sens 79.55 65.91 80.00
Spec 60.78 78.43 92.31
Prec 46.67 56.86 82.54

3 Longitudinal/Natural History Study

A study which aims at classifying plaques with and without
symptoms using both morphological- and image-based fea-
tures has just been presented. However, despite its clinical
significance, the CAD system as it has been described so
far is not capable of identifying those asymptomatic lesions
at high risk of becoming symptomatic. In fact, this kind of
information would be more useful for physicians because
they would be able to observe an asymptomatic lesion and
quantitatively evaluate if such lesion is prone to develop
symptoms.

As a consequence, the identification of a subset of “dan-
gerous” or “active” plaques, featuring high neurological
risk would help in the indication of treatment. Needless
to say, this decision has important clinical and economical
consequences for all the parts involved in this process.

As mentioned before, the absolute benefit of surgical
intervention based on the degree of stenosis alone as a
decision-making criterion is low in the asymptomatic disease
and in symptomatic disease with moderate obstruction [1,2].
This clearly motivates the need for developing new strategies
for plaque risk prediction.

In this study, a quantitative tool to evaluate plaque ac-
tivity is proposed, designated by EAI. This method makes
use of information gained during the cross-sectional study,
particularly the estimated feature set which provides the best
discrimination of symptomatic lesions among those that are
harmless. Hence, the so-called best feature set represents an
ultrasound input for an algorithm which aims at predicting
the occurrence of symptoms in a longitudinal study con-
ducted in a group of asymptomatic subjects (Fig. 14.1).

Again, the diagnostic power of the proposed EAI is
compared to other strategies for identifying plaques at high
risk, namely the one based on the degree of stenosis and the
AI [15].

3.1 Data Management

This study presents a score that correlates with plaque
activity and tests its diagnostic power on a group of 112
asymptomatic plaques, acquired from 112 patients. BUS im-

ages were collected from the ACSRS (Asymptomatic Carotid
Stenosis and Risk Study) [25], consisting in a multicentre
natural history study of patients with asymptomatic internal
carotid diameter stenosis greater than 50 % in relation to
the bulb. The degree of stenosis was graded using multiple
established ultrasonic duplex criteria. The distribution of
plaques according to the degree of stenosis was an average
value of �75 % (50–99) and no. of plaques with degree of
stenosis> 70% D 80. Patients were followed for possible
occurrence of symptoms for a mean time interval of 37.1
weeks. At the end of the study, 13 out of 112 patients
(11.6 %) had developed symptoms (3 AF, 6 TIA, 4 stroke).

3.2 Methods: Enhanced Activity Index

A quantitative diagnostic measure—EAI—is developed con-
sidering the knowledge gathered in the cross-sectional study.
Recall that the first study enabled to identify the “profile” of
the “active” plaque by taking into account a set of parameters
that are statistically relevant for separating symptomatic and
asymptomatic lesions. Hence, the implementation of EAI is
performed as follows:
1. The ultrasound “profile” of the “active” plaque is consid-

ered, by taking the features which are relevant for plaque
classification, using the M–W U statistical test.

2. Reference values are taken for each ultrasound feature,
fi , and group, symptomatic (S ), and asymptomatic
(A), considering the mean (�i .S/; �i .A/) and variance
(�2

i .S/; �
2
i .A/).

3. The EAI�, renamed for convenience, is computed as the
Bayes factor given by

EAI� D RS

RA

; (14.3)

where

Rk D
X

i

p.fi j!k/ � N .�i .k/; �
2
i .k//; k D fS;Ag

(14.4)

are the marginal likelihoods of each group (S or A) and
correspond to the sum of the conditional probabilities of
each feature belonging to each group, respectively. Such
conditional probabilities in (14.4) are computed assuming
a normal distribution (Fig. 14.6). In (14.3), RS and RA

represent the likelihoods of each plaque producing symp-
toms or stabilize, respectively. Hence, when EAI D 1,
the result is inconclusive, while for EAI< 1 the plaque
will stay harmless with a significant probability which
is higher as EAI decreases. Contrarily, plaques showing
an EAI> 1 are prone to produce symptoms, being more
“dangerous” when EAI increases.
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Fig. 14.6 Illustrative concept of
conditional probabilities for a
particular plaque feature fi used
to compute the EAI

Fig. 14.7 Mapping function for re-scaling the EAI onto a 0–100 scale,
where 100 represents maximum risk and 0 accounts for stability

4. The EAI is rescaled using a sigmoid mapping function
which places the EAI onto a 0 100 scale. This function,
sketched in Fig. 14.7 is defined as

EAI D 100

1C exp �.EAI� � 1/
: (14.5)

This mapping technique is useful to make the predictive
power of the proposed EAI method comparable to AI [15]
and degree of stenosis [2].

3.3 Experimental Results

The longitudinal study (Fig. 14.1) investigates the diagnostic
power of EAI for identifying plaques at high risk of originat-
ing cerebrovascular events. To make this study feasible, the

proposed method should be compared with other strategies
of plaque risk prediction (e.g. degree of stenosis and AI).

Such comparison is here performed using ROC (Receiver
Operating Characteristic) curve analysis [26]. In general,
when considering the results of a particular test in two pop-
ulations, one population with a disease, the other population
without the disease, one rarely observes a perfect separation
between the two groups. For every possible cut-off point or
criterion value which one selects to discriminate between
the two populations, there will be some cases with the
disease correctly classified as positive (TPF D True Positive
fraction) but some samples with the disease classified as
negative (FNF D False Negative fraction). On the other hand,
some cases without the disease will be correctly classified as
negative (TNF D True Negative fraction) but some samples
without the disease will be classified as positive (FPF D False
Positive fraction). In a ROC curve the TPF (Sensitivity) is
plotted as function of the FPF (100-Specificity) for different
cut-off points, therefore each point on the ROC plot repre-
sents a sensitivity/specificity pair corresponding to a particu-
lar decision threshold. A test with perfect discrimination (no
overlap in the two distributions) has a ROC plot that passes
through the upper left corner (100 % TPF and 0 % FPF).
Sometimes, the ROC is used to generate a summary statistic.

Moreover, the area under the ROC curve (ROC AUC)
statistic is often used in machine learning for model com-
parison. This measure indicates that a predictive method is
more accurate as higher is the ROC AUC. Similarly, it can
be interpreted as the probability that when one randomly
picks one positive and one negative example, the classifier
will assign a higher score to the positive example than to the
negative. In engineering, the area between the ROC curve
and the no-discrimination line is also used. This area is
often simply known as the discrimination. Moreover, the
intersection of the ROC curve with the line at 90ı to the no-
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Fig. 14.8 ROC curves for different prediction methods

discrimination line is also considered as an heuristic method
to investigate the cut-off providing the best discriminative
power of the test (or predictive method).

Figure 14.8 presents the ROC curves obtained with the
three studied predictive methods. The ROC AUCs are 0.6496
(64.96 %), 0.7329 (73.29 %), and 0.9057 (90.57 %) for de-
gree of stenosis, AI and EAI, respectively. Naturally, the
ROC AUC of the no-discrimination line is 0.5000 (50.00 %).
These results markedly show that the EAI method is the most
accurate method among the ones tested. Additionally, the AI
method is also better than the degree of stenosis, as expected,
because the former includes other parameters besides the
stenosis degree. When computing the differences between
the ROC AUCs and the no-discrimination line, one obtains
14.96 %, 23.29 %, and 40.57 % of discrimination for degree
of stenosis, AI and EAI, respectively. This observation gives
a clue about the amount of effective diagnostic information
that is gained since the no-discrimination line corresponds
to random guessing. The results reinforce the idea that the
EAI method is the most discriminant among the investigated
approaches.

According to the aforementioned heuristic method, the
cut-off values providing the best trade-off between TP and
FP rates for each predictive method are respectively 80, 65,
and 68 for degree of stenosis, AI, and EAI (Fig. 14.8).

Note that the choice of a method to identify the best cut-
off value is critical for the performance of the predictive
method. The heuristic method that was presented (a diagonal
line perpendicular to the nondiscriminant line, intersecting
it at 0.5 FPR and 0.5 TPR) assigns equal importance to
the detection of TP (TPR) and TN (1-FPR). In practice,
we can argue that the relative importance of TPR and TNR

should change according to each scenario. Hence, when the
decision-making strategy intends to assign more relevance to
the TPR, the cut-off line (or curve) should be shifted upper
right while the opposite should happen when an increase
importance is to be given to the TNR.

Figure 14.9 provides a different viewpoint about the di-
agnostic power of the proposed EAI prediction method
when compared to the other methods. Particularly, this result
allows the comparison of FP and FN samples according to
different cut-offs applied for each studied method. Hence,
the shorter the bars corresponding to the FP and FN are, the
better is the cut-off or the predictive method, depending on
if one is studying a particular method or comparing the three
methods at the same time. To make an equivalence between
the results shown in Fig. 14.9 and the ROC curves, it can be
said that as the bars of FN and FP get smaller (hence, the
TPR increases and the FPR decreases), the predictive method
moves up and left, respectively.

It can be clearly observed that the application of the EAI
method provides lower FP values when compared to the
other methods regardless the cut-off chosen. Also evident
is the fact that the prediction method based on stenosis
is the one resulting in the highest number of FP, which
is a natural observation because it is by far the simplest
discriminative test used. Other observation that can be made
from comparing Fig. 14.9b, c is that, generally, the number
of FP is significantly lower for EAI when compared to AI.

In fact, Fig. 14.9 provides an objective interpretation of
the trade-off between FP and FN. However, choosing an
optimal cut-off is highly subjective. The reader should bear
in mind that a method with a good diagnostic power should
be naturally able to identify as much TP samples as possible,
while providing a small number of FN and FP. In fact, the
cut-off should be chosen according to a justifiable criterion:
(a) is it more important to identify and treat all subjects
that will develop a neurological complication even though
a large number of patients must be operated? (b) should one
be worried about sparing as many patients as we can from
surgery?, or (c) should one decide on combining low FP and
FN rates? If we pick the latter, the most suitable cut-off for
degree of stenosis is 70 % while the best cut-offs for AI are
56 and 50, respectively. Additionally, it is worth to note that
the application of EAI with the mentioned cut-off is able to
identify all TP, in other words, is capable of predicting all
plaques that developed symptoms.

Results presented in Fig. 14.9 are detailed in Table 14.4,
providing different performance criteria for each method and
cut-offs. For instance, note that the EAI method with cut-off
52 shows 100 % sensitivity and 30.95 % positive predictive
value. This is, indeed, the most important result to outline
since the EAI, with this particular cut-off, is able to identify
all the plaques which will develop symptoms while detecting
the smallest number of false positives.
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a b cFig. 14.9 Bar plot with TP, FP
and FN values for different
cut-offs, according to the stenosis
predictor (a), AI (b) and EAI (c)

Table 14.4 Diagnostic
(discriminative) power of the
investigated methods for different
cut-offs, according to
performance criteria including
sensitivity, specificity, accuracy,
PPV and NPV

Cut-off Sens ( %) Spec ( %) Acc ( %) PPV ( %) NPV ( %)

Stenosis >40 92.31 0 10.71 10.81 0

>50 92.31 21.21 29.46 13.33 95.46

>60 92.31 27.27 34.82 14.29 96.43

>70 92.31 31.31 38.39 15.00 96.87
>80 61.54 66.67 66.07 19.51 92.96

AI >40 92.31 26.26 33.93 14.12 96.30

>45 92.31 33.33 40.18 15.36 97.06

>50 92.31 41.41 47.32 17.14 97.62
>56 84.62 50.50 54.46 18.33 96.15

>60 76.92 57.58 59.82 19.23 95.00

>65 69.23 67.68 67.86 21.95 94.37

>70 61.54 80.81 78.57 29.63 94.12

EAI >40 100 68.69 72.32 29.55 100

>50 100 69.70 73.21 30.23 100

>52 100 70.71 74.10 30.95 100
>56 92.31 70.71 73.21 29.27 98.59

>60 84.61 70.71 72.32 27.50 97.22

>65 76.92 75.76 75.89 29.41 96.15

>70 76.92 80.81 80.36 34.48 96.39

Results obtained for the best cut-off for each method (combination of best Sens and PPV)
are highlighted

In predictive analysis, a table of confusion, also known
as a confusion matrix, is a table with two rows and two
columns that reports the number of TN, FP, FN, and TP.
Table 14.5 summarizes the true predictive value of each
method according to the aforementioned cut-offs, selected
after comprehensive appreciation of Table 14.4.

As it is observed in Table 14.5 the EAI method was able to
identify the 13 patients who had developed symptoms by the
end of the follow-up (longitudinal) study, whereas the degree
of stenosis and the AI methods were unable to identify,
respectively, 1 and 2 patients who developed neurological
complications later. Moreover, as far as the false positive
number is concerned, the EAI method yields 29 FP against
49 and 68, respectively, for the AI and degree of stenosis.
This means that if the decision of surgery for plaque removal
was based in the former method, only 29 patients were
unnecessarily operated. This number is significantly smaller
than the one observed for the other methods, suggesting
that the EAI is the most cost-effective method. Thus, the

Table 14.5 Confusion matrix with prediction outcome of
the investigated methods: stenosis (underlined), AI (italics),
and EAI (bold)

Actual value

P N

Prediction P0 12 11 13 68 49 29
N0 1 2 0 31 50 70

EAI method demonstrates to have the best diagnostic power
among the methods investigated because it provides the most
accurate selection of a subset of patients potentially at high
risk within a population of asymptomatic patients.

4 Conclusions

Carotid plaques are the commonest source of neurological
symptoms due to embolization or flow reduction.



184 J. Seabra et al.

Throughout this chapter it has been motivated the need for
defining accurately the ultrasound “profile” of the “active”
plaque, that is, the asymptomatic lesion with an increased
likelihood of becoming symptomatic. This is of considerable
importance because currently the treatment planning, based
only on the patient’s clinical history and degree of stenosis,
is not optimal and cost-effective.

First, a cross-sectional study was performed for training
and testing the Adaptive Boosting classifier using the LOPO
cross-validation technique. This classifier consists of ultra-
sound parameters, accounting for morphology, echogenicity,
and texture, extracted from different image sources, after
application of a set of processing operations, described in
previous chapters. A suitable statistical hypothesis test is
applied in order to identify a subset of features which are
statistically meaningful to discriminate between plaques with
and without symptoms. An AdaBoost classifier based on
the so-called best feature set outperforms other state-of-the-
art methods, yielding an accuracy of 88 % and sensitivity
of 80 % in identifying symptomatic plaques. Moreover, a
comparative study of classifiers performance clearly suggests
the usefulness of the preprocessing ultrasound methods,
proposed throughout this thesis, as well as the value of
mixture model and textural features for plaque classification.

Once a suitable ultrasound profile of the symptomatic or
active plaque was established, an EAI that quantifies the
degree of plaque activity or likelihood to rupture was pro-
posed. This measure was evaluated on a longitudinal study
of asymptomatic plaques and compared to other approaches
(degree of stenosis and AI), demonstrating the best diagnos-
tic power. In particular, EAI provides correct identification
of all plaques that developed symptoms while giving the
smallest number of false positives. This result suggests that
the EAI could have a significant impact on stroke prediction
and treatment planning.
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15Ultrasonographic Quantification of Carotid
Stenosis: A Reappraisal Using a New Gold
Standard

Luı́s Mendes Pedro, Ruy Fernandes e Fernandes, Luı́s M. Silvestre,
and J. Fernandes e Fernandes

1 Introduction

Atherosclerotic disease involving the carotid bifurcation is
a major cause of cerebrovascular events and its treatment,
by endarterectomy or stenting, aims to prevent stroke and
disability.

The choice for medical treatment or intervention (sur-
gical or endovascular) is largely dependent on the degree
of stenosis as defined in major level 1 trials for the man-
agement of symptomatic (NASCET [1], ECST [2]) and
asymptomatic disease (ACAS [3], ACST [4]). The NASCET
and ECST concluded that a clear benefit was obtained when
symptomatic patients with >70 % stenosis were submitted
to carotid endarterectomy (CEA). In patients with <50 %
stenosis, CEA did not provide any benefit, and in the 50–
70 % group only in the NASCET study (and not the ECST)
the CEA was associated with some reduction in the risk
of stroke (absolute risk reduction of 6.5 % and relative risk
reduction of 29 %) [5].
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In asymptomatic patients, the ACAS trial published in
1995 demonstrated a 55 % reduction of the relative risk of
stroke in the group submitted to CEA over best medical
treatment alone, but only for lesions associated with >60 %
stenosis. The Asymptomatic Carotid Stenosis Trial (ACST)
[4] published in 2004 also confirmed a benefit of CEA in
asymptomatic patients for stenosis higher than 80 %.

Adequate quantification of the degree of stenosis is there-
fore mandatory, particularly concerning 50 %, 60 %, and
70 % cutoffs. Also, in most of these studies the calculation
of the severity of obstruction was determined in bi-planar
angiography, which is not widely used anymore.

Despite an overall similarity between the results of
NASCET and ECST for the threshold of 70 %, major
methodological differences were present in both trials as
the stenosis quantification method in angiographies was
substantially different (Fig. 15.1a). In NASCET the minimal
luminal diameter at the level of stenosis was compared with
the diameter of the distal internal carotid artery according to
the formula:

% Stenosis D 1�
�

ICA minimal luminal diameter at maximal stenosis level

distal ICA luminal diameter

�
� 100

In ECST the minimal luminal diameter at the level of
stenosis was compared with the diameter of the carotid bulb
at the level of stenosis according to the formula:

% Stenosis D 1 �
�

ICA minimal luminal diameter at maximal stenosis level

diameter of the carotid bulb

�
� 100

This methodological difference led to an underestimation
of stenosis in the NASCET study when compared to the
ECST. For example, a 70 % NASCET1 stenosis corresponds

1In the following text, the method for stenosis American quantification
(used in NASCET and ACAS) will be designated as N (e.g., 70 %N)
and the European method (used in ECST) will be designated as E (e.g.,
70 %E).
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Fig. 15.1 Methods for stenosis
quantification in angiography (a)
and their equivalents in
ultrasonography (b). NASCET,
method used in the American
studies NASCET and ACAS;
ECST, method used in the
European study ECST; (CCA),
method that uses the distal CCA
diameter as the reference; CCA,
common carotid artery; CE,
external carotid artery; CI,
internal carotid artery

Table 15.1 Theoretical correspondence of the percentage of stenosis
calculated according to the American (NASCET) and European (ECST)
methods

Study Percentage of stenosis

NASCET 11 30 40 50 60 70 80 90

ECST 50 65 70 75 80 85 91 97

to 85 % ECST (see footnote 1) and a 70 %E corresponds to
40 %N stenosis (Table 15.1). For more severe lesions this
difference tends to be less relevant and above 70 %N all the
lesions are also >70 %E.

However, only stenoses >85 %E are also >70 %N, sug-
gesting that the population of both trials was not exactly
comparable. Lesions 70–85 %E correspond to 50–70 %N,
and in fact a later analysis of the NASCET trial showed a
significant benefit of CEA in this group of patients.

The understanding of all these discrepancies is very
important, as the correct quantification of the degree of
stenosis remains the key parameter used for therapeutical
decision [6–9]. On the other hand, angiography is not used
anymore in general clinical practice for the purpose of
stenosis quantification, being replaced by other methods
like color-flow duplex scan (CFDS), angio-magnetic
resonance (Angio-MR), or angio-computerized tomography
(Angio-CT) [10, 11].

2 Quantification of Carotid Stenosis
Using Color-Flow Duplex Scan

The use of CFDS as a screening and also as a treatment
decision method prompted the introduction of quantification
criteria, which were considered accurate when compared
with angiography, and associated with high sensitivity, with

low rate of false positives. Also, the therapeutical decision-
making strategy based on CFDS requires the need of diag-
nostic criteria with high specificity and negligible number of
false negatives.

In view of the generalized use of CFDS examination, a
reappraisal of the diagnostic parameters for stenosis mea-
surement is pertinent.

CFDS is a unique method to study arterial stenosis as
it permits the assessment of a number of morphologic and
hemodynamic aspects related to the lesion.

It may visualize the plaque longitudinally, allowing the
quantification of stenosis according to the angiographic crite-
ria used in NASCET and ECST. In fact, the minimal luminal
diameter can be compared to the clearly visualized bulb
diameter (European criteria), to the distal common carotid
artery (CCA), and also to the distal ICA diameter (American
criteria) (Fig. 15.1b).

Beyond this, the carotid axis can also be evaluated in
transversal views, providing cross-sectional assessments of
the stenosis (Fig. 15.2). After identifying the point of tighter
stenosis, one can measure the obstruction comparing the
minimal luminal area with the outer arterial area (cross-
sectional area measurement).

Finally, the CFDS is also able to evaluate the flow
repercussion caused by the obstruction by quantification
of flow velocities, thus providing hemodynamic objective
parameters, which correlated well with the degree of
stenosis, allowing its classification in different subgroups
of severity [12].

The quantification of carotid stenosis by CFDS should
include and combine the information emerging from mor-
phologic and hemodynamic assessments, thus incorporat-
ing the unique capabilities of the method on the decision
process [13].
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Fig. 15.2 Quantification of
carotid stenosis by CFDS,
according to the linear
longitudinal methods (NASCET
and ECST), according to the
cross-sectional area
measurement, and according to
the hemodynamic assessment

3 Hemodynamic Assessment

Several hemodynamic criteria were introduced to quantify
carotid stenosis. They include the systolic and/or diastolic
velocities as well as relations between velocities obtained at
different levels (Fig. 15.2).

The more useful parameters were shown to be the peak
systolic velocity (PSV) and the end-diastolic velocity (EDV)
measured immediately after the more stenotic part of the
lesion.

In the 1980s, D. E. Strandness introduced the first original
criteria based on flow velocity to classify carotid stenosis
according to the cutoffs: A: Normal; B: 1–15 %; C: 15–50 %;
D: 50–80 %; DC: 80–99 % [14].

Other authors, aiming to differentiate the levels of stenosis
that were found to be clinically relevant after the multicenter
trials, proposed other criteria based on PSV, EDV, or combi-
nations of these values [15].

Flow acceleration with increase of PSV appears with
diameter reduction of >50 % (>75 % area reduction) and it
seems to be one of the earliest hemodynamic manifestations
of a significant lesion. EDV increase is a later feature as
only severe stenosis (>70 % diameter reduction) is related to
the persistence of gradient during diastole, meaning a lower
distal peripheral resistance.

The measurement of proximal velocities is usually per-
formed at the CCA and is used to compare with velocities
obtained at the level of the stenosis or 1 cm beyond. This is
the location where higher velocities can be found.

Fujitani [16] called the attention to the normal increase
of ipsilateral carotid velocities when the contralateral carotid
artery is occluded. This fact requires reappraisal of the

criteria for stenosis quantification in the presence of severe
contralateral disease. Others [17, 18] suggested the impor-
tance of using indexes comparing velocities at the stenosis
with the ones obtained in the CCA. Examples of these ratios
are the Systolic Index (PSVica/PSVcca), the Diastolic Index
(EDVica/EDVcca), and the PSVica/EDVcca Index.

Refinement of these criteria aimed to improve the diag-
nostic accuracy of the relevant cutoffs for symptomatic and
asymptomatic carotid stenosis (50 % [4], 60 % [3], and 70 %
[1, 2]), which could have impact on clinical decision.

The pitfalls [9, 10, 19] of these investigations are related
to the multiplicity of criteria and protocols suggested for the
CFDS examination, and also by the lack of uniformity in
the validation process against angiography, which depends
largely on the quantification technique and criteria used
(NASCET, ECST, or CCA criteria?). This controversy is
very relevant, as in later years CFDS was established as the
major technique used in clinical practice for the management
of patients with carotid stenosis and correlation of flow
velocities with diameter reduction according to ECST or
NASCET criteria and area reduction—the four more signifi-
cant parameters—became imperative.

4 Morphologic Assessment: The
Advantages of Cross-sectional Area
Measurement

The measurement of stenosis by bidimensional (2D)
ultrasonography may include longitudinal and transversal
evaluations.

The assessment of the carotid axis in longitudinal plane al-
lows the definition and quantification of the minimal luminal
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Fig. 15.3 (a) Cross-sectional
image of a stenosis with regular
and circular lumen: both linear
diameters (1, 2) are identical. (b)
Cross-sectional image of a
stenosis with irregular lumen: the
three diameters (1, 2, 3) are
significantly different

diameter, which is then compared with the diameter of
the bulb, the ICA, or the CCA. This evaluation is always
dependent on a subjective choice of the operator according to
his perception of the higher stenosis point. When the lumen is
regular and circular the determination of the minimal luminal
diameter is predictable and independent on the chosen plane
of assessment. However, very often, lesions are complex and
eccentric and the geometry of the lumen in the region of the
plaque is elliptical or irregular, rendering the calculation of
the minimal luminal diameter highly dependent on the plane
chosen and subject to remarkable variations (Fig. 15.3).
Porsche et al. [20] found that the lumen was not circular in
18 % and the ACSEPT study [21] characterized the carotid
lumen at the level of the stenosis and demonstrated that it
was circular in 28 %, eliptical in 50 %, and irregular in 22 %.
This is in consonance with the need to evaluate the luminal
shape and to assess its repercussion on the longitudinal plane
used for diameter quantification.

Therefore, characterization of the lumen geometry is
imperative and is better accomplished using a cross-sectional
approach that permits the choice of the point where the
stenosis is tighter. Severity of stenosis should then be as-
sessed by the ratio of the area at the minimal lumen and
the area obtained from the peripheral contour of the artery.
In the future, a tridimensional (3D) assessment of plaque
structure and lumen may provide more realistic estimation
of the degree of stenosis as well as the total volume of the
lesion [22].

Physiologically, the cross-sectional area reduction is the
most relevant parameter to induce hemodynamic effect, and,
therefore, area measurement appears to be more adequate to
quantify carotid stenosis, because it is independent on the
longitudinal plane used for the evaluation.

This method of quantification of stenosis using area mea-
surements was recognized as being superior to the linear
measurement, in studies based on the reconstruction of the
plaques removed by CEA [13, 23, 24].

Another approach to challenge the longitudinal diameter
method was made by Alexandrov et al. [13] who compared
several parameters: angiographic longitudinal measurements
by the NASCET and ECST methods, area quantification
extrapolated by the formula �r2, ultrasonographic velocity
assessment, determination of stenosis by conversion to area
using diameter–area conversion tables, area quantification
after assembling and measuring removed surgical specimens,
and finally the subjective (“eye-driven”) method for calcula-
tion on angiography.

The authors concluded that both NASCET and ECST
methods underevaluate the lesions, when comparisons were
made with CEA specimens. Area of stenosis as extrapolated
from the angiography-driven NASCET and ECST diameters
as well as from CFDS diameters was not significantly dif-
ferent from area measurements in CEA specimens. Using
velocity parameters, the linear NASCET measurement had
a correlation of 0.75, higher than the one obtained from
linear ECST method (r D 0.57). Area extrapolation (�r2)
method correlated well with the NASCET (r D 0.92) and
ECST (r D 0.63) methods.

The limitation of this study derives from the inaccuracy
of the extrapolation of diameter measurements to area in
irregular lesions [20, 21], but points out that assessments
based on area reduction calculations are closer to the reality
from endarterectomy specimens [23]. However, the obvious
drawbacks result from the difficulty to perfectly assemble
surgical specimens, with inevitable modifications and distor-
tions in the size and shape of the structure of the lesion.
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These studies suggest the need to define new gold
standards to compare and validate the different methods
for carotid stenosis quantification.

The aim of our research was to compare the different
measurement methods of carotid stenosis with area ratios
at the point of highest velocity acceleration obtained intra-
operatively with the probe applied directly over the artery,
which gives a real image of the lesion area (and “volume”)
[25] in physiological conditions.

5 A New Gold Standard: Intra-operative
Cross-sectional Area
Measurement [25]

The intra-operative CFDS (IO CFDS) was performed during
the procedure of CEA, after the dissection of the carotid
bifurcation but before arteriotomy, thus obtaining in vivo
high-definition images of the plaque and stenosis, as the
sterile probe is directly applied over the artery (Fig. 15.4).

Fig. 15.4 Intra-operative CFDS. (a) Specially designed “hockey-stick” probe and the plastic kit for surgical use; (b) detail of the examination; (c)
plaque structure characterisation; (d) quantification of stenosis morphologically (área) and hemodynamically
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This approach eliminates the distortion associated with
the models using the in vitro reconstruction of the removed
plaque by endarterectomy. On the other hand, the IO CFDS
permits the easy identification of the higher stenotic point
and the direct quantification of the luminal and arterial area
and thus the determination of the percentage of obstruction.
This IO CFDS evaluation can afterwards be compared with
the transcervical area measurement and we assumed that it
represents the most reliable method to determine the degree
of carotid stenosis.

The technique used for IO CFDS included an equip-
ment ATL-Philips

®
HDI 3000, a 5–10 MHz multifrequency

probe specially designed for intra-operative studies, and a
kit for sterile surgical protection of the probe and cable
(Fig. 15.4a, b).

After arterial exposure the probe is located directly over
the carotid axis and high-quality images of the lesion are
obtained (Fig. 15.4c). Then, the point of higher stenosis is
located in cross-sectional views and another image is taken
after ensuring that the probe is located perpendicularly to
the artery. The quantification of the percentage of stenosis
was determined in this image using the area measurement
technique (Fig. 15.4d).

6 Comparison of Conventional Methods
for Stenosis Quantification with IO
CFDS Cross-sectional Area
Measurement [25]

A study was conducted to validate conventional morphologic
and hemodynamic criteria for stenosis quantification against
the new gold standard (cross-sectional area measurement in
IO CFDS evaluation).

The study included the comparison of IO CFDS with three
parameters: (1) transcervical cross-sectional area measure-
ment; (2) transcervical longitudinal diameter measurement
according to the NASCET and ECST methods; and (3)
commonly used hemodynamic criteria (Tables 15.2, 15.3,
and 15.4).

Tests of accuracy were determined whenever indicated,
and in general, the correspondence between the NASCET
(American) and ECST (European) levels of stenosis was
adapted from Nicolaides et al. [19].

Statistical analysis was based in Stata software. The
Pearson’s Correlation Coefficient was used to compare cross-
sectional areas with longitudinal measurements. The sta-
tistical significance was determined with Qui-Square and
Student’s test and a p value <0.05 was considered signif-
icant. Transcervical area measurement was compared with
hemodynamic criteria using the Qui-Square test.

The study included 214 carotid bifurcation plaques
prospectively analyzed in 139 patients (105 male and

Table 15.2 Hemodynamic criteria A14 (University of Washington)

Degree of stenosis (%)

NASCET ECST PSV (cm/s) EDV (cm/s)

• <11 • <50 <125 <140

• 11–60 • 50–80 >125 <140

• >60 • >80 >125 >140

Table 15.3 Hemodynamic criteria B17,19

Degree of stenosis (%)

NASCET ECST PSV (cm/s) EDV (cm/s)

• <11 • <50 <120 <40

• 11–40 • 50–70 121–150 40–80

• 41–70 • 71–85 151–250 <140

• >70 • >85 >250 >141

Table 15.4 Hemodynamic criteria C19—Quotient
VSM ci/VSM cp

Degree of stenosis (%)

NASCET ECST PSVica/PSVcca

• <11 • <50 <1.5

• 11–40 • 50–70 1.5–2

• 41–50 • 71–75 2–3.2

• 51–70 • 76–85 3.2–4

• >70 • >85 >4

34 female) with a mean age of 68 (41–87) years. All
these patients underwent a careful transcervical CFDS
with quantification of stenosis according to morphologic
(longitudinal diameter NASCET, longitudinal diameter
ECST, and cross-sectional area) and hemodynamic criteria.

From the global population of the study, a group of 48
lesions obtained in 44 patients (mean age 68, 23 male)
that were submitted to CEA was selected for IO CFDS
quantification of stenosis in order to validate the transcervical
area reduction (by comparison with the gold standard IO
CFDS).

The results of the study were as follows:
(a) Comparison of IO CFDS cross-sectional area measure-

ment with other parameters for stenosis quantification in
48 carotid lesions.
– Comparison of IO CFDS cross-sectional area measu-

rement with transcervical cross-sectional area
measurement.

The comparison between both methods was car-
ried out on those 48 lesions from patients submitted
to surgery. In this group the mean degree of stenosis
was 82 % (60–95 %) in the transcervical evaluation
and 84 % (63–95 %) in the intra-operative assessment
(Table 15.2).

The correlation coefficient was 0.86 (r D 0.86)
and the overall concordance was highly significant
(p< 0.01) (Fig. 15.5).
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Fig. 15.5 Agreement between the quantification by IO CFDS area measurement and transcervical area measurement in the same lesions

This suggests that transcervical cross-sectional
area measurement is comparable to intra-operative
measurements and it was subsequently used to
compare the other established methods for carotid
stenosis quantification.

– Comparison of IO CFDS cross-sectional area measu-
rement with transcervical longitudinal diameter
measurement (ECST and NASCET).

According to the longitudinal linear quantification
by the ECST method, the mean degree of stenosis
was 78 % (50–95 %) and a correlation coefficient of
0.70 (p D 0.004) was observed in the comparison of
IO area measurement.

According to the longitudinal linear quantification
by the NASCET method, the mean degree of stenosis
in was 55 % (�16 to 81 %) and there was no correla-
tion (r D 0.45, p D NS) with IO area measurement.

– Comparison of IO CFDS cross-sectional area measu-
rement with hemodyna- mic criteria.

We tested three commonly used hemodynamic
criteria:

Criteria A: Introduced by Strandness [14] permits the
definition of the cutoffs 50 % and 80 % and were
validated against angiography using the European
method (Table 15.2).
Criteria B: Validated against the European method to
measure stenosis on angiography and aims to identify
the cutoffs 50 %, 70 %, and 85 % (Table 15.3).
Criteria C: Based on a quotient between end-diastolic
velocities in ICA and CCA and was validated in
angiographies measured by the American (NASCET)
method allowing the identification of the cutoffs
50 %N (75 %E) and 80 %N (Table 15.4).

The comparison between IO area measurement with
the hemodynamic criteria A revealed an overall corre-
lation of 0.63 (p D 0.013) with sensitivity of 93.8 %,

specificity of 40.6 % and accuracy of 58.3 % in the
identification of >70 % obstruction.

The testing of criteria B was associated with an
overall correlation of 0.62 (p D 0.004) with sensitivity
of 93 %, specificity of 20 %, and accuracy of 85.4 %
for the identification of the 70 % threshold of stenosis.

Finally, the criteria C had an overall correlation of
0.64 (p D 0.0002) with sensitivity of 69 %, specificity
of 33.3 %, and accuracy of 64.6 % in the discrimina-
tion of the 80 % stenosis cutoff.

The results showed a good correlation between
intra-operative area measurements and transcervical
cross-sectional area quantification. In the further anal-
ysis this later criteria was used as the gold standard
and was compared with the other established methods
for carotid stenosis quantification.

(b) Comparison of transcervical cross-sectional area meas-
urement with transcervical longitudinal diameter
measurement (NASCET and ECST).

These comparisons were made in the overall
population of the study (n D 214 plaques).

The mean degree of stenosis by transcervical cross-
sectional area measurement was 70 % (20–99 %).

The mean degree of stenosis by transcervical
longitudinal diameter measurement according to the
NASCET method was 45 % (�45 to 90 %) (Table 15.5).
This means that the correlations between both methods
are weak with a correlation index of 0.09 (r D 0.09,
p D 0.99) (Fig. 15.6).

These results confirm an underestimation of the de-
gree of stenosis by the NASCET method when compared
to the area measurement.

The mean degree of stenosis by transcervical longi-
tudinal diameter measurement according to the ECST
method was 68 % (20–93 %) (Table 15.5). The correla-
tion between this method and area assessment was strong
(r D 0.75, p< 0.01) (Fig. 15.7).
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Fig. 15.6 Agreement between transcervical area measurement and transcervical linear diameter measurement according to the NASCET method

Fig. 15.7 Agreement between transcervical area measurement and transcervical linear diameter measurement according to the ECST method

Table 15.5 Comparison of the CFDS morphologic criteria for quan-
tification of carotid stenosis

Mean stenosis
(min–max) (SD) Correlation

• Area IO versus
Area TC

84 % (63–95) (9.78) versus
82 % (60–95) (10–16) r D 0.86, p < 0.01

• Area TC versus
NASCET

70 % (20–99) (19.99)
versus 45 % (�45 to 90)
(31.98) r D 0.09, p D 0.99

• Area TC
versus ECST

70 % (20–99) (19.99)
versus 68 % (20–93)
(18.65) r D 0.75, p < 0.01

Area IO, intra-operative area measurement; Area TC, transcervical
area measurement; NASCET, linear measurement according to the
NASCET method; ECST, linear measurement according to the ECST
method

The results showed a good correlation between area
measurement and the longitudinal method used in the
European trial and an extrapolation of the cutoffs in
clinical decisions is acceptable. However, no correla-

tion was found with the longitudinal NASCET method,
confirming that area quantification is not adequate to
manage patients according to the American thresholds of
stenosis.

(c) Comparison between transcervical cross-sectional area
measurement and hemodynamic criteria.

We tested three hemodynamic criteria, commonly
used in clinical practice, which were compared with the
cross-sectional area measurement.
– Hemodynamic criteria A (University of Washington).

The comparison of the criteria A with CFDS area
measurement did not show overall concordance for
all the intervals of stenosis (p< 0.01). However, for
the identification of >50 %E stenosis the diagnostic
parameters were as follows: sensitivity—80.3 %,
specificity—97.1 %, PPV—99.3 %, NPV—49.3 %,
and overall accuracy—83.1% (Table 15.6).

Considering the cutoff of stenosis >80 %E (or
>60 %N) the sensitivity was 65.6 %, the specificity
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Table 15.6 Diagnostic accuracy of hemodynamic criteria

Area measurement

ECST (%) NASCET (%) SENS SPEC PPV NPV ACC

• Criteria A >50 – 80.3 97.1 99.3 49.3 83.1

>80 >60 65.6 97.5 95.3 78.5 83.6

• Criteria B >50 – 82.6 94.3 98.7 51.6 84.5

>70 – 95 88.2 91.2 93.2 92.0

>85 >70 85.3 92.1 81.3 94 90.1

• Criteria C >50 – 83.6 85.7 96.7 50.9 84.0

>75 >50 67 92.5 89.9 73.9 81.0

was 97.5 %, the PPV was 95.3 %, the NPV was
78.5 %, and the accuracy was 83.6 % (Table 15.6).

– Hemodynamic criteria B [17, 26].
The results showed that there was any overall

agreement between the hemodynamic criteria B and
the area measurement (p< 0.01).

The diagnostic parameters to identify stenosis
>50 %E were sensitivity—82.6 %, specificity—
94.3 %, PPV—98.7 %, NPV—51.6 %, and overall
accuracy—84.5 %; for stenosis >70 %E were
sensitivity—95 %, specificity—88.2 %, PPV—
91.2 %, NPV—93.2 %, and overall accuracy—92 %;
and for stenosis >85 %E were sensitivity—85.3 %,
specificity—92.1 %, PPV—81.3 %, NPV—94 %, and
overall accuracy—90.1% (Table 15.6).

– Hemodynamic criteria C [27]
There was general concordance between criteria C

and transcervical area measurement to discriminate
the cutoff 75 %E (p D NS).

The results were as follows: the diagnostic pa-
rameters to identify stenosis >75 %E (>50 %N) were
(Table 15.6): sensitivity—87.6 %, specificity—86 %,
PPV—87.6 %, NPV—86 %, and overall accuracy—
86.9 %; for stenosis >90 %E (or >80 %N) the sensi-
tivity was 75 %, the specificity was 84.2 %, the PPV
was 48.2.6 %, the NPV was 94.3 %, and the overall
accuracy was 82.2 %.

In conclusion, for the identification of the cutoff 70 %E
and 75 %E to 50 %N the criteria B was associated with high
sensitivity (95 %) but less specificity (88.2 %). This criteria
presented also high global accuracy (90.1 %) to identify
stenosis >85 %E (>70 %N) with sensitivity of 85.3 % and
specificity of 92.1 %.

The discrimination of stenosis >80 %E (60 %N) was
better accomplished by the criteria A, with high specificity
(97.5 %) but less sensitivity (65.6 %).

7 Conclusion

The present study aimed to define a new approach to the
quantification of carotid stenosis with CFDS. Advantages of
area measurements obtained by transcervical cross-sectional

area method were validated against the direct ultrasono-
graphic evaluation of the carotid arteries during operations
and before endarterectomy, which we considered closer to
the physiologic reality. This method allows a direct view and
high image quality (high definition) of the lesion, in vivo and
in physiological conditions, with the possibility of assessing
the morphology of the lumen.

This technique then was used to compare and validate the
transcervical measurement in area that is adequate for sys-
tematic application. Between these two methods we observed
a good correlation (r D 0.86, p< 0.01), which suggests that
the transcervical area measurement reflects a reliable assess-
ment of the two-dimensional morphological reality of the
plaque and stenosis.

Subsequently, the study compared the transcervical area
quantification with linear longitudinal measurements by the
NASCET and ECST methods and also with hemodynamic
parameters frequently used in practice.

This analysis is important in order to understand how
appropriate is the extrapolation of the methodology used
in multicenter trials (European and American methods) for
measurements in area.

In fact, area measurements showed a discrepancy with
the NASCET method (r D 0.09), which undergrads the
stenosis in relation to area (average 45 % versus 70 %).
It also confirms the well-known paradox that makes possible
“negative” stenosis (luminal diameter of stenosis greater than
the minimum diameter of the distal internal carotid) when
obstructions are moderate.

The ECST method of measuring stenosis presents a
good correlation with the quantification in area (r D 0.75,
p< 0.01) and we can conclude that area quantification can
“match”, in general, the concept of diameter quantification
used in ECST. However, it should be noted that this global
“equivalence” only makes sense when the lumen is fairly
regular and uniform; when it is irregular and asymmetrical
the measurement in diameter can be inaccurate.

Nevertheless, the results of the study show some dis-
crepancy with the theoretical tables of conversion what can
be explained by the construction of those ratios in in vitro
circular tubular models, away from the biological reality,
where only rarely the carotid bifurcation stenosis is regular
and produces uniform reduction of arterial lumen.
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The next stage of the study consisted in assessing various
hemodynamic parameters in its relationship with the area
measurement. Indeed, these were reexamined in multiple
studies to provide a higher diagnostic accuracy in the identi-
fication of thresholds of stenosis resulting from multicentre
trials, although, as stated above, there has not been consensus
on appropriate criteria.

The study compared the diagnostic accuracy of some of
those criteria with area measurement looking for its perfor-
mance in the identification of clinically relevant thresholds
which are, for symptomatic disease, 50 %N (75 %E), 70 %N
(85 %E), and 70 %E and for asymptomatic disease 60 %N
(80 %E). As we observed an overall agreement between area
and diameter by the European method, the most relevant
cutoffs are 70–75 %E in symptomatic patients and 80 %E in
asymptomatic disease.

As regards the threshold 70–75 %E, criteria B and C
have the best overall accuracy and criteria B showed greater
sensitivity, suggesting that it will be adequate for screening.
However, their use in therapeutic selection implies greater
specificity than the one that was observed meaning that the
hemodynamic evaluation should always be combined with
other hemodynamic or morphological parameters.

Concerning the threshold 80–85 %E the criterion A was
the more specific while the criterion B was more sensitive.

Thus, the quantification of carotid artery stenosis by
CFDS should include a careful combination of measurement
in cross-sectional area and at least one of the hemody-
namic methods mentioned above, which should be chosen
according to the purpose of the examination (screening or
therapeutical decision).
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16Histologic and Biochemical Composition
of Carotid Plaque and Its Impact
on Ultrasonographic Appearance

Isabel Gonçalves

1 Pathophysiology of Atherosclerosis

The pathophysiology of atherosclerosis has been described
long time ago in a brief manner. Aschoff [1] recognized
two components of the disease: lipid deposition, called
atherosis or atheromatosis, and fibrosis or sclerosis. The fi-
brolipid state was then designated atherosclerosis. Nowadays
atherosclerosis depicts a whole pathology and not only one
single stage of the disease. Some authors still use three sim-
ple concepts: fatty streak, fibrous plaques, and complicated
plaques. Fatty streaks are accumulations of foam cells, some
T cells, and extracellular cholesterol, in the intima, covered
by an intact endothelium. Fibrous plaques are those with an
enlarged intima, where smooth muscle cells (SMCs) have
accumulated surrounded by extracellular matrix proteins,
constituting a fibrous cap that covers a core region. The
core is composed mostly of lipids, cell debris, extracellular
matrix proteins, and macrophages. Some T, very few B cells,
and masts cells can also be found in the plaques. These
plaques are often eccentric. In an attempt to preserve the
dimensions of the lumen, remodeling of the media occurs
with an enlargement of the vessel outwards. As a result the
artery may look normal when assessed by angiography. The
concept of complicated lesion refers to those plaques that, in
addition to the previously named components, contain signs
of hemorrhage or thrombus. Complicated lesions usually
develop after rupture of a fibrous plaque. Plaques can also
present surface erosions, fissures, or ulcerations. Lesions can
also be calcified, probably in advanced stages mostly.
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2 Formation of the Atherosclerotic
Plaque

LDL can enter the arterial intima through an intact endothe-
lium, particularly at sites of increased permeability, which
exist at branches of the arterial tree. As the media can be
seen as a permeability barrier, LDL stays relatively stagnant
in the intima. Additionally, it is trapped in the extracellular
matrix [2]. LDL is modified in the intima, by aggregation,
oxidation, and degradation of its components. Oxidatively
modified peptide sequences can function as haptens and
become targets for the immune system [3, 4]. Aggregates
of oxidized LDL (ox-LDL) can activate complement, which
generates chemotactic signals [5]. At the same time, modified
lipids activate endothelial and smooth muscle cells. Circulat-
ing cells, such as the monocytes, adhere to the vessel wall
and migrate from the endothelial surface through intercel-
lular clefts into the subendothelial space. These activated
cells produce a cascade of cytokines that attract even more
circulating leukocytes to the inflammatory site in the vessel
wall. Hemodynamic stress can also induce expression of
intercellular adhesion molecule (ICAM)-1 [6].

Monocytes differentiate into macrophages in the vessel
wall, which upregulate scavenger receptors and internalize
ox-LDL, in the intima [7]. The cholesteryl esters present
in ox-LDL are hydrolyzed and later free cholesterol can
be re-esterified, forming a pool of intracellular droplets of
cholesteryl esters. ox-LDL contains platelet-activating factor
(PAF)-like lipids that are highly inflammatory and activate
not only macrophages, but also endothelial cells [8, 9].

When the macrophages become lipid laden, they are
called foam cells. Macrophages act as antigen-presenting
cells, by processing the apolipoproteins into peptides, and
present them bound to major histocompatibility complex
(MHC) class II for T cells. The antigen–MHC complexes
are recognized by CD4C T cells, which are the T cell
subtype that predominates in plaques [10]. T cells can be
activated or reactivated if they had been primed by that
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antigen before. A significant proportion of T cells from
human plaques recognize ox-LDL [11]. This activation leads
to a chain reaction of intracellular signaling, which leads to
DNA synthesis, cytokine secretion, and cytotoxicity.

CD8C T cells are present in plaques in varying pro-
portions. They have cytotoxic activity and are activated by
cells that express peptide fragments in the context of MHC
I. They can cause apoptosis in lesions and they secrete
cytokines. B and NK (natural killer) cells are found in
advanced lesions. B cell infiltrates can be prominent in
the adventitia or periadventitial connective tissue [12]. In
hypercholesterolemic animals, they become quite abundant
and clones of immunoglobulin (Ig)-producing cells can be
found [13]. Plasma cells can also be present in lesions and are
likely to locally produce IgG. IgG might additionally enter
the lesions by filtration [13]. Mast cells are less frequent,
but produce proteases and accumulate at rupture sites [14].
The dendritic cells, the only ones to activate naı̈ve T cells,
have high migratory capacity and “patrol” the arterial wall.
Only a few are present in plaques. They engulf antigens by
endocytosis and take them to lymph nodes, to present them
to T cells, inducing adaptive immunity. In the plaques they
can also present lipid antigens on CD1 receptors to the few
CD3C4–8- or ”• T cell subtypes, for instance [15, 16].

Complex cascades of signals are involved in plaque for-
mation. Cytokines stimulate further cytokine production. In
endothelial cells, they promote further expression of adhe-
sion molecules and procoagulant activity. In macrophages,
they activate proteases, endocytosis, and nitric oxide (NO),
and in SMC they induce NO production and inhibition of
collagen expression.

3 Plaque Destabilization

The progressive reduction of the lumen can lead to hypop-
erfusion symptoms, but the majority of ischemic symptoms
arise due to thrombus formation or embolization. In 30 %
of the cases, surface damage is simply endothelial erosion,
while in the 70 % small fissures occur of variable depth in
the plaque, leading to thrombus formation.

Another mechanism that has been considered as associ-
ated with plaque destabilization is intraplaque hemorrhage
[17, 18]. Initially when finding hemorrhage in plaques, it
was considered that the blood came in after plaque rupture.
However, there is also the possibility that the plaques become
more and more vascularized by vasa vasorum and other fri-
able neovessels [19]. These vessels may leak or rupture and
cause intraplaque hemorrhage, which can function further
as an inflammatory stimulus [20–22]. This sudden increase
of volume in the plaque may contribute to its disruption.
However, it can be difficult to imagine such a rupture against
the much higher pulse pressure [23].

Macrophages progressively infiltrate the plaque, accumu-
lating in the shoulder regions and invading the fibrous cap.
They produce matrix metalloproteinases (MMPs), which de-
grade matrix molecules, like collagen, elastin, and proteogly-
cans. The expression of collagen synthesis can be inhibited
by cytokines, as IFN-” and TNF-’, which may inhibit SMC
proliferation and induce apoptosis. Taken together, these
mechanisms decrease the tensile strength of the fibrous cap.

Extrinsic factors that might “trigger” rupture have been
described [23]. High blood velocity, possibly shearing the
endothelium away, [24] cyclic plaque deformations both
longitudinally [25] and circumferentially, [26, 27] as well as
changes in vascular tone [28] can precipitate disruption in
vulnerable plaques.

When the plaque ruptures, blood elements reach the
subendothelial components. Vasospasm occurs frequently.
The platelets are immediately activated, adhere, and ag-
gregate, due to the binding of glycoproteins IIb/IIIa to
fibrinogen and glycoprotein Ib to von Willebrand factor.
The coagulation cascade is initiated after tissue factor is
exposed. Tissue factor is expressed in the normal vessel
wall and even more abundantly in the atherosclerotic vessel,
particularly in plaques associated with symptoms [29, 30].
Finally the fibrin clot is formed, stabilizing the platelet
thrombus. In parallel the fibrinolytic system is activated,
to prevent complete obstruction. Tissue-type and urokinase
plasminogen activators depend on the milieu of mediators
of inflammation and innate immunity, such as IL-1 and
TNF-’ [31]. They are produced by endothelial cells and
lead to the formation of plasmin, a serine protease that can
degrade cross-linked fibrin, fibrinogen, and factors V and
VIII. Plasmin levels are tightly regulated by plasminogen
activator inhibitor-1, also expressed by endothelial cells, and
’2-plasmin inhibitor. Therefore, in conclusion, one should
keep in mind that plaque rupture and thrombus formation
may be associated both with characteristic of the plaque and
with thrombogenicity of the blood elements.

4 Plaque Types

In the 1990s, a detailed classification in eight types of
plaques [32, 33] was proposed, mostly based on coronary
autopsies. It indicates in part the sequence of the lesion
progression. Type I lesion is characterized by small lipids
depositions and some scattered foam cells. Type II lesions
are accumulations of more foam cells and correspond to
the previously mentioned fatty streaks. In type III lesions,
the extracellular lipid droplets become larger. In type IV
lesions, a visible, confluent core has developed. In addition,
capillaries can be present in these lesions. This type of lesion
has also been called as atheroma. Type V lesions are defined
as those in which prominent new fibrous tissue has formed.
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If the new tissue is part of a lesion with an exuberant lipid
core, it can be referred as Va, whereas if the lipid in general
is minimal and the fibrosis predominates as Vc or VIII. If
parts of the lesion are calcified, it can be referred as Vb
or sometimes as VII. Type V lesions are usually too large
to compensate by outwards remodeling, resulting in various
degrees of narrowing of the lumen. In this classification
the complicated lesion are designated as type VI, meaning
type IV or V lesions with disruption of the surface (VIa),
hematoma or hemorrhage (VIb), or thrombosis (VIc). Mor-
bidity and mortality from atherosclerosis are largely due to
type VI lesions. Often lesions type I and II occur in infants
and children, type III around puberty, and after the third
decade of life, lesions type V and VI begin to appear.

The previous classification created by pathologists based
on histological aspects of the plaques was attractive by its
simplicity, but has raised some discussion. According to this
classification thrombosed lesions would be included in type
VI, but it has been noted that thrombi can be formed at
any stage of the disease, as it can result from endothelial
dysfunction even in less complex lesions.

In the 1980s, Falk [34] and Davies and Thomas [35]
described plaque disruption related to acute coronary syn-
dromes. Since then it has become clear that culprit coronary
lesions correspond to ruptured plaques in approximately
70 % of the cases and to non-ruptured plaques in 30 %. These
non-ruptured plaques may present, e.g., erosions or calcified
nodules. From the 70 % of plaques that are ruptured, 50 %
are nonstenotic. In the coronaries, myocardial infarction
evolves most frequently from plaques that are only mildly
to moderately obstructive before infarction [23]. This means
that angiography only detects around 20 % of all culprit
lesions. The risk of plaque rupture correlates only weakly
with the degree of stenosis. So, other factors than simply the
degree of stenosis are relevant for vulnerability.

In 2003, in a review series in Circulation, some of the
leading scientists on atherosclerotic plaques [36, 37] col-
lected the most important aspects associated with the “vul-
nerable” patients and plaques. They suggested major and
minor criteria for defining the vulnerable plaque, mostly
based on histology, as summarized in Table 16.1. Some of
these features suspected to be present in vulnerable plaques
still require validation in longitudinal, prospective studies,
but they raise interesting perspectives.

Nomenclature has motivated many discussions and
meetings. The use of terms like the unstable, high-risk,
thrombosis-prone, symptomatic, disrupted, or vulnerable
plaque has been somewhat confusing. The language can be
misleading as plaques are not symptomatic as the patients are
the ones who may have symptoms, but that term is supposed
to be a simplification of “plaque associated with symptoms”.
Unstable is not a very specific term, while the prospective
definitions, such as vulnerable/high-risk/thrombosis-prone,

Table 16.1 Summary of possible plaque structure characteristics
conditioning vulnerability, assessed by histology and ultrasound
[38–49]

Histology Carotid ultrasound

Major
Echolucency (low gray-scale

median)

Thickness of the fibrous cap Thickness of the echogenic cap

Large inflammatory cells infiltrate Surface irregularity/ulceration

Superficial erosion or fissure
Proximity of the echolucent

region to the lumen

Presence of thrombus Severe stenosis

Size of the lipid core Lesion motion

Severe stenosis Others?

Minor

Superficial calcified nodule

Intraplaque hemorrhage

Endothelial dysfunction

Outward remodeling

Others

Rich in proteoglycans

Others?

seem more adequate. Independently of the nomenclature,
one should aim at the identification of the plaques that have
a high likelihood of causing clinical events. To this end,
many different methods have been used and are still being
developed and improved, from histological and biochemical
methods to ultrasonographic and magnetic resonance imag-
ing and others, such as elastography and thermography [50].

5 Ultrasound

Nowadays, the indications for carotid endarterectomy are
based on the presence of symptoms and on the degree
of stenosis. However, atherosclerotic plaques causing low
grades of stenosis have been associated with clinical events,
while others causing high degrees of stenosis may remain
asymptomatic [51, 52]. Because of this, the degree of luminal
narrowing may not be the optimal criterion for defining
clinical risk and indications for treatment. As a result, some
patients may undergo unnecessary surgery. Improved tech-
niques are, therefore, needed to enable reliable identification
of high-risk plaques that lead to cerebrovascular events. In
the last decade, ultrasound has been further developed using
compound imaging, [53, 54] and 3D reconstructions [55, 56].

Carotid ultrasonography has known limitations in
discriminating subtotal from total occlusion, in assessing
plaques that have an acoustic shadow, and in patients
with short neck, high carotid bifurcation, or severe arterial
kinking. Operator dependency has also been a limitation that
has been discussed widely, but is beyond the scope of this
chapter.



202 I. Gonçalves

Newer generations of ultrasound equipment have ap-
peared, as attempts to overcome some of the limitations.
An example is the high-definition ultrasonography. It has
higher spatial, contrast, and temporal resolution, allowing
also direct digital image recording. The latest strategy in
our group is to use open platform equipments and design
homemade algorithms to characterize plaque morphology.

Several subjective classifications for the ultrasonographic
aspect of plaques have been proposed: Reilly et al. [57]
divided plaques into homogeneous and heterogeneous; John-
son et al. [58] into calcified, dense, or soft; Gray-Weale
et al. [59] into echolucent, predominantly echolucent, and
predominantly echogenic and echogenic ones; Langsfeld
et al. [60] also graded as to the ratio of echolucency to
echogenicity, with type 1 being most echolucent and type
4 being most echogenic, and the normal-appearing artery
was classified as type 5; for Geroulakos et al. [61] the
type 5 consisted of plaques that could not be classified
owing to acoustic shadows; the European Carotid Plaque
Study Group [62] divided plaques into echolucent, inter-
mediate, and echorich. In summary these studies suggested
that the soft, echolucent, and heterogeneous plaques were
those associated with symptoms. In Geroulakos’ study the
association of symptoms and echolucency was only true for
stenosis >70 %. Others could not find associations between
the ultrasonographic aspect and neurologic events [63, 64].
Many of these studies were based on small cohorts of patients
and the ultrasonographic evaluation was done subjectively.

Actually, the most important limitation of ultrasonogra-
phy is the intra- and inter-observer variability. Standardiza-
tion methods to process plaque images have been found to
overcome differences in the evaluation of plaque echogenic-
ity between the different equipments and observers. This
way, the group from the Irvine Laboratory at the St. Mary’s
Hospital, London [65, 66], created a method, based on the
gray-scale values of pixels in a scale of gray intensities (0
darkest and 255 brightest). They used the gray-scale median
(GSM), as a score of global echogenicity. The reference
values were the blood as 0 (the darkest structure in the image)
and the adventitia as 190 (the brightest structure in the im-
age). The whole plaque image outlined would be processed
by linear scaling, compressing the scale. Making the blood
and adventitia of all the plaques have the same values allowed
the comparison of different plaques, assessed with different
equipments and setups and by different observers. Intra- and
inter-observer variabilities improved considerably [65].

Plaques with low GSM have been associated with higher
incidence of cerebral infarction [67, 68]. These authors found
a cutoff value of 32 for GSM that could discriminate best
between the plaques associated with symptoms or not. The
same cutoff was identified by our group [69]. Other studies
have found other cutsoff values of GSM,namely 40, using

the same method [66], or 50, without using the linear scaling
[70].

Gronholdt et al. [38] showed that echolucent plaques
causing stenosis >50 % are associated with increased risk
of stroke in symptomatic but not asymptomatic individuals.
Using GSM D 74 as a cutoff point, echolucency was an age-
independent predictor of ischemic stroke in symptomatic
patients. In symptomatic patients, relative risk of ipsilateral
ischemic stroke for echolucent versus echorich plaques was
3.1. Based on the degree of stenosis, when comparing 80–
99 % versus 50–79 % stenosis, the relative risk was 1.4. This
association between echolucency and high risk for ipsilateral
symptoms has also been verified on other studies, though the
influence of the degree of stenosis is not widely accepted [71,
72]. Whereas some suggested hypertension and progressive
lesions to be important additional determinants of risk [73],
others proposed that echolucent plaques were associated with
increased risk of neurological events, even independently of
degree of stenosis and cardiovascular risk factors [74].

Some other studies evaluated heterogeneity of the plaque
image and found that heterogeneous and/or echolucent
plaques are associated with higher risk of stroke [60, 75–79].
The ability of ultrasonography to study other characteristics
that could be associated with the presence of symptoms has
been intensively studied. The identification of ulceration by
ultrasonography in different studies showed large variation.
Rubin et al. [39] using ultrasonography detected 93 % of the
ulcerated lesion, whereas Comerota et al. [80] argued that
the possibility of detecting ulceration varied with different
degrees of stenosis, being particularly difficult in high-grade
stenoses. Bluth et al. [81] reported that merely sonography
for evaluating the surface of the plaque to determine if it was
smooth or irregular could not be used as a successful means
to identify which patients were at risk for ulceration. O’Leary
et al. [82] came to a similar conclusion. Bassiouny et al. [83]
found that the proximity of plaque necrotic core to the lumen
is associated with clinical ischemic events. Our group [40]
showed that in heterogeneous plaques, juxtaluminal location
of the echolucent region was associated with increased risk.
On the contrary, in homogenous plaques the absence of
an echogenic cap and disruption of the plaque surface
correlated with symptoms. In an attempt to determine
the relative importance of the ultrasonographic structural
characteristic of the plaques, besides GSM, an activity
index was calculated. This activity index was associated
with symptoms [84]. The parameters associated with the
presence of ipsilateral symptoms were surface disruption,
severe stenosis, and low GSM and, in heterogeneous plaques,
the presence of a juxtaluminal echolucent area. Though all
these results are interesting, large-scale studies on different
ultrasonographic aspects that can reflect risk and on the
natural history of the plaques are needed.
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Although the association of echolucent plaques
with higher neurological risk has become accepted, no
ultrasonographic characteristics have been associated with
a single type of symptom. The majority of the studies did
not separate those end-points. One study, by Sabetai et
al. [85], reported that plaques associated with amaurosis
fugax are more hypoechoic and more stenotic than those
associated with TIA or stroke or those without symptoms.
In another study by Iannuzi et al. [86] TIA patients showed
more hypoechoic carotid plaques with longitudinal motion.
The association between plaque radial and longitudinal
motion and neurological events was demonstrated by four-
dimensional ultrasound examinations in another study [41].

In order to better understand the ultrasonographic appear-
ance of plaques, histological analyses have been used in
several studies. Wolverson et al. [87] compared echolucent
and echogenic plaques in vitro, relatively to their com-
position. Aggregates of amorphous lipid residue appeared
less echogenic than adjacent tissues and regions of dense
fibrosis more echogenic. Densely calcified foci in plaques
were highly echogenic and associated with acoustic shad-
owing. Gray Weale et al. [59] when creating the clas-
sification of ultrasound appearance in 1988 observed the
plaques macroscopically and histologically. There was a
significant relationship between plaques type 1 and 2 (the
echolucent and predominantly echolucent) and the presence
of either intraplaque hemorrhage or ulceration. Montauban
van Swijndregt et al. [88] concluded in a first study that B-
mode ultrasound and subsequent subjective categorization
of atherosclerotic plaques cannot adequately determine the
volume of fibrosis or lipids within the plaque. Later [89]
they found that plaques associated with symptoms contained
more fibrosis than lipids. Apart from agreeing that echolu-
cent plaques were most common in symptomatic patients
Kardoulas et al. [90] reported that the fibrous tissue was
significantly greater in echogenic plaques. According to
Lammie et al. [91] echolucent areas in the plaque corre-
sponded histologically to necrosis or hemorrhage, and the
thickness of the fibrous cap could be determined reliably
with ultrasound. On the other hand a possible association
between clinical events and the presence of hemorrhage
in the plaques has not been consensual. Some supported
that association [17, 18], while others did not [92, 93].
Similarly, the ability of ultrasound to detect plaques with
hemorrhage is also not consensual. Actually in most ul-
trasound studies comparing with histology, the criteria to
define plaque hemorrhage varied or no distinction was made
between lipid and hemorrhage. They have often been called
“soft tissue” [62]. Nevertheless, plaques with a high lipid
and hemorrhage content as established histologically had
low GSM, whereas those with a high fibrous content had a
high GSM [94]. According to Gronholdt et al. echolucent
carotid artery plaques were associated with elevated levels of

acute phase reactants, [95] and circulating triglyceride-rich
lipoproteins in the fasting or postprandial state [96]. Some
years later, they reported that echolucency was associated
with increased macrophage density and lipid content in the
plaques [97]. Histologically, echogenic plaques contained
more calcification and fibrous tissue than echolucent plaques.
Intraplaque hemorrhage was directly related to lipid content
and inversely related to amount of fibrous tissue in the plaque
[98].

In many of the previous studies, the histological anal-
ysis was done only by semiquantitative or not quantita-
tive techniques, using unspecific stainings and analyzing
only parts of the plaques. Moreover, many of them only
used the subjective classifications for the ultrasound images.
Analyzing plaque components by other methods, such as
biochemical methods in relation to echogenicity, has been
done by our group, allowing the measurement of compo-
nents in the whole plaque and not only on some sections.
We used fast-performance liquid chromatography and high-
performance thin-layer chromatography to measure matrix
and lipid components in plaque homogenates [99]. Echolu-
cent plaques contained less hydroxyapatite (the most preva-
lent calcium salt in plaques), more total elastin, and more
intermediate-size elastin forms. There was no difference in
collagen amount between echogenic and echolucent plaques,
neither biochemically nor histologically. Cholesterol esters,
unesterified cholesterol, and triglycerides were increased in
plaques associated with symptoms, but no differences were
detected between echolucent and echogenic plaques. Similar
results were obtained by Oil Red O staining (for lipids) in
symptomatic versus asymptomatic and in echolucent versus
echogenic plaques. Our study was the first to study elastin
and its fragments (known to be chemoattractant) in relation to
echogenicity. Echogenicity seemed to be mainly determined
by their elastin and calcium but not collagen or lipid content.

As inflammatory cells are so relevant in the atheroscle-
rotic process, we also studied the cellularity in relation to
echogenicity. Echolucency of carotid plaques correlates with
plaque cellularity [100]. More recently it was found that
annexin A1, a calcium and phospholipid-binding protein,
known as endogenous modulator of inflammation, corre-
lates with GSM in high-grade carotid stenosis [101]. This
reinforces the idea of complex regulatory mechanisms of
inflammation, which might be reflected in the ultrasound
aspects of the plaques. Inflammatory cells secrete proteinases
such as the metalloproteinases (MMP). Turu et al. [102]
showed that hypoechogenic plaques had increased MMP
activity and asymptomatic patients with plaque progression
showed increase intraplaque MMP-8 levels.

Vascular calcification is a frequent process in the ad-
vanced lesions. Osteoprotegerin is one of the proteins in-
volved in the regulation of bone metabolism and vascular
calcification and high serum values of osteoprotegerin are
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associated with cardiovascular disease in humans. Vik et al.
[103] showed that patients with echogenic carotid plaques
had lower levels of serum osteoprotegerin, supporting its role
in arterial calcification.

Intraplaque neovascularization is a common character-
istic of advanced lesions. Feinstein’s group used contrast-
enhanced ultrasound to visualize neovessels in the plaque
and correlated that to the lesion severity and morphologic
features of plaque instability [104]. An additional concept
attempted by Owen et al. has been to measure the retention
of nontargeted microbubbles using contrast-enhanced ultra-
sound to depict difference in plaques from asymptomatics or
symptomatics [105].

The rate of remodeling of human plaque tissue has not
been studied. We were the pioneers in measuring for the first
time in humans the biological age of different components of
advanced atherosclerotic plaques by analyzing tissue levels
of 14C. The turnover time of human plaque tissue is very
long (20 years or more) [106]. This may explain why re-
gression of atherosclerotic plaque size rarely is observed in
cardiovascular intervention trials. Simultaneously it recalls
the interest of early lesion monitoring for instance on the
fatty streak level. At that early biological phase, a possible
intima–media thickening will be seen that would correspond
to small accumulation of lipids and inflammatory cells in
the intima. Recently, inspired by the measurements of GSM
performed in advanced lesions, Lind et al. started to measure
the GSM on the intima–media complex. Considering the
fact that echolucency may correspond to lipid accumulation
it was easy to understand their results showing that low
shear stress in the common carotid is associated with a
thick intima–media and with an echolucent intima–media
complex. Furthermore, they found that echolucent carotid
intima–media complex was a predictor of all-cause mortality
after age 75 years [107]. In another large study, they found
that the GSM of the intima–media of the common carotid
artery is closely related to the echogenicity in over carotid
plaques [108].

6 Possible Future Trends

In the future one would like to overcome some of the current
limitations of ultrasound, such as resolution, different tissue
characterization, three-dimensional reconstruction, or maybe
combining algorithms of different characteristics to be able
to detect the plaques that are associated with higher risk for
rupture and consequent symptoms. Targeted imaging could
also be an approach, although there is no consensus on what
is/are the best target/s yet. Some techniques like optical
imaging have started to implement this targeting to image
proteases [109]. There have been attempts on direct tissue
characterization based on the integrated backscatter showing

that the index in fatty/necrotic atheromatous sites was lower
than that in fibrous or calcified sites and the same as that in
intraplaque hemorrhagic sites [110].

Plaque morphology assessed by ultrasound will poten-
tially give insights into the disease and why some patients
have higher risk than others. One example of this type of
study was published by Östling et al.,[111] showing that
type 2 diabetics have more echolucent moderate plaques
than nondiabetics. Plaque size and echogenicity are related
to different cardiovascular risk factors in the elderly [112].
Further developments in ultrasound will definitely improve
risk stratification.

A final important use of carotid plaque ultrasound is to
monitor the effect of interventions, considering the possible
effects on plaque composition that lay behind those inter-
ventions. Several studies have shown the favorable effect
of statins on echogenicity [113]. More recently even other
interventions have been studied such as the illustrative study
showing the association of low-dose metoprolol CR/XL with
increased plaque echogenicity [114].
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1 Introduction

The World Health Organization (WHO) [1] estimated cardio-
vascular disease (CVD) to be responsible for one-third of all
global deaths. Although, nowadays, CVD is a major problem
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for high-income countries, WHO forecasts that CVD will
also become common in low- and middle-income countries
(LMIC) where it is predicted to be responsible for one-
third of deaths by 2040. Multicenter assessment protocols
and epidemiological studies are the basis for understanding
the risk factors and for developing public health messages,
including in LMIC.

The earliest manifestation of the possible onset of a CVD
is atherosclerosis, which refers to the degeneration of the
arterial wall and the deposition of lipids within the latter
[2–4]. Atherosclerosis causes increase of the arterial intima–
media thickness (IMT). Carotid IMT is the most widely
adopted and validated ultrasonic marker for the assessment
of atherosclerosis and cardiovascular risk [5–9] and has been
used as the principal marker of CVD in studies ranging
across Japan [10], Europe [8, 9, 11], China [12], North
America [13–17], and Latin America [18]. There are several
advantages to the use of carotid IMT as a marker for CVD
in epidemiological studies. The ultrasound-based carotid
IMT measurement is accurate and reproducible [19, 20].
Also, ultrasound is an imaging modality with low associ-
ated costs, minimal invasiveness, and cheap and portable
scanners. The IMT is measured by an expert operator. The
operator places a marker in correspondence of the intima
and media boundary (LI) and another in correspondence
of the media and adventitia boundary (MA). The distance
between LI and MA corresponds to the IMT. However,
manual measurements are discouraged in multicenter and
epidemiological studies because they are user-dependent, not
fully standardized, subjective, time-consuming, and prone to
errors [21]. Therefore, the availability of a computer-based
IMT measurement algorithm is fundamental.

The quality of the image is compromised unless a high-
level scanner is used. Figure 17.1 show four sample images
acquired by a high-level scanner (Fig. 17.1a), a medium-
level scanner (Fig. 17.1b), and two low-end equipments
(Fig. 17.1c, d). In Fig. 17.1a the LI and MA interfaces are
clearly represented, the line corresponding to the distal LI
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Fig. 17.1 Samples of high-resolution and low-resolution images. (a)
High-resolution image where the intima and adventitia layers are neatly
defined, noise is low, and pixel density is high (about 20 pixels/mm). (b)
Image acquired by a medium-end scanner without compound imaging,

where LI is hypoechoic. (c) Images acquired by a low-end equipment
without harmonic imaging and compound, where LI is almost invisible
and pixel resolution is very low (about 12 pixels/mm). (d) Example of
low-resolution image with high level of image noise

is echoic and not interrupted, and the noise level is very
low (i.e., the lumen is dark and homogeneous). This is
an example of what we consider a high-resolution image.
Figure 17.1b shows an image where the LI is hypoechoic
due to lack of compound imaging. The LI is not focused and
it is not well represented. However, the noise level is low and
the image has a pixel density comparable to Fig. 17.1a. This
is an example of a medium-resolution image. In Fig. 17.1c
the LI is almost anechoic and the pixel density is very
low. This results in a low-resolution image. Figure 17.1d
shows an image where noise is very high due to the lack of
despeckling filters embedded in the system and the lack of
compound and harmonic imaging. This is another example
of a low-resolution image.

The characteristics that make an image suitable for au-
tomated delineation are (see Fig. 17.1) (1) high spatial
resolution, (2) high dynamic range, (3) low noise level,
(4) compound imaging, and (5) harmonic imaging. When
an image has the above-mentioned five characteristics, we
can say that it is a high-resolution image and automated
IMT measurement algorithms can process it [22, 23]. If
the image does not possess one or more of the above-
mentioned characteristics, specific image enhancement and
delineation or segmentation strategies must be adopted [24].
Compound and harmonic imaging are available on most of
the medium-level and high-level ultrasound OEM scanners.
However, they are not present in the majority of the entry-
level and cheaper equipment so that compound imaging and
harmonic imaging are not supported. As a consequence, the
image quality becomes low with poor contrast and automated
segmentation is difficult and sometimes nearly impossible.
As an example, Fig. 17.2 shows three samples of low-
resolution images. The left column (Fig. 17.2a, c, e) shows

B-Mode longitudinal projections of the images of our low-
resolution database. The dashed line represents a region of
interest, which is zoomed on the right (Fig. 17.2b, d, f). The
white arrows indicate where the lack of contrast is more
evident. It can be seen that in Fig. 17.2b, the adventitia
layer (MA) is bright, but the intima is sometimes broken
and not represented (white arrow). In Fig. 17.2d, the intima
layer cannot be clearly distinguished from the media and
adventitia, because all three layers have almost the same gray
color. In Fig. 17.2f, the adventitia is bright, but the intima is
almost invisible. These three conditions can represent a very
difficult challenge to automated segmentation techniques.

In this chapter we will present the results of a com-
pletely automated epidemiological study devoted to the IMT
measurement of healthy subjects from around Hyderabad
in India. We used CALEX in its last empowered version
3.0. CALEX3 is a novel and improved technique, which
incorporates the rejection of the jugular vein, hard constraints
of the seed points, and an optimized fuzzy K-means classifier
[25, 26].

2 Image Dataset and Image
Characteristics

The database consisted of 885 ultrasound carotid images in
longitudinal projection. The subjects for the images were
identified through the Hyderabad DXA Study, which in-
cluded participants drawn from two groups. The first was
the participants of the Hyderabad arm of the Indian Mi-
grant Study that included migrants of rural origin, their
rural dwelling sibs, and those of urban origin together with
their urban dwelling sibs. The second was the participants
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Fig. 17.2 Samples of low-resolution images extracted from the dataset. Panels (a, c), and (e) show the carotid. Panels (b, d), and f show the
zoomed portion of the corresponding dashed rectangle on the left. The white arrows indicate the challenges of these images: interrupted intima
representation (panel b), low contrast between intima, media, and adventitia (panel d), and well represented adventitia, but hypoechoic intima
(panel f)

of the Hyderabad Nutrition Trial which was made up of
people born within an earlier controlled, community trial
of nutritional supplementation integrated with other public
health programs, now aged 18–21. Participants attended
screening examination between January 2009 and December
2010, which included assessment of carotid IMT. The study
received Ethical Approval by the local Committee of the
National Institute of Nutrition and the London School of
Hygiene & Tropical Medicine.

The challenging aspect of these images is that they were
acquired with low-end ultrasound equipment. Figure 17.3a
shows an example of ultrasound B-Mode image. As can be
seen, the operator traced calibration lines during the image
acquisition. Such lines are 10 mm long. However, such lines
are often not horizontally placed, and, therefore, they cannot
be used for computing the vertical and horizontal conversion
factor independently. The white arrows in Fig. 17.3a indicate
the vertical calibration scale. The distance between the white
lines indicated by the arrows is 10 mm. We computed the
number of pixels between the two white lines and used
them to derive the vertical conversion factor. All the images
had a vertical pixel density equal to 127 pixels/cm, or
12.7 pixels/mm, which is a very low pixel density that is
typical of low-end OEM ultrasound scanners. Therefore, the
conversion factor for the images was 0.0787 mm/pixel.

All the images were JPEG formatted. In several previous
studies, we showed that the black frame surrounding the
ultrasound image is detrimental to the automated processing
algorithm and must be removed [25–29]. We adopted an au-
tomated autocropping strategy we previously published [27].
By computing the horizontal Sobel gradient of the image,
we marked the first and last nonzero column, which marked
the horizontal extension of the ultrasound data area. By
computing the vertical Sobel gradient, we marked the vertical
extension of the image area. The result of the automated
cropping is shown in Fig. 17.3b.

An expert operator (L.S.) manually traced the far wall LI
and MA boundaries by using an ad hoc developed graph-
ical user interface (called ImgTracer™ [30, 31]). As the
images were in low contrast and low resolution, the use
of ImgTracer™ was justified by zooming the image before
tracing. The final LI/MA profiles were saved in numerical
form on text file and made available for IMT computation.
The manual tracings were considered as ground truth (GT).

3 Brief Architecture of CALEX 3.0

The completely automated technique we used to perform
automated IMT measurement was called CALEX (Com-
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Fig. 17.3 CALEX 3.0 automated cropping. (a) Original image. The
dashed lines delimit the region containing the ultrasound data. Outside
the dashed lines, the vertical and horizontal gradients are null. The white

arrows on the right indicate the vertical scale for the measurement of
the conversion factor. (b) Cropped image

pletely Automated Layers EXtraction). We had previously
developed this technique in 2010 [25, 26], but we modified
it in order to improve the performance for low contrast and
low-resolution carotid ultrasound images. For the purposes
of this study, we used the CALEX 3.0 version, which is
the latest improvement of our CALEX system architecture.
CALEX 3.0 consists of three cascaded stages. Stage-I is the
artery recognition phase based on feature extraction, line
fitting, and classification [22]. This system was further im-
proved by differentiating the CCA and JV. This was called in-
telligent carotid artery recognition processor—CALEX 3.0.
The output of this stage is the adventitia borders (ADF).
Stage-II consists of delineation or segmentation of walls or
LI/MA segmentation based on fuzzy K-means classifier for
the delineation of the automated LI and MA boundaries.
Stage-III consists of LI/MA refinement.

3.1 Stage-I: Automatic Recognition
of the CA

Stage-I is based on the pixel analysis through local statistics.
The fundamental hypothesis of this recognition stage is that
carotid appearance in B-Mode longitudinal images can be

modeled in a relatively simple way as a black region (the
artery lumen) in between two bright lines, which are the near
and far adventitia layers. Therefore, Stage-I of CALEX 3.0
essentially searches for the carotid adventitia layers [25].

First of all, all the local intensity maxima of the images
are automatically found and marked. Such maxima are called
“seed points.” Seed points are linked to form lines. Fig-
ure 17.4a shows the original cropped image and Fig. 17.4b
the automatically detected line segments. In all our images,
the carotid artery was represented as horizontally placed.
Therefore, we kept all the horizontal lines in the image and
discarded inclined lines. By using linear discriminators and a
very solid classification procedure [32], we detected, among
all the line segments, the two that comprised the artery lumen
(Fig. 17.4c). The final output of Stage-I is the profiles of the
far adventitia layer (ADF), depicted by Fig. 17.4d.

The ADF profile was used to derive a Guidance Zone (GZ)
used by the subsequent Stage-II. This GZ must comprise the
entire far wall along the carotid artery. Since the nominal
IMT value is lower than 1 mm, it means that the distance
between intima and media is about 13 pixels (since the pixel
density of these images is 12.7 pixel/mm). Therefore, our
GZ had the same horizontal width of the ADF profile, and
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Fig. 17.4 Automated carotid identification (Stage-I) by CALEX 3.0.
(a) Original cropped image. (b) Line segments. (c) Line segments
corresponding to the near and far adventitia layers obtained through
validation and classification [25]. (d) Final profile of the far adventitia

(ADF). (e) Determination of a Guidance Zone in which segmentation
is performed (white dashed line). (f) Extracted Guidance Zone of the
distal wall

height equal to 30 pixels, which means about twice the size
of the IMT. With this value, our GZ always comprised the
distal (far) wall and a portion of the carotid lumen. The pixels
in the GZ were then processed by Stage-II. Figure 17.4e
shows the Guidance Zone automatically detected (white
dashed rectangle), and Fig. 17.4f the cropped Guidance Zone
containing the distal carotid wall.

3.2 Stage-II: Fuzzy-Based LI-MA
Segmentation Strategy

The automated delineation or segmentation of the far wall
is performed by relying on a fuzzy K-means classifier. The
GZ was processed column-wise. The intensity profile of each
column was fed as input to the fuzzy K-means classifier.
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Fig. 17.5 Samples of CALEX 3.0 automated segmentation. The image is zoomed in the Guidance Zone

Basically, we modeled the intensity profile as a mixture
of three clusters of pixels: (1) the pixels belonging to the
lumen, which have a low intensity; (2) the pixels belonging
to the intima and media layers, which are characterized by an
intermediate gray intensity; and (3) the pixels belonging to
the far adventitia, which are bright and with high associated
values. Therefore, we forced the number of clusters of our
K-means classifier equal to three. The pixel at the boundary
between the first and the second class was then taken as
marker of the LI interface; the pixels at the boundary between
the second and the third class were taken as the marker of
the MA interface. The final LI and MA boundaries were
obtained by the sequence of the LI and MA marker points
of every column of the GZ. Figure 17.5 shows three samples
of CALEX 3.0 LI/MA profiles.

3.3 Stage-III: LI/MA Boundaries Refinement

Computer-generated boundaries might present local inaccu-
racies, caused by noise and image artifacts. Such inaccura-
cies are problematic in the framework of automated IMT
measurement, because they can introduce a substantial error
in the computer measurement of the IMT. Our CALEX 3.0
system is equipped with a third stage of post-processing that
regularizes the LI/MA profiles and avoids inaccuracies. The
two refinement strategies we introduced in CALEX 3.0 are
lumen region detection and spike removal.

Lumen Region Detection via Pixels Classification We
introduced a lumen detection step to prevent the computer-
generated profiles crossing or penetrating into the lumen
region. Particularly, we observed that when the carotid lumen
was characterized by a high degree of blood backscattering,
the LI profile could become inaccurate and protrude or
bleed into the carotid lumen. This error condition is caused
by the incorrect pixel classification by Stage-II. The pixels
belonging to the lumen can be easily detected by relying on
the bidimensional distribution of the intensities and standard
deviations. Specifically, we computed the average intensity
and the standard deviation of the intensity values of the
10 � 10 square neighborhood of each pixel. We found that

lumen points have a very low average intensity and a very
low standard deviation, since they are almost black and
surrounded by homogeneous dark pixels. Hence, by plotting
a bidimensional histogram, we could mark all the pixels
possibly belonging to the artery lumen. Figure 17.6 shows
an example of lumen region detection on an image from our
dataset.

All the pixels possibly belonging to the artery lumen
were marked according to the described procedure. Then, we
forced the fuzzy K-means classifier of Stage-II to classify
such lumen pixels into the first cluster. This avoided the LI
profile bleeding into the artery lumen in 100 % of the images.

Spike Detection and Removal Small spikes can be present
in the final LI/MA profiles. Again, such spikes can be gen-
erated by noise. Since the conversion factor of our database
was 0.0787 mm/pixel, an IMT of 1 mm was be equivalent to
12.7 pixels. Therefore, we defined spike as a jump higher
than six pixels in the LI/MA profiles, which means about
half the nominal IMT value. All the spikes were detected and
substituted by the average value of the 10 points neighboring
the spiky point (5 points to the left and 5 to the right).

4 IMT Measurement and Performance
Metric

The segmentation errors were computed by comparing au-
tomated tracings by CALEX 3.0 with manual segmenta-
tions, which were traced by expert sonographers by using
a custom-made research prototype available system (Img-
Tracer™, Global Biomedical Technologies, Inc., California,
USA). We used the Polyline Distance measure (PDM) as
performance metric. A detailed description of the PDM can
be found in previous works [33]. The fundamental equations
of the PDM metric are reported in Appendices 1–3. Consider
that the output of the CALEX 3.0 system consists of two
profiles: LI and MA. Both the profiles consist of a certain
number of vertices or points on the LI/MA borders. First,
we compute the average distance of the vertices of LI with
respect to the segments of MA and we call this value as
DLI-MA. Then, we compute the average distance between the
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Fig. 17.6 Lumen region detection. (a) Original cropped image. (b) Lumen region detection. The pixels possibly belonging to the lumen are
mapped to white

vertices of MA with respect to the segments of LI and call
such distance as DMA-LI. The PDM is defined as the sum of
DLI-MA with DMA-LI divided by the total number of vertices
of the two profiles. The main advantage of using the PDM
as performance metric is that it is almost insensible to the
number of points constituting a profile.

For each image, we compared the IMT measured by
CALEX 3.0 with the IMT value calculated from manual
delineations (GT). We then computed the IMT bias (i.e.,
the difference between CALEX 3.0 measurement and GT
IMT), the IMT absolute value (i.e., the absolute difference
between CALEX 3.0 measurement and GT IMT), and the
IMT squared error (i.e., the squared absolute difference
between CALEX 3.0 measurement and GT IMT). A detailed
description of the error metrics is reported by Appendix 1.
We also computed the Figure-of-Merit (FoM) for CALEX
3.0, which corresponds to the percent agreement between
the computer-estimated IMT, and manually measured IMT
values (mathematical details are reported in Appendix 3).

The performance evaluation analysis was completed by
Bland–Altmann plots, correlation plots, and distribution his-
togram of the IMT measurement errors.

5 IMT Measurement Results in Low
Contrast Images

CALEX 3.0 successfully segmented all the 885 images
of the database. Table 17.1 reports the IMT measurement
performance for CALEX 3.0 in comparison to Ground Truth.
CALEX 3.0 measured an average IMT of 0.407 ˙ 0.083 mm,
whereas the GT IMT value was 0.429 ˙ 0.052 mm. The
IMT bias was as low as 0.022 ˙ 0.081 mm, the absolute
error was 0.061 ˙ 0.058 mm, and the squared error was
0.007 ˙ 0.015 mm2. The FoM was equal to 94.7 %.

Table 17.1 clearly shows the reliability and reproducibility
of the technique.

Table 17.1 Overall system performance for CALEX 3.0

CALEX 3.0 Ground truth

IMT mean 0.407 ˙ 0.083 mm 0.429 ˙ 0.052 mm

IMT bias 0.022 ˙ 0.081 mm –

IMT absolute error 0.061 ˙ 0.058 mm –

IMT squared error 0.007 ˙ 0.015 mm2 –

FoM 94.7 % –
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Fig. 17.7 Samples of CALEX 3.0 automated segmentation (white lines) compared to manual segmentations (white dashed lines). The left column
reports the lumen–intima profiles, the right the media–adventitia

Fig. 17.8 Correlation plot between CALEX 3.0 IMT values (vertical
axis) and GT IMT values (horizontal axis)

Figure 17.6 reports samples of CARES 3.0 automated
segmentation. Figure 17.7 reports samples of CALEX 3.0
automated segmentation compared to ground truth (GT).
The left column of Fig. 17.7 shows the comparison of the
LI profiles w.r.t. GT, while the right column of Fig. 17.7
shows for the MA profiles. The CALEX 3.0 profiles are
depicted by continuous white lines, whereas the GT profiles
by dashed lines. Figure 17.7 clearly demonstrates that the
overall agreement between automated and manual profiles.

Figures 17.8, 17.9, and 17.10 depict the overall CALEX
3.0 performance. Specifically, Fig. 17.8 reports the correla-
tion plot between the CALEX 3.0 IMT measurements and
the corresponding GT IMT values.

Figure 17.9 reports the Bland–Altmann plot for CALEX
3.0 compared to GT. Finally, Fig. 17.10 reports the histogram
distribution of the IMT measurement bias (as defined in
Appendix 1). The black line on the histogram is the cumu-
lative function. From Fig. 17.9 it is possible to observe that
CALEX 3.0 IMT error is as low as 0.022 mm (black line)
with reproducibility lower than 1 mm (equal to 0.081 mm—
dashed lines). This IMT measurement error was about 5 %
of the average IMT value on the population (manually
measured as 0.429 mm—Table 17.1). The Bland–Altmann
plot (Fig. 17.9) did not evidence any clear trend in the IMT
measurement error. The distribution of the IMT error was in

Fig. 17.9 Bland–Altmann plot of the CALEX 3.0 IMT measurements
compared to ground truth

Fig. 17.10 Histogram distribution of the IMT measurement bias. It
can be noticed that the average IMT bias is very low and the standard
deviation of the histogram is lower than 0.1 mm

the range [�0.2, 0.2] mm (Fig. 17.10), which was an index of
high system reproducibility. The cumulative function of the
histogram revealed that less than 7 % of the images had an
IMT error higher than 0.1 mm. Also, the average IMT error
is centered on zero and the error distribution is symmetrical,
thus evidencing that there is not a clear tendency towards
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under- or overestimation of the IMT value. This was an
indication of high system accuracy.

The optimization of the system and the integrated archi-
tecture lowered the computational time to be about 1 s for
each image. With this automated tool, therefore, we could
process the 885 images of our database in less than 15 min.

6 Are Fully Automated Systems Ready
for Epidemiological Studies?

In this chapter we showed the potential of CALEX 3.0—an
automated IMT measurement applied to an epidemiological
study. This study is novel for many reasons:
1. It is the first time a fully automated method for carotid

IMT measurement (a class of patented AtheroEdge
®

sys-
tems) has been applied to an epidemiological study

2. The dataset was relatively large (about 885 images) with
low contract and low resolution

3. The CALEX 3.0 is accurate and provides reproducible
results

4. The system takes 2 s per image and is near real time
5. There is no user interaction involved and is thus fully

automated
6. The system parameters are automatically and dynamically

adjusted
Our technique showed very good performance when ap-

plied to this database. The major challenge we had to face
was the low pixel density of the B-Mode ultrasound images.
We measured a pixel density of 12.7 pixels/mm, which led to
a pixel physical dimension of 0.0787 mm/pixel (conversion
factor). Since the average IMT value manually measured
by an expert sonographer came out to be about 0.42 mm,
it means that the IMT was represented on about 5.7 pixels
in thickness. Thus it is very challenging for an automated
system to find the LI/MA borders which are just 5–6 pixels
apart. For example, if the IMT measurement error was of
0.5 pixels (that is a sub-pixel error), the measurement error
would be of about 0.04 mm; this accounts to 10 % of the
average IMT value on the sample population. Our IMT mea-
surement bias and reproducibility was 0.022 ˙ 0.081 mm,
nearly less than a quarter of a pixel—hence highly accurate.

From a technical point of view, CALEX 3.0 performance
was satisfactory both in terms of measurement accuracy and
of reproducibility. The accuracy of about 0.02 mm is in
line with that of semiautomated techniques. For example,
Stein et al. [34] tested their semiautomated edge-based sys-
tem for IMT measurement on 300 images, acquired on 25
consecutive controls and 25 consecutive patients referred to
the IMT measurement by their physician. They got an error
of 0.012 ˙ 0.006 mm. Faita et al. [35] obtained an IMT
measurement bias equal to 0.01 ˙ 0.038 mm and tested their
semiautomated algorithm based on an edge snapper on 150

images taken from 80 healthy subjects and 70 patients with
increased cardiovascular risk. Though there the difference
between our method and Faita et al. and Stein’s is in the range
of 0.012 mm, we have to keep in mind that a great amount
of user interaction was done in these methods. Further, their
techniques were fine-tuned for a specific ultrasound scanner,
while CALEX 3.0 was not specifically modified in order to
work with the images of this Asian Indian database.

We believe that the most important results of CALEX
3.0 were the high reproducibility of the IMT measurement.
The standard deviation of the IMT bias (i.e., what is called
reproducibility) was as low as 0.081 mm. Compared to
Stein’s technique, which is the most reproducible method
we found in the literature, CALEX 3.0 could still have
scope of improvement. Nevertheless, the value of 1 mm for
reproducibility can be nowadays considered as the threshold
limit for automated techniques [36]. In fact, fully automated
techniques need superior architecture and quality controls in
order to optimize the IMT computation with respect to the
semiautomated and user-driven techniques, and the lack of
such controls increases the IMT bias standard deviation (thus
lowering reproducibility).

Finally, CALEX 3.0 is an IMT automated measurement
paradigm that has been integrated into a versatile and com-
mercial platform called AtheroEdge

®
(Global Biomedical

Technologies, Inc., CA, USA).

7 Conclusion

We demonstrated the usage of AtheroEdge
®

class of sys-
tem on a low contrast and low-resolution (pixel density
was 12.7 pixels/mm) epidemiological study consisting of a
database of 885 carotid ultrasound images. The CALEX 3.0
fully automated system processed 100 % of the images in the
dataset and shows an IMT measurement bias (compared to
human tracings) of 0.022 ˙ 0.081 mm, comparable to previ-
ous semiautomated methods on accuracy and reproducibility.
This CALEX 3.0 can therefore be used in large multi-
centric and epidemiological studies involving low-resolution
imaging acquired by low-end ultrasound equipments.
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Appendix 1. Polyline Distance

The polyline distance metric (PDM) is a robust metric to
define the distance between two boundaries. The basic idea
is to measure the distance of each vertex of a boundary to the
segments of the other boundary. The polyline distance from
vertex v to the boundary B2 can be defined as the minimum
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distance between v and the segments of B2. The distance
between the vertexes of B1 and the segments of B2 is then
defined as the sum of the distances from the vertexes of
B1 to the closest segment of B2. Let’s call this distance as
d(B1,B2). Similarly, it is possible to calculate the distance
between the vertices of B2 and the closest segment of B1

(let’s call this distance as d(B2,B1)). The polyline distance
between boundaries is the defined as

D .B1; B2/ D d .B1; B2/C d .B2; B1/

.# of vertices of B1 C # of vertices of B2/

(17.1)

Appendix 2. Definition of the IMT Bias,
Absolute Error, and Squared Errors

Let IMTi be the intima–media thickness value automatically
computed by CALEX 3.0 on the ith image of the database.
Let GTIMTi be the IMT value computed by manual mea-
surements.

The IMT measurement bias "i is defined as

"i D GTIMTi � IMTi (17.2)

The absolute value �i of the IMT bias is defined as

�i D jIMTi � GTIMTi j (17.3)

The squared error �i is, finally, defined as

�i D jIMTi � GTIMTi j2 (17.4)

By averaging all these error metrics on the N images of
the database, we computed the overall system errors as:

" D 1

N

NX
iD1

"i (17.5)

� D 1

N

NX
iD1

�i (17.6)

� D 1

N

NX
iD1

�i (17.7)

Appendix 3. Figure-of-Merit

Let IMTi be the intima–media thickness value automatically
computed by CALEX 3.0 on the ith image ofthe database.

Let GTIMTi be the IMT value computed by manual mea-
surements. If we consider a database of N images, then the
overall system IMT estimate can be defined as

IMT D 1

N

NX
iD1

IMTi (17.8)

GTIMT D 1

N

NX
iD1

GTIMTi (17.9)

The Figure-of-Merit (FoM) is mathematically represented
as

FoM D 100�
ˇ̌
ˇ̌̌ IMT � GTIMT

GTIMT

ˇ̌
ˇ̌̌ � 100 (17.10)
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18Carotid Artery Recognition System (CARS):
A Comparison of Three Automated Paradigms
for Ultrasound Images

Filippo Molinari, Kristen Mariko Meiburger, U. Rajendra Acharya,
William Liboni, Andrew Nicolaides, and Jasjit S. Suri

1 Introduction

Ultrasound imaging showed a rapid rise in last 5 years in
several diagnostic fields. The cutting edge of ultrasound diag-
nostics is represented by cardiovascular and cerebrovascular
applications. There are an increasing number of computer-
aided techniques dedicated to the assessment of the artery
wall status. This chapter illustrates a unique and innovative
framework for the automated localization of the arterial
morphology in the ultrasound image frame.

Several studies from around the world have demonstrated
the correlation between the characteristics of the carotid
artery wall and the risk of cerebrovascular diseases (CVDs)
[1–3]. The most used and validated marker of progression
of atherosclerosis and CVDs is the intima–media thickness
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(IMT) [4–6]. It has been shown that the carotid IMT is a
valuable risk marker for CVDs [4, 5] with specific predictive
value for incident myocardial infarction [7]. Ultrasound is
commonly used to assess the carotid status and for monitor-
ing. The most used and validated marker of progression of
carotid artery diseases is the intima–media thickness (IMT)
[4, 5]. The IMT value can be measured by using ad hoc
computer techniques and image processing strategies. The
goal is to segment the carotid artery distal wall, in order
to find the lumen–intima (LI) and media–adventitia (MA)
interfaces. The distance between such interfaces is taken as
estimate of IMT.

Conceptually, the segmentation process can be thought as
sequence of two steps [8, 9]:
• Stage-I: recognition of carotid artery (CA) in an ultra-

sound image
• Stage-II: delineation of the wall boundaries in the ROI of

the recognized CA
In Stage-I, the carotid artery must be located or rec-

ognized in the image frame. This step is usually better
performed by human experts, who mark the position of the
carotid artery by placing markers or by tracing rectangular
region of interests (ROIs). In Stage-II, segmentation of the
walls is performed in the region of interest where the carotid
distal wall portion has been recognized. Once the LI and
MA borders are determined during the segmentation process,
IMT can be measured. These two steps may not be inde-
pendent. In fact, an incorrect ROI of the region containing
the carotid walls may preclude the optimal performance
of the wall segmentation algorithm and IMT measurement.
Therefore, complete automation can be achieved only by
designing both Stage-I and Stage-II independent of the user.
This means that appropriate detection strategies are required
in order to automatically localize the carotid artery in the
image during the Stage-I process. Such strategies must be
robust with respect to noise. Also, they must be able to
process carotids with different geometrical appearance (i.e.,
horizontal, inclined, curved, kinked, or walls with intermit-
tent gaps).
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The majority of the IMT measurement and segmentation
techniques that can be found in the literature are user driven
[10]. This means that Stage-I (i.e., carotid localization or
recognition) usually requires human operator or a trained
sonographer. In a recent review by Molinari and Suri, we
analyzed the most recent and adopted techniques for carotid
wall segmentation and IMT measurement [10]. Any user
interaction precludes real automation of the technique, slows
the analysis process, as it can be iterative, and introduces
a dependence on the operator if the gain settings are not
optimal. This brings subjectivity in the process. Different
studies reported inter-subject variability associated with the
IMT measurement that could be as high as 0.05 mm [11–13].
Complete automation, conversely, enables the processing of
large image volumes and can be an asset for multicenter
large studies. Further, correct intelligent automation of CA
recognition aids in Stage-II, i.e., accurate wall segmentation.
Thus, the goal of this chapter is to automatically estimate the
far adventitia border (ADF) automatically.

Since 2005, our team developed completely automated
methods for ultrasound vascular wall image segmentation
and IMT measurement [14–17]. Our first method was based
on local statistics [14]. We observed that speckle and noise
sources like blood backscattering and image artifacts could
alter the carotid lumen, thus weakening the local statis-
tic approach. We then proposed a feature-based technique
[16], which exploited the image brightness features, but had
the drawback of requiring a strong fitting and classifica-
tion scheme. In 2011, we proposed a versatile and multi-
resolution approach [18] that is very robust to noise. Hence,
continuous research in improving performance was carried
out by our team in last 5 years. We demonstrated that in spite
of the presence of the noise, automated techniques could
reach performance similar to those of semiautomated ones
only by adopting intelligent and integrated approaches [19].
Therefore, we always paid particular attention to Stage-I. In
fact, we showed that the inaccuracies in this Stage-I could
easily propagate to Stage II and can affect the overall per-
formance of the algorithm [9, 16]. In this chapter, therefore,
we will provide an extended overview of our recognition
architectures along with their experimental characterization.

There are no studies available in the literature that com-
pare the performance of different techniques for Stage-I,
i.e., the automated recognition of CA. Recently, two groups
(Rossi et al. [20] and Golemati et al. [21]) published fully
automated techniques for carotid images processing. How-
ever, in these studies, the performance relative to Stage-I was
missing. Specifically, Rossi et al. [20] measured the distance
between the computer-based carotid lumen centerline and the
centerline traced by a semiautomated method. If the distance
was lower than 2 mm, they considered the carotid as correctly
recognized. However, they did not state which distance

metric they had used to measure the distance between the two
centerline profiles. Golemati et al. [21] focused their paper on
carotid segmentation and IMT measurement; thus they did
not provide performance evaluation on carotid recognition.

We show the comparative characterization of Stage-I of
three completely automated paradigms we developed. The
techniques are named as CARSgd, CARSsa, and CARSia,
off shoots of some of our previous work [15–17]. CARSgd
(carotid artery recognition system using first-order derivative
Gaussian edge approach) is the most recent and innovative
approach and is based on first-order derivative Gaussian edge
analysis. CARSia (carotid artery recognition system using
integrated approach) detects the carotid artery by relying on
a combined approach of feature extraction, fitting, and clas-
sification [16]. CARSsa (carotid artery recognition system
using signal processing approach) is based on local statistics
and distribution of the pixels and its features [9, 15].

We benchmarked the three techniques on a database con-
sisting of 365 images consisting of normal and pathological
arteries. We used the Hausdorff Distance as performance
metric and we measured the distance between the far adven-
titial border traced by the three automated CA recognition
techniques and the corresponding adventitia and LI/MA pro-
files that were manually drawn by experts, so-called ground
truth. Also, the three expert sonographers visually inspected
results and determined the pass or fail for each image.

The chapter is organized as follows. We will start with
describing each technique in detail, and then we will present
our image testing set and our validation and benchmarking
methods. We will then discuss the results and show how this
automated carotid artery recognition system (CARS) could
be used in large epidemiological and multi-centric studies
about atherosclerosis.

2 CARS System Overview: Three
Different and Complementary
Paradigms

In this section, we will describe the CARS system in detail.
We will mathematically define the architecture of the three
automated subsystems and their behavior. We will show the
fundamental ideas, which are the basis of each component.

Usually, B-Mode ultrasound images cannot be directly
processed as they come from the ultrasound scanner. This
because ultrasound data (i.e., the region of interest for pro-
cessing) are confined in a limited and defined region of
the image, which must be individuated prior to any fur-
ther processing. Hence, preliminarily, the ultrasound im-
age was automatically cropped in order to discard the sur-
rounding black frame containing device headers and im-
age/patient text data [9]. For a DICOM formatted image,
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Fig. 18.1 Automated cropping of the ultrasound DICOM image. The original image frame (left) is cropped (right). The white circle indicates the
scanning depth, which could be used for manual computation of the calibration factor

Fig. 18.2 CARSgd procedure for ADF tracing. (a) Original cropped
image. (b) Downsampled image. (c) Despeckled image. (d) Image after
convolution with first-order Gaussian derivative (� D 8). (e) Intensity

profile of the column indicated by the vertical dashed line in panel
d (ADF indicates the position of the far adventitia wall). (f) Cropped
image with far adventitia profile overlaid

we relied on the data contained in the specific field named
“SequenceOfUltrasoundRegions,” which contains
four subfields that mark the location of the image containing
the ultrasound representation. The raw B-Mode DICOM
image was then cropped in order to extract only the portion
that contains the carotid morphology. Alternatively, if the
image was in a non-DICOM format, or if the DICOM
tags were not fully formatted, we adopted a gradient-based
procedure. We computed the horizontal and vertical Sobel
gradients of the image. The beginning of the image region
containing the ultrasound data can be calculated as the first
row/column with gradient different from zero. Similarly,
the end of the ultrasound region was computed as the last
nonzero row/column of the gradient. Figure 18.1 depicts
a sample of automated cropping: the original DICOM raw
image (left) is cropped (right). The cropped image was then
fed as input to the CARSgd, CARSia, or CARSsa algorithm,
respectively.

2.1 CARSgd: Far Adventitia Border
Detection Based on First-Order
Derivative Gaussian Edge Analysis

The completely automated technique we developed and
named CARSdg consists of a novel and low-complexity
procedure. Figure 18.2 shows the steps of the automatic CA
recognition, starting with the automatically cropped image
(Fig. 18.2a), which constitutes the input to the recognition
procedure. This is discussed in more detail here:
• Step 1: Fine to coarse downsampling. The image was

first downsampled by a factor of two (i.e., the number of
rows and columns of the image was halved) (Fig. 18.2b).
We implemented the downsampling method discussed by
Zhen et al. [22], adopting a bi-cubic interpolation. This
method was tested on ultrasound images and showed
a good accuracy and a low computational cost [22].
Downsampling prepares the vessel wall’s edge boundary
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such that the vessel wall thickness tends to be equivalent
to the scale of the Gaussian kernels (used in Step 3 for
wall recognition). This paradigm will yield an automated
recognition of the distal (far) adventitia layer. Thus a
guidance zone can be built around this far adventitia
border for wall segmentation. Fan et al. [23] adopted a
similar approach to measure the diameter of the brachial
artery. They used a Gaussian higher order filtering to
create a guidance zone. Segmentation was then performed
by relying on a template matching strategy.

• Step 2: Speckle reduction. Speckle was attenuated by
using a first-order local statistics filter (named as lsmv by
the authors [24, 25]), which gave the best performance in
the specific case of carotid imaging. This filter is defined
by the following equation:

Jx;y D NI C kx;y.Ix;y � NI / (18.1)

where Ix,y is the intensity of the noisy pixel, NI is the
mean intensity of a N � M pixel neighborhood, and kx,y

is a local statistic measure. The speckle-free central pixel
in the moving window is indicated by Jx,y. Loizou et al.

[24] mathematically defined kx;y D �2
INI 2�2

I
C�2

n

, where �2
I

represents the variance of the pixels in the neighborhood,
and �2

n is the variance of the noise in the cropped image.
An optimal neighborhood size was shown to be 7 � 7.
Figure 18.2c shows the despeckled image. Note that the
despeckle filter is useful in removing the spurious peaks
if any during the distal (far) adventitia identification in
subsequent steps.

• Step 3: First-order derivative Gaussian edge (FODGE)
operator. The despeckled image was filtered by using a
35 � 35 pixels first-order derivative of a Gaussian kernel.
Figure 18.2d shows the results of the filtering by the
Gaussian derivative. The scale parameter of the Gaussian
derivative kernel was taken equal to 8 pixels, i.e., half
the expected dimension of the IMT value in an original
fine resolution image. In fact, an average IMT value of
say 1 mm corresponds to about 16 pixels in the original
image scale and, consequently, to 8 pixels in the coarse
or downsampled image. The white horizontal stripes of
Fig. 18.2d are relative to the proximal (near) and distal
(far) adventitia layers.

• Step 4: Automated far adventitia (ADF) tracing. Fig-
ure 18.2e shows the intensity profile of one column of the
filtered image of Fig. 18.2d. The proximal and distal walls
are visible as intensity maxima saturated to the value of
255. To automatically trace the profile of the distal wall,
we used a heuristic search applied to the intensity profile
of each column. Starting from the bottom of the image, we
search for the first white region consisting of width of at
least 6 pixels (computed empirically). The deepest point

of this region (i.e., the pixel with the higher row index)
marked the position of the far adventitia (ADF) layer on
that column. The sequence of the points resulting from
the heuristic search for all the image columns constituted
the overall automated ADF tracing.

• Step 5: Upsampling of far adventitia (ADF) boundary lo-
cator. The ADF profile was then upsampled to the original
fine scale and superimposed over the original cropped
image (Fig. 18.2f) for both visualization and performance
evaluation.
This Stage-I essentially consists of an architecture com-

bining fine-to-coarse downsampling for wall scale reduction,
despeckle filtering, first-order derivative Gaussian Kernel
edge (FODGE) filtering for wall extraction, and Heuristic-
based peak detection for final segmentation of the far ad-
ventitia borders. The matching between the downsampled
wall thickness and the Gaussian Kernel size (scale) ensured
optimal representation of the artery. If the FODGE kernel
size did not match the theoretical IMT of 8 pixels, the
overall CARSgd performance decreased from 100 % .� D
8/ to 94 % for � D 6 and 97 % for � D 10. We chose
to downsample the image and match the wall size to the
FODGE kernel and not vice versa to avoid higher error
propagation and to reduce the computational burden.

2.2 CARSia: Far Adventitia Border
Detection Using Feature Extraction
and Fitting

CARSia exploits the image information in order to automat-
ically detect far adventitia [16]. This is based on the assump-
tion that there exists a dark, low-intensity region (the lumen
region) between the two bright, higher intensity regions (the
near and far wall adventitia layers). Thus, the basic idea of
CARSia is to exploit the geometrical and intensity features
of the carotid artery representation to recognize the artery
walls. The first step is the definition of “seed points.” A seed
point is a local intensity maxima located on the CA wall.
Seed points are clustered from the other intensity maxima
by a linear discriminator (which we preliminary trained on
a subset of 15 images [16]). Once detected, seed points are
then linked to form line segments. An intelligent procedure is
applied to remove short or false line segments by computing
the validation probabilityP.Dvalidjsi / [see (18.2) and (18.3)]
and join close and aligned segments by computing the con-
nectability probability P.Dconnjsi / [see (18.4) and (18.5)].
This procedure avoids over-segmentation of the artery wall.
Therefore, line segments classification extracts the line pair
that contains the artery lumen in between.

P.Dvalidjsi / D exp f� .Dvalidjsi /g (18.2)
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where the energy function .�/ is based on the supportg1.si /

and the width stability g4.si / and is defined according to the
following formula:

 .Dvalidjsi / D !1g1.si /C !4g4.si / (18.3)

P.Dconnjsi ; sj / D expf� .Dconnjsi ; sj /g (18.4)

where the energy function  .�/ is based on proximity
h1.si ; sj / and alignment h2.si ; sj /:

 .Dconnjsi ; sj / D !0
1h1.si ; sj /C !0

2h2.si ; sj / (18.5)

Here, !1, !4, !0
1, and !0

2 are weights determined by
the training data. For each line segment si we defined four
features:
(a) Support, defined as the number of seed points contained

by the segment si (indicated by g1.si /)
(b) Residue, defined as the mean squared error of the seed

points with respect to their perpendicular distance from
si (indicated by g2.si /)

(c) Spread, defined as the shortest path length connecting
the seed points divided by the number of seed points si
contains (indicated by g3.si /)

(d) Width stability, defined as the percentage of points along
the fitted line segments si whose width (perpendicular
distance to the nearest intensity edge) is within some
tolerance of the estimated width of the adventitial layers
(indicated by g4.si /)

These are computed as follows: g1.si / is mathematically
defined and computed as the number of seed points present
on the line segment si .
g2 .si / is the residue and is computed as the average

Euclidean distance from the seed points to the line segment
si . Thus it is the perpendicular distance from the seed point
to the line segment si .
g3.si / is the spread function defined as the shortest path

length connecting the seed points divided by the number of
seed points si contains.

We compute the length of si as follows: (a) selection of
any two seed points that si contains, and then, calculate the
Euclidean distance; (b) the maximum Euclidean distance is
the length of si .
g4.si / is mathematically defined as the percentage of

points along the fitted line segments si whose width (perpen-
dicular distance to the nearest intensity edge) is within some
tolerance of the estimated width of the adventitial layers. The
algorithmic steps for computation of g4.si / are as follows:
1. Application of the Canny edge detector on the original

image. Canny edge detector uses a multistage algorithm
to detect a wide range of edges in images. Because it
is susceptible to noise present on rawunprocessed image

data, we thus convolve the raw image with an optimal
Gaussian filter.

2. For each line segment, find its closest edge. This can be
done by applying connected component analysis to the
binary Canny edges. Then calculate the distance from a
line segment to an edge and then sort the distance values.

3. For each seed point on a line segment, we calculate the
distance di to the closest edge.

4. We then compute the average distance R as the average ra-
dius of this line segment s. To remove the outliers caused
by the background noise we calculate the threshold, which
is the ratio ri D di/R. Our lower threshold bound is 0.8
and upper threshold bound is 1.25. Setting these threshold
values can effectively remove most of outliers.

5. Finally, calculate the percentage of seed points that meet
the criteria above which is called the width stability [16,
17].
Details about the definition of the above parameters are

described in our previous paper [16]. Figure 18.3 summarizes
CARSia functioning.

2.3 CARSsa: Local Statistics Approach

The automated approach based on local statistics was one of
the first we developed and was the basis of many studies we
conducted [14, 15, 17, 26–32].

This approach is based on the assumption that carotid
representation can be thought of as a mixture model with
varying intensity distributions. This is because the (a) pixels
belonging to the vessel lumen are characterized by low mean
intensity and low standard deviation; (b) pixels belonging to
the adventitia layer of the carotid wall are characterized by
high mean intensity and low standard deviation; and (c) all
remaining pixels should have high mean intensity and high
standard deviation. As a result, we derived a bi-dimensional
histogram (2DH) of the carotid image. For each pixel, we
considered a 10 � 10 neighborhood of which we calculated
the mean value and the standard deviation. The mean values
and the standard deviations were normalized to 0 and 1 and
were grouped into 50 classes each having an interval of
0.02. The 2DH was then a joint representation of the mean
value and standard deviation of each pixel neighborhood.
In previous studies, we showed that pixels belonging to the
lumen of the artery are usually classified into the first classes
of this 2DH [9]: expert sonographer manually traced the
boundaries of the CA lumen and observed the distribution
of the lumen pixels on the 2DH. Overall results revealed that
pixels of the lumen have a mean values classified in the first
four classes and a standard deviation in the first seven classes.
We therefore consider a pixel as possibly belonging to the
carotid lumen if its neighborhood intensity is lower than
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Fig. 18.3 CARSia (integrated approach) recognition strategy.
(a) Original image. (b) Automatically identified line segments (black
lines). (c) Final ADF tracing after line segments validation and
combination

0.08 and if its neighborhood standard deviation is lower than
0.14. Figure 18.4 shows the lumen region selection process
in four images: Fig. 18.4a depicts the original image after
automatic cropping; Fig. 18.4b depicts the 2D histogram
(2DH) showing the relationship between the normalized

mean and normalized standard deviation. The gray region in
the 2DH represents what we consider the lumen region of
the carotid artery. All the image pixels falling into this region
have been depicted in gray in Fig. 18.4c. This example shows
how the local statistic is effective in detecting image pixels
that can be considered as belonging to the CA lumen.

To avoid incorrect detection of our ADF, we had to at-
tenuate the superimposed noise and random intensity peaks.
We therefore used the low-pass filter (Gaussian Kernel Size
29 � 29, with � D 1) and convolved it with the image
to lessen the noise and speckle effect. Schematically, the
following are the steps for processing the intensity profile:
(i) ADF tracing: the procedure started from the bottom most

point and searched for the first maxima with an intensity
value above the 90th percentile of the intensity distribu-
tion along that profile. This point was marked as possible
far adventitia (ADF) candidate. Starting from the bottom
most point and searching for a local intensity maximum
yielded the ADF candidate selection quite robust, due
to the hyperechoic appearance of the adventitia layer.
The strong low-pass filtering preliminary to this choice
attenuated possible high-intensity noisy points located
above the adventitia layer.

(ii) Lumen tracing: For lumen estimation point, the algo-
rithm moved upwards along the row (decreasing row
value) and searched for a pixel (point) possibly be-
longing to the lumen. The lumen candidate was the
first minima point whose neighborhood mean inten-
sity and standard deviation values matched the criteria
of the 2DH (i.e., normalized mean value lower than
0.08 and normalized standard deviation lower than 0.14,
respectively).

When the two candidate points along the column were
found, they were plotted on the original image in correspon-
dence of their row index (and of the column index under
analysis). If the row index reached 1 (or the last row) before
the two points were found, the column was discarded and
marked as unsuitable to segmentation. Figure 18.4d shows
the marked points on a sample image column.

3 Image Database and Preprocessing
Steps

We describe here the image dataset we used for performance
analysis and validation of CARS.

Our database consisted of 365 B-model images collected
from four different institutions/hospitals around the world.
They are as follows:
• The Neurology Division of the Gradenigo Hospital of

Torino (Italy), which provided 200 images.
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Fig. 18.4 CARSsa (signal processing) strategy for far wall adventitial
tracing. (a) Original image. (b) Bidimensional histogram (2DH). The
gray portion of the 2DH denotes the region in which we suppose to

find only lumen pixels. (c) Original image with lumen pixels overlaid
in gray. (d) Sample processing of one column, with the marker points
of the far (ADF) adventitia layer and of the lumen (L)

Table 18.1 Image database and patient demographics

Institution
Total
images (N)

Conversion factor
(�) (mm/pixel) Ultrasound scanner Patients Age

Torino (Italy) 200 �Torino D 0:0625 ATL HDI5000 150 69 ˙ 16 years (50–83 years)

Nicosia (Cyprus) 100 �Nicosia D 0:0600 ATL HDI3000 100 54 ˙ 24 years (25–95 years)

Porto (Portugal) 23 �Porto D 0:0900 ATL HDI5000 23 (Not published—see refs. [15] and [16])

Cagliari (Italy) 42 �Cagliari D 0:0789 Esaote MyLab 70 21 68 ˙ 8 years (59–81 years)

Characteristics of the image dataset coming for four different institutions and relative patient demographics. The first column reports the institution,
the second the number of image, the third the conversion factor, and the fourth the scanner used. Finally, the last two columns report the number of
patients and their demographics

• The Cyprus Institute of Neurology of Nicosia (Cyprus),
which provided 100 images.

• The Hospital de S. João do Porto (Portugal), which
provided 23 images [33, 34].

• The Department of Radiology of the University Hospital
of Cagliari (Italy), which provided 42 images.
The complete description of the image database and of

the patient’s demographics is reported by Table 18.1. All the
Institutions took care of obtaining written informed consent
from the patients prior to enrolling them in the study. The
experimental protocol and data acquisition procedure were
approved by the respective local Ethical Committees.

Considering 342 patients (excluding the 23 from Porto),
236 subjects were male. One-hundred and twenty subjects
had hypertension history, 75 had hypercholesterolemia, and
30 had both. Ten patients were diabetic. Sixty-seven patients
had carotid plaque onset and 40 showed neurological signs
(minor stroke, transient ischemic attack, or amaurosis fugax).

The demographics for the patients from Porto were not pub-
lished. Three expert sonographers (a neurologist, a vascular
surgeon, and a cardiologist—all with at least 30 years of
experience in their field) independently manually segmented
the images by tracing the boundaries of the lumen–intima
(LI) and media–adventitia (MA) interfaces. The average
tracings were considered as ground truth (GT). One of the
experts also manually traced the 365 adventitia profiles.

4 Hausdorff Distance Metric: How Good
Is the Carotid Artery Recognition?

The Hausdorff distance (HD) between two boundaries is a
measure of the longest distance that one has to travel if
moving from a given point on a boundary and going to
the other boundary. In other words, given the boundaries B1

and B2, one has to calculate the Euclidean distances of each
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vertex of B1 from the vertices of B2. Let’s indicate with d12

the minimum distance of the most distant vertex of B1 from
the vertices of B2. Similarly, let’s define d21 the minimum
distance of the most distant vertex of B2 from the vertices of
B1. The HD can be mathematically defined as

HD D max fd12; d21g (18.6)

The performance of the far adventitial border automated
tracing was assessed in two ways: (a) by computing the dis-
tance between ADF and the ground-truth average LI profile
and (b) by computing the distance between ADF and the
ground-truth average MA profile. Since the HD is sensible
to the longest distance from the points of one boundary to
the points of the other, we reduced the computer profiles
to the same support of GT. This means shrinking the ADF

border, which spans the GT LI/MA profiles (or borders).
In such conditions, the HD is unbiased by points that could be
located out of the GT support. To make this clear and simple
and easy to use ahead, we symbolize the HD between ADF

and the GT ADF profiles as HADF
GT�ADF

, that between ADF

and GT LI as HADF
GT�LI, and that between ADF and GT MA

H
ADF
GT�MA.
The accuracy of carotid recognition was validated using

three methods: (1) comparing the ADF tracings to the gold
standard LI/MA profiles, (2) visual inspection by expert
sonographers, and (3) comparison of computer traced ADF

to the gold standard ADF.

5 Is the Hausdorff Distance a Suitable
Distance Metric for Evaluating
the Artery Recognition?

The Hausdorff distance, or Hausdorff metric, measures how
far two subsets of a metric space are from each other.
Informally, two sets are close in the HD if every point of
either set is close to some point of the other set. The HD
is the longest distance you can be forced to travel by an
adversary who chooses a point in one of the two sets, from
where you then must travel to the other set. Here the GTLI

boundary is a smooth lumen interface boundary actually
drawn by the vascular sonographer or vascular surgeon. This
boundary has no bumps as it is drawn using the knowledge
of gradient information. This boundary represents the true
lumen interface boundary drawn by the sonographer or
physician. On the contrary, the far adventitia boundary is
the boundary, which is automatically detected representing
the adventitia border. Note that this is not a MA boundary,
but a boundary approximately computed representing the
adventitia border as a by-product of CA recognition process.
This is a guiding boundary, which is actually representing
the region of coarse identification of the common or internal

carotid artery, corresponding to the distal wall or far fall.
Because this boundary is a coarser boundary, it is very likely
to be a boundary with less smoothness or more or less like
a spiky nature of the boundary. Since this is an observed
boundary, this spiky nature of the boundary may have sharp
curvature changes. As a result, we are interested in finding
the farthest distance between the ADF and the GTLI and/or
between ADF and GTMA. Note that the farthest distance
computation can be done using HD since it tells about the
worst limit of the ADF boundary. This helps in appreciating
how worst the ADF boundary is with respect to ground-truth
LI/MA profiles. This HD will tell how good the ADF is,
given the distance limits of the ADF with respect to LI/MA
GT borders. If ADF’s limiting distance is �limit, then ADF

should be less than the �limit. The �limit is computed as
the maximum ROI one can support to efficiently compute
accurate LI/MA borders. For our techniques we took �limit

to be about 50 pixels. This means if HD must be less than
�limit for a technique to perform better. Thus, HD is an ideal
choice for evaluating the performance of the ADF boundary,
keeping the �limit in mind.

6 IMT Measurement by First-Order
Absolute Moment Operator

The final goal of automated ADF tracing is the development
of accurate IMT measurement techniques. To test the effect
of ADF accuracy and, thus, of HADF

GT�LI and H
ADF
GT�MA on

the IMT estimation, we implemented a first-order absolute
moment (FOAM) based technique. FOAM operator is a reg-
ularized edge-based operator, was first introduced by Demi
et al. [35], and was then extended by Faita et al. [36] for
an accurate semiautomated IMT measurement in ultrasound
images. Preliminary, we built a guidance zone (GZ) around
the automatically traced far adventitia ADF profile. The GZ
had the same width of the ADF and height of 50 pixels (which
roughly corresponds to 1/2 of the artery diameter). The GZ
was then processed by FOAM, which was defined according
to Faita et al. [36] as

e.x; y/D
“

�2

j I1.x; y/�I2.x�k; y�l/ j �G.k; l; �3/ dk dl

(18.7)

where I1.x; y/ D ’
�1
I.x � k; y � l/ �G.x; y; �1/ dk dl

and I2.x; y/ D ’
�2
I.x � k; y � l/ �G.x; y; �2/ dk dl are

computed by low-pass filtering the input image by a Gaussian
kernel with standard deviations equal to �1 and �2, on
circular domains 
1 and 
2, respectively. When computed
in homogeneous regions (i.e., in regions without intensity
changes and that are of the same gray level), the FOAM
edge value is close to zero. When computed in proximity
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of an intensity gradient, the FOAM edge value rises to a
maximum. We linked the Gaussian Kernel sizes and � values
to the image conversion factor (the best conversion factor was
�Nicosia D 0:06mm=pixel, as reported by Table 18.1), and
chose the value of �MRAFOAM D 0:3mm as pixel conversion
factor for the FOAM operator. Hence, we used the kernel
size 
1 D 
3 D �MRAFOAM=�Nicosia. This yields 
1 D 
3 D
0:3=0:06 D 5 pixels. As suggested by Faita et al. [36], we
took 
2 D 2
1 D 10 pixels. The Gaussian Kernel parameters
were then taken equal to:

�1 D �3 D d
1=3e D 2 pixels

�2 D d
2=3e D 3 pixels
(18.8)

The LI and MA edge interfaces in the GZ were then
searched by relying on heuristic search, which basically
searched for the two most echogenic peaks in the GZ, starting
from the bottom of the GZ (and marking the MA peak) and
then moving towards lumen (and marking the LI peak).

If HADF
GT�LI was higher than 50 pixels ( 3 mm; the vertical

size of the Guidance Zone), the image could not be correctly
processed, whereas if it was in the range, the LI/MA segmen-
tation was possible. Hence, we considered the value�limit of
50 pixels ( 3 mm) as threshold criteria for evaluating the ADF

segmentation as pass or fail for CCA carotid recognition.
We however kept this threshold distance criterion in pixels
as units because we had images with different pixel density
(see Table 18.1).

7 CARS Performance and Challenges

In this last section of the chapter, we will show the overall
CARS system performance and we will describe and discuss
the challenges, the innovative solutions, the unique CARS
features, the system robustness, and its weaknesses.

7.1 CARS Recognition Performance

Figure 18.5 shows the comparison of the ADF traced by
CARSgd, CARSia, and CARSsa, compared to the human
traced ADF (left column). The right column of Fig. 18.5
shows the computer traced ADF profiles compared to human
LI/MA tracings.

Table 18.2 reports the average HD results (in pixels and
mm) between the three computer-based ADF tracings and
the manual ADF and LI/MA profiles. CARSgd (first-order
derivative Gaussian edge) showed ADF tracings that were
closer to the manually traced LI/MA profiles compared to
CARSia (integrated approach) and CARSsa (signal pro-
cessing approach). The average HD between the computer

traced ADF and the actual ADF position was 24.93 ˙ 24.47
pixels (corresponding to 1.53 ˙ 1.51 mm) for CARSgd,
29.51 ˙ 50.03 pixels (1.82 ˙ 3.08 mm) for CARSia, and
41.60 ˙ 46.95 pixels (2.56 ˙ 2.89 mm) for CARSsa. The
average HD between GTLI and ADF for CARSgd was equal
to 35.11 ˙ 18.82 pixels (2.16 ˙ 1.16 mm), whereas that of
CARSia was 43.78 ˙ 46.43 pixels (2.71 ˙ 2.89 mm) and
that of CARSsa was 43.09 ˙ 25.33 pixels (2.66 ˙ 1.52 mm).
The average HD between GTMA and ADF for CARSgd
was 25.03 ˙ 19.47 pixels (1.54 ˙ 1.19 mm), which was
lower than both CARSia (30.07 ˙ 42.88 pixels, which
was 1.86 ˙ 2.66 mm) and CARSsa (31.67 ˙ 27.42 pixels,
equal to 1.95 ˙ 1.64 mm). An F-Test performed on the
HD distances from LI profiles revealed that the variance of
CARSgd was statistically lower than that of CARSia (two-
sided F-Test, ˛ D 0:05; p< 10�33) and CARSsa (two-sided
F-Test, ˛ D 0:05; p< 5 � 10�3). When testing the distances
from MA profiles, only the difference between CARSgd
and CARSia was significant (p< 10�18), because CARSia
showed a very variable distance between the ADF generated
boundary and the GT LI/MA profiles.

Due to this variability in CARSia tracings, the average HD
between CARSgd and CARSia profiles did not prove statis-
tically significant (Student’s t-test; p> 0.05 for LI and MA).
Also, since CARSgd variability was lower than CARSsa,
the average HD values of the two techniques did not prove
different (p> 0.05).

Figure 18.6 reports a 3 � 3 panel showing a possible
explanation of such variability source. Our dataset incorpo-
rated normal and pathological carotids. Also, it contained
arteries with different morphology: the first row of Fig. 18.6
is relative to a straight and horizontal artery, the second
row to a curved artery, and the third row to a straight and
inclined artery in the image frame. The white dashed lines
correspond to the ground-truth LI while black corresponds
to the ground-truth MA. The first column (panels a, d, and
g) reports CARSgd tracings, the second column (panels b,
e, and h) reports CARSia, and the third column (panels c, f,
and i) CARSsa. It is possible to observe how, despite the dif-
ferent carotid morphology, the three techniques show correct
results and identify the far adventitial border. However, the
variability in the carotid appearance increased the standard
deviations of the HD values. This is because ADF tracings of
straight arteries were closer to the LI/MA profiles than those
of curved arteries (see Fig. 18.6a compared to Fig. 18.6d).

We used the ADF tracings by CARSgd, CARSia, and
CARSsa to assess the effect of the ADF accuracy on the
IMT measurement error by using FOAM. The original ADF

profile was progressively shifted towards the bottom of the
image of 1 pixel, for a total of 16 iterations (i.e., a total
shift of 16 pixels). The HD between ADF and the MA,
therefore, progressively increased. Figure 18.7 reports the
average IMT measurement error (Fig. 18.7a) and its standard
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Fig. 18.5 The left column reports a sample of automated carotid
recognition by CARSgd (a), CARSia (c), and CARSsa (e) compared
to the human traced ADF profile. In the right column, the CARSgd (b),

CARSia (d), and CARSsa (f) ADF profile is compared to the ground-
truth LI/MA boundaries

Table 18.2 Hausdorff distance between the average ground-truth (GT) ADF (first row), LI (second row), and MA (third row) boundaries and the
ADF automated tracings by the three considered techniques

CARSgd CARSia CARSsa

H
ADF
GT�ADF 24.93 ˙ 24.47 pixels 29.51 ˙ 50.03 pixels 41.60 ˙ 46.95 pixels

1.53 ˙ 1.51 mm 1.82 ˙ 3.08 mm 2.56 ˙ 2.89 mm

H
ADF
GT�LI 35.11 ˙ 18.82 pixels 43.78 ˙ 46.43 pixels 43.09 ˙ 25.33 pixels

2.16 ˙ 1.16 mm 2.71 ˙ 2.89 mm 2.66 ˙ 1.52 mm

H
ADF
GT�MA 12.30 ˙ 11.87 pixels 16.61 ˙ 33.10 pixels 35.43 ˙ 50.49 pixels

0.76 ˙ 0.73 mm 1.02 ˙ 2.03 mm 2.18 ˙ 3.10 mm

deviation (Fig. 18.7b) for the three techniques. It is possible
to notice that when the shift of the ADF reached about 6–8
pixels (half a mm), the average system error jumped rapidly.
Thus, the stable value of ADF zone was within the tolerance
of 6–8 pixels (half a mm). The end of the tolerance zone
can be the shoulder when the error shoots more rapidly
and the effect of the ADF on Stage-II is more profound. It
is this tolerance zone where ADF can be thought to give
stable IMT measurement. Beyond the tolerance zone, the
IMT measurement can be unstable. The IMT change was
from 72 to 84 �m 12 �m. Thus, the error change was as
low as 0.12 % when compared to the wall thickness of 1 mm.
This clearly showed the robustness of the CARS systems.

We considered a �limit value of 50 pixels ( 3 mm)
to discriminate between correctly and incorrectly recog-
nized carotids. CARSgd showed an identification accuracy
of 100 % and correctly recognized the CA in all 365 images.
With the same �limit value, CARSia did not recognize 27
arteries out of 365 (identification accuracy of 93 %), whereas
CARSsa did not recognize 15 images out of 365 (identi-

fication accuracy of 96 %). Table 18.3 reports the visual
validation made by the experts who assessed the pass/fail for
each image and for each technique. The visual inspection by
experts gave substantially the same results we reported in the
paper: CARSgd showed 100 % accuracy, CARSsa 96 %, and
CARSia 93 %.

Figure 18.8 reports the distribution of the HD between
ADF and LI (left column) and ADF and MA (right column)
for the three techniques. Each of the three rows represents the
corresponding computer-based methods. CARSia technique
is reported in the first row, CARSsa technique in the second,
and the CARSgd technique in the last row. The horizontal
axis is the distance in mm, while the y-axis is the cumulative
frequency normalized between 0 and 1. The cumulative
frequency is also drawn as black line on the histogram.
CARSgd showed 100 % reliability and correctly identified
the carotid artery in all 365 images, as can be noticed by the
cumulative frequency line.

The original implementation of these three techniques was
done in MATLAB environment. The average computation
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Fig. 18.6 Samples of automated far adventitia tracing by the three
techniques. CARSgd is represented by panels (a, d), and (g). CARSia is
shown in panels (b, e), and (h). CARSsa is represented in panels (c, f),
and (i). The white dashed line represents the GTLI profile, and the black

dashed line the GTMA. The continuous black line represents the ADF.
The first row is relative to a straight and horizontal artery; the second
row to a curved artery; and the third row to a straight but inclined artery

Fig. 18.7 Effect of ADF distance from MA on the IMT measurement
error. The ADF profile was progressively shifted towards the bottom
of the image (i.e., the HD from MA increased). (a) Average IMT
measurement error for the three techniques. (b) Standard deviation of
the IMT measurement error for the three techniques. The tolerance

zone, where the error remains stable, is between 0 and 6 pixels of
shift. Around 6–8 pixels there is a break point and the error increases
(CARSia—black dashed line; CARSsa—gray line; CARSgd—black
line)

Table 18.3 Performance of three techniques using visual inspection of CCA recognition

Technique types Observer 1 Observer 2 Observer 3

CARSgd 365/365 � 100 % 365/365 � 100 % 365/365 � 100 %

CARSia 340/365 � 93.1 % 338/365 � 92.6 % 341/365 � 93.4 %

CARSsa 355/365 � 97.2 % 352/365 � 96.4 % 349/365 � 95.6 %

time was 1.1 ˙ 0.3 s for CARSgd, 2.0 ˙ 1.1 for CARSia,
and 20.4 ˙ 1.8 for CARSsa. CARSgd was the technique with
lower computational burden, whereas CARSsa required a
substantial amount of time to perform carotid location. From
a practical point of view, CARSgd and CARSia can be con-
sidered real-time techniques, since their average processing

time is of 2 s in the worst case, whereas CARSsa is not suited
for real-time implementation.

We have now developed a research tool called
“AtheroEdge,” which runs all the three systems in 1 s
per image. AtheroEdge is a cross-platform medical
application written in Java and has a component framework.
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Fig. 18.8 Distribution of the HD between ADF profiles and the LI (left panels) and MA (right panels) interfaces. The top row is relative to
CARSia, the middle to CARSsa, and the bottom to CARSgd

Functionality can be enhanced through the use of pluggable
modules. These modules may be written in pure Java or
C/CCC. It interfaces with C/CCC modules through the
use of the Java Native Interface. C/CCC modules can be
used when interfacing with hardware is necessary or extreme
performance is demanded from the system (for e.g., the use
of a GPU through CUDA).

7.2 Effect of the Pixel Size
and of the Calibration Factor

To convert the HD into millimeters, a calibration factor
was required. When the image is DICOM formatted,
an automated conversion was possible. The DICOM
header was automatically scanned. The field named
SequenceOfUltrasound Regions, coded by the field

(0018,6011) as per the NEMA specifications (http://medical.
nema.org/), contained two subfields providing the calibration
factors, called PhysicalDeltaX (for the horizontal x-
axis) and PhysicalDeltaY (for the vertical y-axis).
These two numbers specify the physical dimension of a
pixel (which is squared) in millimeters. The inverse of the
calibration factor is the image pixel density (expressed in
pixels/mm).

If the image was not provided in DICOM format, a
manual calibration was performed. The ultrasound image
frame surrounding the region containing the ultrasound data
usually reports the scanning depth in a corner, as shown by
the white circle in Fig. 18.1. The scanning depth, expressed
in centimeters, is relative to the last row of the image (i.e.,
it is relative to the physical depth of the last image row).
Therefore, we measured the number of rows of the image
after automatic cropping and divided the scanning depth by

http://medical.nema.org/
http://medical.nema.org/
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the number of rows, obtaining the calibration factor. In the
example of Fig. 18.1, the scanning depth was equal to 3.0 cm
and the number of rows was 480. Therefore, the calibration
factor was 0.0625 mm.

The calibration factors of the images we used in this study
are reported by Table 18.1.

7.3 Possible Inaccuracy Sources
and Developed Strategic Solutions

Jugular Vein Issue: One of the major challenges in auto-
matic carotid recognition is avoiding the jugular vein (JV).
The appearance of the jugular vein is similar to that of
the carotid artery (CA); thus, an automated technique could
incorrectly recognize the JV instead of the CA. Our auto-
mated techniques are equipped by many checks in order to
minimize the probability of having detected the JV. CARSsa
is intrinsically very robust, since it searches for the far
adventitia and lumen starting from the bottom of the image.
Therefore, we did not found incorrect behavior of CARSsa.
CARSgd and CARSsa are more affected by the presence of
the JV. We observed that CARSgd recognized the JV instead
of CA in 29 images out of 365; CARSia in 33 out of 365.
To correct this possible error condition, we inserted a final
check: if the row index of the traced ADF profile was too low
(i.e., if the ADF profile was not located towards the bottom of
the image), we assumed that the algorithm had identified the
JV and not the CA. Hence, we checked for the presence of
a hyperechoic structure located below: if it was present, then
we considered that this structure was the actual ADF. If it was
not present, we kept the first ADF tracing. This check solved
the error condition in all the images for CARSgd, and in 27
out of 33 for CARSia. This check was totally automated.

Spike Detection and Smoothing: The ADF tracing might
also be inaccurate due to the presence of excessive spikes.
We developed an intelligent spike-removal algorithm that
checks for the presence of spikes and counts them. We find
zero-crossing points on the LI/MA border using a simple
difference operator. We reapply the difference operator on
these zero-crossing points and compute the absolute differ-
ence. The point whose absolute difference is above a pre-
determined threshold determines spikes location. Detected
spikes are removed using the linear interpolation method by
utilizing the neighborhood non-spike border points. Finally,
the ADF tracings were regularized by a cubic spline interpo-
lation.

Presence of Hyperechoic Structures: Inaccurate ADF trac-
ings were observed in four images for CARSgd, five for
CARSia, and two for CARSsa. Some possible but sporadic
challenges might be present. Figure 18.9 reports samples

of inaccurate ADF tracings by the three techniques. Fig-
ure 18.9a is relative to CARSgd. The white arrow indicates
a portion of the ADF profile that overlaps to GTMA. This
problem is given by the presence of image markers that
attract the ADF profile. However, this local inaccuracy in
the ADF tracing did not preclude the correct definition of
the guidance zone for the IMT measurement. Figure 18.9b
is relative to CARSia and shows the ADF that overlaps
to the GTMA boundary. This error condition is caused by
incorrect tracings of the line segments by CARSia. Finally,
Fig. 18.9c is relative to CARSsa and shows an incorrect ADF

boundary that is located neatly below the actual adventitial
layer. This error condition is determined by a hypoechoic
adventitia layer and by the presence of a hyperechoic deep
structure (located below the artery and indicated by the white
arrow). In such condition, the intensity-based strategy for
ADF detection fails and recognizes the hyperechoic deep
structure instead of the adventitia layer.

7.4 Robustness to Noise

To assess the robustness to noise of the CARS techniques, we
performed a systematic characterization of the three CARS
techniques with respect to noise. We corrupted the images
with random additive noise, with Gaussian distribution, and
with variance equal to 0.03 and 0.06. We ran the CARS
systems computations on the noisy images and we computed
the HDs from LI/MA boundaries. We found that despite the
increased noise level, the automatically traced ADF profiles
did not change significantly. When we corrupted the images
with variance equal to 0.06, we did not experiment changes
in the CARS technique performances: CARSgd showed an
accuracy of 100 % (365 images out of 365 correctly pro-
cessed); CARSia showed an accuracy of 92 % (337 images
out of 365 correctly processed); CARSsa showed an accu-
racy of 95 % (349 images out of 365 correctly processed).
Therefore, the performance of CARS was as expected and
be categorized as robust with respect to noise.

7.5 Comparison with Other Methods

The direct comparison of the herein presented results to other
published studies is not straightforward. In 2008, Rossi et al.
presented an efficient technique for the automatic recognition
of the carotid artery in the longitudinal images [20]. In their
approach, the longitudinal image is considered column-wise
and decimated, so that a finite and small number of spatial
envelopes are processed. Each spatial envelope is equivalent
to the intensity profile of one column of the image, where two
intensity peaks indicate the position of the adventitia layers.
A template-matching algorithm processes each envelope in
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Fig. 18.9 Samples of inaccurate ADF tracings by CARSgd (a); CAR-
Sia (b); and CARSsa (c). Dashed lines are the average GTLI (white) and
GTMA (black). The continuous black line represents the ADF. The white

arrows indicate the inaccurate adventitia tracing. Panels (d), (e), and (f)
depict the zoomed region of the white dashed box of panels (a), (b), and
©, respectively

order to find the center of the carotid lumen, which is
the midpoint of the intensity peaks given representing the
artery walls. This approach, once tuned for the specific im-
age scanner and completed by a clustering post-processing,
presented very accurate results (about 99 % of the carotid
artery is correctly identified in each frame). This technique
proved effective in the presence of fibrous plaques and noise.
The computational burden was low enough for a real-time
intermittent implementation (about 0.2 s on average). This
method required the tuning of some parameters and, in the
paper, it was optimized for a specific scanner. Therefore,
it would be difficult to use it on a dataset. Moreover, this
method localized the artery lumen by identifying its lumen,
but no information was provided about the detection of the
near and far adventitia layers. This method did not trace
the ADF profile and the authors did not assess performance
by using a robust distance metric. Therefore, numerical
comparison of the results is impossible.

Similar considerations can be done for the approach
proposed by Golemati et al. in 2007 [21]. They developed
a Hough transform based algorithm that first detected the
carotid artery in the image frame, followed by wall segmen-
tation and IMT measurement. The major advantage of this
technique was the possibility of processing longitudinal and
transverse images. The drawback, in longitudinal images,
was the need for a straight and horizontally placed carotid
in the image frame. Performance was assessed by measuring
segmentation accuracy (in terms of sensitivity and speci-
ficity) with respect to manual tracings. However, no data
were provided about the quality of carotid localization in the
image.

The closer the ADF tracing is to the actual distal wall
LI/MA borders, the easier is the definition of a guidance zone
for IMT computation. With this hypothesis in mind, CARSgd
was the preferable technique. CARSgd showed very accurate
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ADF profiles coupled with a low computational burden.
Therefore it can be thought of as a reference technique for
carotid localization. CARSgd did not require specific tuning
and worked with images acquired from different scanners.
We believe that these results are very encouraging and even
acceptable for real clinical settings.

8 Concluding Remarks

Ultrasound imaging is rapidly evolving methodology. Tech-
nical advances coupled to new possibilities (provided by
improvement in the contrast agents and in complementary
scanning modalities such as elastography, strain imaging, 3D
volumetric reconstruction, 4D imaging, perfusion) force the
development of performing and robust techniques to aid the
sonographer. The CARS system we developed aims at pro-
viding a general solution in the field of vascular ultrasound.
Robustness, versatility, and recognition accuracy are the key
features of this system.
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1 Introduction

Carotid artery atherosclerosis is the primary cause of stroke
and the third leading cause of death in the USA Almost
twice as many people die from cardiovascular disease than
from all forms of cancer combined. Atherosclerosis is a
disease of the large and medium size arteries, and it is
characterized by plaque formation due to progressive intimal
accumulation of lipid, protein, and cholesterol esters in the
blood vessel wall [1], which reduces blood flow significantly.
The risk of stroke increases with the severity of carotid
stenosis and is reduced after carotid endarterectomy [2]. The
degree of internal carotid stenosis is the only well-established
measurement that is used to assess the risk of stroke [3].
Indeed, it is the only criterion at present used to decide
whether carotid endarterectomy is indicated or not [4]. The
objective of this study was to propose an integrated system
for the segmentation of the atherosclerotic carotid plague in
ultrasound imaging.

Several studies investigated the segmentation of
atherosclerotic carotid plaque in ultrasound imaging,
intravascular ultrasound (IVUS) imaging, and magnetic
resonance (MR) imaging. An overview of these techniques is
given in Table 19.1. Zahalka et al. [5] applied a geometrically
deformable model on two 3D ultrasound images of the
carotid artery to detect the blood borders in the carotid
artery. Hamou et al. [6] proposed a method, which was
based on the Canny edge detector to detect the plaque
regions in longitudinal carotid artery ultrasound images.
A morphological-based approach for the carotid contour
extraction was proposed in [7] for longitudinal ultrasound
images of carotid artery, incorporating speckle reduction
filtering, contour quantization, morphological contour
detection, and a contour enhancement stage. Mao et al. [8]
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Table 19.1 An overview of atherosclerotic carotid plaque segmentation techniques

Study Segmentation method 2D/3D AIC N

Ultrasound imaging

Zahalka et al. [5] Deformable models 3D No 69

Hamou et al. [6] Canny edge detection 2D No –

Abdel-Dayen et al. [7] Morphological based 2D No –

Mao et al. [8] Discrete dynamic contour 2D No 7

Abolmaesumi et al. [9] Kalman filtering 2D No 1

Gill et al. [10] Balloon 3D No 2

Delsanto et al. [11] Deformable parametric model 2D No 45

Loizou et al. [12] Snakes 2D Yes 80

Guerrero et al. [13] Star–Kalman algorithm 2D No –

Golemati et al. [14] Hough transforms 2D No 56

Slabaugh et al. [15] Region-based active contour 2D No –

IVUS imaging
Zhang [16] Optimal graph searching 2D No 20

Cardinal [17] Fast-marching method 2D No 200

Brusseau [18] Statistical approach 2D Yes 15

Olszewski [19] Knowledge based 3D No 21

Magnetic resonance imaging (MRI)

Xu [20] Mean shift 2D Yes 22

Adams [21] Snakes, GVF 2D No 20

Yang [22] Dynamic programming 2D Yes 62

AIC automatic initial contour, N number of cases investigated

proposed a discrete dynamic contour model for extracting
the carotid artery lumen in 2D transversal ultrasound
images, whereas Abolmaesumi et al. [9] introduced an
algorithm based on the star algorithm improved by Kalman
filtering, for extracting the carotid artery boundaries from
transversal carotid ultrasound images. A semiautomatic
method for tracking the progression of atherosclerotic
plaque in 3D images of the carotid artery using the Balloon
model introduced in [23] was proposed by Gill et al.
[10]. In [11], Delsanto et al. proposed a user-independent
plaque characterization and intima–media thickness (IMT)
segmentation method, based on area of interest identification
stage, gradient segmentation stage, and a contour refinement
stage, using deformable parametric model. The overall
accuracy of the system determined as normalized error was
overall to 8 %. Loizou et al. [12] proposed an integrated
system for the segmentation of the atherosclerotic carotid
plaque on ultrasound images based on initial contour
estimation and speckle reduction filtering. It was also shown
that normalization and speckle reduction filtering improve
the outcome of the plaque segmentation. The user was able
to interact and correct the segmentation results manually.
A limitation of the proposed method includes the presence
of acoustic shadowing together with strong speckle noise,
which hinders the visual and automatic analysis in ultrasound
images. Furthermore, only vessels without atherosclerotic
plaques were segmented in this study. In [13], a method
based on a Star–Kalman algorithm was used to determine
vessel contours and ellipse parameters using an extended

Kalman filter with an elliptical model. The segmentation
and tracking were implemented in real time and validated
using simulated ultrasound data with known features and real
data, for which expert segmentation was performed. Results
indicate that mean errors between segmented contours and
expert tracings are on the order of 1–2 % of the maximum
feature dimension, and that the transverse cross-sectional
vessel area as computed from estimated ellipse parameters
as determined by the algorithm is within 10 % of that
determined by experts. Hough transforms were used in
[14] to perform the segmentation of 2D longitudinal and
cross-sectional ultrasound images of plaques. Slabaugh
et al. [15] presented an ultrasound-specific segmentation
approach that addressed both the spatial correlation of
the data as well as its intensity distribution. The image is
first decorrelated and then a region-based active contour
whose motion is derived from an appropriate parametric
distribution for maximum likelihood image segmentation
was applied. A zero-mean complex Gaussian, Rayleigh, and
Fisher–Tippett flows were considered, which were designed
to model fully formed speckle in the in-phase/quadrature,
envelope detected, and display (log compressed) images,
respectively. The effectiveness of the method was compared
with other parametric and nonparametric active contours.

Furthermore, a number of studies investigated the use of
IVUS imaging of the carotid artery. Although, IVUS pro-
vides better quality images when compared with ultrasound
images, it poses a certain risk to the patients due to the inser-
tion of a catheter in the patient’s artery. A graph-searching
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approach to detect the wall and plaque borders from IVUS
images of the carotid artery was documented in [16]. A semi-
automatic segmentation method for IVUS images based on
gray-scale statistics of the image was proposed in [17], where
the lumen, IMT, and the plaque were segmented in parallel
by utilizing a fast marching method. In [18], an automated
luminal contour segmentation method based on a statistical
approach was introduced, whereas in [19] IVUS images were
segmented using knowledge-based methods.

Several studies also investigated the automated segmen-
tation in MRI of the carotid artery. Xu et al. [20] applied
a mean shift density estimation algorithm to segment 22
multiple transversal MRI’s of the carotid artery. Adams et al.
[21] attempted to segment the carotid plaque by using snakes
based on the GVF method, in order to detect the artery,
lumen, and plaque borders, where the initial contour was
placed manually by the expert. The results showed a good
accuracy of the segmentation algorithm. Yang et al. [22]
proposed a dynamic programming approach to detect the
plaque borders in each MRI frame where seed points were
placed by the expert for estimating the initial plaque contour.

As shown in Table 19.1, different methods were inves-
tigated for the segmentation of the atherosclerotic carotid
plaque, however, these studies were evaluated on a limited
number of subjects for ultrasound imaging (although this
is not the case for IVUS, see study [17]). Therefore, the
need still exists for the development, implementation, and
evaluation of an integrated system enabling the automated
segmentation of ultrasound imaging carotid plaque. In this
chapter, we propose and evaluate such a system based on
normalization, speckle reduction filtering, and snakes seg-
mentation. Four different snake methods were investigated,
namely (1) the Williams and Shah [12, 24], (2) the Balloon
[23], (3) the Lai and Chin [25], and (4) the GVF [26].
Preliminary results of this study were also published in [27].

2 Materials and Methods

2.1 Recording of Ultrasound Images

A total of 80 B-mode and blood flow longitudinal ultrasound
images of the common carotid artery (CCA) bifurcation were
selected at random representing different types of atheroscle-
rotic plaque formation with irregular geometry typically
found in this blood vessel. The images were acquired by
the ATL HDI-3000 ultrasound scanner (Advanced Technol-
ogy Laboratories, Seattle, USA) [28] and were recorded
digitally on a magneto optical drive, with a resolution of
768 � 576 pixels with 256 gray levels. Digital images were
resolution normalized at 16.66 pixels/mm (see Sect. 2.3).
This was carried out due to the small variations in the number
of pixels per mm of image depth (i.e., for deeply situated
carotid arteries, image depth was increased and therefore

digital image spatial resolution would have decreased) and
in order to maintain uniformity in the digital image spatial
resolution [28, 29]. The images were recorded at the Saint
Mary’s Hospital, Imperial College of Medicine, Science and
Technology, UK, from 32 female and 48 male symptomatic
patients aged between 26 and 95 years old, with a mean age
of 54 years. These subjects were at risk of atherosclerosis and
have already developed clinical symptoms, such as a stroke
or a transient ischemic attack (TIA).

2.2 Manual Plaque Segmentation
and Classification

An expert manually delineated the plaque borders, between
plaque and artery wall, and those borders between plaque
and blood, on 80 longitudinal B-mode ultrasound images
of the carotid artery, after image normalization and speckle
reduction filtering (see Sects. 2.3 and 2.4), using MATLAB
software developed by other researchers from our group. The
procedure for carrying out the manual delineation process
was established by a team of experts and was documented
in the asymptomatic carotid stenosis and risk of stroke
(ACSRS) project protocol [4]. The correctness of the work
carried out by a single expert was monitored and verified by
at least another expert. Usually the plaques are classified into
type I–type V as documented in [4, 12]. In this study the
plaques delineated were of type II, III, and IV because it is
easier to make a manual delineation since the fibrous cap,
which is the border between blood and plaque, is more easily
identified. If the plaque is of type I, borders are not visible
well. Plaques of type V produce acoustic shadowing and the
plaque is also not visible well.

2.3 Image Normalization

Brightness adjustments of ultrasound images were carried
out in this study based on the method introduced in [30]. It
was shown that this method improves image compatibility by
reducing the variability introduced by different gain settings,
different operators, different equipment and facilitates ultra-
sound tissue comparability [30]. Algebraic (linear) scaling
of the image was manually performed by linearly adjusting
the image so that the median gray level value of the blood
was 0–5, and the median gray level of the adventitia (artery
wall) was 180–190 [30, 31]. The scale of the gray level of the
images ranged from 0 to 255. Thus the brightness of all pixels
in the image was readjusted according to the linear scale de-
fined by selecting the two reference regions. It is noted that a
key point to maintaining a high reproducibility was to ensure
that the ultrasound beam was at right angles to the adventitia,
adventitia was visible adjacent to the plaque and that for
image normalization a standard sample consisting of the half
of the width of the brightest area of adventitia was obtained.



240 C.P. Loizou and M. Pantzaris

Fig. 19.1 Plaque initialization using the blood flow image: (a) original
ultrasound B-mode image of a carotid artery with plaque at the far wall,
(b) blood flow of the image in (a), (c) initial blood flow edge contour
with the area for the initial contour selected by the user, (d) sampled

initial snake contour, (e) Williams and Shah snakes segmentation
of plaque, and (f) manual segmentation of plaque. Source [12], ©
IEEE, 2007

2.4 Speckle Reduction Filtering

In this study, a linear scaling filter (DsFlsmv—Despeckle
filter linear scaling mean variance) utilizing the mean and
the variance of a pixel neighburhood was used. This filter
was introduced in [32] and evaluated on ultrasound imaging
of the carotid giving best results in [33]. The DsFlsmv filter
may be described by a weighted average calculation using
subregion statistics to estimate statistical measurements over
7 � 7 pixel windows applied for five iterations [31–33].

2.5 Plaque Contour Initialization

In most of the cases a plaque is visualized in a B-mode
longitudinal ultrasound image and its size confirmed in
transverse section using color blood flow imaging. However,
uniformly echolucent plaques are not obvious on B-mode,
and color flow imaging is needed. These echolucent plaques
are seen as black filling defects. PW Doppler is used to
measure velocity in order to grade the degree of stenosis and

blood flow can be detected at a specific depth by selecting the
time interval between the transmitted and received pulses.

In this work the blood flow image was used, in order to
extract the initial snake contour for the plaque borders in
the carotid artery. The plaque snakes contour initialization
procedure, carried out using both the blood flow and the
B-mode images, may be described as follows (see also
Fig. 19.1):

1. The blood flow area is extracted from the blood flow
image (Fig. 19.1b) by searching to find all color pixels
(i.e., if the red, green, and blue pixel values are different).
Otherwise, pixels belong to a grayscale area. All color
pixels are (set to zero) in the blood flow image. The
resulting image is then cross-correlated with the B-mode
image (Fig. 19.1a) so that the blood flow edge is mapped
on the B-mode image.

2. Dilate the extracted blood flow edge image to eliminate
small gaps and remove small-undesired regions.

3. From the dilated edge blood flow image, detect the blood
flow edge contour (see Fig. 19.1c). Mark a region of
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interest on the edge contour (a task carried out by the
user of the proposed system, illustrated by a rectangle
in Fig. 19.1c) where the lower or the upper boundary of
plaque is covered. This is used as an initial snake contour.

4. Sample the initial snake contour at 20–40 consecutive
points to construct an interpolating B-spline.

5. Connect the first and the last snake points on the initial
contour to form a closed contour.

6. Perform image normalization (see Sect. 2.3) and speckle
reduction on the B-mode image by the DsFlsmv filter
described in Sect. 2.4.

7. Map the initial plaque contour on the B-mode image (see
Fig. 19.1d).

8. Deform the initial contour by the snake to accurately
locate the plaque–blood borders (see Sect. 2.6).

9. Save the final plaque contour and display it on the B-mode
image (see Fig. 19.1e).

2.6 Snake Segmentation

Four different snake segmentation methods were investigated
in this study, namely (1) the Williams and Shah [12, 24], (2)
the Balloon [23], (3) the Lai and Chin [25], and (4) the GVF
[26]. Preliminary results of this study were also published
in [27]. The parameter values for the four different snakes
segmentation methods were the same in all experiments.
For the Williams and Shah snake, the strength, tension, and
stiffness parameters were equal to ˛s D 0:6, ˇs D 0:4, and
�s D 2, respectively. For the Lai and Chin, the regularization
parameter, �� , was varied as documented in [25]. For the
GVF snake, the elasticity, rigidity, and the regularization
parameters were, ˛GVF D 0:05, ˇGVF D 0, and �GVF D 0:2,
respectively [26].

2.7 Evaluation of the Segmentation
Methods

ROC analysis [34] was used to assess the specificity and
sensitivity of the four segmentation methods by the true-
positive fraction, TPF and false-positive fraction, FPF [34].
The TPF is calculated when the expert detects a plaque (when
a plaque is present) and the computerized method identifies
it as so, whereas the FPF is calculated when the expert
detects no plaque and the computerized method incorrectly
detects that there is a plaque present. The TNF fraction
is calculated when the expert identifies no plaque and the
computerized method identifies it as so (absent), whereas the
FNF is calculated when the expert identifies plaque presence
and the computerized method incorrectly identifies plaque
absence. Ratios of overlapping areas can also be assessed by
applying the similarity kappa index, KI, [35] and the overlap
index [36]. These indices were computed as follows:

TPF D jAS \ GTj
jGTj ; FPF D jASj � jGTj

jGTj ;

TNF D jAS \ GTj
jASj ;

FNF D jASj � jGTj
jASj ; KI D 2

jGT \ ASj
jGTj C jASj ;

and overlap D jGT \ ASj
jGT [ ASj

(19.1)

where jj denotes the magnitude, \ denotes the intersec-
tion (the number of common pixels in the manual and the
snakes-segmented areas), and [ the union (the number of
all pixels defined by the manual and the snakes-segmented
areas where the common pixels are considered only once).
GT, denotes the number of pixels defined by the segmented
area, representing ground truth delineated by the expert, GT,
its complement, and AS the number of pixels belonging
in the area, obtained by the snakes segmentation method.
The intersection gives the probability that both AS and GT
occur and the union is the probability that either AS or
GT occur. The specificity, Sp D 1 � FPF, the precision,
P , and the effectiveness measure, F D 1 � E , [34] were
also calculated to describe the ROC characteristics of the
segmentation methods.

2.8 Univariate Statistical Analysis

The Wilcoxon matched-pairs signed rank sum test was used
in order to detect if for each metric, TPF, TNF, FPF, FNF, KI,
overlap index, Sp, P, and F, a significant difference or not
exists between all the segmentation methods at p < 0:05.
The test was applied on all 80 segmented plaques for all
different segmentation methods.

3 Results

3.1 Examples of Plaque Segmentation

Figure 19.2 illustrates the original longitudinal ultrasound B-
mode image of a carotid plaque with a manual delineation
made by the expert in (a), and the results of the William
and Shah segmentation in (b), the Balloon segmentation in
(c), the Lai and Chin segmentation in (d), and the GVF
segmentation in (e). Figure 19.2f shows the superimposition
of the segmentation contours computed in Fig. 19.2b, e. As
illustrated in Fig. 19.2f, both the manual and the snakes
segmentation contours are visually very similar. It sould
be noted that the despeckle filter DsFlsmv [31, 33] with a
moving sliding window of [5 � 5], was iteratively four times
applied on all images before segmentation.
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Fig. 19.2 Plaque segmentation results on a longitudinal ultrasound B-mode image of the carotid artery: (a) manual, (b) Williams and Shah, (c)
Balloon, (d), Lai and Chin, (e) GVF snake, and (f) superimposition of segmentation contours computed in (b)–(e). Source [12], © IEEE, 2007

Table 19.2 ROC analysis based on TNF, TPF, FNF, FPF, KI, overlap index, Sp, P, and F D 1 � E, for the four different plaque snakes
segmentation methods on 80 ultrasound images of the carotid artery

Segmentation
method System detects

Expert detects no
plaque

Expert detects
plaque KI ( %)

Overlap
index ( %) Sp P FD1 � E

Williams and Shah No plaque TNF D 77.59 % FNF D 19.64 % 78.86 67.60 0.935 0.926 0.862

Plaque FPF D 6.50 % TPF D 81.76 %

Balloon No plaque TNF D 77.12 % FNF D 13.90 % 77.87 67.79 0.946 0.927 0.888
Plaque FPF D 5.40 % TPF D 80.35 %

Lai and Chin No plaque TNF D 80.89 % FNF D 15.59 % 80.66 69.30 0.942 0.934 0.885

Plaque FPF D 5.86 % TPF D 82.70 %
GVF No plaque TNF D 79.44 % FNF D 14.90 % 77.25 66.60 0.937 0.926 0.883

Plaque FPF D 6.30 % TPF D 79.57 %

Bolded values show best performance
Source [12], © IEEE, 2007

3.2 Evaluation of Plaque Segmentation
Methods

Table 19.2 tabulates the results of the ROC analysis based
on TNF, TPF, FNF, FPF, KI, overlap index, Sp, P, and F, for
the four different plaque snakes segmentation methods on
80 longitudinal ultrasound images. Although all methods
demonstrated similar performance with nonsignificant

differences (see Sect. 3.3), the best overall performance was
demonstrated by the Lai and Chin segmentation method.
Bolded values in Table 19.2 show best performance. The
results showed that the Lai and Chin method agrees with the
expert by correctly detecting no plaque (TNF) in 80.89 % of
the cases, by correctly detecting a plaque (TPF) in 82.70 %
of the cases, disagrees with the expert by detecting no plaque
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Fig. 19.3 ROC curve analysis based on the TPF and FPF fractions for the four snakes segmentation methods. Source [12], © IEEE, 2007

(FNF) in 15.59 % of the cases, and by detecting a plaque
(FPF) in 5.86 % of the cases. The similarity kappa index
KI, and the overlap index, for the Lai and Chin snakes
segmentation method were the highest, equal to 80.66 % and
69.3 %, respectively. The best FPF and FNF fractions were
given by the Balloon, with 5.4 % and 13.90 %, respectively.
The GVF gave the worst results with the lowest similarity
kappa index, KI, (77.25 %), and the lowest overlap index
(66.6 %). The best specificity, Sp, was given by the Balloon
(0.946), followed by the Lai and Chin (0.942) snakes
segmentation method. The Lai and Chin gave the best
precision, P, (0.934), whereas the best F, was given by
the Balloon (0.888), followed by the Lai and Chin (0.885)
snakes segmentation method.

Figure 19.3 shows the ROC curves for the four snakes
segmentation methods, based on the TPF and FPF fractions
with 95 % confidence margins. The area below the ROC
curve was 0.90, 0.83, 0.79, and 0.67 for the Lai and Chin,
GVF, Balloon, and Williams and Shah snakes segmentation
method, respectively. It is clear that the largest area under
the ROC curve was obtained by the Lai and Chin snakes
segmentation method.

3.3 Univariate Statistical Analysis

The Wilcoxon matched-pairs signed rank sum test was per-
formed to check if significant differences exist between the
different segmentation methods at p < 0:05 for the measures
TPF, TNF, FPF, FNF, KI, the overlap index, Sp, P, and
F. There were no significant differences between the four
segmentation methods for all measures, except for the case
of the FNF between the Balloon and the Lai and Chin snake
segmentation methods.

4 Discussion

The comparison of the four different snakes segmentation
methods proposed in this chapter showed that the Lai and
Chin gave slightly better results, although these results were
not statistically significant when compared with the other
three snakes segmentation methods.

4.1 Normalization and Speckle Reduction
Filtering

To the best of our knowledge no other study carried out
ultrasound image normalization as described in this study,
prior to segmentation of the atherosclerotic carotid plaque.
However, in [6], histogram equalization was performed on
carotid artery ultrasound images for increasing the image
contrast. The normalization method used in this study was
documented to be helpful in the manual contour extraction
as well as in the snake’s segmentation of the IMT [37, 38].
Moreover, this method increased the classification accuracy
of different plaque types as assessed by the experts [38].

In this chapter, speckle reduction filtering was used as
a preprocessing step based on our previous work [33, 38].
More, specifically, in [38], it was shown that image normal-
ization followed by speckle reduction produces better quality
images, whereas the reverse (speckle reduction followed
by normalization) might produce distorted edges. Speckle
reduction filtering of the carotid was also proposed by [12,
37, 39], where it was shown that this improves the image
quality and the visual evaluation of the image. However in
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other segmentation studies for extracting the carotid artery
plaque borders in IVUS imaging, speckle was used as useful
information [16–19].

4.2 Plaque Contour Initialization

Initial contour estimation using the blood flow image was
proposed in this work where the limitations of this method
based on the color imaging were outlined in Sect. 2.5. Initial
contour estimation was also proposed in [18], which was
derived from the polar image by combining information
extracted from the probability function of the contour po-
sition, and more specifically from the function maximum
location and the first zero crossing of its derivative. Then,
starting from the initial contour, a region of interest was
automatically selected and the process iterated until the snake
contour evolution could be ignored. In [19], a cost function
was calculated and used as an input to the segmentation
algorithm. In [10], a dynamic balloon model [23] represented
by a triangular mesh was applied for detecting the plaque
borders on two 3D ultrasound carotid images where the
initial contour was placed manually. In all of these studies
as well as in the present study, the significance of the initial
contour placement was not investigated in order to estimate
how this influences the final segmentation result.

4.3 Plaque Segmentation

The four different snakes segmentation methods presented
in this study gave very satisfactory results, with the best
performance obtained by the Lai and Chin. Snakes were
only investigated by other researchers, for segmenting 3D
ultrasound images of the carotid artery in a small number of
cases with very promising results [10, 19]. Additional effort,
for segmenting the atherosclerotic carotid plaque, was made
on IVUS images [16], where the insertion of a catheter in
the patients artery for acquiring the IVUS images posed a
certain risk to the patient. This method was based on graph
searching, which required that the expert must provide the
initial plaque border contour. Furthermore, a time consuming
methodology based on the Balloon snake [23] was proposed
in [10] for 3D ultrasound carotid artery images, by trian-
gulating the image in a finite element mesh. The method
proposed in [9], for longitudinal images of the carotid artery,
was time consuming and results were not that satisfactory
as the lumen borders of the carotid artery were not that
accurately found. Furthermore, in a recent study [6], where
morphological processing was applied, the results were not
in agreement with the manual delineations of an expert, and
the expert had no interaction with the system. In [17] a
semiautomatic segmentation method for IVUS images, based
on gray-scale statistics of the image was proposed, where the

lumen, IMT and the plaque were successfully segmented in
parallel by utilizing a fast-marching model. The performance
of the segmentation methods proposed above was not com-
pared with other different segmentation methods, nor was
investigated under different preprocessing conditions, such
as normalization and speckle reduction filtering, as in this
study.

The evaluation of the four plaque snakes segmentation
methods based on ROC curves (see Fig. 19.3) showed that
the best ROC curve was obtained for the Lai and Chin snakes
segmentation method. The area under this curve was larger
than the others.

Some attempts were made from other researchers to
segment the carotid plaque in MRI by using the GVF field
[21], snakes [21], and dynamic programming [22]. In all
of the above studies, the initial snake contour was placed
manually, and a smaller number of images compared with
this study were tested. More specifically, a segmentation
method for the arterial walls and plaque in transversal MRI
images based on dynamic programming was proposed in
[22]. In [20], the plaque borders in transversal MRI carotid
images were segmented based on the mean shift density
estimation algorithm. In [21], a snakes segmentation method
was applied on MRI transversal carotid images to detect the
lumen and the outer wall boundaries of the artery by using
the GVF force field [26].

There are some limitations in the proposed methodology
which are summarized as follows: (a) The color flow some-
times overlaps with areas of the tissue wall or the plaque. (b)
The color does not always fill up places where the blood flow
velocity is very low. Therefore the contour initialization es-
timation may not be that accurate. The contour initialization
can be improved by using a statistical approach to initialize
and train the snake about blood flow [40]. (c) The snake
contour may be some times attracted by local minima and
converge to a wrong location. (d) Cases of plaque type I and
type V (see Sect. 2.2) were not considered for segmentation.

5 Concluding Remarks and Future
Directions

The method presented in this study proposes an integrated
system for plaque segmentation in longitudinal ultrasound
images of the carotid artery. Such a system cannot only
reduce significantly the time required for the image analysis
but also it can reduce the subjectivity that accompanies
manual delineations and measurements. The method will be
further evaluated on a larger number of ultrasound images
and using multiple experts. In this chapter, the cases of
totally occlusive dissections and side-branches, as well as
cases of plaque type I and type V (see Sect. 2.2) were
not considered for segmentation. Future work will focus on
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improving the segmentation procedure, such that it can pro-
cess satisfactorily these special cases and difficult to segment
images, taking for example into consideration a statistical
approach to initialize and teach the snake about the blood
flow and plaque area [40]. Furthermore, the segmentation
system proposed in this study will be incorporated into a
computer-aided diagnostic system that supports the texture
analysis of the segmented plaque, as documented in [41],
providing an automated system for the early diagnosis and
the assessment of the risk of stroke.

The majority of plaque image analysis studies are focused
on the development of 2D ultrasound systems. In general
these studies present effective methods for image segmenta-
tion, image de-speckling, and texture feature extraction. Due
to the large number of parameters involved, we can see many
variations in the results. Thus, even for 2D systems, there will
always be an interest in developing more robust segmentation
methods, new multiscale texture features, and the application
of innovative classification techniques. Some of the most
interesting challenges are associated with emerging studies
[42]. These methods can be used in order to focus on new
2D problems associated with early plaque formation.

The extraction of 3D shape and structure information
can be used to further our understanding of carotid plaque
morphology. We believe that research will continue in es-
tablishing 3D volumetric changes and their associations with
atherosclerosis.

Plaque motion analysis holds significant promise as well.
The relative motion among different plaque components
should be investigated [43]. The future development of
very accurate 3D/4D systems will also help with the de-
velopment of accurate motion analysis systems. Finally, in
[44] a method for the segmentation of plaques in video
sequences of ultrasound images of the internal carotid artery
was presented. The method was formulated in a Bayesian
framework.

It would be interesting to develop noninvasive, multi-
modality plaque image analysis systems. The advancement
of 3D ultrasound will help these efforts. Basically, high-
resolution 3D ultrasound reconstructions will be much easier
to fuse with 2D slices from other modalities. To do this, we
would need to register the geometric features of the 2D slice
to the 3D volume or to use a mutual information registration
method. It would also be interesting to examine how 2D
histological studies match 3D ultrasound reconstructions.
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20Relationship Between Plaque Echogenicity
and Atherosclerosis Biomarkers
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1 Introduction

Prediction of the outcome of carotid stenosis is currently
based on two main factors: the history of neurologic events
and the degree of stenosis. However, even for the highest
risk group of recently symptomatic patients with severe
carotid stenosis, the majority of the patients will remain
asymptomatic, indicating that our ability to predict future
strokes needs further improvement. Several imaging modal-
ities have been used for the identification of the vulnerable
carotid plaque, including duplex ultrasound, computed to-
mography, magnetic resonance imaging, fluorine-18-labeled
fluorodeoxyglucose positron emission tomography, optical
coherence tomography and laser-induced fluorescence spec-
troscopy [1]. The most widely used of all these techniques is
duplex ultrasound, with the prognostic significance of plaque
echolucency having been demonstrated in more than 8,000
patients [2–6]. The underlying mechanism is plaque rupture,
with subsequent embolization to the brain, which is more
likely in a lipid-rich, fragile, echolucent plaque.

Advances in cellular and molecular pathophysiology and
the demand to accurately predict stroke risk and choose the
optimal prevention strategy (carotid endarterectomy, carotid
stenting, or medical treatment) have stimulated great interest
in the development of novel diagnostic markers [7]. Serum
biomarkers have emerged as potential predictors of carotid
artery disease natural history and perioperative risk, while
recent data suggest that they may guide carotid intervention
and bio-oriented therapies [8].

Serum biomarkers are molecules produced and secreted
by several cells that are present in the atherosclerotic plaque
such as monocyte-derived macrophages, T-lymphocytes,
activated endothelial cells, and proliferating smooth muscle
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cells. Such molecules include C-reactive protein (CRP),
matrix metalloproteinases and their inhibitors, soluble CD40
ligand, cytokines, oxidized LDL, lipoprotein-associated
phospholipase A2, type II secretory phospholipase A2,
myeloperoxidase, monocyte chemoattractant protein-1, etc.
[1, 9, 10]. These molecules induce a local inflammatory
response, activation and proliferation of smooth muscle cells,
lesion progression, and matrix degradation of the fibrous
cap [9]. In this context, there is an interesting link between
biomarkers and carotid plaque echogenicity, with biomarkers
representing a part of the pathophysiologic process that
leads to the development of a plaque with the respective
morphological characteristics.

2 Cytokines

Serum IL-6 levels have been found to be significantly higher
in patients with symptomatic compared with those with
asymptomatic carotid disease. Symptomatic patients have
also more intense macrophage infiltration of the atheroscle-
rotic plaque suggesting that inflammatory process may con-
tribute to the destabilization of the carotid plaque [11].
Intracellular cytokine expression in peripheral blood has
also been found to be significantly higher in patients un-
dergoing carotid endarterectomy who had previous stroke
(IFN-g, IL-1b, IL-6, IL-8, IL-4, and IL-10) or amaurosis
fugax (IFN-g, IL-6, IL-4, and IL-10) than in patients not
undergoing endarterectomy [12].

The theory of the link between cytokine expression and
plaque vulnerability has been verified by an ultrasonographic
study demonstrating that elevated serum IL-6 levels are
associated with lower echogenicity of carotid plaques as
quantified by integrated backscatter analysis [13]. The asso-
ciation remained significant when traditional atherosclerotic
risk factors, plaque thickness, and medication use were
controlled for.

IL-6 is also released from carotid stenotic lesions after
stenting, with the level of local IL-6 release being higher in
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plaques with lower echogenicity and less plaque calcification
[14]. Prominent secretion of IL-6 from symptomatic lesions
and lower echogenic lesions support the close association of
plaque instability and IL-6 production in vulnerable plaques.
IL-6 release after carotid stenting has also been found to be
associated with periprocedural new ischemic lesions [15]. On
the other hand, carotid plaques retrieved at endarterectomy
from patients taking statins showed significantly reduced
concentrations of IL-6, suggesting a lesser degree of local-
ized inflammation within the plaques of patients on statin
therapy [16].

Although the association between IL-6 and plaque vul-
nerability has been proven, it is not clear whether IL-6 is the
cause or the effect of this vulnerability. High levels of IL-6
in peripheral blood may reflect the increased production of
IL-6 by inflammatory cells in unstable plaques and, thus, be
a simple marker of increased inflammatory activity within
the plaque [17]. On the other hand, IL-6 may itself facilitate
the formation of unstable plaques through:
• Activation of mononuclear cells to secrete monocyte

chemotactic protein 1 (MCP-1), a chemokine pivotal for
monocyte recruitment [18]

• Stimulation of the synthesis of all the acute phase proteins
involved in the inflammatory response (CRP, serum amy-
loid A, fibrinogen, ’1-chymotrypsin, and haptoglobin)
[19, 20]

• Stimulation of the production of MMP-9, MMP-2, and
MMP-1 [21, 22]

3 Vascular Calcification Markers

Atherosclerotic plaque calcification enhances plaque
stability and decreases the likelihood of clinical events.
A growing number of stimulatory and inhibitory molecules
suggest that vascular calcification is an actively regulated
process. Among these molecules, osteopontin (OPN),
an acidic phosphoprotein, and osteoprotegerin (OPG), a
member of the TNF-a receptor superfamily, have recently
been demonstrated to inhibit mineral deposition as well as
osteoclastogenesis, and they are constitutively expressed by
a wide range of cell types in vasculature [23]. Although
the large prospective study by Nybo et al. found no
association of baseline OPG with ischemic stroke [24], a
recent comparative study (symptomatic vs. asymptomatic
patients with carotid stenosis) showed a strong relationship
of serum OPN and OPG levels with low carotid plaque
echogenicity and symptomatology [25].

These findings support the notion that OPN downregu-
lates plaque calcification and may promote plaque instability
[25]. Aside from direct effects, OPN may facilitate plaque
destabilization indirectly. Available data suggest that OPN
may induce matrix metalloproteinases release and angiogen-

esis within the atherosclerotic plaque leading to fibrous cap
degradation and hemorrhage, respectively [26–28]. Taken all
together, OPN seems to assume a key role in atherogenesis
and cerebral ischemic events occurrence, but the underlying
mechanisms require further research.

OPG comprises a crucial inhibitor of vascular calcifi-
cation. OPG-deficient mice exhibit severe osteoporosis and
vascular calcification of the aorta and renal arteries [29]. This
phenotype can be prevented by delivery of the recombinant
OPG and transgenic overexpression of OPG [30]. Conse-
quently, the elevated OPG levels in symptomatic patients
and their independent relationship with GSM suggest less
calcification and a contributory role of OPG to plaque vul-
nerability [25]. Probably targeting OPG may provide a novel
therapeutic strategy against carotid plaque rupture.

4 Glycated Hemoglobin

HbA1c is an indicator of average glucose levels over the pre-
vious 6–8 weeks. Apart from its common use as an indicator
of intermediate-term glycemic control, HbA1c can also be
used as a marker of increased mortality and cardiovascular
disease in both diabetic and nondiabetic persons [31–36].

With regard to carotid disease, increasing levels of HbA1c
are associated with both IMT [37–39] and carotid plaque
prevalence [40]. In the Tromsø study, HbA1c level was found
to be strongly related to the prevalence of echogenic and
predominantly echogenic plaques but not, or if anything
negatively, associated with the risk of echolucent plaques in
nondiabetic individuals [41]. The authors postulate that the
high prevalence of echogenic plaques may reflect the fact
that subjects with high HbA1c levels have had plaques for
a longer period than euglycemic persons at the same age, or
that the progression from soft to hard plaque is accelerated in
hyperglycemic subjects [41]. Another possible mechanism is
that activation of transforming growth factor-“ occurs at an
early stage of diabetes mellitus triggering fibrotic changes in
the tissue and, thus, leading to a high content of fibrous tissue
within the developing plaque [41, 42].

5 Matrix Metalloproteinases

Matrix metalloproteinases are an ever-expanding family of
zinc-dependent endopeptidases with proteolytic activity to-
ward one or more components of the extracellular matrix
[43]. Growing evidence supports the strong relationship of
MMPs with plaque instability and consequent cardiovascular
events. Insights from human pathological studies and exper-
imental models of atherosclerosis have revealed the overpro-
duction of MMPs by inflammatory cells in the rupture-prone
regions of atherosclerotic plaques [44, 45].



20 Relationship Between Plaque Echogenicity and Atherosclerosis Biomarkers 249

In a follow-up study, the MMP-9 plasma concentrations
predicted stroke and cardiovascular death in patients with
�50 % carotid stenosis, although not independently [45].
These findings were further confirmed by two nonprospec-
tive studies comparing symptomatic and asymptomatic
patients [46, 47]. The positive predictive value of MMP-9
was significantly enhanced when combined with other
members of the MMP family (MMP-7 and MMP-8 and
their tissue inhibitor of metalloproteinases-1) [47] or with
plaque echolucency [27].

Pregnancy-associated plasma protein A (PAPP-A) is a
high-molecular-weight metalloproteinase that is typically
measured during pregnancy in maternal blood for the fetal
diagnosis of Down syndrome [48]. However, circulating
PAPP-A is physiologically present in both men and women;
moreover, it is abundantly expressed in plaque cells and
extracellular matrix of ruptured and eroded unstable coro-
nary plaques, but not in stable plaques [49]. In patients with
carotid artery disease, circulating levels of the metallopro-
teinase PAPP-A were found to be significantly higher in
those who exhibited hyperechoic or isoechoic, echogenic
plaques compared with patients with hypoechoic plaques
[48]. The significant positive correlation observed between
CRP and PAPP-A levels supports the notion that PAPP-A is
produced by activated cells and released into the extracellu-
lar matrix during the local inflammatory process occurring
within the arterial wall [48].

6 Soluble CD36

CD34 is a surface glycophosphoprotein expressed on
lymphohematopoietic stem and progenitor cells, small-
vessel endothelial and embryonic fibroblasts [50]. It has been
shown to be involved in angiogenesis, inflammation, lipid
metabolism, platelet activation, and atherosclerosis. CD36 is
present in lipid-laden macrophages in atherosclerotic lesions
[51–53], whereas CD36-apo E double-null animals have
been found to be markedly resistant to lesion formation even
in areas of enhanced predisposition [54]. These findings
underscore the essential role of CD34 in the atherogenic
process.

The association between CD36 and advanced atheroscle-
rosis is also supported by the finding of strong im-
munostaining of CD36 in symptomatic as compared with
asymptomatic carotid plaques, primarily located to lipid-
loaded macrophages in the fatty core of the atherosclerotic
plaque [55]. Plasma levels of soluble CD36 were markedly
elevated in those with recently symptomatic carotid plaques,
within the last 2 months, as compared with other patients.
Furthermore, patients with echolucent carotid plaques tended
to have higher soluble CD36 levels in plasma compared

with those with echogenic/heterogenic plaque [55]. It is
speculated that apoptosis of lipid-loaded macrophages may
lead to enhanced release of CD36. In this context, soluble
CD36 can be used as a marker of plaque echolucency and
destabilization.

7 Soluble CD40 Ligand

CD40 ligand (CD40L) is a transmembrane protein and a
member of the TNF superfamily. It is expressed by all major
cells implicated in inflammation and atherosclerosis, in-
cluding activated T-lymphocytes, vascular endothelial cells,
smooth muscle cells, monocytes/macrophages, and platelets
[56, 57]. Ligation of CD40 enhances the expression of proin-
flammatory and atherogenic molecules such as cytokines,
chemokines, matrix metalloproteinases, growth factors, and
adhesion molecules, as well as prothrombotic mediators such
as tissue factor [10].

In a prospective, nested case–control evaluation of healthy
middle-aged women, mean concentrations of soluble CD40L
at baseline were significantly higher among the partici-
pants who subsequently developed myocardial infarction,
stroke, or cardiovascular death, compared with the age- and
smoking-matched women who remained free of cardiovas-
cular disease during a 4-year follow-up [58]. These findings,
however, were not verified by a recent study, in an older (aged
60–69 years) general population cohort [59].

In an MRI study of carotid plaques in patients with
carotid atherosclerosis on ultrasonography, baseline levels of
soluble CD40L were higher among patients with evidence
of intraplaque lipid than among those without it [60]. In
contrast, soluble CD40L levels were not correlated with
percent diameter stenosis. The relative risk for intraplaque
lipid associated with soluble CD40L levels above the median
was 6.0, with the magnitude of this predictive effect re-
maining practically the same after adjustment for traditional
cardiovascular risk factors.

There are several ways by which soluble CD40L may
participate in the destabilization of atheromatous plaques.
CD40L induces apoptosis and the formation of necrotic core
in atheromatous plaques [61]. In addition, CD40L stimulates
endothelial cell proliferation and promotes in vivo angiogen-
esis, thus representing a major determinant of intraplaque
neovascularization and plaque vulnerability [62].

In mice, inhibition of CD40 signaling reduced the size
of aortic atherosclerotic lesions by 59 % and their lipid
content by 79 % [63]. Furthermore, atheroma of mice treated
with anti-CD40L antibody contained significantly fewer
macrophages and T lymphocytes, more smooth muscle
cells and collagen and exhibited decreased expression of
vascular cell adhesion molecule-1 [63, 64]. Similarly, in an
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animal model of progressive atherosclerosis, a pronounced
increase in collagen content, vascular smooth muscle
cell/myofibroblast content, and fibrous cap thickness was
observed, while the lipid core and macrophage content
decreased [65].

8 Retinol-Binding Protein 4

Retinol-binding protein 4 (RBP4) is a recently identified
adipokine suggested to link obesity with its comorbidities,
especially insulin resistance, type 2 diabetes, and certain
components of the metabolic syndrome [66]. RBP4 may
also elicit subclinical inflammation leading to cardiovascular
disease [67]. A strong correlation between RBP4 and in-
flammation markers, such as CRP, monocyte chemoattractant
protein-1, and CD68, has been found [67, 68]. Studies in
patients with type 2 diabetes or coronary artery disease
have also revealed an association between RBP4 levels and
markers of lipid metabolism, such as total cholesterol, LDL-
cholesterol, VLDL cholesterol, triacylglycerol levels, and
hepatic lipase activity [69].

The lipid-modulating activities of RBP4 may explain the
finding that circulating RBP4 concentrations are inversely
associated with intima media and plaque echogenicity in
carotid arteries [70]. The higher fat content in the vessel wall
and in atherosclerotic plaques of subjects with higher RBP4
levels implies that RBP4 could be involved not only in the
development of atherosclerosis but also in the development
of vulnerable atherosclerotic plaques as well. Interestingly,
in the Uppsala Longitudinal Study of Adult Men, which
recruited among all 50-year-old men living in Uppsala in
1970–1974, RBP4 concentrations were significantly associ-
ated with prior cerebrovascular disease and any prior hospi-
talization for cardiovascular disease in age-adjusted analyses,
whereas no significant associations were found between
RBP4 concentrations and prior myocardial infarction [71].

9 Oxidized LDL

LDL cholesterol is one of the major risk factors for
atherosclerosis, since it is causally associated with the
development of atherosclerosis, whereas a reduction in LDL
levels leads to a reduction of atherosclerosis progression
or even regression of atherosclerosis, lower incidence of
cardiovascular events (myocardial infarction and stroke),
and even reduced total mortality [72–74]. Plasma LDL is
transported across the endothelium to the subendothelial
space where it is subjected to oxidative modifications to
produce highlyoxidized LDL (OxLDL). OxLDL is a potent

inducer of inflammatory molecules and is believed to be the
most atherogenic form of LDL.

In accordance with this notion, the plasma OxLDL level
has been found to be significantly higher in patients with
carotid stenosis than in controls, suggesting that OxLDL is
involved in carotid artery disease, as is the case in coronary
artery disease [75]. The plaque OxLDL level was nearly
70 times higher than plasma OxLDL. There was also a
strong correlation between the plaque OxLDL level and
the extent of macrophage infiltration. The macrophage-rich
plaques were associated with plaque rupture, fibrous cap
thinning, and a large-sized lipid core and correlated with
ultrasonographic echolucency but not with angiographical
carotid stenosis [75].

Similarly, in a cross-sectional population-based study of
61-year-old men, plasma OxLDL turned out to be indepen-
dently associated with the occurrence of echolucent plaques
both in the femoral and the carotid artery [76, 77]. The
source of OxLDL in plasma could be the direct release of
OxLDL from ruptured or permeable plaques, ischemic injury
to damaged cell membranes, or a turnover of OxLDL in
newly formed or progressing lesions in the arterial tree [76].

10 C-Reactive Protein

CRP is currently the most studied biomarker used in clinical
practice. In several prospective studies, baseline CRP has
been related to the risk of cerebrovascular events among
healthy adults, patients with asymptomatic carotid lesions,
and other patient cohorts [78–85]. A meta-analysis of studies
with a long-term follow-up showed that the risk of stroke
in healthy individuals with the highest quartile of CRP
concentrations increased by 70 % compared with those in
the lowest quartile [86]. Nonprospective studies comparing
symptomatic vs. asymptomatic patients with carotid stenosis
advocate that CRP may identify carotid plaque at risk of
symptomatic conversion [87, 88].

Despite these findings that support an association between
CRP levels and plaque instability, there have not been any
data, so far, correlating CRP with plaque echogenicity. CRP
has been found to be associated with total carotid plaque area
among men in models controlling for traditional atheroscle-
rotic risk factors, but did not discriminate echolucent from
echogenic carotid plaques in neither women nor men [89].
In another study, high-sensitivity CRP concentrations were
negatively correlated with carotid plaque echogenicity in
univariate analysis, but when traditional atherosclerotic risk
factors, plaque thickness, and medication use were controlled
for, the association was of borderline significance [13]. Other
reports have further supported the notion that carotid plaque
echolucency is not related to systemic levels of CRP [90, 91].
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21Hypothesis Validation of Far Wall Brightness
in Carotid Artery Ultrasound for Feature-Based
IMT Measurement Using a Combination of Level
Set Segmentation and Registration

Filippo Molinari, U. Rajendra Acharya, Luca Saba, Andrew Nicolaides,
and Jasjit S. Suri

1 Introduction

Atherosclerosis is the thickening and narrowing of the ar-
teries due to formation of plaque on the walls of the artery.
It is one of the leading causes of stroke and is the first
clinical manifestation of cardiovascular disease. Recent re-
search has been focused on determining early indicators of
atherosclerosis. IMT is an early indicator of atherosclerosis
[1] and precedes luminal narrowing due to plaque formation.
Since plaque formation starts in the walls of the artery, IMT
could be a better indicator than lumen area or blood velocity.
Population studies have shown a strong correlation between
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carotid IMT and several cardiovascular risk factors [2], and
IMT has also been found to be associated with the extent of
atherosclerosis and end organ damage of high-risk patients
[3]. B-mode ultrasound (US) is a noninvasive method to
measure IMT especially in easily accessible arteries like the
carotid. IMT measurements using ultrasonography correlate
well with histopathology and are reproducible [4].

Automated segmentation facilitates real-time IMT mea-
surements and is very helpful in the clinical evaluation of
large databases which can be done either semiautomatically
or by running automated methods (so-called batch mode
processing). These methods can be applied to several blood
vessels. However, several groups such as Liguori et al. [5],
Cheng et al. [6], and Gutierrez et al. [7] have proposed
methods that require the user to interactively place markers
or draw regions of interest to initiate the segmentation. None
of these methods are fully automated, and therefore, we seek
to define an approach that would require no user interac-
tion. Our patented system Completely Automated Layers
EXtraction (CALEX) (a Class of AtheroEdge™ systems)
[8] quantifies IMT using a feature-based approach and is
fully automated with minimal user intervention. This system
extracts features from the far wall based on the hypothesis
that the far wall is brighter [8] compared to the near wall in
the US image. Delsanto et al. [9] characterized the perfor-
mance of an automated carotid wall segmentation algorithm
based on the same hypothesis by validating against expert
segmentation. The algorithm localized the adventitial wall
based on the intensity local maxima of every column in the
image, i.e., the far wall brightness compared to the near wall.
Several systems developed by our group that were based
on this hypothesis for IMT measurements produced results
that were in good agreement with expert segmentation [8–
10]. However, the validation was based on manual intensity
measurements on several representative US images.

In this chapter, we validate the hypothesis of far wall
maximum brightness by registering our entire database of
200 US images of the carotid artery and showing that the
far wall has higher intensity. In addition, we also look at the
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feasibility of automatic lumen segmentation and registration
of B-mode US carotid artery images for clinical studies.
Here, we are registering images to a “standard carotid artery”
but we can adapt the same method for images obtained
during follow-up studies involving the same patient. After
registration, we segment the images using an automated
technique, in order to show the performance and exploit the
potentialities of the registered images. The concept of joint
registration and segmentation in one system is not new and
it has been adapted before to mammographic images by Suri
et al. [11]. In fact, it has been shown that registration can
improve segmentation performance and vice versa, thereby
improving the overall quality of the examination [11].

This chapter is organized as follows. We will first describe
the image dataset, the acquisition protocol, and the patients’
characteristics. Then, we will describe the segmentation and
registration methods. A detailed presentation of the results
along with a discussion of the new insights of this method
constitutes the core of this chapter. Finally, in the last section,
we look at how we can exploit the higher intensity of the
far wall for automatic carotid artery segmentation and we
conclude the chapter.

2 Image Dataset and Patients
Demographics

The image database consists of 200 B-mode 2D US longitu-
dinal images of the common tract of the carotid artery. All
the images were transferred to a computer via a DICOM
communication port in log-compressed 8-bit grayscale. The
pixel density of all the images was equal to 16 pixels/mm
in the axial direction, thus leading to a conversion factor of
0.0625 mm/pixel. The images were taken from 130 subjects:
50 normal subjects and 80 patients suffering from atheroscle-
rosis who were recruited by the Neurology division of the
Gradenigo Hospital (Torino, Italy) where all the US exami-
nations were conducted. One hundred images were relative
to the left and right carotid artery of the 50 healthy subjects.
One hundred and sixty images were acquired from the 80
patients, one each from the left and right carotid arteries.
However, among these 160 images, we had to discard 60 im-
ages: 35 carotids had a plaque protruding in the artery lumen,
whereas 25 images were relative to pretreated carotids (i.e.,
the carotid was either closed or with an implanted stent).
These 60 images were unsuitable to test our hypothesis,
because our methodology has not been developed for vessels
with plaque. Such images were removed from the database,
thus leading to a total of 200 images. The subjects’ age
ranged from 25 to 83 years (mean: 48.3 years; standard
deviation: 9.9 years). Seventy subjects were male. All the
patients were clinically evaluated before being included in
the study and all the subjects signed an informed consent

before the US examination. The study received the approval
by the Institutional Committee of the Gradenigo Hospital

3 Segmentation and Registration
Techniques

In this section, we will describe the segmentation and reg-
istration technique we used. Such techniques constitute the
mathematical basis we exploited for testing and validating
our hypothesis relative to the brightness of the carotid far
wall adventitia layer.

3.1 Automated Lumen Segmentation

The objective of this segmentation is to automatically seg-
ment the lumen in the carotid artery frame. The concept
of automated lumen segmentation is based on finding the
far adventitia (ADF) border and reconstructing the Region
of Interest (ROI) in which lumen lies. The ROI is then
utilized to capture the lumen region. For automated ADF

computation, we first remove the black frame surrounding
the image [12]. This frame, which is a standard in all B-mode
US images, interferes with the automated lumen segmenta-
tion system. We, therefore, cropped the images to maintain
only the region containing the US data. This procedure was
completely automated and relied on the data contained in the
DICOM header of the images [12].

Subsequently, our procedure automatically recognizes
the carotid artery in the image. We adopted a patented
multi-resolution approach (CAMES [13]—a class of
AtheroEdge™ systems from Global Biomedical Technolo-
gies, Inc., CA, USA), consisting of the following steps:
1. Downsampling: We downsampled the image (Fig. 21.1a)

by a factor of 2 and attenuated the speckle noise
(Fig. 21.1b). This process scaled the size of the carotid
wall (nominally about 1 mm D about 16 pixels) to the
optimal size of 8 pixels for the automated recognition.

2. Convolution with higher order derivative: We filtered
the image (Fig. 21.1b) by using a first-order derivative
Gaussian filter (Fig. 21.1c). This filter is the equivalent
of a high-pass filter, which enhances the representation of
the objects having the same size of the kernel. Since we
aimed at enhancing the representation of the carotid walls,
we chose a kernel size of 8 pixels.

3. Heuristic search for ADF: Starting from the bottom of
the image, the far carotid wall was recognized as it was
a bright stripe of about 8 pixels size (Fig. 21.1d). As
mentioned in step 1, the nominal value of the IMT is about
1 mm which is equivalent to 8 pixels in the downsampled
domain. Thus, the first-order Gaussian derivative kernel is
size matched to the IMT and it outputs a white stripe of the
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Fig. 21.1 (a) Original B-mode image. (b) Downsampled and despeckled image. (c) Convolution of image (b) with a first-order Gaussian kernel.
(d) Automated tracing of the far adventitia layer (ADF) in image (a)

same size as the far wall thickness. Our heuristic search
considered the image column-wise. The intensity profile
of each column was scanned from bottom to top (i.e., from
the deepest pixel moving upwards). The deepest region
which had a width of at least 8 pixels was considered as
the far wall.

4. Guidance zone creation: The output of this carotid recog-
nition stage was the tracing of the far adventitia layer
(ADF) (a complete description of this procedure is given
in [13]). We selected a Guidance Zone (GZ) in which we
performed segmentation. The basic idea was to draw a GZ
that comprised the far wall (i.e., the intima, media, and
adventitia layers) and the near wall. The average diameter
of the carotid lumen is 6 mm, which roughly corresponded
to 96 pixels at a pixel density of 16 pixels/mm. Therefore,
we traced a GZ that had the same horizontal support of
the ADF profile, and a vertical height of about 200 pixels.
With this vertical size, which is double the normal size of
the carotid, we ensured the presence of both artery walls
in the GZ.

5. Lumen segmentation: The lumen segmentation consists
of a preprocessing step followed by a level set based
segmentation method. The first preprocessing step is the

inversion of the image, i.e., we subtract every pixel in the
image from the maximum value of the image. We then
multiply the image by a function of the gradient of the
original image given by (21.1) below.

f .ru/ D 1

1C jruj (21.1)

Here u indicates the image. The function is such that it
takes low values (	1) at the edges in the image and
takes a maximum value of 1 in regions that are “flat.” The
lumen is then segmented using the active contour without
edges algorithm or the Chan–Vese algorithm as described
in [14] (Appendix). The algorithm was chosen because of
the piecewise constant nature of the cropped carotid artery
images obtained from the previous step. The lumen, after
preprocessing, is white and its grayscale intensity is high
(>100) with noise. The walls of the artery that initially
appear bright become dark (i.e., <50 grayscale intensity)
after preprocessing. The Chan–Vese method is very ef-
fective for segmenting images made up of two piecewise
constant regions which in our case correspond to the
lumen and the carotid wall. The segmentation produces
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a binary image where the lumen is white (intensity of 1)
and the wall intensity is 0. We would also like to point
out that the algorithm is not influenced by the actual gray
scale values in the carotid images giving us the flexibility
to analyze images acquired with different settings. The
algorithm is also robust to noise as it does not directly
depend on the edges in the images. The pseudo-code for
the entire automated segmentation algorithm is as follows:
(A) Invert image, i.e., subtract image from maximum

value in the image.
(B) Multiply with function given in (21.1).
(C) Downsample image by a factor of 4. Since numerical

Partial Differential Equations require long computing
times, we downsampled the image to achieve conver-
gence in a reasonable amount of time.

(D) Initialize level set contour as a rectangle. The initial
contour placement is automated. We computed a
rectangular contour centered on the image.

(E) Run the Chan–Vese algorithm for 1,000 iterations.
The number of iterations was arrived at by trial and
error and it was sufficient for all test images across
different databases.

(F) Upsample the segmentation result, which is a binary
image where the lumen is 1, to the original size of the
image.

(G) The presence of the jugular vein in some images
causes the algorithm to segment both the carotid and
the vein. In this case, employ a connected compo-
nent analysis to determine which connected group is
closer to the ADF. The connected group closest to the
ADF is taken as the carotid artery.

(H) Apply morphological hole filling to remove holes
in the binary segmentation result caused by the
backscatter noise in the lumen.

3.2 Image Alignment for Composite Image
Generation

The first step in the automated IMT measurement algorithms
like CALEX is the recognition of the Common Carotid
Artery (CCA). For this purpose, the assumption by most
of these feature-based algorithms is that the far wall of the
CCA has the highest intensity in the image. To validate
this assumption, it is necessary to locate the far wall and
determine its intensity. If the ultrasound probe is exactly
along the longitudinal axis of the CCA, the resulting image
will show a nearly horizontal straight CCA with respect to
the base edge of the image. However, not all CCA images
are acquired parallel to the longitudinal axis. Sometimes, the
probe can make a slight angle with the longitudinal axis of
the CCA, and therefore, the resultant image will not have the
CCA absolutely horizontal with respect to the base of the

image. Such images will show a slightly tilted CCA. In order
to superimpose all these images to show that the cumulative
far wall intensity is the highest, we register all CCA images
with respect to an ideal image in which the CCA is parallel
to the base edge. This is the main motivation for registering
the images in our work.

A near straight artery image is used as a target image for
all other images in the database. Lumen segmentations of
binary images are affine transformed to estimate the rotation
and translation of the floating image into the same orientation
and position as target image. The free form deformation
registration method using B-spline described in [15] was
used for nonrigid registration. The method is a hierarchical
transformation model where the local deformations are de-
scribed by free form deformations modeled using B-splines.
Registration is performed by minimizing a cost function that
is a combination of sum of squared differences and a cost
function associated with the smoothness of the transforma-
tion. The free form deformation based on B-splines deforms
the object by altering an underlying mesh of spline control
points. The alteration produces smooth and continuous trans-
formations. In two dimensions, we denote x and y as the
coordinates of the image volume. Let ®ij denote the mesh of
control points (n1 � n2). The deformations produced by the
B-splines can be written as
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In (21.2), Bl represents the basis functions of the B-
splines, given by (21.3):
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The cost function for the registration is mathematically
given as
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Fig. 21.2 Segmentation results. Fixed reference image of carotid artery (top left) and one of the 200 floating carotid artery images (top right).
Binary image of segmented fixed reference image lumen (bottom left) and binary image of segmented floating image lumen (bottom right)

where I is the fixed target reference image, and F is the
floating image transformed by T (combined rigid and non-
rigid transformation). The deformation d is defined in (21.2)
and the derivatives are with respect to spatial coordinates.
In (21.4), the second term is the penalty term for smooth
deformations and is the bending energy of a thin plate of
metal. The optimization solves for the control point grid from
which the deformations are calculated.

Nonrigid registration using B-splines based free form
deformations is one of the popular methods for nonrigid
registration of multi-modality images. The algorithm’s main
advantage compared to other methods is that it produces very
smooth deformations due to B-splines and the transformed
images are not overly distorted. Because of its use in multi-
modality registration, information theoretic metrics are used
as the cost function. For our application, we used the least
squares criterion as we were registering 2D binary images
oriented differently. It proved to be more effective than di-
rectly registering the grayscale carotid artery images. Several
implementations of this algorithm are readily available in
various languages. We used the Matlab implementation by
Dr. Dirk-Jan Kroon available from Mathworks file exchange.
The algorithm is generally slow (5 min per image pair). But
in our case we are using it only for validation purposes and
will not be a part of any commercial implementation. We also
perform an initial affine registration that scales and aligns the
floating image. The nonrigid registration is the final step to
obtain a more accurate transformation field.

4 Segmentation and Registration
Performance

4.1 Segmentation and Registration Results

The average distance between the manually traced Media–
Adventitia (MA) boundary and the automatically traced

ADF was 25.03 ˙ 19.47 pixels (1.54 ˙ 1.19 mm). This small
distance indicates that the automatically traced ADF profile
and the manually traced MA profile match, and therefore,
the recognition of the carotid artery was successful. The
segmented lumen of the fixed base carotid artery and a
floating carotid artery image belonging to different patients
are shown Fig. 21.2. The images are chosen to highlight the
requirement for an affine transformation prior to a nonrigid
registration.

In Fig. 21.3, a typical registration result is shown. We
have chosen two carotid artery images that were at an
angle with respect to the horizontal. The transformation is
the result of an affine transformation followed by the free
form deformation. We chose a weighting factor of 0.01 for
the smoothing term in the cost function. Typically, it took
about 35 iterations for the affine registration to converge.
Following affine, the nonrigid registration took 60 iterations
to converge.

In Fig. 21.4, a surface plot of the sum of all registered
images is shown. The grayscale sum image is also displayed.
The window and level of the grayscale image are set to its
minimum and maximum values. The results in Fig. 21.4
confirm our hypothesis qualitatively. To obtain quantitative
evidence, we calculated the maximum value along every
column in the sum image and confirmed that the maximum
value along each column was from the far wall. In Fig. 21.5,
the mean intensity and standard deviation from a 5 � 5
window centered on the same column along the near and far
wall are shown. The far wall intensity is clearly higher and
well separated from the average values along the near wall.
A z-score was calculated by dividing the difference between
the mean values of the corresponding 11 � 11 window along
the far and near walls and sum of their standard devia-
tions. For all windows considered, the z-score was greater
than 2.
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Fig. 21.3 Result of nonrigid free form deformation of two carotid
artery images with the carotid artery at an angle with respect to the
horizontal. (a) and (b) are the acquired and transformed image pairs of

one carotid artery. Similarly (c) and (d) are acquired and transformed
image pairs of the second carotid artery

Fig. 21.4 Surface plot of the registered sum of 200 images showing intense far wall (left). The same displayed as a 2D image (right). The top row
image is the result of nonrigid registration while the bottom row image is the results using affine registration. The arrows point to the far wall
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Fig. 21.5 Mean intensity and standard deviation along the far wall and near wall

4.2 Far Wall Brightness Hypothesis
Validation and Discussion

In this work, we validated the hypothesis of far wall max-
imum brightness using a much larger dataset comprising
of 200 images. Our approach was to register all the B-
mode US images to a base fixed image which is considered
carotid “straight.” The US images of the carotid artery do
not have many structures and there are no landmarks that
can be used to assess the quality of registration. We used
the intensity sum image to verify that the lumen volumes
coincided. Since we used a nonrigid registration algorithm,
we manually verified that the deformations are smooth and
do not overly distort the carotid artery. Since the artery in
different patients can be oriented at different angles and
consequently be of different lengths in the image, we require
an affine transformation to orient and scale the arteries
appropriately. The nonrigid transformation aligns the edges
of the segmented lumen. In many cases, nonrigid registration
might not be required as the artery images are straight and
do not have any distortions.

The registration accuracy in terms of sub-pixel metrics is
not a hard requirement for this work. We wanted to verify
that the far wall has higher intensity than the near wall in all
images and for that purpose it is sufficient that the images be
registered within the thickness of the far wall. Our hypothesis
can be easily verified by visual inspection of Figs. 21.3 and
21.4 (3D plots). In Fig. 21.4, it can be seen that the far wall
has a relatively higher intensity compared to that of the near
wall. Quantitative results are depicted in Fig. 21.5, and the
z-score of >2 also verifies our hypothesis.

The automated ADF detection method proved very robust
and had a 100% success rate. This ensured the possibility of

an accurate segmentation, which is based on ADF tracing.
The major merits of this automated adventitia recognition is
that the multiresolution stage is strictly linked to the pixel
density of the image. This gave robustness to the method, as
in the multiresolution framework, we always worked with a
Gaussian kernel size equal to the expected IMT value.

The binary lumen image has a jagged appearance. The
binary image edges can be smoothed to obtain a continuous
line edge, but the impact on the registration is not significant.
We are using the lumen binary images to estimate affine
transforms and correct for orientation and scaling. The final
nonrigid transformation makes small changes to arteries that
are bent or slightly curved and aligns them with the straight
fixed image. Small errors in segmentation do not impact
the affine transformation in terms of orientation angle and
scaling. Also, any significant curve in the arteries would be
adjusted by the nonrigid transform despite the presence of
these jagged edges.

The segmentation and subsequent registration of the bi-
nary image of the lumen can be further improved by in-
creasing the dynamic range (DR) of the acquisition [16].
Increasing DR improves the contrast and reduces the vari-
ance of the image producing sharply peaked histograms of
carotid US images. Increased contrast and variance improve
the segmentation as it is based on the assumption that the
image is made up of regions of constant intensity.

We also evaluated affine registration on our datasets.
Although the nonrigid registration provides a more accurate
registration, an affine registration scheme is sufficient for
alignment of the lumen. The lumen edges can be smoothed to
remove the kinks or jaggedness prior to registration. For the
purposes of this chapter, we conclude that affine registration
would be sufficient.
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5 CCA Recognition and IMT
Measurement

The brightness of the far wall is exploited by the CALEX 3.0
system to measure IMT. CALEX 3.0 is the latest release of
an integrated approach combining feature extraction, fitting,
and fuzzy classification we developed in 2010 [9, 17]. In
Fig. 21.6, we show a typical carotid artery and the result
of the adventitia localization by our system, CALEX 3.0.
In this work, we acquired longitudinal images wherein the
ultrasound probe head is held along the axis of the CCA.
Therefore, even if the probe head is slightly tilted away from
the longitudinal axis of the CCA, the angle of acquisition has
a very subtle change and the resulting tilt in the carotid artery
will only be minor. This subtle change/tilt is compensated by
the registration algorithm described earlier, and therefore, the
carotid shape does not influence the algorithm. Measuring
IMT involves automatic identification and segmentation of
the carotid artery lumen and localizing the MA boundary and
the lumen–intima (LI) boundary. In this section, we present
the steps involved in these processes, and the resultant IMT
values.

5.1 Automated Carotid
Localization/Recognition

Despite the use of a validation procedure, previous version of
CALEX 1.0 could still inaccurately trace the far adventitia.
In Fig. 21.6, we show how the far wall adventitia is localized.
Initial seed points are chosen based on local maxima, which
are assumed to be in the far wall. We have validated this
assumption by registering an entire database of images. For
selecting the true seed points, we used a linear discriminator
that bins the true seed points and false-negative seed points
separately. The objective is to find the possible seed points
that are above a certain threshold uT and are likely to be the
edges of the lumen but not inside the lumen. To distinguish
true seed points from local maxima due to background noise,
we used a linear discriminator v applied to the vector of seed
candidates with the property vector p made up of Intensity, e
(which corresponds to the height of the seed candidate on the
vertical intensity profile), and Breadth, b (which corresponds
to the distance between the two neighbouring local minima
that are on the opposite sides of the seed candidate). Now, the
criteria for seed point selection were based on the threshold
uT, mathematically laid out to follow the equality: p � v> uT

Fig. 21.6 CALEX process for adventitia localization. US image of
carotid artery (a). Automatic selection of seed points based on higher
intensity of far wall (b). Rejection of seed points not belonging to

adventitia and connecting seed points to obtain line segments (c).
Identification of far and near adventitia (d)
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(here, denotes the dot product between two vectors). Here,
uT is equal to 0 [8]. The existing points were then connected
according to their proximity and orientation and classified as
near and far wall of the adventitia [8].

CALEX 3.0 incorporates a robust algorithm to avoid the
Jugular Vein (JV) and to avoid incorrect tracings of the ADF.
As depicted in Fig. 21.7, the typical far wall identification
errors of CALEX 1.0 are as follows:
1. Selected line segments are along the JV above common

carotid artery.
2. The whole (or part) of selected line segments deviates

from the adventitia layer of the far wall of CCA.
The first error can be fixed by observing that when the line

segment is traced on the JV instead of the ADF, its upper side
is brighter than its lower side, while it should be the opposite.
Based on this observation, we introduce a new feature, called
isadf, for each valid line segment. Conceptually, the higher
the value of the isadf of a line segment, the higher the prob-
ability that line segment corresponds to the far adventitia.
For each valid line segment, the isadf feature is calculated as
follows:

isadf D

NP
iD0

MP
j D0

I.xi ; yi C j /

NP
iD0

MP
j D0

I.xi ; yi � j /
(21.5)

In (21.5), N is the number of points on the line segment, M
(D30 pixels) is the sample distance, and I is the input image.
When the isadf value of a given line segment is lower than
1, it means that the upper side of that segment is brighter
than the lower side. Therefore, it cannot be the adventitia
layer (which we proved to be the brightest image feature)
and should be discarded.

The second error is fixed by a refinement procedure. For
each point p on the detected far wall adventitia, we extract
the column-wise signal as given by (21.6):

s D f .I.x; y C i//;Dlower < i < Dupper (21.6)

where Dupper (D50) is upper sample limit, and Dlower (D �5)
is lower sample limit. Then, we find the nearest local max-
ima (or minimum) point q such that the absolute intensity
difference between point p and q is larger than a predefined
threshold IT; otherwise point p is discarded.

Figure 21.8 shows the original and initial CALEX 1.0
ADF profile (left panel) and the refinement made by CALEX
3.0 (right panel).

5.2 Far Wall Segmentation

Once the near and far adventitia layers are automatically
traced, a guidance zone (GZ) is delineated based on the
far adventitia profile (ADF). The GZ has same horizontal
length of the ADF profile and a height equal to 30 pixels. We
determined this specific value of 30 pixels after an extensive
benchmark on our image dataset. Since the pixel dimension
was 0.0625 mm in both the vertical and horizontal directions,
and since the average IMT is about 1 mm (i.e., 16 pixels),
we took a GZ vertical size that was double the average IMT.
Therefore, we made sure that we included the entire distal
wall and a portion of the carotid lumen.

CALEX 3.0 was then used to classify the pixels into the
GZ. We input the intensity profile of each column of the
image into a fuzzy K-means classifier. We fixed the number
of classes equal to three: (i) the carotid wall (made of dark
pixels); (ii) the intima and media layers (made of pixels with
an average gray level), and (iii) the adventitia layer (made
of bright pixels). The transition point between class (i) and
class (ii) was the LI interface, whereas the transition between
classes (ii) and (iii) was the MA interface. The IMT value
was computed as distance between the LI and MA profiles
for each image.

Figure 21.9 shows samples of automated CALEX 3.0
segmentation of the far carotid wall and LI/MA tracings.
To show the robustness of the method and the validity of
our registration hypothesis in all the possible conditions, we
have reported in Fig. 21.9 the CALEX 3.0 segmentations for
different carotid morphologies.

5.3 Distance and Performance Metric

We adopted the Polyline Distance Metric (PDM) to compute
the IMT value from the LI/MA profiles. This metric was
proposed by Suri et al. [18] and used in cardiological studies.
The PDM is an optimal distance metric to compute the
distance between boundaries given by vertices, because it is
almost insensitive to the number of points constituting the
boundaries. For each vertex i belonging to LI, the minimum
distance from the line segments of MA is computed. Let
this distance be di–MA. Then, the overall distance between
vertices of LI and the segments of MA is computed as in
(21.7):

dLI�MA D
NLIX
iD1

di�MA (21.7)

where NLI is the number of vertices of the LI boundary.
Similarly, the distance dMA–LI is computed, which is the
overall distance of the vertices of MA from the segments of
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Fig. 21.7 Typical far wall identification errors of the former version CALEX

Fig. 21.8 Left panel: detection of the ADF by CALEX 1.0. Right panel: refined and optimized ADF profile detected by CALEX 3.0

LI. The PDM is defined as:

PDMLI;MA D dLI�MA C dMA�LI

NLI CNMA
(21.8)

In (21.8), NMA is the number of vertices of the MA profile.
The IMT by CALEX 3.0 and the reference IMT (IMTGT)
were computed as:

IMTCALEX D PDMCALEXLI;CALEXMA

IMTGT D PDMGTLI;GTMA

(21.9)

In (21.9), GT is relative to manually traced profiles,
which we considered as Ground Truth. The IMT value was
measured for each image and the overall system performance
was computed in terms of IMT measurement bias, absolute
error, and squared error compared to IMTGT.

5.4 IMT Measurement Performance

Table 21.1 reports the overall system performance of
CALEX 3.0 compared to GT. To completely characterize the
system performance, we compared the IMT measurements
by CALEX 3.0 to the manual measurements (GT). The
results are given as mean value ˙ standard deviation on the
200 images database. We computed the IMT measurement

bias ", the absolute error ı, and the squared error "2 defined
as follows:

Table 21.1 Overall system performance of CALEX 3.0 compared to
ground truth

CALEX 3.0 Ground truth

IMT value (mm) 0.836 ˙ 0.206 0.864 ˙ 0.221

IMT bias (mm) �0.029 ˙ 0.228

IMT absolute error (mm) 0.144 ˙ 0.179

IMT squared error (mm2) 0.052 ˙ 0.151

" D 1

N

NX
iD1

�
IMTi

CALEX � IMTi
GT

�

ı D 1

N

NX
iD1

ˇ̌
IMTi

CALEX � IMTi
GT

ˇ̌

"2 D 1

N

NX
iD1

�
IMTi

CALEX � IMTi
GT

�2

(21.10)

where N is the number of the images in the testing
database, IMTi

CALEX is the IMT measurement by CALEX
3.0 relative to the ith image, and IMTi

GT is the ground-
truth IMT measurement of the ith image. The IMT bias
was equal to �0.029 ˙ 0.228 mm, the IMT absolute
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Fig. 21.9 Samples of CALEX 3.0 automated segmentation for dif-
ferent carotid morphologies, showing the robustness of the technique.
(a) Straight and horizontally placed carotid. (b) Curved carotid with

jugular vein overlapped (JV). (c) Inclined carotid with positive slope.
(d) Inclined carotid with negative slope (CALEXLI CALEX lumen–
intima boundary, CALEXMA CALEX media–adventitia boundary)

error to 0.144 ˙ 0.179 mm, and the IMT squared error to
0.052 ˙ 0.151 mm2. The IMT estimated by CALEX 3.0 on
the dataset was 0.836 ˙ 0.206 mm, which is very close to the
ground truth of 0.864 ˙ 0.221 mm.

We also defined the Figure-of-Merit (FoM) for CALEX
3.0, which was defined as

FoM D 100�
ˇ̌
ˇ̌̌ IMTCALEX � IMTGT

IMTGT

ˇ̌
ˇ̌̌ � 100 (21.11)

where IMTGT was the average IMT value by GT, and
IMTCALEX the average IMT value by CALEX 3.0 (i.e., these
two values are those reported in the first row of Table 21.1).
The FoM was equal to 96.7%. Figure 21.10a reports the
Bland–Altmann plot for the CALEX 3.0 and GT estimates
of the IMT. It can be shown that CALEX 3.0 has a much
reduced bias (equal to 0.029 mm, which means about 3%
of bias with respect to a nominal IMT value of 1 mm).
Moreover, the reproducibility of CALEX 3.0 is good, be-
cause the standard deviation of the IMT error is 0.206 mm.
Previous studies documented that the reproducibility of the
IMT measurements made by expert sonographers can as low
as 0.15 mm [1]. Figure 21.10b shows the distribution of the
IMT bias. The black line represents the cumulative function.

From a clinical point of view, the Bland–Altmann is
the most important representation of the performance of a
technique. The accuracy of the technique (i.e., the IMT bias)
was <3% of the nominal IMT value. In this regard, a bias
of 30 �m is clinically acceptable. The reproducibility of the
IMT measurement (i.e., the standard deviation of the IMT
bias, which determines the width of the dashed lines in the
Bland–Altmann plot) is a scope of improvement. Currently,
the most accurate IMT measurement techniques are user

driven. When an expert operator drives and corrects the seg-
mentation, the IMT bias can be reduced to 0.01 ˙ 0.02 mm
[19]. Automated techniques usually have a reproducibility
that is between five and ten times worse [8, 10, 17]. Our team
is now working specifically to increase the reproducibility of
automated IMT measurement strategies.

6 Final Remarks

The far wall appears bright in a typical US carotid artery
image. We have exploited this feature for automatic IMT
measurement in our CAD software (a class of AtheroEdge

®

system from Global Biomedical Technologies, Inc., CA,
USA). In this work, we validated the hypothesis that the
far wall is bright compared to the near wall by taking into
consideration a US database of 200 images. In the process,
we have also put together a scheme for carotid artery seg-
mentation and registration in follow-up US studies. Since we
were able to register our database of images successfully we
believe that this system can be used for registering multiple
studies corresponding to the same patient. We have used
a novel and completely automated segmentation algorithm
based on level sets. We also applied our IMT measurement
system (CALEX) and showed its error of about 30 �m. This
system will be useful not only as a stand-alone technique but
also as part of more complex systems as described in [20] that
can improve image data retrieval, storage, and diagnosis.

A.1 Appendix

Following the description in [14], we formulate the segmen-
tation problem as an energy minimization problem to find the
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Fig. 21.10 Characterization of the CALEX 3.0 IMT performance. (a) Bland–Altmann plot of the CALEX 3.0 and GT IMT values. (b) Histogram
distribution of the IMT measurement bias. The black line represents the cumulative function

optimum curve segmenting the regions. The energy term to
be minimized can be written as

E D
Z

cin

ju0 � c1j2dxdy C
Z

cout

ju0 � c2j2dxdy (21.12)

where cin and cout refer to the regions enclosed by the opti-
mum curve C that separates the two regions in the image u0.
The terms c1 and c2 are the average values of the two regions.
We can also add regularization terms that are proportional to
the length of the curve (Lc) and the area of the curve (Ac).

�1

Z
cin

ju0�c1j2dxdyC�2

Z
cout

ju0�c2j2dxdyC�AcC� � Lc

(21.13)

Here, �, �, �1, and �2 are fixed parameters. The level set
formulation is obtained by replacing the curve C with a level
set function � such that C is the level set with value 0. The
function � takes values less than zero inside the contour and
positive values outside the contour. The energy is rewritten as

�1

Z


ju0 � c1j2H".�.x; y//dxdy

C �2

Z


ju0 � c2j2.1 �H".�.x; y//dxdy

C �

Z


ı" jr�.x; y/jdxdy (21.14)

where H" is the regularized version of the Heaviside function
given by (21.15):
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H".´/ D 1; ´ > "

H".´/ D 0; ´ < �"

H".´/ D 1

2



1C ´

"
C 1

�
sin
��´
"

��
; j´j � "

(21.15)

We used a value of 10e�5 for ". The Heaviside function is
defined as 1 if its argument is nonnegative and 0 otherwise.
The derivative of the Heaviside function is the delta function
(ı").˝ is the domain of the level set function. The associated
Euler–Lagrange equation for � is given by (21.16) below:

@�

@t
Dı".�/



� � div

� r�
jr�j

�
��1 � .u0�c1/

2C�2 � .u0�c2/
2

�

(21.16)

The boundary conditions are

ı".�/

j��j
@�

@En D 0; @�

�.0; x; y/ D �0.x; y/

(21.17)

The equation is discretized and solved numerically.
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22Segmentation of Carotid Ultrasound Images
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1 Introduction

According to the World Health Organization, cerebrovascu-
lar diseases are leading causes of death in the middle- and
high-income countries [1]. Prevention is the key to reduce
the impact of these diseases on the number of global deaths,
and here imaging techniques play a crucial role. Despite
the burden of disease, progress in stroke medicine has not
been successful when compared with related cardiovascular
conditions. In contrast to myocardial infarction, which is
usually caused by rupture of the thrombosed plaque, in the
coronary arteries stroke can have many causes: embolic or
thrombotic large vessel occlusion (ischemic stroke), vessel
rupture (primary intracerebral hemorrhage), or small vessel
disease (ischemic stroke of the lacunar type or also pri-
mary intracerebral hemorrhage). The possibility to accu-
rately differentiate the multiple processes leading to stroke
in presymptomatic individuals can provide not only new
insights into its pathophysiology but also opens a window
of opportunity to achieve preventive treatment. Large vessel
disease is related to the atherosclerotic process causing
degeneration of the arterial wall and the deposition of lipids
and other blood-borne material within the arterial wall of
almost all vascular territories [2–4].

The diagnosis of atherosclerosis is one of the most im-
portant medical examinations for the prevention of cardio-
vascular events, like myocardial infarction and stroke [5, 6].
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The carotid intima–media thickness (IMT) is a measure of
the lesion of the macrovasculature and it is related with the
cerebral cognitive functions [7]. IMT provides an index of
atherosclerosis and is used for cardiovascular risk assess-
ment [8]. The IMT can be measured using ultrasound (US)
imaging, which uses safe nonionizing radiations. Ultrasound
images are characterized by having low signal-to-noise ratio
and several imaging artifacts that make their interpretation
and segmentation very difficult [9]. They are affected by (1)
speckle, a multiplicative noise that gives a granular texture
to the images; (2) echo reverberations, which introduce false
boundaries; (3) acoustic shadowing or echo attenuations,
which can hinder boundaries or boundary segments. On the
other hand, ultrasound IMT measures are highly repeatable,
are noninvasive, and can be used to monitor pathologies
and drug therapy efficacy. As shown in Fig. 22.1, B-mode
US displays the vascular wall as a regular pattern that
correlates with anatomical layers. The wall layers appear as
two almost parallel echogenic lines (intima and adventitia
layers) separated by the hypoechogenic media layer, forming
an intensity valley known as the “double line” pattern [10].
The intima–media (IM) portion of this pattern is represented
by the area of tissue starting at the lumen–intima (LI) edge
of the artery and ending at the boundary between the media
and the adventitia (MA) [11]. IMT measurements are usually
made at the far wall (FW) of the common carotid artery
(CCA), where the “double line” pattern is easier to visualize
[10]. However, the segmentation of the near wall (NW) may
also be required for some applications like the reconstruction
of the 3D artery surface [12].

2 Segmentation of Carotid Ultrasound
Images. Brief Survey

In carotid images the challenge is to obtain accurate IMT
measures. This requires the detection of both the MA and the
LI boundaries. Several approaches for the segmentation of
the carotid wall and IMT measurement have been published
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Fig. 22.1 Intima–media
complex in a B-mode image of
the common carotid artery
(CCA). The lumen (zone Z4) is
the region where the blood flows.
The CCA wall is formed by the
intima (zone Z1), the media (zone
Z2), and the adventitia (zone Z3)
regions. The interfaces between
these four regions are represented
by the lines LI (lumen–intima),
IM (intima–media), and MA
(media–adventitia)

in the last two decades. A wide range of methodologies
have been tested, namely, edge detection [13–19]; gray level
density analysis [20]; dynamic programming [21–24]; snakes
[25–36]; discrete dynamic contour and multi-scale analysis
[37]; Hough transform [36, 38, 39]; template matching [40,
41]; Nakagami modeling [42]; feature extraction, fitting,
and classification [43–45]; feature extraction, cubic splines,
geometric contours, and dynamic programming [46, 47]; and
watershed transform [48]. A fusion of different segmentation
methods using an inter-greedy technique was also introduced
in [49–51], but a ground truth (manual tracings) is required
to estimate the errors in each iteration. A description of most
of these methods can also be found in [52].

2.1 Edge Detection

In 1998, Pignoli and Longo published the first computer-
assisted method for the segmentation of 2D B-mode images
of the carotid [13]. This method detects the edges of the
vessel structure when moving from the lumen to the far wall.
The edges corresponding to the LI and MA interfaces were
used to measure the IMT. In [14], Touboul et al. used a simi-
lar approach and proved that semiautomatic computer-aided
segmentation reduces the intra and inter-observer variability.

An edge detection based method was used by Selzer et al.
[15, 16] to make IMT measurements and to evaluate their
variability over time. The operator uses the mouse to identify
a few points along the LI and the MA interfaces, over the
first frame of a set of successive image frames. The artery
interfaces in the first frame are then detected by searching
for the edges in the vicinity of the smooth curves that pass
through the identified points. The same procedure is repeated
for the subsequent frames, using as guides the LI and MA
interfaces detected on the preceding frame. The process may
require manual correction of detection errors.

Another approach based on edge detection was proposed
by Liguori et al. [18], where a statistical thresholding was
used to reduce the noise before computing the intensity
gradient. A manual selection of the region of interest (ROI)
is required.

In [17], Stein et al. used an edge detection method to
prove that computer-aided IMT measurements are faster,
more reproducible, and more accurate when compared to
manual measurements. The ROI must contain a portion of the
lumen and the corresponding intimal, medial, and adventitial
layers. The operator defines the length of the ROI and
manually identifies a point in the lumen region at the left
limit of this ROI. The LI and MA interfaces are then detected
automatically. Manual corrections are performed by editing
the boundaries incorrectly detected.

One of the most accurate edge detection approaches was
introduced by Faita et al. [19]. This method improves the
edge detection in the presence of noise by using a first-
order absolute moment edge operator (FOAM) and a pattern
recognition approach. This approach also has the advantage
of being real time. However, it has two important limitations.
First, the difficulty in processing vessels that are curved or
non-horizontal in the image axis. Second, it needs a manual
selection of the ROI.

2.2 Gray Level Density Analysis

In [20], Gariepy et al. used a computerized method, based on
gray level intensity and tissue recognition, to demonstrate a
strong correlation between ultrasonic and histological IMT
measurements and to prove that hypertension is associated
with an abnormal increase of the IMT in large arteries.
Patients with plaque were excluded from the study to avoid
disruptions of the double line arterial pattern. The ROI was
selected manually and consisted of a rectangle containing
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the far wall segment to analyze. The method detects the LI
interface of both walls and the MA interface of the far wall.
These interfaces were used to compute the average lumen
diameter and the average IMT at the far wall. The computer-
ized method was not evaluated against any manual tracings.
It was used mainly to reduce the intra-observer variability.

2.3 Dynamic Programming

Gustavsson et al. [21] and Wendelhag et al. [22] proposed
related dynamic programming procedures for the automatic
detection of the carotid boundaries in B-mode images. Their
approach linearly combines measurements of local inten-
sity, intensity gradient, and boundary continuity into a cost
function. Low values of the cost function are associated
with pixels of the desired boundaries and high values are
associated with other pixels. The weights of the three terms
of the cost function (intensity, gradient, and continuity) were
estimated in a training phase, using manual tracings as the
ground truth. The procedure is completely automatic but
allows the interaction of the operator in order to correct
erroneous detections. To reduce the computational burden,
Liang et al. [23] introduced a multi-scale version of the
dynamic programming scheme proposed in [22]. The global
position of the artery is computed for the coarser scale
and iteratively refined down to the finer scale. The main
disadvantages of these methods are the need for a training
phase and the fact that the systems may need to be retrained
when the scanner or its settings are changed.

More recently, a different approach based on dynamic
programming was introduced in [24]. The instantaneous
coefficient of variation (ICOV) was used to improve the
edge detection in ultrasound images, where the noise has a
multiplicative nature. The ICOV-based edge detection, the
intensity gradient, robust statistics, and the a priori knowl-
edge about the spatial distribution of the artery boundaries
are used to compute fuzzy score maps for the LI and MA
interfaces. These score maps are then passed to a dynamic
programming procedure that computes the contour with the
largest accumulated score, for each interface. The method
is able to detect the LI and the MA interfaces at near and
far walls, for both healthy and atherosclerotic arteries, with
a wide range of plaque types and sizes. But results are
significantly better for the far wall, where the automatic
detection shows an accuracy similar to manual detections.
The main disadvantages are the need for a manual selection
of the ROI and for a training phase.

2.4 Snakes

Traditional snakes are often attracted by the wrong bound-
aries due to the influence of noise. In order to overcome this

limitation and prevent the trapping of the snake in between
the LI and the MA interfaces, Cheng et al. [25, 27] used
a more robust formulation of the snake’s external energy.
A manual initialization of the snake is required. In another
study [26], the same authors showed that using the contours
estimated by their snake-based method, instead of manual
tracings, significantly reduces the intra-observer and inter-
observer variability.

Loizou et al. [28–30] showed that results obtained with
snake-based methods can be improved if the snake is pre-
ceded by intensity normalization and despeckling of the
image. The intensity normalization consists in setting the
intensity median of the lumen region to a value between 0
and 5 and the intensity median of the adventitia layer to a
value between 180 and 190. The best despeckling method
found consisted in iterating five times a linear scaling filter,
based on statistics taken from 7 � 7 pixel windows. Both the
intensity normalization and the snake initialization require
user interaction. The authors presented a large statistical
validation of their results against manual tracings.

Delsanto et al. [32, 34] proposed a completely user-
independent scheme that combines local statistics and a
snake. Local statistics were used, first, to locate the carotid
artery lumen, followed by a snake-based detection of the LI
and MA interfaces. It was assumed that pixels associated
with neighborhoods with low intensity mean and standard
deviation usually belong to the lumen. So, the lumen was
located by clustering the image into two classes, by sep-
arating the pixels with those two properties from all the
remaining pixels. The threshold for the mean and the one
for the standard deviation were both determined empirically,
using a bidimensional histogram representing the intensity
standard deviation as a function of the intensity mean, com-
puted over 10 � 10 pixel windows. Once the lumen region
is located, the adventitia layers are estimated by searching
below the lumen, along each image column, for the intensity
peak above a given threshold. The contour that links these
intensity maxima in the longitudinal direction is used to
initialize the snake that refines the estimate of the MA
interface. A similar procedure is followed in the detection
of the LI interface, but using the largest intensity peaks
between the lumen and the MA interface to initialize the
snake. The method was validated against manual tracings,
showing good results. However, there are several parameters
that were chosen empirically, the computational burden is too
high for real-time applications and the noise caused wrong
detections in 10% of the cases. An improvement of this
method was proposed by the same authors in [31, 33], where
the near wall and diseased vessel were also processed. Three
clusters were considered: (i) lumen; (ii) intima and media
layers; (iii) adventitia layer. The clustering was implemented
using a fuzzy K-means classifier. The boundary between
class (i) and class (ii) was taken as the initial guess for
the LI interface while the boundary between class (ii) and
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class (iii) was the initial guess for the MA interface. These
boundaries were used to initialize snakes that refined the
estimates of the LI and MA interfaces. The chapter reports
an improvement of the IMT measurement error, as well
as robustness in segmenting plaques, although with worse
results for echolucent ones. The method failed in 8% of the
images due to low signal-to-noise ratio or to failure of the
ROI selection. A more recent version of the same approach
[35] was tested on a set of 200 images acquired with three
different ultrasound scanners. It was demonstrated that the
segmentation performance did not depend on the scanner
used. An improvement of the IMT measurement error was
reported, when compared to the initial version of the method.

2.5 Discrete Dynamic Contour
and Multi-scale

In [37], Gutierrez et al. used a discrete dynamic contour
in a multi-scale scheme to automatically detect the carotid
boundaries in B-mode images. The contour evolution was
implemented as a function of a linear combination of three
weighted forces: (1) an internal force, proportional to the
curvature of the contour; (2) an external force, equal to the
local magnitude of the intensity gradient; (3) and a damping
force, proportional to the velocity of each vertex of the
contour. The results showed a low accuracy in the IMT
measurements.

2.6 Hough Transform

Golemati et al. [38, 39] proposed a scheme based on the
Hough transform. The LI and MA boundaries are assumed
to be straight horizontal lines in longitudinal sections and
circular lines in transversal sections. The method is com-
pletely automatic, it is real time and both longitudinal and
transversal sections of the carotid artery can be segmented.
However, the need for straight horizontal or circular LI and
MA interfaces is a serious limitation, since the appearance
of these boundaries is often irregular. Another disadvantage
is the large number of parameters that are set empirically. A
normalization of the ultrasound images is required in order
to minimize the variability introduced by different operators,
scanners, and gain settings. More recently, the same authors
[36] introduced a snake-based refinement of the carotid
boundaries in transversal sections, where the snakes are
initialized by the circles computed by the Hough transform
approach. The results were validated using receiver operating
characteristics (ROC) analysis measures between automatic
contours and manual tracings.

2.7 Template Matching

Rossi et al. [40, 41] introduced an interesting parametric tem-
plate matching approach for the automatic lumen detection in
longitudinal sections of the CCA. The LI and MA interfaces
are not computed because the method was conceived to
estimate only the location of the lumen. But this technique
may be useful as a first step for complete automation of the
LI and MA detection, since it avoids the need for a manual
location of the lumen. To decrease the computational load,
the image columns are decimated. The proposed template
matching scheme is based on a priori knowledge of the
expected diameter range and of the typical intensity pattern
of the arterial wall–lumen complex. Spatial and temporal
clustering is performed over a sequence of frames in order
to reject incorrect estimates. The method is real time but a
training phase is required. The performance of the method is
generally high but it may fall significantly when the jugular
vein is present or when the signal-to-noise ratio in the lumen
region is low. The algorithm was validated by comparing the
lumen center positions estimated automatically with the ones
traced by an operator, taken as the reference positions. The
automatic recognition was considered correct if it did not
deviate more than 2 mm from the reference position.

2.8 Nakagami Modeling

Destrempes et al. [42] used a segmentation scheme based
on stochastic optimization that assumes the Nakagami model
for the intensity distributions in a small ROI containing the
CCA wall. The lumen and the adventitia were associated
with the distributions with the lower and the higher means,
respectively. The intima–media complex was considered the
mixture. Although a good performance was reported, this
approach may be of little use for images containing patho-
logical structures, like plaque, where the assumptions about
the statistical distributions of the wall layers may not be
valid. For example, in the presence of a calcified plaque, the
adventitia layer may not be the one with the highest mean.
Another disadvantage is the need for manual initialization.

2.9 Feature Extraction, Fitting,
and Classification

An integrated approach, consisting of feature extraction,
fitting, and classification, was proposed by Molinari et al.
[43, 44]. The authors divided the technique into two main
steps: (1) the automatic location of the CCA; (2) the detection
of the LI and MA interfaces of the far wall. The first
step begins with the location of the seed points, defined
as the local intensity maxima above a given threshold, in
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each image column. Line segments are fitted to these seed
points. Close and aligned segments are fused while the
other segments are eliminated, producing an estimate of the
location of the adventitia layer. In the second step, a fuzzy
K-means classifier is applied to the intensity profile of each
image column, in order to assign the pixels to the lumen,
to the intima–media structure, or to the adventitia layer. The
boundaries that separate these three clusters were taken as
the estimates of the LI and the MA interfaces. There is also
a preprocessing block that uses a low pass filter to reduce
speckle. A large validation against manual tracings showed
a very accurate detection of the MA interface but a poor
detection of the LI interface. Another disadvantage is the
need for a training phase in the first step.

More recently, the same authors [45] introduced an im-
proved version of this approach, where the detection of the LI
and MA interfaces, in the second step of the method, is based
on the FOAM edge operator previously used by Faita et al.
[19]. This approach was validated against manual tracings on
a database of 300 carotid images from two different institu-
tions, producing very accurate detections for both LI and MA
interfaces of the far wall. The authors reported an average
computation time of 2.3 s per image and a failure rate of 4%.

2.10 Watershed Transform

In [48], Molinari et al. adopted an approach similar to the
one used in [43, 44], but using an algorithm based on
watershed transform in the CCA location step. After erosion
with a 12 pixel disk-shaped structuring element, the image
was reconstructed against the original one. A black and
white image was computed through thresholding and the
white areas were used to perform marker-based watershed
segmentation. The CCA location was then selected as the
segmented image region with the greater value of an ad
hoc score function. The CCA region includes the lumen and
the walls of the artery, but the lumen is much darker and
larger than the walls. When present, the jugular vein has
similar properties, but appears above the CCA. Therefore,
the score function was made proportional to the percentage
of dark pixels in the region and inversely proportional to
the average region intensity and the average region height.
The method was tested against manual tracings. The failure
rate reported for this method (9.5%) was only slightly lower
than the one reported for the approach presented in [43, 44].
The evaluation in a database of 165 images showed some
improvement of the accuracy when compared to the one
reported in [43, 44], but a lower accuracy compared to the
one found in [45]. The average segmentation time per image
was equal to 18 s.

2.11 Limitations of the Current Solutions

The methods described above present several important lim-
itations. Semiautomatic approaches [13–22, 24–30, 37, 42]
are not suited for the treatment of large databases and the
results are affected by the user interaction. Several automatic
methods are computationally heavy [31–35, 43, 44, 48],
making them unattractive for clinical practice. Some studies
[13–16, 20, 21, 25, 27, 37] do not consider the segmentation
of plaques. Few studies [18, 24, 31, 33, 46, 47] measure the
IMT at the near wall.

There are already a few commercial systems available
for the IMT measurement, namely, Vivid 7, created
by General Electrics (http://www.vivid7ultrasound.com);
SonoCalc IMT, commercialized by SonoSite (http://www.
sonosite.com); and M’Ath from Intelligence in Medical
Technologies (http://www.iimt.fr). These systems compute a
set of IMT measurements, like the mean and maximum, over
the specified section. But they also have some limitations.
For instance, they all require user interaction. Vivid 7 and
Sono-Calc require the manual selection of a rectangular ROI
containing the section of the artery wall where the IMT is to
be measured. M’Ath requires the user to draw a longitudinal
line inside the lumen in order to locate the lumen and to
define the section of the wall to be segmented. They only
work properly if the boundaries to detect are well visible in
the specified section of the wall. Also, at least in the case of
M’Ath, this section cannot include plaque.

3 Cubic Splines and Dynamic
Programming for Carotid Image
Segmentation

The proposed method for the segmentation of the NW and
FW intima–media regions of the CCA in B-mode ultrasound
images begins with an edge detection step. The final edge
map is made by the edges that are compatible with the carotid
wall boundaries to be detected. The MA interface is detected
by a RANSAC search for the best fit of a cubic spline to
edges having features compatible with the MA boundary.
Several discriminating features of the MA interface are used
to reduce the attraction of the automatic contour by other
edges. A smooth estimate of the LI interface is obtained
using dynamic programming, smooth intensity thresholding
surfaces, and geometric snakes.

3.1 Edge Estimation

The edge estimation consists in the determination of an edge
map representing the set of the pixels whose properties (e.g.,
the gradient orientation) are compatible with the carotid wall

http://www.vivid7ultrasound.com
http://www.sonosite.com
http://www.sonosite.com
http://www.iimt.fr
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Fig. 22.2 Intensity and
corresponding ICOV profiles
along the line segment
represented as a red line over a
B-mode image

boundaries to be detected. These edges are estimated in four
steps: edge detection (Sect. 3.1.1); estimation of the domi-
nant gradient direction at edges (Sect. 3.1.2); determination
of the final edge map (Sect. 3.1.3); and determination of the
valley edge map (Sect. 3.1.4).

3.1.1 Edge Detection
In [46, 47], a new smoothing filter was proposed for the edge
detection in B-mode images. This filter smoothes out the
noise while producing well-localized edges and preserving
important weak boundaries. It takes advantage of the instan-
taneous coefficient of variation (ICOV) edge detector [53,
54], which is well adapted to US images. The ICOV value
at pixel (x,y) is computed by (22.1), using the intensities of
the pixels in its 8-neighborhood.
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In (22.1), I(x,y) represents the image intensity at (x,y),
rI(x,y) is the intensity gradient at (x,y), and k.u; v/k Dp
.u2 C v2/ is the norm of a vector (u,v). As explained in

[53], the ICOV is an edge detector for speckled images that
combines a normalized gradient magnitude operator and a
normalized Laplacian. At edge pixels, the Laplacian term
becomes zero, the gradient term becomes dominant, and
ICOV.x; y/ ! jrI.x; y/j =I.x; y/ . This normalization of
the gradient magnitude allows the ICOV to detect edges both
in bright regions and in dark regions, in images with mul-
tiplicative noise. As shown in Fig. 22.2, the ICOV produces

local maxima at the points associated with edge pixels, where
the intensity changes more rapidly.

As in [55], robust statistics is used to decide where
diffusion should take place and where it should be inhibited.
The diffusion coefficient at pixel (x,y) and time t is a Tukey’s
function [56], given by
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where �s D p
5�e and �e is the image edge scale [55],

computed as
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where MAD represents the median absolute deviation,
med


.r/ is the median of r over the image domain, �, and

C D 1.4826 is a constant.
The proposed filter has the advantage of preserving some

important anatomical boundaries even when they have a
low ICOV. It is based on concepts from the total variation
theory [57, 58] and embeds the curvature information, as
described by
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Fig. 22.3 Edge maps produced
by nonlinear filtering: (a) a
longitudinal section of a CCA
and weak valley edges pointed
out by an arrow; (b) smoothed
image obtained with the filter
proposed in [55]; (c) edge map of
image (b) showing erosion of
weak valley edges; (d) smoothed
image obtained with the filter
proposed in [46, 47]; (e) edge
map of image (d) showing a
better preservation of weak valley
edges

where c(x,y;t) is the Tukey’s function given by (22.2), rI is
the intensity gradient, I0 is the initial image, at time t D 0,
@� is the image boundary, and En is the outward normal at
the image boundary. �(x,y) is the mean curvature, updated at
each time step, given by

�.x; y/ D div

� rI.x; y/
krI.x; y/k

�
(22.5)

With this filter, the diffusion is inhibited both where the
ICOV is high and where the curvature is small. This way,
since the LI and MA boundaries usually have low curvature,
they can be preserved even when they have a low ICOV. The
noise is strongly smoothed out because it usually has high
curvature and low ICOV. Figure 22.3 shows the improvement
introduced by this new filter when compared with a related
filter previously proposed in [55]. Figure 22.3c shows the
erosion of weak edges produced by the filter proposed in
[55]. Figure 22.3e shows that the new filter is better at
preserving the carotid wall boundaries.

The edge map is computed from the smoothed version of
the image produced by the new filter, using the ICOV as a
measure of the edge strength, non-maxima suppression, and
hysteresis [59]. The lower threshold for the hysteresis was
set to T1 D �e and the higher threshold was set to T2 D 0.4T1.
Morphological thinning [60] is applied to the edge map to
make sure the edges are one pixel thick.

3.1.2 Dominant Gradient Direction
In [46, 47], the gradient orientation errors were reduced by
using the local dominant gradient direction, computed as fol-

lows. Let rI n.x; y/ be the intensity gradient at pixel (x,y),
in iteration n, and rIn

k
the gradient at the kth pixel in the

8-neighborhood of (x,y), in iteration n � 1. Then rIn.x; y/

is computed as the average of rIn�1
k

, for k D 1, 2, : : : , 9,
considering only the neighbors whose gradient makes an
angle less than 45ı with the gradient at the central pixel, to
avoid the interference of close contours with very different
orientations.

The stopping criterion of this iterative procedure was
based on the stability of the gradient orientation. Let ˛ be the
angle change in the gradient orientation between consecutive
iterations, at each edge pixel. Outliers can be defined as
the edge pixels whose value of ˛ does not stabilize. The
threshold, � �̨, above which no inliers of ˛ are expected can
be estimated as � �̨ D p

5�˛ [56], where �˛ D CMAD.˛/C
med.˛/ is a statistically robust estimate of the threshold at
which the outliers start to appear [55]. Therefore, iterations
stop when � �̨ < –, setting "D 0.1ı in order to insure a good
stability to all inliers.

3.1.3 Final Edge Map
The final edge map is determined by selecting only the edges
that are compatible with the carotid wall boundaries to be
detected, using criteria based on their gradient orientation,
their distance to the lumen axis, and their signed distance
to the lumen boundary (SDL) value. The elimination of
incompatible edges reduces the computational cost and the
chances of the automatic contour being attracted to other
edges.

Since the gradient is expected to point outward at the
carotid wall boundaries, edges with gradients pointing to the
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Fig. 22.4 Typical intensity profile of a valley edge, where I is the
intensity, e is the location of the edge, de is the distance from the edge in
the direction of its intensity gradient, rI(e), a is the location of the
lower peak, b is the location of the higher peak, and L is the maximum
distance of search

interior of the artery should be removed. If � (x,y) is the angle,
at (x,y), between the intensity gradient and the gradient of the
distance map to the estimated medial axis, all edge pixels for
which � (x,y)<�max are removed from the edge map, where
�max is the threshold above which the probability of finding
an edge of the carotid MA interface is virtually zero.

All edges in the ROI whose distance to the lumen
axis is larger than a certain threshold, dmax, or such that
SDLmin< SDL< SDLmax are also removed from the edge
map.

3.1.4 Valley Edge Map
The MA interface is often associated with a valley-shaped
intensity profile (Fig. 22.4), called “double line” pattern [10].

As explained in [46, 47], the valley edge map is a subset
of the final edge map described in Sect. 3.1.3. The determi-
nation of the valley edge map begins with a search, up to
a certain distance, L, for the first local intensity maximum
(Fig. 22.4) in both directions along the line defined by
each edge point, e, and the corresponding intensity gradient,
rI(e). The intensity profile of a valley edge has two intensity
peaks, at locations a and b, one of these being usually
lower. Only profiles with a strong lower peak should be
classified as valley edges. Using hysteresis, as in Sect. 3.1.1,
and representing the amplitude of the lower peak by A,
the high threshold can be set to TA D CMAD(A) C med(A)
and the low threshold to 0.4TA. However, experimentation
showed that valley edge detection is better if an edge pixel is
classified as a valley edge when A> 0.4TA.

3.2 Estimation of the Media–Adventitia
Interface Using RANSAC

The method proposed in [46, 47] for the segmentation of the
MA boundary is based on a RANSAC search for the best
fit of a cubic spline [61] model according to a specified cost

function. The RANSAC algorithm allows for the estimation
of the model parameters from a dataset containing a large
number of outliers. It works by repeatedly extracting a
random sample, with the minimum number of data points
required to determine the model parameters. The consensus
of the model is then evaluated for the rest of the population
and the model with the best consensus is selected. The
process is terminated when there is a high confidence in
having drawn at least one good sample.

The cubic spline [61] model was chosen for the MA
boundary because it gives smooth curves, it is relatively easy
to implement, it offers a stable behavior, and the results
showed that it is able to adequately follow the MA interface
in longitudinal sections. A dedicated gain function was
conceived to evaluate the spline consensus.

3.2.1 Sample Generation and the Adventitia
Model

In longitudinal sections of the CCA, samples of the MA
edges must have different abscissas. Therefore, a set of n
different abscissas is randomly drawn and used to determine
n vertical lines above and below the lumen axis, separately.
Good abscissas are those for which the corresponding verti-
cal line contains a good point, that is, an edge point of the
MA boundary.

To detect the NW MA, a cubic spline is built from each
sample of n edge points with different abscissas, above the
lumen axis. Since there are usually several edge points for
each abscissa, the algorithm evaluates all the splines fitted to
the samples of n edge points for each sample of n abscissas.
The best spline, according to a predefined criterion, is then
selected. A similar procedure is used for the detection of the
FW MA interface. Setting n D 5 gives some flexibility to the
spline without compromising its robustness to noise.

3.2.2 Model Consensus
The consensus of the fitted spline is measured by a gain
function integrating the response to several discriminating
features of the carotid boundaries.

One feature is related to the type of edges. Since valley
edges are not always present, step edges are also considered,
giving more emphasis to valley edges and edges closer to
the detected lumen boundary. Another feature is the SDL. A
stronger penalty is given to larger absolute value of the SDL,
in order to reduce the influence of other anatomical bound-
aries. However, the possible presence of plaque requires this
penalty to have a slower growth for positive values of SDL
(those outside the lumen). A third feature is the gradient
orientation. It must be consistent with the normal to the
carotid MA interface model. In summary, the gain function
must integrate the following features:
1. Distance of the fitted spline to any edge points, de
2. Distance of the fitted spline to valley edge points, dve
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3. Angle, 
 , between the orientation of the normal to the
fitted spline and the intensity gradient

4. Signed distance of the fitted spline to the lumen boundary,
SDL
These features are integrated into the gain function pre-

sented in (22.6) in a way that reflects the probability of
each spline point belonging to the carotid boundary. A spline
point, Pk, has a high probability of belonging to the carotid
boundary if it is close to a valley edge or a step edge, and it
has an intensity gradient orientation similar to the orientation
of the normal to the spline and it falls inside the expected
distance limits to the lumen axis. The chance of each spline
point being a good candidate should increase as each feature
becomes stronger. Therefore, best spline fit is chosen as the
one with the highest score for the following gain function

G D 1

2m

mX
kD1

Œg1.Pk/C g2.Pk/�g3.Pk/g4.Pk/ (22.6)

where m is the number of Pk points of the digital spline
and gj(Pk), 1 � j � 4, are fuzzy functions representing the
contribution of feature j at Pk.

In (22.6), g1(Pk) D f (de(Pk)), g2(Pk) D f (dve(Pk)), and
g3(Pk) D f (
(Pk)), where f (z) is the Tukey’s function, given
in (22.7), with scale � D �d for features de and dve and scale
� D �� for 
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The scale, � , of each fuzzy function represents the thresh-
old of the corresponding feature above which MA boundary
pixels are no longer expected to be found. Function g4 gives
preference to curves that are closer to the lumen boundary
and a larger tolerance to those outside the lumen. This is
expressed as

g4.Pk/ D
�
f �.�SDL.Pk//; SDL.Pk/ < 0

f C.SDL.Pk//; SDL.Pk/ � 0
(22.8)

where f�(z) and fC(z) are given by (22.7), with scales � D ��
and � D �C, respectively.

The gain function produces values in the range [0, 1],
where unity means a perfect fit. Its score reflects the percent-
age of good points along the path of the spline and can be
viewed as an estimate of the probability of drawing a good
abscissa.

To reduce the computational cost, two bailout tests and a
digital spline are used. The digital spline avoids interpola-
tions. The first bailout test rejects any sample of n abscissas
not well spread along the columns of the image, in order
to guarantee a good support for the spline model. A good

spreading of the abscissas in each sample was obtained by
selecting only samples where the distance between con-
secutive abscissas is not smaller than a specified distance,
� D .m � 1/=.2.nC 1//, where n is the size of the sample
and m is the number of columns in the image. For n D 5
(4 polynomials), � D .m � 1/=12. The second bailout
test rejects any sample of n points if the angle, 
 , between
the gradient intensity and the spline normal is larger than a
threshold �� at any point of the sample.

3.2.3 Stopping Criterion
The minimum number of samples, k, that should be inspected
can be determined by adding a few standard deviations, � , to
the expected number of samples, �, necessary to get a good
sample [62], that is:

k > �CN� D !�n CN

p
1 � !n

!n
(22.9)

where N is the number of standard deviations added to the
mean, n is the size of the sample, and ! is the proportion of
inliers in the dataset.

After the processing of each sample of n abscissas, ! is
updated as the highest value found for the gain function, up to
that moment. The procedure is terminated when the number,
k, of drawn samples of abscissas exceeds the number given
by the second member of (22.9).

Two examples of detections of the MA interfaces are
presented in Fig. 22.5.

3.3 Estimation of the Lumen–Intima
Interface Using DP

The method proposed for the detection of the LI boundary
uses DP and assumes the carotid MA interface was previ-
ously detected (using the approach described in Sect. 3.2). It
is summarized in the following steps:
1. Set Eall(x,y) D 1 if (x,y) is a local maximum of the ICOV

in the direction of rI(x,y). Otherwise, Eall(x,y) D 0. Eall

is the edge map with all edges (Fig. 22.6b), obtained as
described in Sect. 3.1 but without any constraint on the
edge strength, measured by the ICOV. This edge map
is important because some edges of the lumen boundary
may be quite weak.

2. Set Estrong.x; y/ D Eall.x; y/ if ICOV.x; y/ > T ,
where T is a threshold automatically estimated with robust
statistics [12]. Otherwise, set Estrong(x,y) D 0. Estrong is the
edge map with the strong edges (Fig. 22.6c).

3. Set E.x; y/ D Eall.x; y/ if .x; y/ 2 �, where � is
the inner region delimited by the detected MA contours.
Otherwise, E(x,y) D 0.
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Fig. 22.5 Ground truth (green)
and the MA interfaces estimated
by the spline fitting model (red)

Fig. 22.6 (a) ROI from a
B-mode image of a longitudinal
section; (b) edge map Eall, with
all edges (strong and weak); (c)
edge map Estrong, containing only
strong edges; (d) Estrong after
removing all edges with a
gradient direction incompatible
with the LI interface; (e) edges of
Estrong that are “visible” from the
interpolated lumen axis (red
curve); (f) final version of edge
map E

4. Set E.x; y/ D 0 and Estrong.x; y/ D 0 if �.x; y/ �
900, where � is the angle between rI(x,y) and rD(x,y),
and D is the distance map to the lumen medial axis.
This step removes the edges of E and Estrong that have a
gradient pointing inwards the artery, which means they are
incompatible with the LI interface. Fig. 22.6d illustrates
the result of this step for Estrong.

5. If E(x,y) D 1, compute ICOV�.x; y/ D ICOV.x; y/=max
y

.ICOV.x; y//, the normalized ICOV at (x,y) in the ver-
tical direction. ICOV* is computed separately for edges
above and below the lumen axis, for each abscissa. This
procedure gives a chance to the usually weaker lumen
boundary edges to compete with the MA interface edges.
Otherwise, the DP contour tends to be attracted toward the
MA interface, where the ICOV is much stronger.

6. Set E.x; y/ D 1 if Estrong.x; y/ D 1 and there are no
other edges in Estrong between (x,y) and the lumen axis,
in the vertical direction (Fig. 22.6e, f). This is required
because the carotid MA interface is the best estimate of
the lumen boundary when the intima–media region is not
visible. Set ICOV*(x,y) D 1 for these edges.

7. Using DP, look for the path in E, between the first and the
last columns of the ROI, that minimizes the cost function

Ct D
NX

j D1

 .xj ; yj / (22.10)

where  .xj ; yj / D 1 � ICOV�.xj ; yj / ifE.xj ; yj / D
1 and  .xj ; yj / D 1; otherwise, N is the number of columns
of the ROI. The DP algorithm is applied directly to E, with
independent searches made above and below the lumen axis,
to detect the NW and the FW LI interfaces.

3.4 Smoothing and Improving
the Detected Lumen Boundaries

The output of the DP algorithm needs to be smoothed
because it is often irregular due to noise. This smoothing
was not implemented by adding a geometric term in (22.10)
because a strong geometric term would often be necessary,
leading to bypasses of the contour through tissue regions
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at sections of the LI boundary with high curvature. The
smoothing was introduced by a geometric snake, which can
also improve detections in the presence of deep concavities
or sharp saliences, as the one in the left part of the upper
lumen boundary in Fig. 22.6b. For this purpose, a hybrid
version of the Chan–Vese piecewise constant segmentation
model [63, 64] was introduced in [46, 47].

The Chan–Vese geometric snake is a successful region-
based active contour embedded in a level set framework [65,
66] that does not depend on gradients, making it robust to
the initial position of the active contour and to small gaps
in the boundaries. It also has the ability to automatically
detect inner contours, its topological changes are treated in
a natural way, and the direction of its evolution in space is
automatically determined from the image data.

The Chan–Vese active contour assumes a two-phase
piecewise constant image and is described by the functional

F.c1; c2; C / D �Length.C /

C �1

Z
inside.C /

Œu0.x; y/ � c1�
2dxdy

C �2

Z
outside.C /

Œu0.x; y/ � c2�
2dxdy

(22.11)

where �, �1, and �2 are positive parameters, u0: �! <
represents the input image, c1 and c2 are, respectively, the
averages of u0 inside and outside the region boundaries rep-
resented by C. In [63] a level set formulation was introduced
for (22.11), where the active contour, C, is represented as the
zero level set of an implicit function. Constants c1 and c2

can be viewed as functions of an intensity threshold that is
updated as the active contour evolves in space.

The major difficulty in the application of this active con-
tour to B-mode images of the carotid is their non-piecewise
constant nature. This problem was addressed in [46, 47] by
introducing some modifications to the Chan–Vese model,
making it also faster than the original model. The intensity
threshold estimate of the Chan–Vese model was replaced by
a thresholding surface, keeping the other attractive proper-
ties. The implementation of the hybrid model can be divided
into two steps:
1. Before the initialization of the active contour, an opti-

mal smooth thresholding surface, Topt(x,y), is interpolated
from the intensities at the edges along the contours pro-
duced by the DP algorithm.

2. The image is then processed by the modified version
of the Chan–Vese two-phase piecewise constant active
contour, where c1 and c2 are determined as functions of
Topt(x,y), such that the intensity threshold at each pixel is
given by the thresholding surface.
In the hybrid model, c1(x,y) D 2 Topt (x,y) and c2(x,y) D 0,

to keep the intensity threshold as the mean of c1 and c2. The

values of c1 and c2 are not updated during the evolution of
the contour. The active contour is used only to smooth and to
improve the position accuracy of the estimated boundaries.

A new method was introduced in [46, 47] to estimate the
thresholding surface, Topt (x,y), by interpolating the image
intensities at edge pixels, where good local thresholds are
expected to be found. As in [67], the interpolation surface is
obtained by solving the Laplace’s equation

@2u

@x2
C @2u

@y2
D 0 (22.12)

for the thresholding surface, u.
Equation (22.12) is computed in two steps. First, an

approximate solution is obtained with a fast algorithm that
propagates the intensity values at the interpolating pixels
to the rest of the image. Second, the Laplace’s equation is
solved with the following numerical scheme:

unC1.x; y/ D 0:25Œun.x C 1; y/C un.x � 1; y/
C un.x; y C 1/C un.x; y � 1/�

unC1.x; y/ D ˇunC1.x; y/C .1 � ˇ/un.x; y/;

n D 0; 1; 2; : : : (22.13)

where un(x,y) is the value of the thresholding surface at pixel
(x,y) and at iteration n, ˇD 1.5, and the initial solution, u0, is
the surface in the first step.

The second equality in (22.13) introduces over-relaxation
[61] to speed up the convergence. The iterations are stopped
when the relative intensity difference for every pixel is <1%
between two consecutive iterations.

Two examples of the final smoothed contour are presented
in Fig. 22.7.

3.5 Parameter Settings

Parameters were estimated either automatically (�e, TA, etc.)
or through experimental tests. For instance, the ROI size was
chosen as small as possible but large enough to contain the
carotid region.

The nonlinear smoothing filter (22.4) was discretized with
the numerical scheme proposed in [68]. Two parameters of
this scheme are the image grid size, h, which was normalized
to one, and the time step, �t, that was set to 0.25 in order to
obtain a good convergence speed without losing numerical
stability. The value of the edge scale, �e (22.3), as well as the
slope of the corresponding curve, decreases as the number
of iterations increase. Iterations are stopped when the rate of
change of �e falls below 5 � 10�4, after which the smoothing
increases very slowly.
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Fig. 22.7 Ground truth (green)
and the LI interfaces estimated by
the hybrid Chan–Vese model
(red) applied to the output of the
DP algorithm

In literature related to RANSAC (e.g., [62, 69]) it is
common to select parameter N (22.9) such that 1/N2 � 0.05,
which gives N � 4.5. Therefore, N D 5 was chosen.

In the used dataset, the distance from a carotid MA
interface pixel to the lumen medial axis is less than 70 pixels.
So, dmax D 90 pixels was used in order to keep some of the
image data outside the carotid boundaries.

The value of � was computed in the neighborhood of
the manually traced carotid boundaries, along each image
column, for the edge pixel closest to these boundaries. It was
observed that � < 30ı in at least 99% of the cases, which
means that �max D 30ı is an adequate value.

The parameter SDLmin represents the threshold of SDL
below which no edge pixel of the carotid MA interface is ex-
pected to be found. It was observed that SDL>�6.4 in every
image of the dataset, leading to the choice of SDLmin D �7
and �� D �SDLmin D 7. Parameters SDLmax and �C repre-
sent the threshold of SDL above which no edge pixel of the
MA interface is expect to be found. A natural value for this
threshold is dmax, leading to SDLmax D �C D dmax.

The width measurement of the valley edges in the dataset
showed that L D 10 is enough for valley edges belonging to
the MA interface.

To estimate the values of �d and �� , the values of de
and 
 were computed for each point of the MA interfaces
manually traced by one of the experts (MA1). Parameter 

was computed from the image gradient map, obtained with
the local dominant gradient direction filter. Parameter de was
computed from the edge map, described in Sect. 3.1. Param-
eters �d and �� are scales of Tukey’s functions. Therefore,
they can be computed as �d D p

5ŒCMAD.de/C med.de/�
and �� D p

5ŒCMAD.
/ C med.
/�, respectively, which
gives �� � 11ı and �d � 4.

The threshold �� was also used in one of the bailout tests,
as the limit for the angle, 
 , between the intensity gradient
and the normal to the fitted spline.

There are several parameters in the hybrid Chan–Vese
model. With the exception of parameter �, which determines
the elastic strength of the contour, all the others were set
as suggested in [63, 64]. Equal importance is given to both
phases in the image by choosing �1 D�2 D 1. Equation
(22.11) was solved with the semi-implicit numerical scheme
proposed in [63, 64], using a time step �t D 0.1�x and

setting �x D�y D 1, where (�x,�y) represents the image
grid size. This numerical scheme was iterated until the
maximum distance covered by the active contour became less
than 0.01�x, between two consecutive iterations.

Since parameter� can be seen as a scale parameter, it was
defined as a function of the scale of the segmented lumen,
measured by the length, L, of the LI interface produced by
the DP algorithm. In longitudinal sections, L is the perimeter
of the region delimited by the two estimated contours (one
above and the other below the medial axis). The scale
parameter was set as �D �L � 2552, where �D 10�4 was
empirically determined as a compromise between a satis-
factory level of smoothing and the fidelity to the data. The
factor 2552, also used in [63, 64], is necessary to keep
unity consistence in the level set equation, since the image
intensities are represented in the range f0, : : : , 255g.

4 Image Database

The image database consists of a set of 47 longitudinal B-
mode images of the CCA, acquired with a Philips HDI 5000
ultrasound system and recorded with 256 gray levels. The
image set was taken from 24 different symptomatic patients,
with several classes (class II to class IV), sizes, and shapes
of plaque. The pixel size was normalized to 0.09 mm, a
common value used in clinical practice.

All images were manually segmented by two medical
experts, A and B, and twice by one of the experts (A),
at two moments separated by a period of 1 year. These
segmentations consisted of a manual delineation of the LI
and MA interfaces of the CCA and are considered the ground
truth. Hereafter, the manual segmentations of expert A and
expert B and the automatic segmentation will be referred to
as MA1, MA2, MB1, and A, respectively.

5 Evaluation Methodology

In [46, 47], several statistics and statistical analysis were used
in the evaluation. They were based on the vertical distance
between contours at every abscissa that is common to manual
and automatic contours.
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One statistic is Dmax, the maximum vertical distance
between corresponding contours obtained from two different
detections. Another statistic is Dmean, the mean vertical
distance between homologous contours obtained from
two different detections. Other used statistics are IMTmin,
IMTmean, and IMTmax, the minimum, mean, and maximum
IMT of each segmented intima–media region, respectively.

The inter-method (manual versus automatic), the intra-
observer, and the inter-observer errors, defined as se D
sd=

p
2 [21], were computed from the pooled mean, Nx, and

the standard deviation, sd, of the differences in IMTmin,
IMTmean, and IMTmax measures between two different detec-
tions. The coefficient of variation, CV , for IMTmin, IMTmean

and IMTmax was also estimated using the following equation:

CV D 100
se

Nx % (22.14)

The agreement between methods and between observers
was assessed using box plots and Bland–Altman plots [70].

6 Results

Examples of good segmentations of the intima–media region
are presented in Fig. 22.8 while Fig. 22.9 shows examples of
defective segmentations. The corresponding MA1 segmenta-
tions are also shown, for comparison.

In the tested set of 47 B-mode images of the CCA,
86.2% of the MA boundaries (81 out of the 94) presented
Dmax< 1 mm between the automatic contour and any of
the corresponding manual versions. Figure 22.10 shows the

distribution of Dmax for the subset of MA contours with
Dmax< 1 mm.

The statistical analysis for the LI interface was computed
only for the subset of 81 intima–media complexes where
the MA interface has Dmax< 1 mm. For this subset of LI
boundaries, 81.5% (66 out of the referred 81) presented
Dmax< 1 mm. The distribution of Dmax and Dmean for the
subset of LI interfaces with Dmax< 1 mm can be found in
Figs. 22.11 and 22.12.

The following statistical analysis, which evaluates the
intra-observer, inter-observer, and inter-method errors and
the degree of agreement between the methods, is computed
only for the 66 LI boundaries with Dmax< 1 mm.

Table 22.1 shows the inter-method (manual versus auto-
matic), the intra-observer, and the inter-observer errors, as
well as the coefficient of variation, CV, for IMTmin, IMTmean,
and IMTmax.

Figure 22.13 shows the Bland–Altman plots of the dif-
ferences between the mean IMT of two given segmentations
against their average. The standard deviation is represented
by SD and the limits of agreement, in the form mean ˙ 2SD
mm, are 0.03 ˙ 0.22 between MB1 and A, �0.07 ˙ 0.24
between MA2 and A, �0.10 ˙ 0.20 between MA2 and MB1,
0.11 ˙ 0.24 between MA1 and A, 0.08 ˙ 0.24 between MA1
and MB1, and 0.18 ˙ 0.24 between MA1 and MA2.

Using Matlab, on a computer equipped with an Intel
Core 2 Duo processor at 2.13 GHz, the estimated median
computing time is 0.0470 s for the DP algorithm, 18.5 s
for the Chan–Vese algorithm, and 18.9 s for the whole LI
interface segmentation procedure. The median computing
time required to segment the MA interface is 28.5 s.

Fig. 22.8 Examples of good
automatic segmentations of the
intima–media region (red curves)
along with the corresponding
MA1 segmentations (green
curves)

Fig. 22.9 Examples of defective
automatic detections of the
intima–media region (red curves)
along with the corresponding
MA1 segmentations (green
curves)
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Fig. 22.10 Dmax statistics for
the MA interface detections with
Dmax < 1 mm: (a) NW boundary
and (b) FW boundary

Fig. 22.11 Dmax statistics for
the LI interface detections with
Dmax < 1 mm: (a) NW boundary
and (b) FW boundary

Fig. 22.12 Dmean statistics for
the LI interface detections with
Dmax < 1 mm: (a) NW boundary
and (b) FW boundary

Table 22.1 Comparison between manual and automatic measures of the IMT at NW and FW boundaries

IMTmin IMTmean IMTmax

se CV se CV se CV

(MB1,A) NE 0.15 21.3 0.09 8:7 0.13 9:0
FE 0.13 25.0 0.08 7:7 0.16 10:3

(MA2,A) NE 0.12 16.9 0.09 8:6 0.13 9:1
FE 0.12 21.9 0.09 8:4 0.15 9:3

(MA2,MB1) NE 0.08 10.2 0.08 7:4 0.14 9:7
FE 0.09 15.4 0.07 6:9 0.11 6:9

(MA1,A) NE 0.11 18.0 0.09 9:1 0.12 8:7
FE 0.13 26.7 0.08 8:3 0.15 9:9

(MA1,MB1) NE 0.10 15.5 0.10 10:9 0.13 10:0
FE 0.10 18.4 0.06 6:5 0.09 6:2

(MA1,MA2) NE 0.09 12.2 0.09 8:7 0.12 9:0
FE 0.11 18.7 0.07 7:2 0.11 7:0

se: inter-observer, intra-observer, and inter-method error in mm; CV: coefficient of variation in percentage
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Fig. 22.13 Bland–Altman plots
of the mean IMT for the
automatic and the manual
segmentations, where SD
represents the standard deviation

7 Discussion

As shown in the previous section, the method proposed in
[46, 47] is able to segment the carotid walls in B-mode
images of the CCA, even in the presence of plaques of
different sizes, shapes, and classes. It can segment both the
far and the near walls. It requires a minimal user interaction.
The automatically detected interfaces were not subjected to
any manual corrections. The error dispersion observed for

the automatic measures was slightly larger than for manual
ones, especially for images of poor quality and for near walls.
However, the statistical analysis showed promising results.

For the MA interface, the distribution of Dmax (Fig. 22.10)
leads to three main observations. First, the values of Dmax and
their variability are larger for near wall boundaries, which is
in agreement with the lower visibility of these boundaries
and the greater difficulty of their detection by both the
medical experts and the computer. Second, Dmax tends to
be higher when one of the compared contours is automatic,
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although the difference is small in general and very small
for far wall boundaries. In at least 75% of the near wall
cases, Dmax< 0.40 mm when comparing two manual MA
contours while Dmax< 0.51 mm when one of the compared
contours is automatic. Considering the same percentile for
the far wall MA boundaries, Dmax< 0.40 mm for pairs of
manual contours and Dmax< 0.43 mm for the other pairs.
Third, some automatic detections are too far away from
the manual versions. In some of these cases, the distances
between different manual contours are also high, probably
due to a poor quality of the images. However, Dmax> 1 mm
for 13.8% of the automatic detections of the MA boundaries.

For the LI interface, the detection results (Figs. 22.11 and
22.12) are also worse at the near wall than at the far wall. The
larger values of Dmax for the LI interface, when compared to
the MA interface, are a consequence of the poorer visibility
of the LI boundaries. This also explains why the percentage
of automatic detections with Dmax> 1 mm is higher for the
LI interface (18.5%) than for the MA1.

The larger variability for IMTmin (values of se and CV in
Table 22.1) than for IMTmean and IMTmax can be explained
by the poor definition of the LI boundaries at some very
thin intima–media regions. The corresponding inter-method
variability is higher because, when there are gaps in LI
boundaries close to the MA interface, the expert can infer the
correct location of the LI interface while the automatic proce-
dure just looks for the closest compatible edges. Compared to
IMTmin, the inter-method variability for IMTmean and IMTmax

is more important to the diagnosis of atherosclerosis and
it is only slightly larger than the homologous variability of
manual segmentations.

The Bland–Altman plots of the mean IMT (Fig. 22.13)
for manual segmentations show a high intra-observer and
inter-observer agreement, with mean differences close
to zero (�0.10 mm � mean � 0.18 mm), small values
of the standard deviation (0.10 mm � SD � 0.12 mm),
and almost all differences within the limits of agreement
([mean � 2SD; mean C 2SD]). The plots indicate a
good agreement between the automatic and the manual
segmentations, with similar values of the mean differences
(�0.07 mm � mean � 0.11 mm) and of the standard
deviation (0.11 mm � SD � 0.12 mm).

8 Summary

A survey of methodologies for the segmentation of carotid
ultrasound images has been presented in this chapter.
A method for the segmentation of the NW and FW
intima–media regions of the CCA in B-mode ultrasound
images was also described. The MA interface is detected
by searching for the best fit of a cubic spline to edges
having features compatible with the MA boundary. Several

discriminating features of the MA interface are used to
reduce the attraction of the automatic contour by other
edges. A smooth estimate of the LI interface is obtained
using dynamic programming, smooth intensity thresholding
surfaces, and geometric snakes.

The method was subjected to statistical evaluation, using a
set of 47 images from 24 different symptomatic patients, in-
cluding several classes (II–IV), sizes, and shapes of plaques.
The results showed that the proposed approach is able to
produce segmentations with accuracy comparable to the
manual tracings of medical experts.

Despite the promising results, the detection of the LI
interface can fail in images with very poor quality. In many
cases, the plaque can only be detected with complementary
information, like power-Doppler imaging or other B-scans
taken from different angles. Therefore, the integration of this
type of complementary data may be required to reduce the
automatic detection error to levels comparable to the ones
found for expert manual tracings.
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23Imaging of Aortic Aneurysms: What Do We
Need to Know and Which Techniques Should
Be Chosen?

Nuno V. Dias and Timothy Resch

This chapter will review the different modalities available
for aortic aneurysm imaging, their background, current ap-
plications, areas of development, and the advantages and
drawbacks of the different techniques in specific areas such
as preoperative planning and follow-up after EVAR.

Aneurysms are localized dilatations of the arteries. They
have been recognized as a medical condition requiring treat-
ment since the old Egypt (Ebers Papyrus, 2000 BC). How-
ever, it was not until the sixteenth century that abdominal
aortic aneurysms (AAA) were described by Vesalius. There
are several AAA definitions. Some authors consider as an
aneurysm a 50% focal increase in diameter compared to
the expected normal diameter of the artery according to the
imaging method used [1]. Others use the ratio between the
infra- and suprarenal aorta �1.5 [2] or an absolute diameter
>3 cm [3]. The comparison to the expected diameter tries to
take into account the fact that, even after complete growth,
the aorta of the adult continues to enlarge throughout life
(about 25%) [4–7]. Besides, after the age of 25 the aorta is
usually larger in men than in women, most likely due to the
differences in body surface area.

Given an infinite life span, all aneurysms are destined
to rupture. The natural history of aortic aneurysms is not
completely known but there is a tendency for progressive
expansion, with an increased risk for rupture. However,
there are sporadic ruptures of small aneurysms, while other
patients have large aneurysms that do not rupture [8–10]. The
vast majority of aortic aneurysms are usually asymptomatic
until the rupture occurs. Non-ruptured aortic aneurysms are,
therefore, usually diagnosed sporadically while investigating
other conditions or findings [11]. Clinical suspicion and
physical examination should not be ignored [12], but have
been considered to have low sensitivity and predictive values,
especially in obese patients [13–16]. Imaging methods are,
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therefore, required to establish the diagnosis and the indi-
cation for treatment that has been essentially based on the
aneurysm size [17].

The introduction of endovascular aneurysm repair
(EVAR) in the late 1980s—early 1990s [18–20] and its
subsequent popularization has further increased the demands
on preoperative imaging. EVAR relies on the choice of a
graft suitable for the patient anatomy since the possibilities of
intra-operative adjustments are much more limited compared
to open surgery. Good imaging of the aorta is therefore
essential for the preoperative EVAR planning. The extent of
the disease needs to be clearly defined, and the quality of the
access arteries and the relation between the different aortic
branches need also to be assessed. Moreover postoperative
follow-up after EVAR relies also on imaging techniques.

This chapter will review the different imaging modalities
available for imaging of aortic aneurysms in the arch, de-
scending, thoracoabdominal, and abdominal aorta.

1 Plain X-Ray

Initially, when no other methods were available, plain X-
ray was used for the diagnosis of aneurysms. However, they
rely on indirect signs and identify only aneurysms with
calcified walls or that produce changes in the mediastinal
contour. This modality is, therefore, rarely diagnostic, and
when suggestive findings appear while performing the exam
for other reasons, confirmation is required by the use of other
methods.

Plain X-ray does, nevertheless, have a role in the follow-
up after EVAR. They provide good definition images defin-
ing the integrity of the stent-graft skeleton and development
of kinks (Fig. 23.1). Component migration can also be
easily identified taking advantage of the multiple markers the
grafts have. Migration of the graft in relation to the aorta
can indirectly be suspected by using the bony landmarks.
This requires the X-ray to be obtained with a standardized
protocol in order to avoid parallax [21, 22] and can also
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Fig. 23.1 Plain abdominal film showing kink of the left iliac limb of
an aorto-biiliac EVAR

be done in a simple fashion on computer tomography (CT)
whenever this is available.

2 Ultrasound

Ultrasound is a noninvasive method that does not use ioniz-
ing radiation. It is inexpensive and can be rapidly performed
bedside, thus being the method usually chosen for screening
programs [23]. Ultrasound can be performed transthoraci-
cally for imaging of the ascending aorta or transabdominally
for imaging of AAA. Trans-esophagic ultrasound (TEE)
allows the imaging of the ascending, parts of the arch, and de-
scending aorta. Due to its higher invasiveness, TEE has been
mostly applied intra-operatively during endovascular repair
of type B dissections to identify the position of the guidewire
in the true lumen and the flow in the true and false lumen.

The use of ultrasound in an emergency situation when
suspecting a ruptured AAA, though feasible [24], provides
limited information on detailed anatomy. Moreover, it has
been reported to slightly underestimate aneurysm diameter
when compared to computed tomography [25–27].

The diagnostic sensitivity and specificity of ultrasound
to diagnose and follow aneurysms larger than 3 cm exceed
90% [28, 29]. Ultrasound is nevertheless observer dependent
and there is a need for standardized protocols and education
[30, 31]. These should include a clear definition of the
measurement method since this seems to slightly influence
the reproducibility of the method [32]. The reproducibility
of the method is very high and ultrasound is therefore also
useful for control after finding a dilated aorta. The fre-
quency of the exams should increase with increasing aortic
diameters [17].

Ultrasound has also been widely used for the follow-
up after EVAR of AAA. This may be based on diameter
measurement with CT whenever expansion is suspected [33],
but some authors also suggest the combined use with duplex
to identify endoleaks, which may be further potentiated by
the use of contrast enhancement [34]. Ultrasound has a high
temporal resolution which has been utilized in analyzing
aneurysm pulsatility, especially in the follow-up after EVAR.
The clinical value of the pulsatile wall motion is nevertheless
limited [35, 36].

The latest developments in ultrasound that may have the
potential of giving some advantages in aneurysm imaging
include the use of targeted contrast agents against important
pathogenic elements such as P-selection. Moreover, 3D ul-
trasound imaging seems to be possible with rapid acquisition
and may allow follow-up of the AAA after treatment. This
has the potential of increasing the anatomic detail obtained
in terms of special resolution in the preoperative assessment
of AAA. The value of the application of this technology
remains to be demonstrated.

3 Intravascular Ultrasound

Intravascular ultrasound (IVUS) is an invasive application of
ultrasound where a high-frequency probe is mounted on a
catheter introduced into the vasculature. It has been widely
used for occlusive disease especially in the coronaries where
different modalities such has virtual histology possibilities
are being developed [37, 38].

Automated vessel analysis has been developed to study
the sealing zones in preoperative aortic aneurysm imaging
[39]. IVUS has not gained the same popularity for aneurysm
imaging mostly due to its invasiveness and the uncertainty
in length measurements in patients with tortuous anatomy
since the IVUS probe may follow a different path compared
to grafts which may condition the length measures. IVUS has
been used with some success during EVAR procedures [40],
but the advantages seem modest when modern angiographic
equipments are used. Some authors have found IVUS to be
a good complement during endovascular repair of type B
dissections that extend into the abdominal aorta, since it may
assist in the assessment of the guidewire position in the true
or false lumen [41].

4 Computer Tomography

CT is based on the use of a series of 2D X-ray data
obtained around a single axis of rotation that are computed
into 3D imaging through digital geometrical processing. The
first CT scans provided single axial reconstructions with
relatively poor definition. The development of the technique
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Fig. 23.2 Axial
contrast-enhanced CT-scans
showing non-ruptured (a) and
ruptured (b) abdominal aortic
aneurysms

was fast and multidetector-row CT has not only increased
the resolution of the technique but also made the exam faster
[42]. This allows the performance of rapid CT scans even
in the acute setting for the diagnosis of aneurysm rupture
while the patients are still hemodynamically stable, which
usually is the case when they are admitted to the hospital
(Fig. 23.2) [43].

CT of the aorta includes a scan performed with intra-
venous iodine contrast enhancement. This is obtained by
the peripheral venous injection followed by a saline bolus
injection. The contrast dose is adjusted according to patient
weight. The timing of the scan adjusted by the placement
of a region of interest (ROI) in the ascending or aortic arch
when the entire aorta is being studied and at the level of
the diaphragm if only the abdominal aorta is of interest.
Consecutive single scans at the level of the ROI are done and
as soon as the Hounsfield unit (HU) threshold is surpassed
the scan is started. Patients with renal insufficiency are
difficult to exam with intravenous contrast due to the risk of
contrast induced nephropathy. This can be dealt with using
intra-arterial injection through a transfemoral catheter. thus
reducing the contrast dose. Low-dose CT protocols with
reduced contrast dose have been used in other areas with
good diagnostic result [44], but the applicability in aortic
aneurysm imaging is still unclear.

4.1 Preoperative Imaging

Preoperative CT is useful for the assessment of the aneurysm
size even in patients where ultrasound imaging is impossi-
ble. Diameter measurements can be done without contrast.
However, a complete preoperative assessment of the aortic
anatomy by the CT should include scans with and without
contrast and have thin axial reconstruction (�1 mm). The
scan should be in the arterial phase and extend from the
skull base to the lesser femoral trochanter. This will allow
mapping of the supraaortic circulation in cases of thoracic
aneurysms as well as the access vessels. The assessment of
the supraaortic circulation is of importance since it allows
evaluation of anatomic variations such as separate origin of

the left vertebral artery or aberrant right subclavian artery.
Moreover it depicts the completeness of the circle of Willis
and thereby assists in the decision on the need for revascular-
ization of the left subclavian artery. CTs done for dissections
or aneurysms involving the arch and the ascending aorta are
preferably done with EKG-gated technique in order to avoid
movement artifacts. Furthermore the EKG-gated CT offers
the possibility of triple rule-out diagnostic [45]. Retrospec-
tive EKG-gated CT scanning allows for dynamic imaging of
the aorta, while maintaining the radiation dose comparable
to conventional CT. Dynamic CT can also identify pulsatile
changes in the thoracic and abdominal aorta during the heart
cycle [46]. The significance of these findings and their impli-
cations for stentgraft oversizing during planning as well any
consequences for the long-term durability are still uncertain.
Other applications of CT imaging are computational post-
processing for the refinement of the rupture risk using finite
element analysis [47].

4.2 Postoperative Imaging

EVAR relies on the remote insertion of the stent-graft with-
out disrupting the physical integrity of the aneurysm wall.
Aneurysm size can, therefore, be used as an indicator of the
effectiveness of EVAR in a similar way as it was for the
preoperative evaluation of the rupture risk. Aneurysms that
become well excluded after EVAR are expected to decrease
in size (Fig. 23.3). Consequently, imaging methods have
been used for the periodical follow-up after EVAR, evalu-
ating aneurysm size, stent-graft integrity, and/or migration
and endoleak status. The use of spiral CT scans for the
postoperative follow-up after aortic aneurysm repair was
very frequent during the first 15 years after the introduction
of EVAR. Currently there has been a trend for changing
follow-up after standard EVAR of AAA replacing CTA with
ultrasound. However, CT is still the cornerstone for thoracic
and more complex EVAR.

Follow-up CTA scans are performed with nonionic con-
trast medium enhancement as described above for the preop-
erative work-up. In addition, the scan is repeated 60 s later
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Fig. 23.3 Axial
contrast-enhanced CT scans
showing aneurysm shrinkage
between the 1-year postoperative
scan (a) and the 2 year’s one (b)

to obtain a delayed scan. The inclusion of a delayed scan
to obtain a late arterial phase has the potential of identifying
type II endoleaks that could otherwise remain unnoticed [48].
Even during follow-up, low-dose CT protocols can be used
to reduce radiation in the repeated exams, without affecting
the diagnostic outcome [49].

The increase of the number of detectors up to 320 rows
has increased the amount of information and the time re-
quired to obtain it. The other significant development in CT
scanners in recent years has been the introduction of dual
energy CT also called dual source. This consists of two X-ray
tubes that simultaneously transmit at different energy levels
(usually 80 and 140 kV). This will give different attenuations
at the same time and has the potential to reduce the radiation
of the exams during EVAR follow-up since it permits the
production of virtual non-enhanced images by subtraction of
the contrast medium which will allow the identification of
endoleaks without the need of a non-enhanced scan [50–54].

4.3 Data Post-processing

As mentioned above, the introduction of multidetector CT
scanning increased the definition of the imaging and al-
lowed for 3D imaging which increased the post-processing
possibilities. Axial, coronal, and sagittal reconstructions are
currently a standard of CT imaging. The transfer of the
DICOM raw images to workstations specifically dedicated to
vascular imaging post-processing increases the possibilities
of the imaging analysis vastly. This is important when plan-
ning for EVAR, especially when more advanced prostheses
such as fenestrated and branched endografts are needed. It
is important to emphasize the need for good quality raw
imaging to be able to perform good post-processing. This
means high-resolution imaging with thin axial reconstruction
of less than 1 mm with good arterial phase enhancement.

Data post-processing allows the reconstruction of multi-
ple multiplanar reconstructions (MPRs) as well as maximum
intensity projections (MIPs) with free rotational ability at
different angles allowing detailed assessment of different
parts of the anatomy such as aortic branch takeoff. These

may be useful to plan for the EVAR procedure including
the best projections to visualize the different vessels [55].
Another tool of particular importance for EVAR planning
is the center line of flow analysis (CLF, Fig. 23.4). This
involves the manual or semiautomatic creation of a CLF
and thereafter length measurements along that line with
evaluation of orthogonal reconstructions along the CLF.
Length measurements along CLF are helpful in determining
the length of standard grafts since the aorto-iliac segment
tends to elongate and become more tortuous upon aneurysm
development which makes it difficult to measure lengths in
the traditional axial, coronal, or sagittal reconstructions [56].
Moreover, when planning more complex endografts CLF
lengths are also helpful in assessing the distance between the
different aortic branches that are included in endovascular
repair (Fig. 23.4c). The position of the target vessel fenes-
trations on the endograft also needs to be planned according
to their position on the circumference (clock position) and
the orthogonal reconstructions can be very useful in very
tortuous cases (Fig. 23.4d, e). All CLF measurements are
dependent on the accuracy of the graft following the CLF
and this is not always the case, especially in cases of high
tortuosity. For this reason, one needs to check the CLF path
and manually adjust it whenever needed before performing
the measurements.

Post-processing is also very useful in the follow-up after
EVAR. Applications such as the creation of multiple MIPs
with different window settings and projections will allow
assessment of stent-graft integrity and possible dislocation.
Fly-through applications that allow virtual angioscopy assist
in the assessment of the different branches and possible com-
pression or kinking of stents or stent-grafts [57] CLF is useful
even in the assessment of stent-graft migration especially
when the endograft is located in a tortuous region such as
the distal aortic arch [58]. The use of workstations with the
possibility of simultaneous visualization of different exams is
very useful during the follow-up after EVAR since it allows
the synchronization of images at the same level and in that
way evaluation of any changes during follow-up including
the evolution of the aneurysm size. This synchronization is
also very useful using scans with and without contrast to
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Fig. 23.4 (a) Semiautomated creation of a central line of flow (CLF).
(b) Stretch vessel view allowing for length measurements along the
CLF. (c) Measurement of the distances along the CLF between the
different visceral vessels for the planning of fenestrated stent-graft.
(d) Axial slice showing the origin of the right renal artery. The aortic

lumen is oval in its appearance due to the postero-anterior angulation
of the segment making it difficult to decide the clock position of the
vessel origin. (e) Correspondent right renal artery origin in orthogonal
reconstruction. (f) Intra-operative image with balloon-expandable stent-
grafts deployed in the renal arteries through the respective fenestrations

distinguish between calcifications and endoleaks. Moreover,
workstations also provide different methods of measuring the
aneurysm size, such as axial diameter, orthogonal diameter,
and volume of the aneurysm size. These methods seem to
have increasing reliability in the assessment of the evolution
of the aneurysm size during follow-up [27, 59, 60], but
also require increasing amount of post-processing. A good
strategy is therefore to successively take advantage of these
different methods in doubtful cases, but using axial diameter
measurements in the vast majority. These should be done
perpendicular to the longest diameter at the chosen level in
order to avoid overestimation caused by tortuosity.

5 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is another advanced
imaging technique. It is possible to use it in a similar way as
CT scanning in order to obtain complete imaging of the aorta.
It has, nevertheless, not gained the same popularity as CT
due to its cost, lower availability, and longer time required
for scanning.

MRI is based on the use of magnetic fields created by
the imaging equipment that thereafter uses the different
relaxation times of the different tissues finally converting
them to images. Gadolinium contrast agents can be used to
shorten the T1 (longitudinal) relaxation time of and thereby
enhance the contrast and shorten the examination time [61].

This is nowadays applied for dynamic MR angiography
which is the most common method for the evaluation of the
aortic anatomy [62, 63].

The most common presentation of MR angiography im-
ages is subtracted MIP. These images are similar to the ones
obtained during conventional angiography depicting only
the lumen. The raw images should therefore be available
and analyzed in order to be able to measure the aneurysm
diameter, identify possible dissection, and assess any other
changes surrounding the aneurysm such as inflammatory
reactions. MR angiography imaging can be post-processed
in a way similar to CT in order to obtain an identical
morphological evaluation of the aorta and thereby perform
EVAR planning [64]. MRI has also been shown to have high
diagnostic accuracy in the follow-up after EVER, especially
for the identification of type II endoleaks [65–67]. Moreover,
the value of the method seems to be further increased by the
use of blood-pool contrast agents [68, 69].

MRI used to be the method of choice for patients with
reduced renal function. However, reports on the development
of nephrogenic systemic fibrosis (NSF) in patients with renal
insufficiency who have received Gadolinium-based contrast
medium has made the use more restrictive in this category
of patients [70]. The risks seem nevertheless to be small and
should be weighed against the need for the examination [71].
The preliminary results of unenhanced MRI in EVAR plan-
ning seem promising [72] and future technical refinements
may make this a valid alternative for patients with renal
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insufficiency. One final remark should be done on the signal
void caused by stainless steel endografts or ferromagnetic
markers that make MRI inappropriate or difficult for EVAR
follow-up on these cases [73].

Another interesting area of MRI is the use of ultra-
small superparamagnetic iron oxide contrast agents (US-
PIOs). After injection, these particles are slowly taken up
by macrophages, which may reflect the biological activity
in the aneurysm wall [74–77]. Dynamic and cine MRI have
shown promising results similar to the ones obtained with
CT imaging [46, 78–81]. These applications together with
the possibility of performing EVAR with MRI may be the
upcoming areas of development of the technique [82, 83].

6 Digital Subtraction Angiography

Angiography depicts an outline of the arterial lumen only
and has, therefore, low capacity in determining the aneurysm
diameter, especially when the aneurysm is partially throm-
bosed or when the wall is not calcified. For the same reasons,
digital subtraction angiography (DSA) is inappropriate for
evaluating sealing zones. In the past, angiography was used
to complete the diagnosis of concomitant occlusive disease
in the access vessels and aortic branches, to define anatomic
variations or anomalies before open surgical repair, or to
assist in length measurement before EVAR. However, this
has been replaced by the use of volume rendering software
for CT and MR [84, 85] which are noninvasive alternatives
and can provide accurate measurements. Angiography is
therefore currently used primarily to guide interventions.
Hybrid rooms are the ideal environment for the performance
of EVAR since it provides an operating room associated with
high-quality angiographic imaging. However, current C-arms
are feasible alternatives [86].

DSA is usually performed with iodine intra-arterial con-
trast agents that provide high-quality images but have the
drawback of nephrotoxicity. Current angiographic equip-
ments allow adjustments to retain the imaging quality while
decreasing the amount and concentration of contrast used
[87]. Moreover, carbon dioxide is a good alternative for
abdominal EVAR [88, 89], but may be difficult to use for
the imaging of dorsally oriented arterial takeoff due to the
tendency of the gas to float in the blood. On the contrary it
is excellent for arteries with ventral origins, but may should
not be used above the diaphragm (Fig. 23.5).

7 Rotation Angiography, Cone Beam CT,
and Fusion

Modern angiographic suits with flat digital panels have
given the possibility of doing runs to obtain high-definition

Fig. 23.5 Digital subtraction angiography during the placement of a
triple fenestrated stent-graft. Carbon dioxide is used as contrast agent
showing the superior mesenteric artery origin

volume-rendering data. One of the possibilities is to obtain
digitally subtracted rotational angiographies that may even
be used as overlay reference into the fluoroscopy. This has
limited application in aneurysm imaging since it conveys
only an outline of the contrast-filled. However, it can be
useful for intra-procedural orientation and characterization
as well as during reinterventions for intraluminal endoleak
embolization.

The other alternative is to use the flat panel as a CT
detector to perform a cone beam CT (CB-CT). This has a
high spatial resolution but the volume is limited to the length
of the detector and centered in the iso-center. Good quality
imaging can be obtained with low dose of iodine contrast.
Preliminary results from the application of this technique
seem promising compared to the preoperative anatomic eval-
uation [90–92] and in the assessment of the intra-operative
final result (Fig. 23.6) [93]. CB-CT has limited use in the
routine follow-up due to its invasive nature with an intra-
arterial injection. However there is high potential in the
assessment of the reintervention result especially when the
location of the failure is difficult to visualize on standard
DSA. In the current setup, CB-CT will not be able to totally
replace the standard preoperative CTA or MRA since these
are able to depict the entire aorta and access vessels while
CB-CT is limited to the cone area as mentioned above.

Another technical advancement that seems to have great
potential is the ability to obtain fusion of the preoperative
CTA data with the fluoroscopy. This is achieved by matching
the bony references of the preoperative CTA with a non-
contrast-enhanced CB-CT. In this way the software will
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Fig. 23.6 Axial reconstruction of contrast-enhanced cone beam CT as
intra-operative control after EVAR deployment

be able to use the preoperative CTA as an overlay refer-
ence in the fluoroscopy screen. There were some theoretical
concerns on the potential deviation of the anatomy by the
insertion of stiff large bore introducer in the aorta which
could be misleading. The first results of the application of
this technique in branched and fenestrated EVAR are nev-
ertheless very promising [94]. Other applications are being
developed with similar results [95].

8 Integrated Positron Emission
Tomography and Computed
Tomography

Aortic imaging with positron emission tomography (PET)
uses fluorine 18-fluorodesoxyglucose (FDG) that is taken up
by metabolically active cells such as activated leukocytes
in the arterial wall [96, 97]. FDG disintegrates resulting in
positron and gamma ray emission which are then detected
by the cameras. Multidetector CT scanners can currently
be used in integrated equipments with PET. This provides
high-quality fusion imaging with the detailed morphological
imaging of the CT and the functional information of the PET.
The results of positron emission tomography and computed
tomography (PET-CT) in pre- and postoperative imaging of
aortic aneurysms have been contradictory and further studies
are needed to establish the value of the technique [98–105].

9 Conclusion

Current imaging of aortic aneurysm requires multiple modal-
ities. Ultrasound has an established role when diameter mea-
surements of AAA are the objective. Contrast-enhanced CT
scanning with post-processing on dedicated vascular work-

stations is essential in the planning and follow-up of EVAR,
especially for more complex aneurysms. Refinement of intra-
operative imaging, alongside with preoperative functional
imaging focusing on prediction of rupture risk, are the areas
where the greatest developments are expected in the future.
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1 Introduction

For about half a century invasive angiography has been
considered the gold standard in cardiovascular imaging.
Angiography provides a high-resolution image of the lumen
diameter which makes it able to accurately identify the
presence of a lumen narrowing atherosclerotic plaque. In
clinical practice the degree of lumen stenosis determined
by angiography is frequently the main determinant for the
initiation of invasive therapy.

In recent decades it has become apparent that the majority
of acute cardiovascular events result from plaques that do
not cause a significant stenosis on angiography. A plaque’s
composition, morphology, and biological processes influence
its risk on rupture and thrombosis, which consequently
may cause acute cardiovascular events [1–4]. Plaques with
properties that make it at risk for rupture and thrombosis have
been defined as vulnerable plaques [5]. Two major types of
vulnerable plaques have been identified, the rupture prone
plaques and the eroded plaques. The rupture prone plaques
are thin-cap fibroatheromas, which are characterized by a
thin fibrous cap overlying a large necrotic core, contain-
ing little smooth muscle cells but numerous macrophages.
Eroded plaques have a loss or dysfunction of the luminal en-
dothelium leading to thrombosis, without structural defect to
the plaque beyond the endothelium. Eroded plaques are often
rich in smooth muscle cells and proteoglycans (Fig. 24.1)
[6, 7].

The identification of these vulnerable plaques is expected
to improve the prediction of future cardiovascular events.
The noninvasive imaging techniques currently available in
clinical practice are, besides identifying the degree of lumen
stenosis, capable of evaluating plaque size, plaque mor-
phology, and a number of plaque components. However,
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Fig. 24.1 Different types of vulnerable plaque as underlying cause
of acute coronary events and sudden cardiac death. (a) Rupture-
prone plaque with large lipid core and thin fibrous cap infiltrated by
macrophages. (b) Ruptured plaque with subocclusive thrombus and
early organization. (c) Erosion-prone plaque with proteoglycan matrix

in a smooth muscle cell-rich plaque. (d) Eroded plaque with suboc-
clusive thrombus. (e) Intraplaque hemorrhage secondary to leaking
vasa vasorum. (f) Calcific nodule protruding into the vessel lumen. (g)
Chronically stenotic plaque with severe calcification, old thrombus, and
eccentric lumen. Reproduced with permission from Naghavi et al. [5]

especially in the early stages of development the size of most
plaque components is too small to accurately image with the
current spatial resolution [8, 9]. To date the identification
of individual plaque components has not yet resulted in a
clinically relevant improvement in prediction [10].

The use of molecular imaging to identify biological pro-
cesses associated with plaque development and vulnerability
could further improve prediction of cardiovascular events.
Additionally molecular imaging could detect plaque in an
earlier phase of development and provide new insights into
the natural history of atherosclerotic disease, and aid the de-
velopment of new therapies by target selection and validation
in vivo, and monitoring of treatment effects [11–13].

The members of the Molecular Imaging Center of
Excellence Standard Definitions Task Force have defined
molecular imaging as the visualization, characterization,
and measurement of biological processes at the molecular
and cellular levels in humans or other living systems [14].
Jaffer and Weisleder have formulated four key questions
that need to be addressed before molecular imaging can be
applied [15].
1. Is there a molecular target relevant to the disease of

interest?
2. Once the target is selected, is there a high-affinity ligand

that will bind to the target?
3. What is the appropriate molecular imaging modality to

provide the required spatial resolution, sensitivity, and
depth penetration for the disease?

4. For a given imaging modality, can a molecular imaging
agent be synthesized to detect the desired molecular
target?
This chapter will review the use of noninvasive molecular

imaging for the detection of inflammation and intraplaque
neovascularization, two closely related and essential
factors in plaque vulnerability. We will focus on the
challenges in molecular imaging using nuclear imaging,

magnetic resonance imaging (MRI), ultrasound, computed
tomography (CT), and multimodality imaging for the
evaluation of vulnerable plaques. Implementation of these
modalities, for both molecular imaging and molecular guided
therapy, will be addressed.

2 Inflammation and Intraplaque
Neovascularization

Several molecular targets involved in atherosclerosis have
been identified in basic research [16]. Inflammation and
neovascularization are of special interest for molecular imag-
ing due to their expression of endothelial markers in the
lumen. Many of the molecular contrast agents are relatively
large and are therefore restricted to intraluminal targets.
The intraluminal expression of molecules associated with
neovascularization and inflammation allows for easy target-
ing. Furthermore, their involvement in the earliest stages
of plaque development makes them interesting targets for
early detection of plaque development, even before intimal
thickening occurs.

The development of an atherosclerotic plaque has long
been thought of as a disease originating from the lumen–
intima border, initiated by the diffusion of lipids and trans-
portation of monocytes over the luminal endothelium. How-
ever, in recent years evidence has been gathered to support
the role of the adventitial side of the vessel wall, especially
the vasa vasorum, in plaque development [17]. The vasa
vasorum form a microvascular network in the vessel wall of
large arteries that provides the vessel wall with oxygen and
nutrients. The vasa vasorum have been reported to provide
an additional endothelial surface area of 17% of the main
lumen endothelial surface in normal coronary arteries [18].
This number can rise to about almost 70% in regions with
non-calcified plaques [18, 19].
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Fig. 24.2 Sketches of the three
types of vasa vasorum found in
the wall of cow aortae [inspired
by Schoenenberger and Mueller
157]. In the Schoenenberger and
Mueller study, vasa vasorum
interna (left panel) originated
directly from the aorta’s main
lumen, and vasa vasorum externa
(mid panel) originated from
intercostal branches deriving
from the main lumen and dived
back into the aortic wall. Venous
vasa vasorum (right panel)
developed in the aortic wall and
finally drained into branches of
concomitant veins. Reproduced
with permission from Gössl et al.
[25]

All cells in the human body are dependent on the vascular
system for delivery of oxygen and nutrients. The majority
of cells of the arterial vessel wall obtain their oxygen and
nutrients by diffusion from the main lumen. However, in
vessel walls more than 29 lamellar units thick, diffusion from
the lumen is no longer sufficient. In these arteries the delivery
to the adventitia and outer media is supplemented by vasa
vasorum [20–24].

In humans vasa vasorum are present in all arteries with
a vessel wall thickness >0.5 mm [24]. The majority of vasa
vasorum originate from side branches of the main artery and
enter the arterial wall from the abluminal side (vasa vasorum
externa; Fig. 24.2), though vasa vasorum originating directly
from the main lumen (vasa vasorum interna) are present as
well. Additionally a network of venous vasa vasorum has
been identified that drains to veins in proximity to the artery
[25]. In a normal vessel the vasa vasorum are restricted to
the adventitia and outer parts of the media. However, in
atherosclerotic vessels neovascularization sprouting from the
vasa vasorum into the intimal parts of the plaque has been
found [26, 27]

Intraplaque neovascularization has gained interest as a
factor in the development, progression, and vulnerability
of atherosclerotic plaques. Pathologic studies have shown
that the presence of intraplaque neovascularization, espe-
cially in the plaque shoulder where the plaque is most
vulnerable to rupture, is associated with vulnerable and
symptomatic plaques [18, 26–28]. Additionally, the presence
of intraplaque neovascularization has been found to be an
independent predictor of intraplaque hemorrhage and plaque
rupture [27, 29]. Hellings et al. [30] investigated whether
plaque composition is associated with the occurrence of fu-
ture cardiovascular events. Endarterectomy specimens were
collected for histology and patients were followed for 3

years after endarterectomy. Patients with intraplaque neo-
vascularization or intraplaque hemorrhage were found to be
at increased risk for a combined endpoint of cardiovascular
events (fatal or nonfatal stroke, fatal or nonfatal myocardial
infarction, sudden death or other vascular death) and any
arterial vascular intervention not planned at time of inclusion
(Fig. 24.3). The presence of macrophages, a large lipid
core, calcifications, collagen, or smooth muscle cells was not
associated with clinical outcome [30].

The association between intraplaque neovascularization,
intraplaque hemorrhage, and cardiovascular events is thought
to be due to the poor structural integrity of the newly
formed vasa vasorum [31]. The majority of neovessels in
symptomatic plaques are highly irregular in shape, while
very few of these irregular vessels are present in asymp-
tomatic plaques [32]. The newly formed microvessels are
thin-walled, with incomplete or absent endothelial gap junc-
tions. This may result in the extravasation of lipids, inflam-
matory cells, and red blood cells, and risks the collapse of
microvessels, causing intraplaque hemorrhage (Fig. 24.4).
This will contribute to lipid core growth and sustained
plaque inflammation, thus the progression into more ad-
vanced plaques [33, 34]. Consequently plaques with a high
density of neovascularization are at an increased risk of
plaque rupture [35, 36].

Angiogenesis, the sprouting of new microvessels from an
existing microvascular network, is the main process resulting
in neovascularization of atherosclerotic plaques [35, 37].
Key factors initiating angiogenesis in atherosclerosis are
still largely unknown. Developments in tumor research
have greatly increased our knowledge about the processes
that take place during neovascularization and identified
several factors that can initiate neovascularization such as
metabolic stress (hypoxia, acidosis, or hypoglycaemia),
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Fig. 24.3 Kaplan–Meier
survival curves of plaque
histology vs. primary outcome
(vascular event and vascular
intervention) for plaque
hemorrhage (a): absent (dashed
line) vs. present (continuous line)
and intraplaque vessel density
(b): <8 (average number of
vessels per hot spot, dashed line)
vs. �8 vessels (continuous line).
The number of patients at risk for
systemic cardiovascular events at
0, 1, 2, and 3 years is provided.
Reproduced with permission
from Hellings et al. [30]

Fig. 24.4 Plaque microvessels
show a compromised structural
integrity and a modified
expression profile of adhesion
and junctional molecules, thus
permitting extravasation of
inflammatory cells and soluble
factors as well as the occurrence
of microhemorrhages. The
resulting reactive
microenvironment may support
further plaque growth and plaque
vulnerability. Ang angiopoietin,
FGF fibroblast growth factor, Hb
hemoglobin, HGF hepatocyte
growth factor, HIF
hypoxia-inducible factor, PDGF
platelet-derived growth factor, VE
vascular endothelial, VEGF
vascular endothelial growth
factor. Figure illustration by Rob
Flewell. Reproduced with
permission from Mause and
Weber [31]

mechanical stress (pressure generated by proliferating cells),
immune/inflammatory response (immune/inflammatory cells
that have infiltrated the tissue), and genetic mutations [38].

Hypoxia has been found to be one of the most impor-
tant stimuli for angiogenesis in several diseases [39, 40].
Upregulation of hypoxia-inducible factors has been found in
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Table 24.1 Brief comparison of technological features of noninvasive imaging modalities used in clinical practice

Imaging
modality

Spatial
resolution
(mm)

Acquisition
time/frame (s)

Sensitivity of
detection (g/ml)

Anatomical
detail

Plaque
composition Advantages Disadvantages

PET 3–8 1–300 <10�12 � � Quantitative
measurements

Ionizing radiation

Short half-life
tracers
Expensive
equipment
Requires on-site
cyclotron

SPECT 5–12 60–2,000 >10�9 � � Multiple isotope
imaging

Ionizing radiation

MRI 0.1–0.2 50–3,000 >10�6 CC CCC No ionizing radiation Contrast-induced
systemic fibrosis

Widely available
Ultrasound 0.1–1.0 0.05–1 NA C C No ionizing radiation Limited penetration

depth
Widely available Obligatory

intravascular
contrast agent

Inexpensive
Real-time imaging

CT 0.5–1 1–300 >10�3 CCC C Coronary imaging Ionizing radiation
Widely available Contrast

nephrotoxicity

CT computed tomography, MRI magnetic resonance imaging, NA not available, PET positron emission tomography, SPECT single photon emission
computed tomography. Table based on ten Kate et al. [154]

atherosclerotic plaques [41, 42]. Though hypoxia may arise
due to the increasing distance between the vessel lumen and
plaque core, this is unlikely to be the main culprit, since
angiogenesis is already present in early stages of plaque
development when intimal thickening is negligible [43–46].
Hypoxia is thought to be primarily determined by the in-
creased oxygen demand caused by plaque inflammation [35].

Inflammation is one of the hallmarks of plaque develop-
ment and vulnerability and inflammatory cells have generally
been accepted to play a key role in the early stages of
plaque formation. In the early stages the vessel wall is
infiltrated by lipoproteins and as a response the endothelium
expresses leukocyte adhesion molecules. Monocytes in the
lumen adhere to the adhesion molecules and extravasate
into the subintimal space [47]. The influx of monocytes and
their subsequent differentiation into mature and activated
inflammatory cells increases the metabolic demand in the
vessel wall. If the supporting vasculature is insufficient this
will result in a hypoxic state and increased oxidative stress.
This hypothesis has been supported by the presence of
both hypoxic and inflammatory factors, such as hypoxia-
inducible factor-1’ (HIF-1’), nuclear transcription factor-
kappa B, tumor necrosis factor-’, and interleukin-6 and an
increased number of superoxide anions in atherosclerotic
plaques. Furthermore, these factors have been found to be co-
localized with intraplaque neovascularization [41, 48, 49].

3 Imaging Modalities

The noninvasive imaging modalities currently utilized in
clinical practice are after the administration of a specialized
contrast agent (e.g., iron oxide, gadolinium, microbubbles,
radionuclides, iodine, gold, bismuth) capable of molecular
imaging (Table 24.1).

Nuclear Imaging Nuclear imaging includes a number of
techniques that are all dependent on a physical signal emitted
by a radionuclide tracer. The two predominant techniques
currently in use are positron emission tomography (PET)
and single photon emission computed tomography (SPECT).
Both techniques have a high penetration depth and are
capable of 3D whole body scanning.

Inherent to the dependency on a physical signal is the
very high sensitivity with which nuclear imaging can detect
the molecular tracer [50]. The main drawbacks of nuclear
imaging are the limited spatial resolution, and the lack of
anatomical information. This is partially overcome by co-
registration with either CT or MRI to provide high-resolution
anatomical information. The use of radionuclide tracers has
the inherent problem of radiation exposure of both personnel
and patient. Though the radiation doses currently used in
clinical practice are safe, the effect of cumulative radiation
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exposure should be taken into account when performing
repeated measurements.

Magnetic Resonance Imaging MRI molecular imaging is
performed using either gadolinium or superparamagnetic
iron oxide compounds (SPIOs) that influence the magnetic
resonance signal. MRI provides a sub-millimeter spatial
resolution and good soft tissue contrast, thus providing
an excellent evaluation of anatomical structures. In recent
years increasing field strengths and improved coil designs
have resulted in higher signal-to-noise ratios, contrast-to-
noise ratios, and resolutions, while reducing scanning times.
Additionally MRI can obtain anatomic, physiologic, and
metabolic information in one session.

The primary disadvantage is the low sensitivity for the
detection of the contrast agent compared to nuclear tech-
niques [51]. Additionally the use of gadolinium has been
associated with nephrogenic systemic fibrosis, especially in
patients with reduced renal function [52].

Ultrasound B-mode and Doppler ultrasound are the most
frequently utilized imaging modalities in clinical practice.
Ultrasound has a high spatial resolution, which provided
excellent anatomical information. Ultrasound contrast agents
consist of gas-filled microbubbles stabilized by a lipid or
protein shell. For molecular imaging ligands can be bound
to these microbubbles. When using specific pulse sequences
ultrasound is capable of specific contrast imaging, which
eliminates the signal of the surrounding tissue. This makes
ultrasound very sensitive for the detection of contrast agent
[53]. Untargeted ultrasound contrast agents have been used
in echocardiography for decades and have been proven safe
in large multicenter studies [54, 55].

Ultrasound has a superior temporal resolution, which
makes it the only technique currently available for real-time
imaging. However, the penetration depth and 3D scanning
capabilities are limited. Another important limitation is the
relatively large size (1–5 �m) of the microbubbles, making
them obligatory intravascular tracers. However, this makes
them well suited for identifying the presence of vasculature,
since the presence of contrast agent indicates the presence of
a vessel.

Computed Tomography CT (especially the latest genera-
tions of multislice and dual source CT) provides a high-
resolution image with very short acquisition times, good
penetration depth, and full body scanning capabilities. CT
is currently the only noninvasive technique in clinical prac-
tice with sufficient resolution, penetration, and speed to
accurately image the coronary arteries in a beating heart.
CT provides good anatomical information; however, it is
poor in soft tissue contrast. However, the use of CT for

molecular imaging of the coronary arteries has not yet been
investigated.

Molecular CT contrast agents are in early stage of
development. Molecular contrast agents based on iodine,
gold, and bismuth have been developed; however, they have
not yet been investigated in humans [56–59]. The use of
ionizing radiation potentially limits the use of CT, though
the radiation dose in cardiovascular imaging has substantially
been reduced in recent years [60]. From clinical practice it
is known that iodine contrast agents can induce a contrast
nephropathy, limiting its use in patients with decreased renal
function [61].

Multimodality Imaging is being explored to improve the
accuracy of examinations. The currently available modalities
each have their limitations as previously described. When
using multiple imaging modalities the advantages of each
individual modality can be used to the other modalities’
limitations, in order to improve the overall accuracy. In
clinical practice multimodality imaging is already used by
combining nuclear imaging with co-registration of either
CT or MRI. This allows for the combination of the highly
accurate and quantifiable assessment of biological activity
by nuclear imaging with the high-resolution anatomical in-
formation provided by CT or MRI (Fig. 24.5) [62, 63].

The use of multimodal contrast agents is currently lim-
ited to preclinical research. A number of probes have been
developed that enable both in vivo and ex vivo molecular
imaging (e.g., MRI and fluorescence [64]). However, probes
that are detectable with multiple in vivo imaging modalities
(e.g., MRI and PET [65]) are sparse. The development of
multimodal probes could help achieve high sensitivity and
high spatial resolution.

4 Molecular Targets

Leukocyte Adhesion Molecules The expression of leukocyte
adhesion molecules is a marker of endothelial dysfunction
and is pivotal in the initiation of vessel wall inflammation
[47]. Since adhesion molecules are expressed in the vascular
lumen they are easily accessible to molecular contrast agents.
Frequently investigated adhesion molecules include vascular
cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1), and selectins. VCAM-1 and ICAM-1
and selectins are expressed by the luminal endothelium over-
lying the atherosclerotic plaque. However, the most dominant
expression has been found at the adventitial site of the plaque
and correlated with sites of vasa vasorum neovascularization,
vascular permeability, and a high number of inflammatory
cells [66, 67].
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Fig. 24.5 The upper row (from left to right) shows PET, contrast
CT, and co-registered PET/CT images in the sagittal plane, from
a 63-year-old man who had experienced two episodes of left-sided
hemiparesis. Angiography demonstrated stenosis of the proximal right
internal carotid artery; this was confirmed on the CT image (black
arrow). The white arrows show FDG uptake at the level of the plaque in
the carotid artery. As expected, there was high FDG uptake in the brain,

jaw muscles, and facial soft tissues. The lower row (from left to right)
demonstrates a low level of FDG uptake in an asymptomatic carotid
stenosis. The black arrow highlights the stenosis on the CT angiogram,
and the white arrows demonstrate minimal FDG accumulation at this
site on the FDG-PET and co-registered PET/CT images. Reproduced
with permission from Ross et al. [93]

VCAM-1-targeted MRI contrast agents have utilized
VCAM-1’s ability to internalize ligands, resulting in
accumulation of the contrast agent. In vivo VCAM-1-
targeted magnetofluorescent nanoparticles were shown to
be able to identify VCAM-1 expression in atherosclerotic
lesions by MRI, which was confirmed by fluorescence
imaging and histology [68, 69]. In ex vivo endarterectomy
specimens it was confirmed that the VCAM-1-targeted
contrast agents co-localized with VCAM-1 expressing
endothelial cells in human plaques as well [69]. Additionally
it was shown that statin therapy reduced the contrast
enhancement caused by the VCAM-1-targeted contrast on
MRI and fluorescence imaging (Fig. 24.6), which correlated
with reduced expression of VCAM-1 on histology [69].
(Table 24.2).

A VCAM-1-targeted contrast agent has also been de-
veloped for ultrasound [70]. In vitro experiments showed
that VCAM-1-targeted microbubbles were able to attach to
activated murine endothelial cells, even under a pulsatile
high shear stress condition. Subsequent in vivo experiments
showed ultrasound signal enhancement in the aortic plaques
of apoE-deficient mice within 10 min after contrast injection
[70]. These results suggest that VCAM-1-targeted microbub-
bles could provide a fast molecular imaging technique. The
availability of a fast molecular imaging technique could be
advantageous for clinical practice.

Similarly, ICAM-1-targeted microbubbles were shown to
specifically bind to endothelial cells expressing ICAM-1

in vitro [71]. In vivo ICAM-1-targeted microbubbles were
found to attach to what are described as early stages of the
atherosclerotic plaque (Fig. 24.7) [72]. Though this study
showed that ultrasound might be capable of identifying the
early stages of atherosclerotic vascular disease, no histology
was performed to confirm this finding.

Selectin-targeted contrast agents have been developed
but not yet investigated for the imaging of atherosclerotic
plaques. Both e-selectin- and p-selectin-targeted SPIO com-
pounds have shown binding to human endothelial cells in
vitro and a concomitant significant T2 signal decrease on
MRI [73–75]. e-Selectin-targeted MRI contrast agents have
been used in vivo to identify inflammation in hepatic and
muscle tissue of mice [76, 77].

Inflammatory Cells The activated endothelium releases
chemoattractants to recruit monocytes. These subsequently
enter into the sub-endothelial space where they differentiate
in mature inflammatory cells. Macrophages are the most
prevalent inflammatory cell in the atherosclerotic plaque
and play a major role in the pathophysiology of plaque
vulnerability [78]. The macrophages can cause a maladapted
chronic inflammatory response that will aid the expansion
of the sub-endothelial layer due to the accumulation of
cells, lipids, and matrixmolecules [78]. The presence
of macrophages in the plaque has been found to be
closely associated with intraplaque neovascularization [79].
Macrophages both use the vasa vasorum neovascularization
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Fig. 24.6 Noninvasive MRI assessment of VCAM-1 expression after
atorvastatin administration. (a) Short-axis MRI of the aortic root of
an untreated apoE�/� mouse on a high cholesterol diet (HCD) after
injection of a VCAM-1-targeted nanoparticle (VINP-28) with color-
coded signal intensity. The red color encodes high VCAM-1 expression.
(b) MRI of HCD C atorvastatin-treated apoE�/� mouse after VINP-
28 injection. An attenuated signal drop in the aortic root wall com-
pared with untreated mouse was noted. (c) After injection of VINP-
28, the MRI contrast-to-noise ratio diminished in atorvastatin-treated

mice (mean ˙ SD; *P < 0.05 versus HCD). (d, e) Near-infrared (NIR)
microscopy of the aortic roots depicted in a and b. Fluorescent signal
originating from VINP-28 comprised the whole-root circumference (d),
but less so in atorvastatin-treated mice (e). (f, g) Fluorescent reflectance
imaging of the excised aorta of an untreated (f) and atorvastatin-
treated (g) mouse showed reduced NIR signal in statin-treated mice.
(h) The target-to-background ratio was reduced in aortas of treated mice
(mean ˙ SD;*P < 0.05 treated vs. untreated mice). Reproduced with
permission from Nahrendorf et al. [69]

Table 24.2 Available studies on potential molecular targets involved in neovascularization and inflammation of the atherosclerotic plaque

Target Nuclear imaging MRI Ultrasound CT
In vivo
imaging

Atherosclerosis
model

Leukocyte adhesion molecules

VCAM-1 [68, 69, 75] [70, 132] Animal Yes
ICAM-1 [155] [71, 72, 133] Animal Yes
e-Selectin [73, 74, 76, 77] [133] Animal No
p-Selectin [75] [132, 134] No Yes

Inflammatory cells

Phagocytosis [80–87] [56] Animal Yes
Macrophage metabolism [88–100] Animal Yes

Human Yes
MMP [103] [102] Animal Yes
Myeloperoxidase [104] Animal Yes

Angiogenesis

VEGFR2 [113–115, 134] Animal No
Endoglin [112] [113] Animal No
Integrin ’v“3 [122–125] [120, 121] [114, 126, 127, 134] Animal Yes

Human No
Fibronectin ED-B [130, 131] Animal No

Human No

CT computed tomography, ED-B extra-domain B, MRI magnetic resonance imaging, VEGFR2 vascular endothelial growth factor receptor 2,
ICAM-1 intercellular adhesion molecule-1, MMP matrix metalloproteinase, MRI magnetic resonance imaging, VCAM-1 vascular cell adhesion
molecule-1

as a port of entry into the plaque and excrete a myriad
of proangiogenic molecules aiding the expansion of the
microvascular network.

Macrophages provide a number of attractive targets for
molecular imaging. Their ability to phagocytose molecules

can be utilized to accumulated contrast agent. This should
improve the target-to-background ratio and thus the ac-
curacy with which contrast agent can be detected. Ac-
tivated macrophages have been shown to internalize and
concentrate a number of nanoparticles. For example, in
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Fig. 24.7 Transvascular
ultrasound images of an
atherosclerotic left carotid artery
of a Yucatan miniswine. (a) After
injection of saline. (b) After
injection of unconjugated
liposomes (arrows point to
liposomes within the lumen). (c)
After injection of
anti-ICAM-1-labeled liposomes
(arrows point to liposomes
attached to the atherosclerotic
plaque). Reproduced with
permission from Demos
et al. [72]

vitro macrophages have been shown to actively phagocytose
dextran-coated SPIO nanoparticles under the influence of
cytokines, serum components, and statin treatment [80]. Sim-
ilarly, both gadolinium micelles and iodinated nanoparticles
have been shown to be internalized by macrophages [56, 81].

Dextran-coated SPIO nanoparticles have been investi-
gated in human endarterectomy patients. The SPIO nanopar-
ticles were shown to be to be able to identify macrophages
in vivo [82–86]. However, due to the long interval between
pre- and post-contrast scans (�24 h) the clinical application
of SPIO nanoparticles seems limited.

The Atorvastatin Therapy: Effects on Reduction of
Macrophage Activity (ATHEROMA) Study investigated
the effects of low-dose (10 mg) and high-dose (80 mg)
atorvastatin on carotid plaque inflammation as determined
by ultrasmall SPIO compound. The primary endpoint was
the change in signal intensity from baseline after 6 and
12 weeks of either low-dose or high-dose atorvastatin.
Both at 6 and 12 weeks there was a significant reduction
in signal intensity from baseline in the high-dose group
(Fig. 24.8). There was no difference observed in the low-dose
group [87].
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Fig. 24.8 T2*-weighted MRI images of the right common carotid
artery of a patient receiving 12 weeks of high-dose atorvastatin (80 mg)
treatment. Imager were taken before (left) and after (right) ultrasmall
superparamagnetic iron oxide (USPIO) infusion at time points 0 (a and
b) and 12 weeks (c and d). (b) USPIO uptake can clearly be seen in
the plaque at baseline (yellow arrowheads). (c) USPIO has been cycled
out of the plaque before reinfusion at 12 weeks (red arrowheads).
(d) The plaque enhances at 12 weeks (blue arrowheads), indicating

that the high-dose statin treatment has damped the USPIO-defined
inflammation. Plaque segmentation was performed using a combination
of multicontrast sequences. The cross hairs centered through the middle
of the lumen divide the vessel into quadrants. Signal from artifact,
extravascular structures, and the luminal blood pool (green asterisks)
are excluded from the analysis. Reproduced with permission from Tang
et al. [87]

To further improve the accumulation of contrast agent
molecular contrast agents have been targeted at the
macrophage scavenger receptors, to induce uptake of the
molecule. In an in vivo study Lipinski et al. showed that
the uptake of gadolinium immuno-micelles targeted at the
macrophage scavenger receptor was significantly higher than
nontargeted micelles. These promising results suggest that
scavenger receptor-targeted contrast agents may improve the
detection of macrophages [81].

A second characteristic that can be identified is the
high metabolic activity of activated macrophages. The
presence of activated macrophages in the atherosclerotic
plaque will increase the metabolic activity at that location.
The increased metabolic activity can be visualized by 18F-
fluorodeoxyglucose (FDG) PET, a radionuclide-labeled
glucose analogue taken up by cells in proportion to their
metabolism, especially glycolysis. FDG-PET is readily used
in clinical practice to identify the presence of malignant
metastasis. In cancer patients it was observed that the
presence of FDG uptake in the arterial wall was associated

with the presence of atherosclerotic vascular disease [88]
Subsequently, the in vivo visualization and quantification
of plaque inflammation by FDG-PET has been validated
against histology in animals [89–92] and humans [93–97].

The use of FDG-PET has been shown to identify possi-
ble culprit lesions that were not identified by angiography.
Davies et al. [98] investigated 12 patients who had all
suffered a recent transient ischemic attack. Ten patients had
a high FDG uptake in a plaque in the vascular territory com-
patible with the symptoms. Three of those were non-stenotic
plaques which were not identified as the culprit lesion on
angiography. This study shows the possibility of FDG-PET
to identify relevant carotid lesions beyond stenosis. However,
no histology was obtained to confirm the findings [98].

Rominger et al. [99] followed a cohort of 334 cancer
patients asymptomatic for cardiovascular disease who had
undergone FDG-PET/CT. Maximal standard uptake values
were measured and calcifications were recorded for in both
common carotid arteries, ascending aorta, aortic arch, de-
scending aorta, abdominal aorta, and both iliac arteries.
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Fig. 24.9 (a) As-acquired (top; 5-cm field-of-view) and higher mag-
nification (bottom; centered around aorta) early-phase (�10 min)
MRI images of diseased wall in rabbit fed a cholesterol diet for
17 months, taken after administration of a gadolinium contrast agent
(DTPA(Gd)) (left) and a functional myeloperoxidase activity imaging
sensor (MPO(Gd)) (right). Similar levels of enhancement were seen at
this time point with both agents. (b) Delayed MPO(Gd) images (�2 h;
right) showed substantially increased enhancement compared with both
late-phase (�2 h; left) and early-phase (seen in a) DTPA(Gd) images.
(c) Kinetics study. Increased and prolonged contrast was found with
MPO(Gd) compared with DTPA(Gd) (n D 3 animals). (d) Analysis

of pre-contrast and 2-h post-contrast [MPO(Gd) and DTPA(Gd)] MR
images of rabbits fed a cholesterol diet for 28–29 months (n D 8)
and age-matched controls (n D 4). � contrast-to-noise ratio (CNR)
in both focal wall areas (left) and the entire wall (right) revealed no
difference from MPO(Gd) and DTPA(Gd) in normal wall (n D 4, 11
sections analyzed). Diseased wall imaged with DTPA(Gd) (n D 8, 24
sections analyzed) also showed no difference compared with normal
wall imaged with either agent. In distinction, diseased wall imaged with
MPO(Gd) (n D 8, 24 sections analyzed) showed significantly higher
�CNR (�2�) than all other values. Reproduced with permission from
Ronald et al. [104]

Fifteen patients developed a cardiovascular event in a median
follow-up of 29 months. The mean target-to-background ra-
tio (hazard ratio, 14.144; p D 0.001) and calcified plaque sum
(hazard ratio, 3.560; p D 0.025) were significant independent
predictors for the occurrence of cardio- or cerebrovascular
events [99]. Additionally Tahara et al. [100] have shown
the potential of FDG-PET to evaluate the effect of statin
treatment on plaque inflammation. After 3 months of statin
treatment FDG uptake in the atherosclerotic plaque was
significantly decreased, compared to dietary management
only [100].

Macrophages also secrete numerous pro-angiogenic fac-
tors that are associated with plaque vulnerability, such as
matrix metalloproteinases (MMPs). MMPs are a group of
enzymes that aid in angiogenesis by degrading the ECM.
ECM degradation is necessary to allow for the migration
of endothelial cells across the basement membrane. Besides
aiding in angiogenesis MMPs have a direct effect on plaque
vulnerability by weakening the fibrotic cap overlying the
lipid necrotic core [101]. MMP-targeted tracers have been

developed for MRI and SPECT [102, 103]. Ohshima et
al. investigated a 99mTc-labeled broad spectrum MMP in-
hibitor to identify MMP activity in vivo. The tracer uptake
was a significantly correlated with regions stained positive
for macrophages, MMP-2 and MMP-9 on histology [103].
Enzymatic activity provides a possibility to use functional
contrast agents that are only expressed in after enzymatic
conversion. These agents are expected to improve the target-
to-background ratio. Ronald et al. [104] investigated a func-
tional contrast agent that was expected to oligomerize and
bind to resident proteins as a result of myeloperoxidase-
mediated activation. It was expected that this would result in
a higher magnetic resonance signal and prolonged retention
of the contrast agent within myeloperoxidase-rich plaque.
The functional contrast agent created focal areas of twofold
MRI signal intensity increase in the diseased vessel wall
of NZW rabbits, while untargeted contrast agents showed
no increase in signal intensity (Fig. 24.9) [104]. Functional
contrast agents are an interesting development in in vivo
imaging and might result in significant improvements in
molecular imaging.
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Neovascularization Angiogenesis is seen in numerous ma-
lignant, inflammatory, and ischemic diseases. In a healthy
person the vascular endothelium is quiescent with less than
0.01% of the endothelial cells undergoing division. This
makes angiogenic activity a specific marker for the pres-
ence of a disease process. In vascular disease excessive
angiogenesis is seen in vascular malformations, heman-
gioma, hemangioendothelioma, and atherosclerosis [105].

Both MRI and ultrasound can identify the presence of
vascularization in an atherosclerotic plaque, using a nontar-
geted contrast agent. The capability of ultrasound to detect
individual microbubbles, which are obligatory intravascular,
allows it to detect individual vessels in the plaque [106].
Several studies have shown an association between contrast
enhancement in the plaque and intraplaque neovascular-
ization on histology [107–109]. Kerwin et al. investigated
dynamic contrast-enhanced MRI measurements of Ktrans (a
contrast transfer constant) and plasma volume in the plaque
as measurement of intraplaque neovascularization. A sig-
nificant correlation was found between dynamic contrast-
enhanced MRI measurements and the amount of plaque
neovascularization seen on histology [110, 111]. However,
both ultrasound and dynamic contrast-enhanced MRI do not
show whether there is active angiogenesis in the plaque.

Active angiogenesis can be identified by imaging tar-
gets that are overexpressed by proliferating endothelium but
not by normal endothelium. The VEGF receptors and the
transforming growth factor-“ binding receptor endoglin are
promising targets which are upregulated in the proliferating
endothelium under the influence of HIF-1’ [39]. Known
for their involvement in tumor angiogenesis both have been
targeted in vivo for the detection of tumor angiogenesis in
mice using microbubbles or radionuclides [112–115]. The
first study using VEGF receptor 2-targeted microbubbles in
humans is currently being performed in patients with prostate
cancer (clinicaltrials.gov; study no: NCT01253213). Studies
investigating the molecular imaging of the VEGF receptors
or endoglin have not yet been performed in an atherosclerosis
model.

Integrin ’v“3 is a cell surface receptor involved in the
migration of endothelial cells across the basement membrane
during angiogenesis. Integrin ’v“3 is part of a large family of
cell surface receptors, present in both healthy and angiogenic
vessels [116]. However, the expression of integrin ’v“3 has
been shown to be a marker for angiogenesis present in the
adventitial vasa vasorum and intraplaque neovascularization
[117–119].

Integrin ’v“3-targeted contrast agents have extensively
been investigated in tumor models using MRI [120, 121],
PET [122], SPECT [123–125], and ultrasound [114, 126,
127]. In vivo imaging of an atherosclerosis model has only

been performed using integrin ’v“3-targeted gadolinium
compounds. These compounds were shown to create a sig-
nificant increase in the MRI signal in the vessel wall at
locations of atherosclerosis. The expression of integrin ’v“3,
proliferation of angiogenic vessels, and neointima formation
was confirmed by histology [120, 121]. However, the results
of a clinical trial investigating a 99mTc-labeled anti-’v“3
antibody in metastatic cancer patients have thus far been
disappointing [128].

During angiogenesis ECM molecules are seen that are not
present otherwise. The fibronectin extra-domain B (ED-B) is
an isoform of fibronectin, resulting from alternative splicing,
which is present in the temporary extracellular matrix formed
during tissue remodeling and is hardly present in normal
vascular tissue [129]. Increased expression of ED-B has been
found in both murine and human plaques. The expression
of ED-B in human plaques was predominantly found around
the vasa vasorum [130]. Matter et al. developed 125I-labeled
monoclonal antibodies against ED-B and found it to specif-
ically target atherosclerotic plaques in apoE knockout mice
[130]. However, only ex vivo imaging was performed.

In vivo imaging of the ED-B has been performed in pa-
tients with brain, lung, or colorectal cancer. Twenty patients
with several different types of malignant tumors received
an injection of a 123I-labeled monoclonal antibody against
the ED-B (L19). SPECT images were obtained at 4 and
24 h after contrast injection. Sixteen of the patients showed
uptake in the tumor or metastasis. Of the four negative
tumors one was an astrocytoma that of which it is known
that it does not express ED-B. The other three could not be
explained. Importantly no adverse events were seen [131].
This study showed that accurate specific targeting of the ED-
B is possible. However, the spatial resolution of SPECT will
probably not be sufficient to image atherosclerotic targets.

Multitargeted Contrast Agents Recently dual- and triple-
targeted contrast agents have emerged in an attempt to
improve ligand to target binding. Especially under high shear
stress conditions attachment of the contrast agent to the
target can be impaired. A number of studies have shown
that the use of multitargeted contrast agent significantly
improves contrast to target binding [75, 114, 132–134]. The
investigated multitargeted contrast agents are of relatively
large size (microbubbles and microparticles of iron oxide)
and are therefore only targeted at intravascular targets.

Dual combinations of VEGF receptor 2 and ’v“3-integrin
[114], p-selectin and VCAM-1 [132], and ICAM-1 and
sialyl Lewisx (selectins) [133] have been developed for ul-
trasound and p-selectin and VCAM-1 for MRI [75]. A triple-
targeted microbubble targeting p-selectin, VEGF-receptor2,
and ’v“3-integrin has been developed for ultrasound [134].
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5 Theranostics

Molecular imaging allows the simultaneous detection of
therapeutic targets and monitoring of treatment effect, a
diagnosis-treatment strategy referred to as theranostics. Fu-
ture theranostic strategies in the field of stabilization of
atherosclerotic plaques could be targeted against inflamma-
tion and modulation of angiogenesis.

Theranostic Probes The delivery of targeted contrast agents
to the atherosclerotic plaque presents clear opportunities
for simultaneous drug delivery [135] Nanoparticles and mi-
crobubbles can be used for both in vivo diagnostic imag-
ing and therapeutic drug delivery (theranostic probes). By
localized delivery of drugs lower dosages of more potent
drugs can be used, while reaching higher concentrations
at the disease location. Due to decreased concentration at
non-diseased sites the adverse effects of the drugs may be
reduced. Theranostic agents can also transport drugs that
cannot be administered otherwise (lipophilic drugs, proteins,
silencing RNAs, DNA, etc). The development of theranostic
nanoparticles is rapid and several types of nanoparticles have
been developed [136–138].

Winter et al. [139] demonstrated the potential of theranos-
tics in atherosclerosis. They used theranostic nanoparticles
to identify the presence of integrin ’v“3 expressing vasa
vasorum in the aortas of cholesterol fed rabbits and evaluate
the effect of targeted treatment on angiogenesis. The lipid
soluble anti-angiogenic agent fumagillin was incorporated
in a integrin ’v“3-targeted paramagnetic nanoparticle. They
evaluated the presence of integrin ’v“3 expressing vasa
vasorum by MRI during treatment and 1-week posttreatment.
The expression of integrin ’v“3 significantly decreased in
the targeted fumagillin treated group, while the nontargeted
fumagillin and no-drug group showed no change [139].

In the field of theranostic probes ultrasound microbubbles
have a special interest because they can both deliver drugs

and actively stimulate the uptake of the drugs. Microbubbles
can be loaded with drugs and destroyed at the location of
interest by the application of a high acoustic pressure ultra-
sound wave (within the limits of standard ultrasound equip-
ment), releasing the drug [140, 141]. Besides the transporta-
tion of drugs to the target location this has also been shown
to cause sonoporation and induction of endocytosis, which
increases the local uptake of the drug (Fig. 24.10) [142–
144]. Sonoporation is the creation of transient micropores in
the cellular membrane due to the oscillation and implosion
of microbubbles in an ultrasound beam, thus temporarily
increasing cellular membrane permeability. Ultrasound has
been shown to be able to induce the uptake of DNA and
RNA molecules giving it an interesting prospective for gene
therapy [140, 145, 146].

6 Angiogenesis Modulating Therapy

Anti-angiogenic Treatment Treatment of intraplaque neo-
vascularization has been proposed as a possible method
to stabilize the atherosclerotic plaque [147]. Inhibition of
intraplaque neovascularization in animals has already shown
to reduce the macrophage accumulation and progression of
atherosclerosis [148–150]. Several anti-angiogenic agents
are available or under evaluation in clinical trials for the
treatment of cancer (http://www.cancer.gov/clinicaltrials/).

However, there are potential problems that need to be
accounted for in transferring the anti-angiogenic strategy
from cancer to atherosclerosis. First and foremost, the goal
for the treatment of cancer is destruction of the tumor, while
destruction of the vessel wall, atherosclerotic or not, is not
necessarily a good idea. Atherosclerosis demands a different
strategy to attack the vasculature. Furthermore, inhibition of
angiogenesis might aggravate ischemic end-organ damage.
Several strategies for inducing angiogenesis are being inves-
tigated to restore blood flow to regions affected by ischemia

Fig. 24.10 Proposed model of the oscillating microbubble enforced
pore formation (sonoporation) in the cell membrane. The pushing
and pulling behavior of the microbubble causes rupture of the cell

membrane creating a hydrophilic pore allowing trans-membrane flux
of fluid and macromolecules. Reproduced with permission from van
Wamel et al. [143]

http://www.cancer.gov/clinicaltrials/
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Fig. 24.11 Proposed ‘normalization’ of plaque microvasculature and
its implications in atherosclerotic angiogenesis. Images of 150 m-thick
sections of (a) normal human coronary artery, and (b) fibroatheroma
without and (c) fibroatheroma with intraplaque hemorrhage. The en-
dothelium was visualized by use of Ulex europaeus immunohistochem-
ical staining. (a) Adventitial vasa vasorum can be seen (arrows). (b)
In non-hemorrhagic fibroatheroma the vasa vasorum are intimal and
show tortuosity and branching. (c) In fibroatheromas with intraplaque
hemorrhage the vasa vasorum are disrupted (arrows) with surrounding

hemorrhage. Intraplaque hemorrhage has been shown to contribute
to the necrotic core enlargement and vulnerability to rupture. These
specimens (a–c) are illustrated in corresponding schematics below
them. (d) Jain et al. hypothesize that normalization of the vasa vasorum
with “muscularization” of the capillaries leads to stable vessels that
will prevent plaque progression. The absence of leaky vessels should
promote plaque stabilization by preventing plaque hemorrhages. A
adventitia, I intima, M media, VV vasa vasorum. Reproduced with
permission from Jain et al. [156]

[151]. This might be overcome by using theranostics to
locally deliver antiangiogenic therapy to the plaque.

Destruction of the intraplaque neovasculature could lead
to sustained or increased hypoxia. This in turn could lead to
further upregulation of genes that promote plaque vulnera-
bility. Rather than eliminating the neovasculature it has been
proposed that normalization of the vasculature could help
stabilize the plaque [152]. The normalization of the immature
intraplaque neovascularization should prevent leakage of
erythrocytes, extravasation of lipids, and inflammatory cells
that contribute to plaque progression (Fig. 24.11). Further-
more, the presence of these vessels should alleviate hypoxia,
thus removing the underlying cause of angiogenesis.

Pro-angiogenic Treatment The induction of angiogenesis
by ultrasound contrast agents is currently being explored
as a means to restore blood flow in regions affected by
ischemia. Targeted stimulation of neovascularization could
be of clinical relevance for patients with myocardial ischemia
or critical limb ischemia as an alternative treatment strategy
for surgical revascularization. Chappell et al. [151] stud-
ied microvascular remodeling in a mouse gracilis muscle

model. After high-dose administration of microbubble con-
trast agent and ultrasonic destruction of the microbubbles an
impermanent microvascular remodeling response occurred.
In contrast to that study, Johnson et al. [152] reported on the
bioeffects of microbubble destruction in a gracilis muscle
model of 23 Sprague–Dawley rats. Ultrasonic destruction
of microbubble contrast agent caused an acute decrease
in capillary density, followed by an incomplete angiogenic
healing response. In a subsequent study, the gracilis muscles
of 150 Sprague–Dawley rats were studied. A statistically sig-
nificant change in vascular endothelial growth factor (VEGF)
was observed, while capillary density was not changed by
ultrasonic destruction of microbubble contrast agent [153].
Clearly, further studies are needed to explore the mechanism
of action and treatment effect of pro-angiogenic therapy.

7 Conclusions

– Inflammation and angiogenesis are closely related and
important factors in early plaque development and plaque
vulnerability.
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– Molecular imaging can aid in the early detection of
plaque formation, provide insights into the natural history
of cardiovascular diseases, and function as a surrogate
endpoint in clinical trials.

– Several molecular targets involving inflammation and
angiogenesis have been identified and tested in vivo; how-
ever, the number of contrast agents available for human
studies is limited.

– Multimodality imaging and multitargeted contrast agents
may improve the accuracy with which a biological process
can be identified.

– Future developments in theranostics and antiangiogenic
therapy might provide a noninvasive technique for stabi-
lizing the vulnerable plaque.
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25. Gössl M et al (2003) Functional anatomy and hemodynamic
characteristics of vasa vasorum in the walls of porcine coronary
arteries. Anat Rec A Discov Mol Cell Evol Biol 272(2):526–537

26. Jeziorska M, Woolley DE (1999) Local neovascularization and
cellular composition within vulnerable regions of atherosclerotic
plaques of human carotid arteries. J Pathol 188(2):189–196

27. Moreno PR et al (2004) Plaque neovascularization is increased in
ruptured atherosclerotic lesions of human aorta: implications for
plaque vulnerability. Circulation 110(14):2032–2038

28. Mofidi R et al (2001) Association between plaque instability,
angiogenesis and symptomatic carotid occlusive disease. Br J
Surg 88(7):945–950

29. Purushothaman KR et al (2003) Neovascularization is the most
powerful independent predictor for progression to disruption in
high-risk atherosclerotic plaques. J Am Coll Cardiol 41(6 Suppl
2):352–353

30. Hellings WE et al (2010) Composition of carotid atherosclerotic
plaque is associated with cardiovascular outcome. A prognostic
study. Circulation 121(17):1941–1950

31. Mause SF, Weber C (2009) Intrusion through the fragile back
door: immature plaque microvessels as entry portals for leuko-
cytes and erythrocytes in atherosclerosis. J Am Coll Cardiol
53(17):1528–1531

32. McCarthy MJ et al (1999) Angiogenesis and the atherosclerotic
carotid plaque: an association between symptomatology and
plaque morphology. J Vasc Surg 30(2):261–268

33. Dunmore BJ et al (2007) Carotid plaque instability and is-
chemic symptoms are linked to immaturity of microvessels within
plaques. J Vasc Surg 45(1):155–159

34. Sluimer J et al (2009) Thin-walled microvessels in human
coronary atherosclerotic plaques show incomplete endothelial
junctions relevance of compromised structural integrity for in-
traplaque microvascular leakage. J Am Coll Cardiol 53(17):1517–
1527

35. Sluimer JC, Daemen MJ (2009) Novel concepts in atherogenesis:
angiogenesis and hypoxia in atherosclerosis. J Pathol 218(1):7–29

36. Kolodgie FD et al (2003) Intraplaque hemorrhage and progression
of coronary atheroma. N Engl J Med 349(24):2316–2325

37. Moulton KS (2006) Angiogenesis in atherosclerosis: gathering
evidence beyond speculation. Curr Opin Lipidol 17(5):548–555

38. Carmeliet P (2000) Mechanisms of angiogenesis and arteriogene-
sis. Nat Med 6(4):389–395



314 G.L. ten Kate et al.

39. Semenza GL (2003) Targeting HIF-1 for cancer therapy. Nat Rev
Cancer 3(10):721–732

40. Pugh CW, Ratcliffe PJ (2003) Regulation of angiogenesis by
hypoxia: role of the HIF system. Nat Med 9(6):677–684

41. Sluimer JC et al (2008) Hypoxia, hypoxia-inducible transcription
factor, and macrophages in human atherosclerotic plaques are
correlated with intraplaque angiogenesis. J Am Coll Cardiol
51(13):1258–1265

42. Bjornheden T et al (1999) Evidence of hypoxic areas within
the arterial wall in vivo. Arterioscler Thromb Vasc Biol
19(4):870–876

43. Jeziorska M, Woolley DE (1999) Neovascularization in early
atherosclerotic lesions of human carotid arteries: its potential
contribution to plaque development. Hum Pathol 30(8):919–925

44. Fleiner M et al (2004) Arterial neovascularization and inflamma-
tion in vulnerable patients: early and late signs of symptomatic
atherosclerosis. Circulation 110(18):2843–2850

45. Kwon HM et al (1998) Enhanced coronary vasa vasorum neovas-
cularization in experimental hypercholesterolemia. J Clin Invest
101(8):1551–1556

46. Herrmann J et al (2001) Coronary vasa vasorum neovasculariza-
tion precedes epicardial endothelial dysfunction in experimental
hypercholesterolemia. Cardiovasc Res 51(4):762–766

47. Lusis AJ (2000) Atherosclerosis. Nature 407(6801):233–241
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1 Introduction

Stroke is a leading cause of functional impairment in adults,
with approximately 20% of survivors requiring institutional
care and up to one-third having a permanent disability. This
is of great importance due to economic and social impact on
each community. Most strokes are ischemic and caused by
atherosclerotic emboli from the carotid artery or the aortic
arch, or they are related to thromboembolism from the heart
chambers [1].

Carotid occlusive disease is responsible for 25% of these
strokes. The most common condition affecting the carotid
arteries is atherosclerosis. Atherosclerosis is a systemic dis-
ease that affects the arteries of medium and large size,
which commonly affects the carotid artery bifurcation. There
are other conditions affecting the carotids that can lead to
stroke such as extracranial carotid aneurysms and traumatic,
iatrogenic, or spontaneous dissections. Large population-
based studies indicate that the prevalence of carotid stenosis
is approximately 0.5% after age 60 and increases to 10% in
persons older than age 80 years [2].

The primary mechanism involved in strokes in patients
with carotid stenosis is atherosclerotic debris or thrombotic
material embolism from the plaque into the distal cerebral
vasculature [3]. The annual risk of stroke is between 1%
and 4.3% for asymptomatic patients with >50% stenosis of
the carotid artery [4]. Symptomatic patients have a worse
prognosis that is related to the degree of stenosis [5]. In the
North American Symptomatic Carotid Endarterectomy Trial
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(NASCET) study, the risk of recurrent ipsilateral stroke rose
to 4.4% in patients with stenosis between 50% and 69%, and
13% in those with a stenosis greater than 70% [6].

1.1 Background

Being atherosclerotic disease the most common condition,
treatment is usually referred to revascularization. In 1953,
DeBakey performed the first successful carotid endarterec-
tomy (CEA) for the treatment of an occluded cervical carotid
artery [7]. In 1954, Eastcott performed the first successful
CEA in which the circulation to the brain was intentionally
interrupted to remove a stenotic plaque [8]. Since then, CEA
was performed worldwide despite a temporary decline in the
mid-1980s, when a number of critical reports suggested un-
acceptable rates of perioperative stroke or death, and a high
rate of procedures performed for inappropriate indications
[9, 10].

The standard of care for symptomatic and asymptomatic
patients has been established by the results of four large
prospective randomized trials comparing medical therapy
with CEA: NASCET [6, 11, 12], the European Carotid
Surgery Trial (ECST) [13, 14], the Asymptomatic Carotid
Atherosclerosis Study (ACAS) [15], and the Asymptomatic
Carotid Surgery Trial (ACST) [16]. These trials have demon-
strated that surgical carotid endarterectomy confers a sig-
nificant benefit over best current medical management in
patients with symptomatic carotid stenosis>70% with lesser,
albeit significant, degrees of benefit in symptomatic lesions
of 50–69% and asymptomatic lesions of >60%.

Carotid endarterectomy was accepted as the standard of
treatment in this set of patients. However, it is important
to notice that in the daily practice, CEA is commonly per-
formed in patients who would have been excluded from these
randomized trials. In higher risk patients, particularly those
with contralateral occlusion, previous ipsilateral CEA, se-
vere cardiopulmonary comorbidities, prior neck irradiation,
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and inaccessible lesions above the C2 level, morbidity and
mortality related to CEA have been reported in up to 18% of
patients [17, 18].

Endovascular treatment arrived as an alternative to CEA.
It may offer some advantages: general anesthesia is usually
not required which allows to control the patient’s clinical
status during the procedure; shorter recuperation period; and
no cervical incision is made eliminating the risk of cranial
nerve palsies, wound infections, or neck hematomas. Kerber
et al. reported the first percutaneous transluminal balloon
angioplasty for carotid artery stenosis in 1980 [19]. In 1987,
Theron et al. published the first large series of internal carotid
angioplasty. Technical success was achieved in 94% of cases,
with a 4.1% rate of serious morbidity [20]. In a review of the
literature, Kachel et al. reported a 96.2% rate of technical
success, with a 2.1% rate of morbidity, 6.3% rate of transient
minor complications, and no deaths over 523 procedures
[21].

1.2 Status of Clinical Trials and Registries

The first randomized trial comparing endovascular and
surgical treatments, the Carotid and Vertebral Artery
Transluminal Angioplasty Study (CAVATAS), included
504 patients enrolled between 1992 and 1997 and was
designed to compare balloon angioplasty alone versus CEA.
Stents, when they became available, were incorporated as
well, but only accounted for 26% of cases. The CAVATAS
trial demonstrated no difference between endovascular
and surgical treatment in the rate of disabling stroke or
death within 30 days [22]. Despite these favorable results,
balloon angioplasty has a number of potential limitations,
including vessel wall recoil, intimal dissection, and plaque
dislodgement with embolization.

Carotid artery stenting (CAS) was then proposed to
replace balloon angioplasty alone; it is feasible and safe
and shows comparable procedural outcomes in patients with
or without contralateral stenosis. Therefore, as technology
evolved, technical skills of different operators improved
and the results of comparative studies were published,
widespread use of CAS has been accepted. Unlike CEA,
CAS is not limited to the cervical portion of the carotid
artery.

The Wallstent was the first multicenter randomized trial
designed to evaluate CEA and CAS equivalence. The trial
was stopped due to worse outcomes for the CAS group.
Critical to interpreting these results is the fact that in the
Wallstent trial distal embolic protection devices (EPDs) were
not used [23, 24]. Between 1996 and 2001, 11 large carotid
stent series have been published. Patients at high risk were
excluded in these studies. The overall reported rate of tech-
nical success was >95%; procedure-related mortality rates

(including cardiac deaths) were 0.6–4.5%; and major stroke
rates were 0–4.5% [2]. Many reports also demonstrated that
CAS is feasible and safe in high-risk patients [25]. A report
consisting exclusively of symptomatic NASCET-ineligible
patients with a high proportion of anatomic, medical, and
neurological risk factors (Sundt grades 3 and 4) [26] con-
cluded that carotid stent angioplasty can be performed in
this set of patients with a periprocedural risk of stroke and
death comparable to those of NASCET and other published
endarterectomy series [27].

The Stenting and Angioplasty with Protection in Patients
at High Risk for Endarterectomy Investigation (SAPPHIRE)
was the first randomized multicenter trial comparing CEA
and CAS in patients at increased risk for surgery. Among
high-risk patients CAS was associated with a 56% reduction
in perioperative death, stroke, and myocardial infarction (MI)
compared with CEA, and a 39% reduction in death and
ipsilateral stroke at one year. After 3 years of follow-up, there
were no differences between the groups [28].

After this, five large randomized controlled trials have
compared CAS with CEA in usual- or average-surgical-
risk patients: the SPACE (Stent-supported Percutaneous
Angioplasty of the Carotid artery versus Endarterectomy)
[29], EVA-3S (Endarterectomy Versus Angioplasty in
Patients with Symptomatic Severe Carotid Stenosis)
[30], ICSS (CAVATAS-2-International Carotid Stenting
Study) [31], CREST (Carotid Revascularization and
Endarterectomy versus Stenting Trial) [32], and CaRRESS
(Carotid Artery Endarterectomy Stenting Study) [33].

The EVA-3S, a randomized trial to assess the non-
inferiority of CAS versus CEA, was stopped early for
safety concerns with a superior 30-day stroke and death
outcome in the CAS group. However, the EVA-3S trial
allowed very inexperienced CAS operators, and the use of
embolic protection was not required.

The SPACE compared CAS vs. CEA in 1,200 patients
with symptomatic carotid artery stenosis: CAS (n D 605) or
CEA (n D 595). The 30-day stroke and death rate was not
different between the groups (6.84% for CAS and 6.34% for
CEA). After 2 years of follow-up there continued to be no
differences between the CEA or CAS groups; however, pa-
tients>68 years had a statistically significant better outcome
with CAS compared with CEA.

ICSS is a multinational prospective trial randomizing
symptomatic patients equally suited for CAS or CEA. Al-
though the ICSS trial found an excess of minor strokes in the
CAS group, there was no difference for the primary end point
of disabling stroke or death between CAS and CEA. Once
again, there was a significant imbalance in the experience
level of the investigators between types of procedures.

The CREST trial enrolled 2,502 patients with an average
surgical risk. There was no difference between CAS and
CEA for the primary end point: death, stroke, or MI at 30
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days, and ipsilateral stroke within 60 days. Patients were
followed up to 4 years without any difference between CAS
and CEA.

Finally, the CaRRESS was a non-randomized study com-
paring protected CAS with CEA in symptomatic (32%) and
asymptomatic patients (68%) with low and high surgical risk.
Nonsignificant difference in the rate of stroke and death at
30 days and 1 year (2.1% vs. 3.6% and 10% vs. 13.6%,
respectively) was found.

In the high-risk stent registry ARCHeR (Acculink for
Revascularization of Carotids in High Risk Patients) the
primary end point (death, stroke, MI at 30 days plus ip-
silateral stroke at 1 year) was 9.6% [34]. The BEACH
trial demonstrated that CAS using the WALLSTENT in
combination with the Filter Wire emboli protection system
is non-inferior to (equivalent or better than) CEA in high-
surgical-risk patients [35].

The German Carotid Artery Stent (ALKK-CAS) registry
studied the safety of carotid artery stenting in unselected
patients with contralateral occlusion and significant ipsilat-
eral stenosis. They found low risk of periprocedural events,
supporting CAS as an attractive option for the treatment of
these patients [36].

Most of the registries and well-conducted trials demon-
strated that the risk of death or nonfatal stroke following CAS
is equivalent to CEA in a broad category of patients with
carotid stenosis.

2 High-Risk Plaque

The term high-risk or “vulnerable” plaque has been pro-
posed because it has been recognized that an ischemic
complication—not only in the cerebral territory—can occur
even in low-grade stenosis. Other factors than the degree
of luminal stenosis have been reported to be determinants,
such as the composition or the superficial structure of an

atherosclerotic plaque [37]. Vulnerable plaques are prone to
rupture and are associated with increased risk for cerebrovas-
cular complications. Major and minor criteria have been
proposed to characterize high-risk plaques, but the predictive
value has not been evaluated yet.

2.1 Major Criteria

Active Inflammation: Active inflammation plays a major
role in the initiation and progression of an arteriosclerotic
plaque, and therapeutic approaches are directed to treat
the inflammatory process. Neovessel formation in carotid
plaques contributes to plaque instability with a significant
increase of plaque hemorrhage and fibrous cap rupture [38].
MRI imaging has the potential to detect the inflammatory
process depicting increased contrast enhancement and thick-
ening of the vascular wall.

Thin Cap with Large Lipid Core: The fibrous cap separates
the inner lipid content from the blood flow. A large lipid-
necrotic core and a thin fibrous cap are associated with an
increased risk of cerebrovascular events as thinner caps are
more likely to rupture [39]. Radiological imaging methods
should be able to quantify the lipid-necrotic core and the
thickness of the fibrous cap (Fig. 25.1).

Endothelial Denudation with Superficial Platelet Aggrega-
tion and Fibrin Deposition: Endothelial Denudation is de-
fined as the absence of an endothelium [39]. Here platelet
aggregation or fibrin deposition increases the risk of cardio-
vascular events [40]. MRI can be useful to identify overlay-
ing intraluminal thrombus.

Fissured Plaque: Once a fibrous cap is ruptured, its inner
thrombogenic content is exposed and platelet aggregation
is originated. Platelet activation and thrombin formation

Fig. 25.1 Importance of the
fibrous cap thickness as predictor
of the embolic risk
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in combination with the plaque content can produce acute
vessel occlusion [41]. This explains the importance for di-
agnosing plaque rupture at an early stage, which can be
accomplished by MRI imaging.

Severe Stenosis>90%: A severe stenosis refers to abnormal
narrowing of the artery lumen, which reduces blood flow.
Shear stress on the surface of severely stenosed plaque im-
poses a significant risk of thrombosis and sudden occlusion
[42]. Several radiological imaging methods have the poten-
tial to diagnose a severe stenosis such as Doppler ultrasound
(DUS), computed tomography angiography (CTA), magnetic
resonant angiography (MRA), or Digital subtraction angiog-
raphy (DSA).

2.2 Minor Criteria

Superficial Calcified Nodule: The superficial calcified nod-
ule refers to a calcification close to the fibrous cap with the
potential to cause cap rupture [40]. Calcified nodules might
be diagnosed using US, CT, and MRI images.

Yellow Plaque on Angioscope: Yellow plaques on angio-
scope are believed to carry a high lipid burden and are, there-
fore, prone to rupture [40]. As the color is an angioscopic
finding, this information cannot be depicted by radiological
imaging methods.

Intra-plaque Hemorrhage: Hemorrhage inside an arte-
riosclerotic plaque accelerates plaque progression and
increases the risk for thromboembolic complications by
creating new destabilizing factors such as increase in lipid
core and plaque volume [43]. Intra-plaque hemorrhage is
considered a minor criterion; however, recent publications
cast doubt on this ranking and suggest a more important role
[43–45]. Two different types of intra-plaque hemorrhage
can be distinguished: type I refers to histologically
intact erythrocytes with intracellular methemoglobin and,
meanwhile, type II is characterized by lysed erythrocytes
and extracellular methemoglobin. MRI can accurately
differentiate both types [40].

Endothelial Dysfunctions: Endothelial impairment plays a
major role in the initiation of arteriosclerosis and its progres-
sion. Increased adhesion molecule expression and reduced
anticoagulant properties increase the risk for cardiovascular
disease [46]. Arterial stiffness and endothelial dysfunction
commonly coexist and can be assessed by MRI or DUS [46].

Positive Remodeling: Positive Remodeling refers to an en-
largement or growth of an arteriosclerotic plaque without
reduction of the luminal area [40]. MRI can assess the
positive remodeling.

Radioloical imaging methods should not only be able
to detect the degree of a stenosis but must also provide
information about superficial structure and morphology of
the plaque. Here, the challenge is to identify asymptomatic
high-risk patients, differentiate stable from unstable plaques,
and predict the risk of a stroke.

3 Measurements

The North American Symptomatic Carotid Endarterectomy
Trial (NASCET) and European Carotid Surgery Trial
(ECST) have established criteria for stenosis quantification
of images based on DSA. These criteria are currently
used for CTA and MRA to determine vascular diameter
and to quantify the degree of carotid artery stenosis. The
NASCET method estimates a stenosis by calculating the
ratio between the patent lumen diameter at the highest
degree of stenosis and the patent lumen diameter at the
distal “normal” internal carotid artery beyond the carotid
bulb [11]. The ECST method calculates the ratio between
the patent lumen diameter at the greatest stenosis and the
total outer diameter of the arterial wall at the same level [5].
Comparing NASCET and ECST methods for determining
the degree of a stenosis, the NASCET criteria underestimate
the degree of a stenosis if compared to ECST; however, the
higher the degree of stenosis, the less the difference between
both methods [47, 48]. Most of the published trials are based
on the NASCET criteria for evaluating the degree of a carotid
artery stenosis (Fig. 25.2).

Some limitations have been reported when applying
NASCET criteria. Incorrect NASCET measurements on

Fig. 25.2 Graphic shows anatomic sites of measurement in the carotid
artery for calculating percent stenosis for the North American Symp-
tomatic Carotid Endarterectomy Trial (NASCET) and the European
Carotid Surgery Trial (ECST)
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reconstruction images can overestimate the degree of
stenosis. It is of crucial importance to correctly choose the
distal “normal” ICA for NASCET measurement because the
carotid bulb is larger than the outflow ICA. The measurement
should be performed perpendicular to the vessel and only
in parallel artery walls. Furthermore, for near occlusion
NASCET criteria are lacking. The distal ICA diameter is
reduced owing to the decreased blood flow in the distal ICA
which leads to underestimation of the stenosis degree [11].

4 Indications for Treatment

4.1 General Aspects

Recommendations for the selection of revascularization tech-
niques for patients with carotid artery stenosis mostly de-
pend on the patient’s clinical situation and the presence
of comorbid medical conditions and anatomical factors.
CEA is an efficient technique to prevent strokes in patients
with carotid artery stenosis, and CAS, as a less invasive
treatment alternative, has to be compared with the open
surgical revascularization procedure. CAS can be performed
under local anesthesia; therefore patients with comorbid
medical conditions (cardiopulmonary diseases, open heart
surgery within 6 weeks, etc.) may benefit from the CAS
procedure. CAS has the clear advantage that it does not
injure cranial nerves which occurs after CEA [22, 49].
Unfavorable anatomy such as surgically inaccessible high
carotid bifurcation has also been considered an indication
[50]. CAS should furthermore be performed instead of CEA
in carotid artery dissection, tandem lesions, contralateral
laryngeal nerve palsy, carotid artery stenosis with occlusion
of the contralateral ICA, restenosis after CEA, and stenosis
after radiotherapy [50, 51]. CAS should not be performed
in patients who have contraindications to dual antiplatelet
therapy [50].

4.2 Symptomatic Patient

Patients with carotid artery disease are considered symp-
tomatic when they experience non-disabling ischemic stroke
or transient cerebral ischemic symptoms including hemi-
spheric neurological deficit or amaurosis fugax [5]. For
these conditions, recommendations have been made for CEA
but cannot be transferred to CAS due to lack of scientific
evidence. For stenosis>70%, based on the NASCET criteria,
operative treatment is strongly recommended; meanwhile
symptomatic patients with stenosis>50% will probably ben-
efit from CEA [51]. Other guidelines suggest ICA revascu-
larization if a symptomatic stenosis >70% is documented by

noninvasive imaging modalities or >50% as documented by
catheter angiography [52]. At present, CAS is recommended
in patients who need a revascularization and are at high
risk for surgery or as an alternative to CEA, if high-volume
centers have a documented death or stroke rate of �6%
[50]. Both CEA and CAS should be performed in the early
period after a symptomatic event, and CEA within 2 weeks
thereafter [51, 53].

4.3 Asymptomatic Patient

Meanwhile in the presence of symptoms 5 patients have to
undergo surgery to prevent 1 ipsilateral stroke in 5 years; 12
men or 24 women have to be treated if patients are asymp-
tomatic [51]. The selection of asymptomatic patients for
carotid revascularization requires an evaluation of comorbid
conditions and life expectancy. CEA could be beneficial in
asymptomatic patients with >60% carotid stenosis if their
life expectancy is>5 years and if the perioperative stroke and
death rate for the procedure performed by the surgical team
is<3% [50]. In asymptomatic individuals with indication for
revascularization, CAS can be an alternative in high-volume
centers with a documented stroke and death rate of <3%
[50, 51].

4.4 Chronic Total Occlusion

Chronic total occlusion of the ICA usually has a benign
and asymptomatic course. Revascularization procedures are
currently not recommended because they do not offer any
benefit compared with best medical therapy regarding stroke
prevention [50, 52]. However, it has been reported that
endovascular revascularization can be performed in a very
selected group of symptomatic patients despite the risk of
distal embolization, vascular rupture, perforation, or hyper-
perfusion syndrome [52, 54].

4.5 Acute Total Occlusion

On the other hand, revascularization of internal carotid artery
occlusion in the setting of an acute stroke is feasible and
has shown a high rate of technical success with a favorable
clinical outcome (Fig. 25.3). These data indicate that this
technique can be useful in patients with severe stroke symp-
toms if it is performed within the first 6 h [55]. Outcomes
after carotid artery stenting in acute stroke depend less on
the result of the stent placement than on timing, efficacy, and
complications of the cerebral thrombectomy.
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Fig. 25.3 Patient presenting with sudden left hemiplegia. (a) DSA
performed within the 3 h shows complete right ICA occlusion (thin
arrow). (b) Immediate tentative of revascularization was started using
a flow reversal device (Mo.Ma, Invatec) as cerebral protection. See
the distal balloon placed in the proximal ECA (arrow); the proximal

balloon cannot be seen in this image. (c) Recanalization could be
achieved by means of stent placement alone without balloon dilatation
in order to avoid a hyperperfusion syndrome. (d) Plain film performed
before discharge shows almost complete expansion of stent rendering
angioplasty unnecessary

4.6 Near Occlusion

A near occlusion is defined as a carotid artery stenosis of
99% with reduced antegrade blood flow in the ICA and
distal lumen collapse (“string sign”). In contrast to complete
chronic occlusion, near occlusion burdens the risk of cerebral
embolic events. CEA has little or no benefit for reducing
future stroke risk compared with medical therapy alone [50,
52]. For CAS, no general recommendation can been made
due to lack of scientific evidence; however, CAS in this
condition has been reported with a low intraprocedural stroke
and death rate and a good stroke prevention at long term
[56, 57]. The presence of a sufficient collateral circulation
has been discussed in asymptomatic patients, and in this
condition, medical treatment is the recommended therapy.
However, if recurrent or crescendo symptoms are present
despite a medical therapy, an invasive treatment should be
considered [58].

4.7 Stenosis Less than 50%

For stenosis <30% CEA increases the 5-year risk of stroke
and has no beneficial effect for stenosis ranging from 30
to 49%. Therefore, neither CEA nor CAS is recommended
in symptomatic patients with stenosis <50% and optimal
medical treatment should be the primary therapy consisting
of long-term dual antiplatelet therapy and long-term statins
[50]. As said before, vulnerable plaques are likely to cause
ischemic events and symptoms can appear even in the pres-
ence of low-grade stenosis despite medical management [59]
(Fig. 25.3). These patients might benefit from revascular-

ization procedures to prevent further stroke; however, no
recommendation can be made and indication for an invasive
treatment should be made individually [52, 59].

4.8 Patients Undergoing Cardiac Surgery

Patients with high-grade carotid stenosis undergoing coro-
nary bypass or other cardiac surgeries present with a higher
risk of stroke than patients without carotid disease.

The decision to treat an ICA stenosis before cardiac
surgery should be discussed by a multidisciplinary team.
Optimal time between a carotid intervention and cardiac
surgery depends on clinical presentation, level of emergency,
and severity of carotid and cardiac disease. With a <6-
month history of TIA, revascularization is recommended
for stenosis >70%, and can be considered for stenosis
50–69% in certain conditions. For asymptomatic patients,
revascularization is only recommended for men who present
with a bilateral 70–99% stenosis, an ipsilateral 70–99%
stenosis with contralateral ICA occlusion, or previous silent
ipsilateral cerebral infarction [50].

5 Noninvasive Imaging

5.1 Ultrasound

Ultrasound (US) is the most important tool for evaluation
of carotid artery disease since it is widely available, low
cost, and noninvasive. It is operator dependent, and therefore,
criteria have been developed for reproducibility and reliabil-
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ity of ultrasound examinations. The carotid arteries should
be evaluated using gray-scale, color Doppler, and spectral
Doppler examinations.

US Before Stent Placement: It is of utmost importance to
correctly identify the degree of a carotid artery stenosis since
indication for a carotid artery intervention depends on the
clinical presentation and the degree of a stenosis. Therefore
following categories for measuring the degree of ICA steno-
sis have been suggested: (1) Normal, (2) Stenosis <50%, (3)
Stenosis 50–69%, (4) Stenosis �70%, (5) Near occlusion,
(6) and Total occlusion [60]. For high-grade carotid artery
stenosis (stenosis 70–99%) the US examination is an excel-
lent screening method but with less accuracy for low-grade
stenosis [61].

The gray-scale US has the potential to localize an arte-
riosclerotic lesion, measure intima-media thickness, and can
identify the morphological degree of a stenosis by differen-
tiating the lumen from the arterial wall. Gray-scale US has
furthermore the potential to evaluate the superficial structure
of a plaque and to detect plaque ulcer. The echogenicity of a
plaque, assessed by gray-scale US, can further determine the
risk for ipsilateral ischemic complications, since echolucent
plaques are associated with a higher risk of future stroke
than echogenic plaques [62]. Due to similar echolucency
characteristics, a differentiation between fibrous intra-plaque
tissue and the lipid core is not possible and intra-plaque
bleeding might not correctly be diagnosed.

The DUS provides functional and hemodynamic infor-
mation. The DUS can detect flow disturbances in plaque
depressions and can be used to calculate the area of stenosis
[63]. For area measurements US images should be obtained
in a transverse fashion, since arteriosclerotic plaques can
be eccentric. For determining the degree of a stenosis, the
spectral Doppler examination is essential. The primary cri-
terion for diagnosing an ICA stenosis is the ICA peak
systolic velocity (PSV) in combination with the gray-scale
evaluation [60]. If the stenosis is uncertain for the primary
parameters, then additional parameters are used, such as ICA
end diastolic velocity (EDV) and the ratio of ICA PSV/CCA
PSV [60] (Table 25.1). The evaluation of ICA/CCA PSV
is especially important in certain conditions such as aortic
stenosis, low cardiac output, or detection of contralateral
carotid occlusion [64].

For correct evaluation of flow velocities, technical as-
pects have to be considered. The PSV should be measured
after a regular heartbeat. For determining flow velocities, a
transversal view is preferable and the pulsed Doppler sample
volume should be placed precisely within the area of the
maximum stenosis. A wrong angulation of the Doppler gate
leads to erroneous flow velocities. Therefore it has been
recommended to use an angle within 45–60%, which en-
sures minimizing errors of flow velocity measurements [65].

In tortuous vessels the cursor should be placed tangential to
the curvature of the artery.

US After Stent Placement: The US is the standard technique
for screening after stent placement, to detect a residual steno-
sis or restenosis due to hyperplasia. Gray-scale US may pro-
vide morphologic information about the degree of a stenosis;
however, blood flow velocities for stenosis detection, as
previously described, fail. A “normal” carotid artery has an
elastic vessel wall, which is reflected in the low-resistance
waveform of a spectral DUS. After stent placement the artery
will lose this condition due to the rigid device. Furthermore,
wall stress produced by the stent can cause endothelial dys-
function, which is responsible for hyperplasia and restenosis.
For this reason, the above-mentioned blood flow velocities
for the evaluation of in-stent restenosis are not applicable.
Although different thresholds for blood flow velocity have
been proposed, it could have been demonstrated that current
velocity criteria to assess in-stent restenosis after CAS yield
a high false-positive rate [66]. Baseline control within 48 h
after stent placement should be performed with consecutive
control to document changes in blood flow velocities over
time rather than applying absolute velocity criteria [67, 68].
If an in-stent restenosis is suspected, other imaging modality
such as CTA has been proposed to confirm the degree of
stenosis [69].

US Limitations: US can be of limited value in special
conditions. Severe calcifications produce ultrasonic shadows,
which limits the morphologic evaluation of the gray-scale
US. For the same reason, the DUS might not be able to assess
blood flow velocity at the greatest stenosis. In this condition,
velocity measurements proximal and distal to the shadow
could determine the degree of the stenosis.

Anatomic patient conditions influence quality of the US
image. A high carotid artery bifurcation might not be as-
sessed as well as in obese patients with a short neck. Tandem
lesions might not correctly be depicted on gray-scale US
evaluation; however, if there is inconsistency between a se-
vere stenosis diagnosed on gray-scale US and the distal spec-
tral waveform detected by DUS, an upstream lesion has to be
suspected. Anatomic variants might cause confusion such as
carotid artery kinking. In this condition it might be difficult
to distinguish the external from the internal carotid artery.
Elevated flow velocity and high-resistance flow pattern as
well as outgoing branches help to differentiate the external
from the internal carotid artery. US has a limited value for
discriminating near occlusions from total occlusions [70].
The lack of detection of a residual flow might lead to false-
positive results. Alternative imaging modalities such as DSA,
MRA, or CTA can be useful to differentiate near from total
occlusions.
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Table 25.1 Doppler parameters for carotid stenosis Grant EG et al. [60]

Degree %
ICA PSV
(cm/seg) Plaque estimate %

ICA/CCA PSV
(cm/seg)

ICA EDV
(cm/seg)

Normal <125 None <2.0 <40

<50 <125 <50 <2.0 <40

50–69 125–230 �50 2.0–4.0 40–100

�70 >230 �50 >4.0 >100

Near occlusion High, low,
indetectable

Visible Variable Variable

Total occlusion Undetectable Visible, no detectable
lumen

Not applicable Not applicable

5.2 Computed Tomography

The CT is a noninvasive technique for the workup of carotid
artery stenosis and for follow-up after carotid stent place-
ment. Meanwhile a non-enhanced CT has the potential to
detect ischemic and hemorrhagic cerebral complications;
the contrast-enhanced CTA can be used to determine the
degree of a carotid artery stenosis and to evaluate the in-
tracranial circulation. Currently, the mutidetector CT an-
giography (MDCTA) permits a fast evaluation with a high
spatial resolution. Different reconstruction algorithms such
as three-dimensional (3D) reconstructions, major intensity
projections (MIP), and multiplanar or curved reconstruction
images have contributed to improved accuracy [71].

CT Before Stent Placement: CTA is a valuable method
for carotid artery disease evaluation [72]. Since MDCTA
was used to diagnose ICA stenosis, improved accuracy has
been demonstrated [73]. The highest accuracy was reported
for detecting complete ICA occlusion [74]. MDCTA can
furthermore discriminate total from near occlusion, with an
excellent correlation with catheter angiography [75]. For
high-grade stenosis (70–99%) without near occlusion, the
CTA is an accurate method [74]. In contrast to high-grade
stenosis, the diameter of the distal ICA is reduced in near
occlusion, which can accurately be depicted by MDCTA.
This is of special importance since patients with severe
stenosis and a normal distal ICA but no near occlusion are at
higher risk to develop a future stroke. Quantitative millimeter
measurement of ICA stenosis has also been proposed to
estimate the risk of stroke and to overcome ambiguities with
NASCET criteria [76, 77]. Special care has to be taken in
the group of 50–69% stenosis because symptomatic patients
would receive invasive treatment and meanwhile patients
with stenosis <50% receive medical treatment only. Here,
CTA has the lowest specificity, compared to other noninva-
sive imaging methods [78]. On the other hand, CTA has an
excellent negative predictive value for demonstrating <70%
stenosis [79].

CTA can provide morphological information about the
vascular wall and atherosclerotic plaques. It is very sensitive

for detection and measurement of carotid plaques calci-
fication and plaque ulcerations [80, 81]. Different plaque
components such as fibrous connective tissue and fat may
be distinguished from plaques containing calcifications due
to their dissimilar densities (Fig. 25.4).

However, this differentiation is not possible for the lipid
core, fibrous tissue, and intra-plaque hemorrhage. The Dual-
Energy-CT is a new CT technique that uses two independent
radiation sources with different voltages and has the poten-
tial to identify patients with vulnerable plaques better than
conventional CTA [82–113]. Dual-Energy-CT is therefore
a valuable tool for the noninvasive assessment of different
plaque components and can discriminate mixed plaques from
low-density fatty plaques [83].

CT After Stent Placement: The MDCTA has emerged as a
noninvasive modality for surveillance after stent placement
[84, 85]. DUS is the primary choice for assessing in-stent
restenosis. However, it is of limited use because not all
stents are assessable due to severe calcifications with dorsal
sonic shadowing or due to anatomic localization. Here the
CTA has proven to be an alternative for in-stent restenosis
detection. Intimal hyperplasia on CTA images appears as
variable hypodense ring between the hyperdense stent and
the contrast filled artery lumen. Compared to DUS, MDCTA
shows comparable results regarding detection of in-stent
restenosis [68]. However, the dense metal struts can lead to
local artifact that can degrade the image in the immediate
vicinity of the vessel wall, which leads to overestimation of
the degree of stenosis [50]. Other limitations of CTA imaging
include motion artifacts, small stent diameter surrounded by
heavy calcifications, and strike artifacts caused by the stent
or stent markers such as tantalum or gold [86]. This is of
extreme importance since artifacts caused by stent markers
can masquerade as in-stent restenosis which is frequently
found at the extremities of a stent. Therefore, the MDCTA
has been recommended as an alternative technique if the stent
is not completely assessable by DUS.

CT Limitations: The CTA has certain limitations. Even if it
is a noninvasive method, iodine contrast has to be applied,
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Fig. 25.4 Soft plaque depicted
by CT (arrows). Although the
stenosis measures by NASCET
were not significant (<50%), this
plaque embolized causing a right
hemisphere infarct

which burdens the risk of contrast-induced nephropathy and
the potential for allergic contrast reactions. Furthermore, the
patient is exposed to ionizing radiation. Image quality might
be limited in the uncooperative patient due to motion artifacts
or in case of severe obesity. Metal structures such as surgical
clips, endodontic prosthesis, or even vascular stents cause
strike artifacts that may impede an appropriate evaluation
of the patent vascular lumen. Very hyperdense structures
like heavily calcified lesions, especially if circumferential,
cause a hardening effect, which results in overestimation
of the hyperdense structure and underestimates the lumen
diameter [87].

5.3 Magnetic Resonance Imaging

With the technical advances of the past years the MRI has
become a valuable noninvasive screening tool for detection
of carotid atherosclerotic disease. Meanwhile the CT is the
preferred method to differentiate a hemorrhagic from an
ischemic stroke; the MRI is superior for early detection
of ischemic lesions [88]. MRI has also an excellent soft-
tissue contrast, which makes it a valuable technique for

evaluating the vulnerability of a carotid plaque [40, 83]. MRI
has further been used for the follow-up after carotid stent
placement [84].

MRI Before Stent Placement: Some technical aspects have
to be considered when using this technique. A 1.5 T MRI
might be sufficient for an adequate vascular screening of
the extra- and intracranial structures; however 3 T MRI ma-
chines provide better spatial resolution. For the assessment
of plaque morphology, phased-array superficial coils must be
used to optimize signal-to-noise ratio [85].

The MRI provides cross-sectional images in any plane in-
cluding oblique planes. For detection of the degree of a steno-
sis, different sequences have been applied such as contrast-
enhanced MR angiography (CE-MRA), time-of-flight (TOF)
MRA, and phase-contrast MRA [89]. Since CE-MRA is fast,
it has become the technique of choice for studying the carotid
bifurcation [90]. The flow-dependent TOF MRA or phase-
contrast MRA is of less importance due to their distinct
susceptibility to motion or flow-related artifacts [91]. On
the other hand, TOF MRA is the recommended technique
for evaluation of steno-occlusive disease in the intracranial
arteries, since it has a higher spatial resolution compared with
CE-MRA [92, 93].
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For the grading of a carotid artery stenosis CE-MRA is
an excellent technique. For detecting carotid artery disease,
CE-MRA is comparable with CTA and DUS. For detecting
severe stenosis (70–99%) it is superior to CTA and DUS and
is the most accurate method [78, 94–96]. CE-MRA is also
very accurate for detecting total occlusions and can precisely
discriminate near from total occlusion [70, 97]. For moderate
ICA stenosis CE-MRA and especially TOF MRA appear to
be poor diagnostic tools [97].

MRI is the preferred technique for the evaluation of stroke
or transient ischemic attacks before and after stent place-
ment, because it is the most sensitive technique for detecting
early ischemic complications [88]. Diffusion-weighted im-
ages (DWI) should be obtained since patients who present
with lesions visualized in DWI, especially when multiple, are
at higher risk of recurrent ischemic events [88].

In the last years different MRI protocols have been evalu-
ated for detecting different plaque characteristics. A multi-
sequence MRI protocol has been proposed by different
authors and can be used as a guide to assess the vulnerability
of a carotid plaque [37, 98]. T1-weighted images before and
after the application of contrast, proton density (PD)-, and
T2-weighted images as well as TOF help to differentiate
morphological characteristics [37]. Fat suppression should
be used in all sequences to avoid signal from the subcuta-
neous fat.

For identifying an active inflammation of a carotid plaque,
contrast has to be used and the inflammatory process can
be detected by contrast enhancement of the vascular wall
[40]. The lipid-necrotic core can accurately be differentiated
from the surrounding tissue comparing pre- and post-contrast
T1-w images since the lipid-necrotic core does not show
enhancement after contrast [99]. The fibrous cap is hyperin-
tense relative to the lipid-necrotic core after contrast on T1-
w images [100, 101]. Calcified nodules appear hypointense
on all 4 weightings and can be differentiated from the
vascular lumen after the application of contrast or might be
distinguished from the bright lumen in the TOF images [100,
102]. Intra-plaque hemorrhage can appear hyperintense on
TOF and T1-w images and iso- or hypointense on PD- and
T2-weighted image if type I hemorrhage is present but can
have a high signal intensity on all sequences in case of type
II hemorrhage [100].

MRI After Stent Placement: CE-MRA has been reported for
the follow-up as it has the potential to visualize the patent
stent lumen [103, 104]. Two techniques have been used to
evaluate carotid stents, the CE-MRA and TOF MRA. The
main problems of MRI are stent-related artifacts that lead
to artificial lumen narrowing [84]. Artifacts depend on the
stent material; here, different magnetic susceptibility charac-
teristics of the stent influence the image quality [84, 105].
On the other hand, stent geometry and size of stents have an

impact on the visualization of the stent lumen [84]. Currents
induced inside the stent struts reduce signal strength leading
to artificial lumen narrowing. In contrast to CE-MRA, the
TOF MRA is based on rapid radiofrequency pulses, which
furthermore increases susceptibility artifact [104]. For this
reason, MRA in the follow-up after carotid stent placement
has only limited value.

MRI Limitations: MRI is not as widely available as CT and
is generally more expensive. It is contraindicated in patients
with pacemakers, cochlear implants, neurostimulators, and
metallic foreign objects. The application of contrast carries
the risk of allergic reactions and renal complications, includ-
ing nephrogenic systemic fibrosis [84]. Claustrophobic pa-
tients might need sedation due to the long and narrow gantry.
To entirely assess extra- and intracranial vascular structures
and plaque morphology and evaluate intracerebral lesions,
it is a time-consuming method. Acquisition time of certain
MRI sequences might be long and MRI is therefore sensible
to motion artifacts. As described previously and depending
on the sequences used, image quality can be restricted by
factors, such as limited spatial resolution or scan range,
flow signal intensity loss as a result of saturation or phase
dispersion, and susceptibility artifacts [106]. Furthermore,
MRA is reported to overestimate the degree of ICA stenosis,
especially in non-contrast sequences such as TOF [50, 71].

Until recently, indication for carotid revascularization was
related to patient symptoms and the degree of stenosis as-
sessed by imaging techniques measuring the vessel’s caliber,
giving no information on plaque characteristics (stable or
instable “vulnerable plaque”).

Recent studies demonstrate how a 40% stenosis with a
0.2 mm thick “fibrous cap” is associated with the same wall
stress and has risk of rupture as an 80% stenosis with a
0.5 mm thick “fibrous cap” [107].

In the next years, treating patients with “high-risk plaque
morphology” will become a proven practice and standard of
care supported by improvements in CT and MRI characteri-
zation of plaques.

6 Techniques of Carotid Artery Stenting

The efficacy of CAS in preventing stroke depends on care-
ful patient selection and technical details. Although CAS
is generally associated with low intraprocedural and post-
procedural adverse neurologic events, it is mandatory to
continuously undertake efforts to further reduce the rate of
adverse events because these have a major effect on patient
outcome.

Techniques and materials used for CAS are constantly
evolving in order to make this procedure effective and safer.
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One major concern with CAS is the potential distal
embolization of particles from the treated site during the pro-
cedure. Embolic particles are classified as either macroem-
boli (>150 �m) or microemboli (<150 �m). Macroem-
boli, especially >200 �m, are associated with neurological
events. To avoid this, various cerebral embolic protection
devices (EPDs) have been developed and improved during
the last years. However, published data to date do not clearly
demonstrate the usefulness or safety with respect to clinical
complications [108]. The use of EPDs, for some authors
including us, increases the procedural complexity and risk
of embolization during device manipulation. Since EPDs are
expensive and prolong procedure time, it is important to
determine the clinical value of this practice [109].

In 2000 our group started to treat carotid stenoses treated
by CAS without using EPDs and without performing balloon
dilatation neither before nor after stent placement, with
encouraging results in the short and long term [110–112].

Herein, we will provide a step-by-step approach to the
clinical and technical aspects that ensures the safe per-
formance of carotid stenting. This includes the technique
mostly performed worldwide with the use of EDPs and
balloon angioplasty; the less used technique in which balloon
angioplasty and stenting are performed without neuroprotec-
tion; and finally we will describe the author’s technique for
CAS without neuroprotection and balloon angioplasty, and
discuss, from our point of view, the advantages of it.

6.1 Considerations for Safe CAS

6.1.1 Clinical Protocol (Table 25.2)
All patients should undergo a neurologic examination by a
neurologist in order to document the pre-procedural clinical
status using the baseline N.H.I.S.S (National Institute of
Health Stroke Scale) or other functional scales.

The indication for stenting is given by DUS and DSA in
most of the cases. In selected cases CTA or MRA can be also
performed.

We pay close attention to the morphological aspect of the
plaque which is assessed by ultrasonography. The plaque
morphology is classified into 4 grades: grades 1 and 2
(echolucent or predominantly echolucent plaque) are con-
sidered as high-risk plaque morphology; grade 3 (predomi-
nantly echogenic) is medium risk, and grade 4 (echogenic)
was low risk for stroke [5]. In our protocol, all patients with
a high-risk plaque are treated if stenosis was more than 50%.
Consider, if available, plaque characterization with MRI or
CT (see high-risk plaque).

Angiography is performed prior to the endovascular inter-
vention. The degree of stenosis before stenting is quantified
using the NASCET criteria [6].

Table 25.2 Clinical protocol

Clinical protocol

Pre-procedure:
• Carotid Duplex Ultrasound
• 4-Vessel DSA (whenever possible previous to procedure)
• MRI with DWI. If not possible CT-Scan
• Neurological evaluation
• ASA 100 mg PO bid � at least 3 days
• Clopidogrel 75 mg or Ticlopidine 250 mg PO bid � at least 3 days

Procedure:
• No sedation
• 5,000 IU of heparin IV bolus
• Squeezing toy in contralateral hand
• Placement of devices directly in the carotid to be treated
• Sheath removal

Post-procedure:
• Post-procedural neurological evaluation
• Carotid Duplex Ultrasound
• MRI with DWI. If not possible CT-Scan within 48 h post-procedure
• ASA 100 mg PO bid � life
• Clopidogrel 75 mg � 3 months
• Clinical and US F/U: 1, 3, 6, 12 month, annually thereafter

Before treatment, and whenever possible, a baseline cere-
bral MRI including diffusion weighted images (DWI) is
recommended. If contraindicated or not available, CT should
be done.

Patients must receive either a combination of clopidogrel
75 mg and aspirin 100–325 mg for at least 3 days prior to
carotid stenting or, alternatively, loading doses of clopidogrel
600 mg and aspirin 325 mg at least 3 h prior to the procedure.

The intervention is performed under local anesthesia at
the site of the vascular access. Neurological status, electro-
cardiogram, and blood pressure are monitored through the
procedure. After procedure patient is sent to the intensive
care unit to be monitored for 24 h (if balloon dilatation
is performed) and neurologic status is evaluated. In our
institution, patients go to a regular room because angioplasty
is not done (see below our experience in CAS) and are
discharged 48 h after procedure. During this time, DWI is
repeated in order to document any new ischemic lesion.

6.1.2 Technique
The current technique of carotid and angioplasty used by
most teams around the world can be divided into the follow-
ing ten steps:

1. Vascular access
2. Angiographic evaluation
3. Common carotid engagement
4. Crossing the stenosis

a. With EPD
b. Without EPD

5. Predilatation of the stenosis
6. Stent Placement
7. Post dilatation
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Fig. 25.5 Pre-procedure
parenchymogram performed with
a pigtail catheter placed on the
ascendant aorta injecting a
volume of 30–40 ml of nonionic
contrast media with a debit of
15 ml/seg. (a–c) show a delay of
contrast media through the left
carotid artery, and a perfusion
defect (circle) in the left
hemisphere. (d, e) after CAS
show no more delayed and
perfusion deficit

8. Removal of EDP
9. Control angiogram

10. Sheath removal and Hemostasis

Vascular Access
Femoral arterial access is the preferred approach. Alterna-
tives, in case of interrupted ilioaortic pathway or extremely
tortuous aortic arch, are the radial/brachial access, and a
direct carotid puncture.

Angiographic Evaluation
In most cases, brachiocephalic angiography can be per-
formed using a single vertebral catheter. Sometimes, other
catheters with different shapes may be useful, especially in
cases of aortic arch type II or III.

Diagnostic angiography consists of visualization of the
origins of the brachiocephalic arteries (this can be accom-
plished by a global injection using a pigtail catheter with a
30ı–45ı left anterior oblique projection, LAO), both carotids
in at least two orthogonal projections, both vertebral arter-
ies, and the intracranial circulation. In addition, our team
performed a parenchymogram to assess areas of perfusion
deficit (Fig. 25.5).

The advantages of performing a complete brachiocephalic
angiography rely on the demonstration of anatomical con-
ditions which could be unfavorable for carotid stenting or
increase the difficulty of the procedure (e.g., severe ves-
sel tortousity, heavy calcified stenosis, floating thrombus),
knowledge of contralateral carotid stenosis or occlusion
and status of the intracranial circulation that impacts on
the stenting technique (e.g., choice of occlusive protection
devices or filters), and the possibility of comparing final
control angiograms with the baseline images in case of
intraprocedural neurological complications.

Common Carotid Engagement
Once the carotid lesion is identified, a roadmap through
the diagnostic catheter is performed in order to depict the
external carotid. Then a 0.03500 260 cm stiff Terumo type
wire is advanced distally into the external carotid. The
diagnostic catheter is withdrawn and an 8 Fr guiding catheter
or a long 6 Fr sheath (Shuttle, Cook Inc., Blomington,
IN; or Destination, Terumo, Japan) is advanced into the
common carotid artery over the exchange length Terumo
wire (coaxial technique). If diagnostic angiography has been
previously done, the stenting procedure starts by placing
from the beginning a 6 Fr long sheath over a 0.035” guide
wire via the femoral approach into the descending aorta
at a short distance from the origin of the left subclavian
artery. After withdrawing the dilator from the long sheath,
a long 125 cm catheter (Vertebral, Headhunter, Simmons) is
introduced into the sheath and used to catheterize with the
common carotid. Through it, and using roadmapping, a stiff
0.0035” Terumo guide wire is placed in the distal external
carotid artery. Fixing the inner catheter and the wire with the
right hand, the long sheath is advanced using the left hand
into the common carotid artery 2 cm below the bifurcation
(telescopic technique) (Fig. 25.6).

As soon as the introducer or a long sheath is placed
into the arterial system, a dose of 5,000 units of heparin is
administered through the sheath.

Engaging CCA in a safe way is the most important part of
a successful carotid stenting procedure.

Crossing the Stenosis
Baseline angiograms are performed with different angle
views in order to choose the one that depicts better the max-
imum severity of the stenosis. If the angio suite counts with
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Fig. 25.6 Telescopic technique.
(a) Aortogram showing a Type III
aortic arch with the left carotid
originating from the
brachiocephalic trunk. (b, c) A
125 cm long Simmons catheter
(thick arrow) is used through a
6 Fr 90 cm long Sheath (hollow
arrow) to catheterize the left
CCA. First the Simmons catheter
is advanced into the CCA through
a 0.0350 Terumo stiff guide wire
placed in the external carotid
artery, and then the long sheath is
advanced over the catheter and
positioned 2 cm below carotid
bifurcation. (d–f) Finally, after
retrieving the catheter and the
guide wire, the stenosis is crossed
with a 0.014 micro guide wire
and the stent is advanced and
released at the site of stenosis. No
EPD was used in this case
achieving a good result with a
residual stenosis <20%

rotational angiography, a 3D reconstruction can be useful
to better depict the carotid stenosis and choose the working
projection, which should maximally separate the internal and
external carotid artery. Measures of the diameters of the
common and internal carotid are taken (Fig. 25.7).

The next step depends on whether the procedure is going
to be done with or without EPDs.

CAS with EPDs
EPDs can be classified into two groups: filters and balloon
occlusion systems (Figs. 25.8 and 25.9). In turn, balloon
occlusion systems can be divided into distal and proximal
balloon occlusion.

The main advantage of filters is that they do not interrupt
blood flow to the brain (Fig. 25.10). It is also possible to
verify the stent position prior to its deployment by contrast
injections. However, they present some limitations: the cross-
ing profile of almost all filters is larger than that of the distal
occlusion balloon. In certain anatomical situations such as
tight eccentric stenosis or marked tortousity of the distal ICA,
this may preclude filter placement into the distal ICA. The

introduction of new generation of filters which are low profile
(Fibernet, Invatec) or permit to manipulate the wire indepen-
dently from the filter (Sider, ev3; Emboshield, Abbot) may
allow us to overcome these difficulties. Other drawbacks of
filters include the possibility of debris dislodgement during
the recapture phase (squeezing effect), and the fact that they
can be an embolic source themselves due to intimal damage
at the landing zone.

Filters must be placed far enough from the stenosis in
a straight segment of the distal ICA. If the filter is opened
close to the stenosis there will not be adequate place to
allow stent placement, and, if it is positioned in a curve
segment, incomplete wall apposition may occur and allow
even macroemboli to bypass the protection device.

Characteristics of the main filter protection devices are
summarized in Table 25.3.

Distal balloon occlusion systems (e.g., Percusurge Guard-
wire, Medtronic), in contrast to filters, do not allow flow
into the distal bed; therefore its use is contraindicated in
cases of isolated hemisphere (absence of collaterals from the
contralateral carotid or vertebrobasilar system).
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Fig. 25.7 3D images obtained
from a rotational angiography
depict well the stenosis, allow
taking measures (a, b), and
choosing the working projection
on DSA (c)

Fig. 25.8 Graphic showing a
filter (a), distal occlusion balloon
(b), and proximal occlusion
balloon with flow reversal (c)

Both filters and distal balloon occlusion systems may
increase the risk of arterial vasospasm, thrombosis, and
dissection.

Proximal balloon occlusion systems consist of 8–9 Fr
sheaths with and integrated balloon that is positioned in the
CCA and an extended integrated (e.g., MO.MA, Invatec)
or an independent (Neuroprotection System NPS, Gore)
balloon catheter that is positioned in the ECA. The dual
inflation of balloons reverses flow in the index carotid artery;
therefore any emboli generated during procedure will travel

in the direction of the flow towards the femoral artery. This
allows the stenosis to be crossed with the micro guide wire
of choice under protection. The use of these systems is more
cumbersome; they are also contraindicated in case of isolated
hemisphere, and their use is restricted in case of severe
disease of the ECA and CCA.

CAS Without EPDs
There are many physicians who perform CAS without the
use of EDPs. The only difference with protected CAS is that
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Fig. 25.9 Carotid protection
systems: (a) The SPIDER filter
with nitinol basket (ev3,
Plymouth, MN). (b) The Filter
Wire EZ (Boston Scientific). (c)
The Angioguard filter with
porous polyurethane membrane
(Cordis, Miami, FL). (d) The
Accunet filter basket (Guidant,
Santa Clara, CA). (e) The
PercuSurge GuardWire distal
balloon occlusion system
(Medronic, Santa Rosa, CA). (f)
Mo.Ma proximal balloon
occlusion system (Invatec,
Roncadelle, Italy)

instead of using EDPs, the stenotic lesion is crossed with a
steerable 0.014” guide wire after appropriate shaping of its
tip and then placed close to the skull base. Balloon pre- and
post dilatation are performed, although cerebral protection is
not used.

In our team CAS is performed mostly without the use of
balloon angioplasty neither pre- nor post-stent deployment
and therefore without the use of cerebral protection devices.
In our opinion EDPs add further manipulation, cost, and risk
to the procedure, so we consider that by reducing the number
of endovascular maneuvers in the supraortic vasculature, the
risk of plaque material dislodgment can be reduced.

Predilatation of the Stenosis
Many authors perform predilatation routinely with a non-
compliant balloon to permit the larger stent to cross the
lesion in a less traumatic fashion. We only predilate in case
of a very tight or calcified lesion precluding stent passage
and positioning. In these cases, predilatation with a 2.5–
3.5 mm monorail angioplasty balloon is necessary prior to
stent deployment.

Following the predilatation, the wire of the EDP or the
wire alone (in case of non-protected CAS) is left in position
and used to advance the stent.

Stent Deployment
At the present time, only self-expanding stents are used to
treat stenosis at the carotid bifurcation. The only indications
for using balloon expandable stents are stenosis at the ostium
of the common carotid, at the petrous segment, or in cases in

which self-expandable stents cannot be advanced through the
stenoses despite balloon predilatation. In this case a 4–6 mm
balloon expandable stent is first deployed at the stenosis to
prevent recoil and to allow the passage and deployment of a
definitive self-expandable stent.

Currently, there are two types of stent material: cobalt
chromium alloy (elgiloy) and nickel titanium alloy (nitinol).
See characteristics in Table 25.4.

The stent must be deployed from “normal to normal” ves-
sel, positioning the lesion in the middle. The stent diameter
is oversized 10–40% versus the reference vessel diameter.
Since there is usually a mismatch between the diameter of
the internal and the common, the stent diameter should be
chosen taking into account the latter one.

The choice of the optimal carotid stent depends mainly
on arterial anatomy and lesion morphology. When treating
a tortuous anatomy, stents with a flexible and conformable
open-cell configuration are preferred. In arteries with a
significant mismatch between common carotid artery and
internal carotid artery diameter, elgiloy or tapered nitinol
stents are selected. Lesions with suspected high emboligenic-
ity (see high-risk plaque) are best covered with stents with
a closed-cell configuration, whereas highly calcified lesions
need treatment with nitinol stents (Fig. 25.11).

Postdilatation
The sized of the postdilatation balloon is matched to the
diameter of the internal carotid artery at the site of stenosis.
The most used balloon diameter is 5 mm (rarely 6 mm diam-
eter). Since hemodynamic depression with bradycardia and
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Fig. 25.10 (a) Suboclusive
stenosis of the ICA. (b) Filter
positioned distally in a straight
segment of the ICA (arrow). (c)
After stent placement a
5 � 20 mm monorail balloon is
used to expand the stent. (d, e)
The recovery catheter is advanced
into the filter wire in order to
envelop and retrieve it (double
arrow). (f) Final control angio

Table 25.3 Characteristics of the main filter protection devices

Filter
Relationship to guide
wire Basket position

Pore size
(�m)

Crossing
profile (Fr)

Accunet (Abbott) Wire-mounted torque
independent

Concentric 125 3.5–3.7

Angioguard (Cordis) Wire-mounted Concentric 100 3.2–3.9

Emboshield (Abbott) Wire-mounted
Free-wirea

Concentric 120 2.8–3.2

Fibernet (Invatec) Wire-mounted Concentric 40 2.4–2.9

Spider (ev3) Free-wirea Eccentric 167–209 3.2
aFilters are independent and are loaded in a free guide wire

asistolia is not uncommon during balloon dilatation, atropine
1 mg is routinely given just before balloon postdilatation.

Remember that postdilatation is the most critical step con-
cerning neurological events. The greatest amount of emboli
is released during dilatation, so it should be carried out with
extra care: do not use balloon larger than 5 mm, inflate to
nominal pressure, and accept up to 30% residual stenosis.

Removal of EDPs
Filters: by fixing the filter wire with the right hand, the
retrieval catheter is advanced with the left hand towards the
distal filter such that its distal retrieval pod fully envelops the
filter, which can then be withdrawn.

Distal occlusion balloon: prior to deflation of the balloon,
an aspiration catheter is advanced till just before the inflated
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Table 25.4 Characteristics of the main self-expandable stent

Stent type Advantages Disadvantages Name of stents

Cobalto alloy braided
mesh stents

• Small and flexible delivery
system

• Potential unpredictable shortening
during deployment Wallstent-Boston Scientific

• High scaffolding properties
(plaque covering)

• Loss of structural flexibility when
inserted into vessels

• Ability to accommodate to
carotid bifurcation

• Unpredictable radial force (depending
on the angle formed between the
braided mesh)

Nitinol open-cell stents
(cylindrical or tapered)

• Absence of shortening during
deployment

• Moderate scaffolding properties
(plaque covering)

Precise-Cordis Exponent-Medtronic
Viviexx-Bard Protégé-ev3
Acculink-Abbot Sinus-Optimed

• Conformability and flexibility
• Stent strut malalignment in complex

carotid lesions
• High vessel wall adaptability
• Predictable radial force

Nitinol closed-cell stents
(cylindrical or tapered)

• Absence of shortening during
deployment • Significant stiffness of the structure Xact-Abbot NexSstent-Boston Scientific

• High scaffolding (plaque
covering) • Poor conformability and flexibility

• High predictable radial force

Hybrid Nitinol Stent
• Absence of shortening during

deployment
• Fixed length of the closed-cell portion

(10 13 mm) Cristallo Ideale-Invatec
• High conformability and

flexibility on both
extremities

• Lower scaffolding propriety at the
closed-and open-cell junction

• High vessel wall adaptability
on both extremities

• High scaffolding at the
mid-portion

• Predictable radial force

Fig. 25.11 The free cell area is
shown in blue. (a) Closed-cell
design; (b) Open-cell design;
(c) Straight and tapered-stent
configurations

balloon over the wire. Maintaining constant aspiration with
a 20 cc syringe, the aspiration catheter is advanced to the
occlusion balloon and pulled back to the carotid bifurcation
several times till approximately 50 cc of blood is aspirated.
This maneuver aspirates debris preventing distal emboliza-
tion once the occlusion balloon is deflated.

Proximal occlusion balloon: after balloon postdilatation,
three 20 ml syringes of blood are aspirated and checked
for debris before deflating the balloons. Further aspiration
must be done if debris are still present in the third syringe
until no more particulate debris is seen. Following a control
angiogram the system is pulled back to disengage the balloon
catheter in the ECA from behind the stent and removed.

Control Angiogram
Final angiograms should be acquired in the same baseline
projections. If a distal protection device has been used, the
intracranial segment of the ICA has to be checked carefully.
In case of vasospasm, nimodipine 1–4 mg or 200–400 �g
of nitroglycerine can be administered through the guiding
catheter or sheath. In case of spiral dissection, adjunct stent
placement is required in most cases.

AP-lateral intracranial angiography should be acquired
routinely and compared with the same projections as
baseline.

In our working group, parenchymogram is performed at
the end of procedure to evaluate the improvement of the
initial perfusion deficit.
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Sheath Removal and Hemostasis
If manual compression is used to achieve hemostasis, ACT
has to be <150, before removing the sheath.

Whenever possible, we prefer to use a percutaneous
closure device (AngioSeal, St Jude Medical Inc) to achieve
hemostasis in these patients who are receiving aspirin and
clopidogrel in addition to the low weight heparin that we
prophylactically administer them until discharged 48 h later.

6.1.3 Complications
Carotid Artery Spasm
The most frequent complications with distal protection de-
vices are spasm and slow-flow. Slow-flow may occur with
filters when their pores are partially or completely occluded
with debris. If this occurs it is important to first aspirate the
column of stagnant blood proximal to the filter as this may
contain suspended particles through the guiding catheter or
guiding sheath which are advanced as closer as possible, and,
when recovering the filter, it is important to just envelop the
proximal portion of the filter to avoid squeezing the debris.

Spasm of the distal ICA usually resolves spontaneously
within several minutes after removal of the device or with
intra-arterial administration of nimodipine or nitroglycerine

Distal Embolization
The most frequent sites are the distal ICA and the middle
cerebral artery including its major branches which is easy
to detect. Every physician performing CAS should have a
thorough knowledge of the intracranial vascular anatomy
and expertise in advanced neurorescue techniques includ-
ing chemical and mechanical fibrinolisis. Embolism in the
smaller branches requires careful scrutiny utilizing the pre-
procedural angiogram. For a symptomatic small and periph-
eral branch occlusion adequate hydration, blood pressure,
and anticoagulation should be carried out to increase chances
of recovery.

Bradycardia and Hypotension
Bradycardia, hypotension, and/or asystole are common dur-
ing balloon dilatation at the carotid bifurcation and are
routinely prevented with 1 mg atropine just before balloon
postdilatation. These events are less common in case of treat-
ing stenosis beyond the carotid bulb or restenosis after CEA
because the receptors are not located at the site of stenosis
or because they have been denervated by surgical dissection.
Hypotension due to stimulation of the baroreceptors from
both balloon dilatation and the persisting stretch of the self-
expanding stent is not uncommon and is usually managed by
adequate intravascular volume expansion. Continued hemo-
dynamic monitoring in an Intensive Care Unit for at least 24
h in the post-procedural period is crucial.

Hyperperfusion Syndrome
The hyperperfusion syndrome is a clinical triad of ipsilat-
eral headache, seizure, and focal neurological symptoms
occurring in the absence of cerebral ischemia. Intracranial
hemorrhage may also occur. It is related to long-standing
hypoperfusion that results in impaired autoregulation of
the microcirculation; thus following revascularization the
increased perfusion pressure overwhelms the ability of the
dilated arterioles to constrict.

This typically occurs in patients with severe carotid steno-
sis and poor collateral circulation. Strict control of blood
pressure and anticoagulation in patients at risk is essential
to prevent it.

Carotid Dissection
Carotid dissection is a rare complication, favored by severe
tortousity, poor control of distal EDPs position, postdilata-
tion of the distal stent edge within the ICA, and aggressive
manipulation of the guiding catheter in the CCA. Man-
agement options depend on the severity of flow restriction
and include additional stent implantation, or a conservative
therapy with anticoagulants and/or antiaggregants.

Intracranial Hemorrhage
Intracranial hemorrhage is a life-threatening complication. A
severe headache, followed by sudden loss of consciousness
in the absence of vessel occlusion, should alert the operator.
Heparinization should be reversed, an emergency CT scan
performed, and the neurosurgeons put on alert.

Acute Stent Thrombosis
Acute stent thrombosis is a rare event in which a correct dou-
ble antiplatelet therapy is essential to decrease at minimum
the rate of stent thrombosis and the periprocedural embolic
events.

Carotid Perforation
Carotid perforation is an extremely rare complication that
occurred mostly due to an aggressive dilatation with an
oversized balloon. It is important to always count with a
covered stent to manage this situation.

7 Our Experience in CAS Without
Cerebral Protection and Balloon
Angioplasty

From 2001 we started to perform CAS using a simplified
technique. On the basis of our experience, we considered
that the use of EPDs is mostly not required to treat carotid
stenoses, since balloon angioplasty is not performed either
before or after stent placement. It is well known that the
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Fig. 25.12 (a) DSA reveals a
severe internal carotid stenosis.
(b, c) Final angiogram shows an
optimal result with a residual
stenosis of <10%. (d) Plain film
obtained 1 month after procedure
showing complete expansion of
the stent

highest potential for embolization occurs in the postdilatation
when the balloon crushes the plaque against the stent struts.

The rationale for performing CAS in this way is that, un-
like peripheral or coronary stenoses, carotid stenoses are very
infrequently symptomatic due to hemodynamic compromise.
Rather, symptoms arise from embolization from a carotid
plaque. Therefore, it remains to be determined what degree
of correction of carotid stenosis is necessary to reduce the
risk of embolization, because it is known that balloon dilation
to achieve total expansion at once might produce a higher risk
of procedural complications such as additional emboli.

In our series, the 30-day composite rate of any stroke or
death was 1.2% (0.8% for symptomatic and 0.4% for asymp-
tomatic patients). These results are considerably below the
3% and 6% of maximum complication rates recommended
in the American Heart Association guidelines for carotid
endarterectomy of asymptomatic and symptomatic patients,
respectively.

In our series, the degree of stenosis decreased from a mean
of 82% before the procedure to a mean of 30% immediately
after stent placement. In 156 patients, the immediate residual
stenosis was <30%; in 79, between 30% and 50%; and in 20
patients,>50% (in all these patients, there was at least a 20%
improvement of stenosis) (Fig. 25.12).

Most in-stent restenoses that occur during the follow-
up are asymptomatic, as evidenced by the low rates of
ipsilateral stroke during follow-up. Although the criteria for
re-intervention are not well defined, we perform angioplasty
with cerebral protection in all patients presenting with>70%
restenosis.

Carotid sinus reaction including bradycardia, asystole,
and hypotension is one of the most common complications of
internal carotid artery angioplasty. In the published literature,
the rate of hypotension after CAS varies from 10% to 42%,
and the rate of bradycardia from 27% to 37%, whereas in
our patients occurred in 5.1%. The sustained outward force
of a self-expanding stent seems to be a weak stimulus to the

baroreceptors of the carotid sinus, whereas forceful dilation
with a balloon is a strong stimulus; therefore, these adverse
events can be drastically reduced if balloon dilation is not
used.

DWI is currently the most sensitive tool for detecting
early cerebral ischemia and offers the possibility of revealing
small and thus asymptomatic lesions occurring during CAS,
so it would have considerable use in evaluating the efficacy
of EPDs. In 82 patients, MR imaging with DWI could
be performed before and within 48 h after the procedure,
depicting 8.5% of silent infarcts. This result compares fa-
vorably with previous reports that reveal a number of silent
ischemic lesions after neuroprotected CAS, ranging from
15.3% to 50%. This finding supports the idea that less device
manipulation, including EPDs, across the lesion minimized
emboli dislodgment.

Finally, with this technique, in which a CPD is not needed
because angioplasty is not performed, indications for CAS
can be extended. There are some anatomic difficulties such
as tortuous vessels, in which CPDs are not suitable for
navigation or placement; in these cases, our technique may
overcome such difficulties, making the procedure possible
and safer (Fig. 25.13).

8 Conclusion

CAS is a well-established therapy for the carotid artery
disease with a very low rate of complications when per-
formed by experimented operators. Most of the registries and
well-conducted trials demonstrated that CAS and CEA are
equivalent in terms of stroke prevention in a broad category
of patients with carotid stenosis.

Indication for carotid revascularization should no longer
be based only on the clinical data and the degree of stenosis
assessed by imaging techniques measuring percentage of
stenoses, but also on plaque characteristics. Improvements
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Fig. 25.13 (a) Severe carotid
artery stenosis. (b) The tortousity
of the post-stenotic segment of
the ICA might have precluded
filter placement (arrow). (c)
Without the use of CPDs the stent
could be placed easily obtaining a
good self-expansion of the stent
in the immediate angio control.
(d) Final angio control 5 min later
shows that the stent continued to
expand without residual stenosis

in CT and MRI characterization of plaques may help in the
identification of high-risk atherosclerotic plaque and in the
quantification of biological markers, especially inflamma-
tion, that carry an increased embolic risk.

Based on our experience, stenting alone without the use of
balloon angioplasty and therefore without using EDPs might
be enough to treat patients who have symptomatic or asymp-
tomatic severe carotid stenosis. In case of in-stent restenosis
or lack of expansion angioplasty may be performed a second
time safely if necessary.

Stenting alone may reduce the occurrence of hemody-
namic depression during and after the procedure, avoiding
the need of vasopressor support and ICU, thus reducing in-
hospital stay and costs.

Further improvements in device technology are expected,
making CAS procedure safer and positioning it as the pre-
ferred method to treat carotid artery disease in a wide range
of patients.
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(IVUS) Images

Arash Taki, Alireza Roodaki, Sara Avansari, Ali Bigdelou, Amin Katouzian,
and Nassir Navab

1 Introduction

The aim of this part of the project is to classify pixels from
plaque area of IVUS images into three tissue classes: dense
calcium (DC), fibro-fatty (FF), and necrotic core (NC). These
plaque components appear with different texture patterns in
IVUS images (Fig. 26.1).

Thereby, texture analysis methods are best suited to
characterize coronary plaque compositions. In most texture
analysis methods, for each pixel (i, j) of the image ID D

(or I), a (M C 1) � (N C 1) neighborhood I fi C m; j C ng
with m 2 f� M

2
; M

2
g and n 2 f� N

2
; N

2
g calling sweeping

window is being processed. Then, textural features are
extracted from this sweeping window and assigned to the
central pixel. Finally, according to the extracted features,
pixels are classified into predetermined classes by the means
of a classifier. It is worth mentioning that since IVUS images
are circular cross section of the blood vessel, input images
are converted into polar coordinates before applying texture
analysis methods so that rectangular sweeping windows used
for feature extraction are utilizable (Fig. 26.2).

Figure 26.3 shows the outline of the project and the steps
of Tissue Characterization stage. However, each of the pro-
posed algorithms later explained in this chapter may follow
some or all of these steps. It is worth defining the materials
of these steps before stating the proposed algorithms.

Note: In this chapter, the plaque area is taken directly from
the VH examples, in order for us to be able to validate the
classification algorithms proposed here.
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2 Materials and General Background

2.1 Feature Extraction Methods

Co-occurrence matrix and statistical properties: A co-
occurrence matrix, C, is used to describe the patterns of
neighboring pixels in an image at a given distance d, and
a given direction 
 2 f0ı; 45ı; 90ı; 135ıg corresponding to
horizontal, diagonal, vertical, and anti-diagonal directions
(Fig. 26.4). This matrix is somehow a second-order his-
togram of the image and gives information about the relative
positions of the various gray levels within the image [1].

Let us consider the neighborhood centered on the pixel
(i, j) from image I. Its co-occurrence matrix is defined in
a certain direction as Cd;�.a; b/,where a; b 2 Œ1; : : : ; P �;

where P refers to maximum gray level in image I and d is
the gray level distance in the direction 
 . Figure 26.5 gives a
graphical description of this process for C1;0ı .

Various textural features can then be derived from co-
occurrence matrix. For defining these textural features it is
necessary to calculate the following statistical parameters in
the first step:

P d;�.a; b/ D Cd;�.a;b/

PP
aD1

PP
bD1

Cd;�.a;b/

(26.1)

P d;�
x .a/ D

PX
bD1

P d;� .a; b/ (26.2)

P d;�
y .b/ D

PX
aD1

P d;� .a; b/ (26.3)
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Fig. 26.1 Different tissue types
in plaque area of IVUS images:
(a) dense calcium, (b) necrotic
core, and (c) fibro-lipid

Fig. 26.2 Cartesian–Polar
conversion of IVUS images for
feature extraction

Fig. 26.3 Outline of the project
and steps of Tissue
Characterization stage

P
d;�
xCy.k/ D
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bD1

P d;� .a; b/; a C b D k;
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Fig. 26.4 The four directions
used to form the co-occurrence
matrix

Fig. 26.5 Construction of the
co-occurrence matrix in
horizontal direction: (a) the
original image, (b) horizontal
neighboring of gray levels 1 and
4 with distance 1 occurred once
in the image, and (c) the final
result of the horizontal
co-occurrence matrix
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Based on these statistical parameters, the 14 Haralick
texture features are defined as follows:

1. Angular second moment (ASM): this feature is a mea-
sure of smoothness of the image. The less smooth the
image is, the lower is the ASM.

f
d;�

1 D
PX

aD1

PX
bD1

P d;�.a; b/ (26.11)

2. Contrast: This feature is a measure of local gray-level
variations.

f
d;�

2 D
P �1X
kD0

k2pd;�
x�y.k/ (26.12)

3. Correlation:
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8. Sum entropy:
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10. Difference variance:
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11. Entropy: This feature is a measure of randomness of the
image and takes low values for smooth images.
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12. Information measure:
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13. Maximal correlation coefficient:

f
d;�

14 D
q

second largest eigenvalue ofQd;� (26.24)

Local binary pattern (LBP): LBP is a structure-related
measure in which a binary number is allocated to the cir-
cularly symmetric neighborhoods of the center pixel of the
window being processed and the histogram of the resulting
binary patterns can be used as a discriminative feature for
texture analysis [2, 3]. Actually, in this method N neighbors
of the center pixel (i, j) on a circle of radius R with co-
ordinates

��R sin �n
N
; R cos �n

N

�
.n 2 f0; : : : ; N � 1g/ are

processed. Typical neighbor sets .N;R/ are (8, 1), (16, 2),
and (24, 3), as shown in Fig. 26.6.

As these coordinates do not match the coordinates of
the processing window, their corresponding gray levels are
estimated by interpolation. Let gc correspond to the gray
value of the center pixel and gn correspond to the gray values
of the N neighbor pixels. A binary digit is then allocated to
each neighbor based on the following function:

s.gn � gc/ D
�
1; gn � gc � 0

0; gn � gc < 0
(26.25)

Then, by rotating the neighbor set clockwise the least sig-
nificant resulting binary string is assigned to the processing
as its binary pattern LR;N D fL0

R;N ; : : : ; L
N �1
R;N g. This way

the local binary pattern is rotation invariant. The basic steps
for calculating LR;N and some microstructures that binary
patterns can detect in images are illustrated in Fig. 26.7.

Based on the binary pattern LR;N and the gray values
of neighbor pixels gn; three texture features are defined as
follows (Figs. 26.8, 26.9, and 26.10):

f 1
R;N D

N �1X
nD0

Ln
R;N 2

n (26.26)

f 2
R;N D varfgng (26.27)

f 3
R;N D

8<
:

N �1P
nD0

Ln
R;N ; U.LR;N / � 0

N C 1; otherwise
(26.28)

Function U is a transition counter that counts the transi-
tion between 0 and 1 and vice versa in the binary pattern.

Run-length matrix: One of the methods that has been
extensively used in segmentation and texture analysis is run-
length transform [1]. A gray-level run is a set of consecutive
pixels having the same gray-level value. The length of the
run is the number of pixels in the run. Run-length features
encode textural information related to the number of times
each gray-level appears in the image by itself, the number of
times it appears in pairs, and so on. Let us consider the neigh-
borhood centered on the pixel (i, j) from image I. Its run-
length matrix is defined in a certain direction as Rk.a; b/;

where a 2 Œ1; : : : ; P � ; where P is maximum gray level and
b is the run length, i.e., the number of consecutive pixels
along a direction having the same gray-level value. In this
approach each neighborhood is characterized with two run-
length matrices: Rv.a; b/ and Rh.a; b/ corresponding to
vertical and horizontal directions, respectively. Figure 26.11
shows the formation of run-length matrix.

Let R be the maximum run-length, Nr be the total number
of runs, and Np be the number of pixels in the processing
window. Run-length features are then defined as follows:
1. Galloway (traditional) run-length features: the five origi-

nal features of run-length statistics derived by Galloway
[6] are as follows:
• Short run emphasis (SRE) (Fig. 26.12):

f k
1 D 1

N�

PX
aD1

RX
bD1

Rk.a;b/

b2
(26.29)

• Long run emphasis (LRE) (Fig. 26.13):

f k
2 D 1

N�

PX
aD1

RX
bD1

Rk.a; b/ � b2 (26.30)

• Gray-level nonuniformity (GLN) (Fig. 26.14):

f k
3 D 1

N�

PX
aD1

 
RX

bD1

Rk.a; b/

!2

(26.31)



26 New Approaches for Plaque Component Analysis in Intravascular Ultrasound (IVUS) Images 345

Fig. 26.6 Typical LBP binary
patterns [4]

Fig. 26.7 Illustration of LBP, Left: the basic steps in computing the
LBP code for a given pixel position: (a) the operator is centered on the
given pixel and equidistant samples are taken on the circle of radius
around the center; (b) the obtained samples are turned into 0’s and 1’s

by applying a sign function with the center pixel value as threshold;
(c) rotation invariance is achieved by bitwise shifting the binary pattern
clockwise until the lowest binary number is found. Right: some of the
microstructures that LBP are measuring [5]

Fig. 26.8 Illustration of f 1
R;N

feature for P D 8, R D 1: plaque
area in polar coordinates (left)
and f 1

R;N (right)

Fig. 26.9 Illustration of f 2
R;N

feature for P D 8; R D 1: plaque
area in polar coordinates (left)
and f 2

R;N (right)

Fig. 26.10 Illustration of f 3
R;N

feature for P D 8; R D 1: plaque
area in polar coordinates (left)
and f 3

R;N (right)

Fig. 26.11 Run-length matrix
(in horizontal direction)
formation: (a) original intensity
matrix and (b) run-length matrix
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Fig. 26.12 Illustration of feature
SRE: plaque area in polar
coordinates (left) and SRE (right)

Fig. 26.13 Illustration of feature
LRE: plaque area in polar
coordinates (left) and LRE (right)

Fig. 26.14 Illustration of feature
GLN: plaque area in polar
coordinates (left) and GLN
(right)

Fig. 26.15 Illustration of feature
RLN: plaque area in polar
coordinates (left) and RLN
(right)

Fig. 26.16 Illustration of feature
run percentage: plaque area in
polar coordinates (left) and run
percentage (right)

• Run-length nonuniformity (RLN) (Fig. 26.15):

f k
4 D 1

N�

RX
bD1

 
PX

aD1

Rk.a; b/

!2

(26.32)

• Run percentage (Fig. 26.16):

f k
5 D N�

Np

(26.33)

2. Chu run-length features: the following features proposed
by Chu et al. extract gray-level information in run-length
matrix:
• Low gray-level run emphasis (LGRE) (Fig. 26.17):

f k
6 D 1

N�

PX
aD1

RX
bD1

Rk.a; b/

a2
(26.34)
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Fig. 26.17 Illustration of feature
LGRE: plaque area in polar
coordinates (left) and LGRE
(right)

Fig. 26.18 Illustration of feature
HGRE: plaque area in polar
coordinates (left) and HGRE
(right)

Fig. 26.19 Illustration of feature
SRLGE: plaque area in polar
coordinates (left) and SRLGE
(right)

Fig. 26.20 Illustration of feature
SRHGE: plaque area in polar
coordinates (left) and SRHGE
(right)

• High gray-level run emphasis (HGRE) (Fig. 26.18):

f k
7 D 1

N�

PX
aD1

RX
bD1

Rk.a;b/�a2 (26.35)

3. Dasarathy and holder features: these features follow the
idea of joint statistical measure of gray level and run
length:
• Short run low gray-level emphasis (SRLGE)

(Fig. 26.19):

f k
8 D 1

N�

PX
aD1

RX
bD1

Rk.a; b/

a2 � b2
(26.36)

• Short run high gray-level emphasis (SRHGE)
(Fig. 26.20):

f k
9 D 1

N�

PX
aD1

RX
bD1

Rk.a;b/�a2

b2
(26.37)

• Long run low gray-level emphasis (LRLGE)
(Fig. 26.21):

f k
10 D 1

N�

PX
aD1

RX
bD1

Rk.a; b/ � b2

a2
(26.38)

• Long run high gray-level emphasis (LRHGE)
(Fig. 26.22):

f k
11 D 1

N�

PX
aD1

RX
bD1

Rk.a;b/ � a2 � b2 (26.39)
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Fig. 26.21 Illustration of feature
LRLGE: plaque area in polar
coordinates (left) and LRLGE
(right)

Fig. 26.22 Illustration of feature
LRLGE: plaque area in polar
coordinates (left) and LRHGE
(right)

Above-mentioned methods have been previously used by
several groups for IVUS plaque characterization. In next
sections the proposed methods are introduced and discussed.

2.2 Feature Reduction

Linear discriminant analysis (LDA): LDA are methods
which are used in statistics and machine learning to find the
linear combination of features which best separate two or
more classes of objects or events. The resulting combination
may be used as a linear classifier or, more commonly, for
dimensionality reduction before later classification. Suppose
that the feature vectors come from C different classes (each
class with mean �i and covariance Covi ), then the between
class and within class scatter matrices are defined as follows:

Sb D 1

c

cX
iD1

.�i � �/.� � �/T; � D 1

c

cX
iD1

.�i /

(26.40)

Sw D
cX

iD1

Covi (26.41)

It is proved that eigenvectors of S�1
w Sb are the directions

that best separate these classes from each other [7]. Pro-
jecting feature vectors to the L (L< # of features) largest
eigenvectors results in a new reduced feature vector that
better suited to classification methods. Figure 26.23 shows
a Fisher direction for a three class problem.

2.3 Classification

2.3.1 SVM Classifier
Support vector machines (SVM) are the classifiers based
on the concept of decision planes that define decision

Fig. 26.23 Distribution of three classes and the Fisher direction that
best separates these classes from each other

boundaries. A decision plane is one that separates between
a set of objects having different class memberships.
A schematic example is shown in the illustration below.
In this example, the objects belong either to class Black or
White. The separating line defines a boundary on the right
side of which all objects are Black and to the left of which
all objects are White. The above is a classic example of a
linear classifier, i.e., a classifier that separates a set of objects
into their respective groups (Black and White in this case)
with a line. Most classification tasks, however, are not that
simple, and often more complex structures are needed in
order to make an optimal separation, i.e., correctly classify
new objects (test cases) on the basis of the examples that are
available (train cases). Classification tasks based on drawing
separating lines to distinguish between objects of different
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class memberships are known as hyperplane classifiers.
Support vector machines are particularly suited to handle
such tasks. Support vector machine (SVM) is primarily
a classifier method that performs classification tasks by
constructing hyperplanes in a multidimensional space that
separates cases of different class labels. To construct an
optimal hyperplane, SVM employs an iterative training
algorithm which is used to minimize an error function.
According to the form of the error function, SVM models
can be classified into different distinct groups. The C-SVM
type is used in all proposed algorithms. In a two-class case, if
the training dataset consists of feature vectors ff1; : : : ; fng
with class labels yi 2 f�1; 1g, then the SVM training
problem is equivalent to finding W and b such that training
involves the minimization of the error function [8] and [9]:

W TW

2
C C

NX
iD1

�i (26.42)

subject to the constraints:

yi .W
T'.xi /C b/ � 1 � �i and �i � 0; i D 1; : : : ; N

(26.43)

where �i � 0 are the so-called slack variables that allow for
misclassification of noisy data points, and parameter C> 0
controls the trade-off between the slack variable penalty
and the margin [8]. In fact, W and b are chosen in a way
that maximize the margin, or distance between the parallel
hyperplanes that are as far apart as possible while still
separating the data (Fig. 26.24). The function '.x/ maps the
data to a higher dimensional space. This new space is defined
by its kernel function:

K.fi ; fj / D '.fi /
T'.fj / (26.44)

The above problem can be formulated as a quadratic
optimization process. The details of the solution and its
implementation can be found in [10]. The Gaussian Radial
Basis Function (RBF) kernel was used:

K.fi ; fj / D e�	kfi �fj k2

(26.45)

This was firstly due to the fact that RBF kernel has only
one parameter .�/ to adjust. Also, SVM classifiers based on
RBF kernel were found more accurate than linear, sigmoid,
and polynomial kernels in case of our problem. The pub-
licly available CCC implementation of the SVM algorithms
known as LIBSVM [10] was used. The entire dataset was
normalized prior to training by setting the maximum value
of each feature to 1 and the minimum to 0. For each set
of parameters, fivefold cross validation was performed: the
SVM was trained using 80% of the data samples, classified

Fig. 26.24 Maximum-margin hyperplane and margins for a SVM
trained with samples from two classes. Samples on the margin are called
the support distribution

margin

xi

Fig. 26.25 Example of misclassification that shows slack variables

the remaining 20%, and repeated the procedure for all five
portions of the data (Fig. 26.25).

2.4 Post-processing

Studying intensity variety of each plaque component in VH
images of the dataset through histogram analysis reveals
that useful information can be extracted via this simple
analysis. Figure 26.26 illustrates the histogram of pixels
for three different plaque components. As this gray-scale-
derived information might be ignored among many textural
features in the classification steps, another step is added to
the algorithm after the classification by SVM. In this step
the given label of a pixel by SVM is confirmed or altered
based on some prior information derived from the histogram
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Fig. 26.26 The histogram of
pixels belonging to FF, DC, and
NC classes for 400 out of 500
IVUS images

of the IVUS image. Some useful information is pointed out
below that can be inferred from the histograms displayed in
Fig. 26.26:
• The majority of samples belong to FF class; however,

there are few FF pixels whose their intensities exceed the
gray level 150 (ThFF D 150).

• Most of the pixels with intensities above the gray level 200
[ThDC (low) D 200] belong to the DC class, whereby few

pixels with value under 50 [ThDC (high) D 50] belong to
this class.

• Pixels belonging to the NC are concentrated more be-
tween 30 and 200 gray levels [ThNC (low) D 30] and
[ThNC (high) D 200].
So, based on these additional thresholds, the system will

decide on whether to change the decision of SVM classifier
or not.
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2.5 Dataset

The data were acquired from 10 patients, which included
about 2,263 gray-scale IVUS images and their corresponding
VH images. These IVUS images of size 400 � 400 pixels
were acquired using an electronic probe (In-Vision Gold,
Volcano Therapeutics, Inc.) with a synthetic aperture 2.9 F
and a frequency of 20 MHz. A motorized pullback was
performed along the entire vessel with a speed of 1.0 mm/s
using a dedicated pullback device. A total number of 500
frames from 12 vessels [6 left anterior descending (LAD),
3 right coronary artery (RCA), 3 left circumflex (LCX)] of
10 patients were available for VH analysis and comparison
with IBH. In the VH analysis the total average amount
of fibrous/fibro-fatty, dense calcium, and necrotic core was
(1,505,907 pixels) 37,647 mm2, (388,073 pixels) 9,701 mm2,
and (516,711 pixels) 12,917 mm2, respectively. The relative
average amounts per cross section were 63%, 16%, and 21%.

2.6 Statistical Analysis

The measures of sensitivity, specificity, and predictive accu-
racy for the three plaque components were calculated and
reported as statistical analysis in this thesis. The standard for-
mulae for these measures were the same commonly accepted
in the medical literature [11].

Sensitivity D True Positive Decisions

Decisions Actually Positive
(26.46)

Specificity D True Negative Decisions

Decisions Actually Negative
(26.47)

Accuracy D All Correct Decisions

Total Cases
(26.48)

CI0:95% D X ˙ 1:96 � X � .1� X/

N
(26.49)

where X is either the sensitivity or specificity and N is the
number of decisions used in denominator for calculating the
sensitivity or specificity. In addition to the above-mentioned
measures, Cohen’s Kappa index is calculated to quantify
the degree of agreement between the Algorithm IV and VH
classification for in vivo validation, and Algorithm IV and
manual painted images for ex vivo validations. A kappa value
of 0.41–0.60 indicates moderate (fair) agreement, 0.61–0.80
indicates good agreement, and 0.81–1.0 indicates excellent
agreement. This metric was originally introduced by Cohen
to determine the level of agreement between two observers
[11]. The kappa is calculated as

� D �o � �c

1 � �c

(26.50)

where �o is the observed proportion of agreement and �c is
the expected proportion of agreement resulting from chance.

3 Algorithm I

3.1 Textural Feature Extraction

As it was mentioned in the previous section, various textural
features can be derived from run-length matrix such as the
short run emphasis, the long run emphasis, the gray-level
nonuniformity, the run-length nonuniformity, and the run
percentage. These features have been previously used on
IVUS images; however, the results were not fulfilling [12].
Hence, two new features are proposed characterizing each
gray-level a (i.e., every row) of the run-length matrix. The
first feature f k

1 .a/; k 2 fh; vg where h and v represent
horizontal and vertical respectively is defined as the maxi-
mum number of occurrences multiplied by the length of the
run with maximum occurrence bm:

f k
1 .a/ D Rk.a; bm/ � bm; bm D argb max.Rk.a; b//

(26.51)

And the second feature f k
1 .a/; k 2 fh; rg is defined as

the sum of every occurrences multiplied by its corresponding
run length:

f k
2 .a/ D

X
b

b � R.a; b/ (26.52)

This way, each pixel (i, j) is mapped to a feature matrix, j:
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f h
1 .1/ f h

2 .1/ f v
1 .1/

:::

f h
1 .a/

:::

f h
2 .a/

:::
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1 .a/

:::

f h
1 .P /

:::

f h
2 .P /

:::
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1 .P /

f h
2 .1/
:::

f h
2 .a/
:::

f h
2 .P /

1
CCCCCCA

(26.53)

Let us consider now each column Fi;j;c of matrix Fi;j as
a signal that is a function of the gray level a. As shown in
Fig. 26.27, these signals reveal different frequency contents.
This motivates us to extract discriminative features from
spatial-frequency representation of the signals. Therefore,
each signal is decomposed into a detail F d

i;j;c and an approx-
imation F a

i;j;c by means of 1D discrete wavelet transform
(DWT):

F a
i;j;cŒu� D .Fi;j � l/Œu� (26.54)

F d
i;j;cŒu� D .Fi;j � h/Œu� (26.55)
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Fig. 26.27 Distribution of 5,000
bundle feature vectors for each
plaque type. Top to down: DC,
fibro lipid, and NC. Left to right:
f h

1 and f h
2

Then, each DWT component ..F a
i;j;cŒu�/ and .F d

i;j;cŒu�//

is characterized by a set of statistical features, namely, its
weighted mean, weighted variance, maximum of signal, and
its index:

�k
1;c D 1

P

PX
uD1

u � F k
i;j;c.u/ (26.56)

�k
2;c D 1

P

PX
uD1

.u � F k
i;j;c.u/ � �k

1;c/
2

(26.57)

�k
3;c D maxF k

i;j;c.u/ (26.58)

�k
3;c D argu maxF k

i;j;c.u/ (26.59)

Furthermore, spectral behavior of these components is
also characterized by means of autoregressive (AR) model
of order 5:

F k
i;j;c.u/ D

5X
tD1

F k
i;j;c.u � t/ � 'k

t;c C n.u/ (26.60)

where n.u/ is the white noise and 'k
t;c are the coefficients of

the AR model. These coefficients are also used as features.

Finally, the feature vector of each pixel .i; j / is defined
as follows:

Xi;j D f�k
l;c; '

k
t;c; l 2 f1; : : : ; 4g; t 2 f1; : : : ; 5g;

c 2 f1; : : : ; 4g; k 2 fa; d gg (26.61)

This vector is the input of the SVM classifier. This classi-
fier was explained in the classification subsection previously.

The block diagram of the proposed algorithm is shown in
Fig. 26.28.

3.2 Result and Discussion of Algorithm I

The three feature extraction mentioned methods were then
applied on the set of 200 frames. The characterized IVUS
images were validated by their corresponding VH images
and the accuracy, sensitivity, and specificity parameters were
calculated for each technique. The results for this approach
were compared to methods using LBP or co-occurrence-
based features. The size of the neighborhood was empirically
chosen to be 11 � 11 for all methods. This was done to get
the optimum results for every method separately. For LBP
method, five circles were then constructed in each neighbor-
hood. Then, three features were extracted from each circle,
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Fig. 26.28 Block diagram of the
newly proposed modified
run-length method

Table 26.1 The results of Algorithm I versus other techniques

DC FF NC

Method
Sensitivity
(%)

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

Overall
accuracy (%)

LBP 45 96 97 42 30 95 71

Co-occurrence 67 95 84 80 53 83 75

Proposed method 70 95 84 75 55 82 77

Fig. 26.29 The result of the
feature extraction method in
comparison with the
co-occurrence and LBP methods
from left to right (white is DC,
green is fibro-lipid, and red is
NC) (Color figure online)

and the number of features for every pixel in LBP method
thus sums up to 15. Extracting features from five circles with
different radii can be thought of as a multi-resolution textural
analysis. Total number of features in the co-occurrence
method was 14 which include, e.g., homogeneity, contrast,
inverse difference moment, and so on. Results using different
methods are presented below in Table 26.1. According to the
results, Algorithm I is more capable of classifying DC and
NC plaques in comparison to LBP or co-occurrence methods.

Although this approach reveals a higher overall accuracy,
the co-occurrence and LBP methods perform better in char-
acterizing the fibro-lipid regions. Figure 26.29 illustrates the
images characterized by all methods with their correspond-
ing IVUS and VH images.

In this study, the sensitivity of all methods for the de-
tection of NC was low (55%). This fact was caused by
similarities between NC and DC in gray-level IVUS images
[13]. Furthermore, previous studies have shown that plaque
areas adjacent to DC are frequently coded as NC tissue in VH
images [14]. For a typical frame the proposed method took
approximately 12 s to characterize the pixels, whereas the
LBP took 2.6 min and the co-occurrence took nearly 60 min.
Thus, in terms of time efficiency, the proposed method
further outdoes the other two. A MATLAB implementation
on an Intel Core 2 CPU2.00 GHz computer with 2.0 GB
RAM was used in this work.
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4 Algorithm II

For proposing this algorithm, this fact was taken into account
that since each tissue shows different echogenic characteris-
tics, the different plaque components can be characterized
by their local frequency components. The best tool for this
purpose is wavelet transform (WT). WT provides the best
approximation of a space-frequency representation of an im-
age, i.e., it permits to know which spectral components exist
at which position in the input image. The main drawback of
the WT is that it is translation non-invariant due to the deci-
mation applied to the image after each decomposition level.
Recently, another type of wavelet transforms known as re-
dundant wavelet transforms (RWT) has been introduced [15].
Contrary to the classical WT, there is no decimation step after
filtering the input image. This provides the decomposition
to be translation invariant, and since it preserves the size
of images in each level of decomposition, the local spectral
components can be retrieved without any interpolation step.
To generalize such transform, the wavelet packet transform
(WPT) [16] has been introduced to decompose the whole-
frequency spectrum into multiple sub-bands of varying sizes.
It has been shown to provide a more redundant representation
for the analysis of complex textural information. By com-
bining the RWT and WPT, image can be decomposed into
multiple sub-band images (Fig. 26.30). This decomposition
provides translation invariance in addition to the rotation
invariance gained by the initial polar transform.

4.1 Textural Feature Extraction

Let flkg; k 2 f1;N g be a collection of N sub-band images
extracted from image I through redundant wavelet packet

transform (RWPT). This section presents how to characterize
each pixel .i; j / from I with textural descriptors extracted
from the fIkg. This provides an enhanced extraction of
texture information by analyzing the different sub-band of
the frequency spectrum. In this algorithm, the approach
which is based on run-length features is compared to co-
occurrence, and local binary pattern (LBP) methods. Each
neighborhood is characterized with two run-length matri-
ces Rx

k
.a; b/ and Ry

k
.a; b/ corresponding respectively to x

and y directions in sub-band k. The 11 run-length-based
features introduced in Sect. 2.1 in (26.29)–(26.39) were
used. Let us denote f

�;�
k
.i; j / where 
 D fx; yg and

� D f1; 2; : : : ; 11g. The 22 features extracted from the
neighborhood fIk.i Cm; j C ngm;n of each pixel .i; j / of
each image Ik are then characterized by the following set of
features V k

i;j :

V k
i;j D ff �

k .i; j /g�;�
(26.62)

As the principal objective in a classification problem is
to extract features that are capable of discriminating dif-
ferent classes as much as possible, the best subset of the
fV kgk2f1;N g has to be chosen out to provide an optimal
discrimination power. To this end, an adapted discriminant
measure (Fisher criterion) is introduced:

D.k; 
; �/ D .�
k;�;�
p � �k;�;�

q /
2

�
k;�;�2

p � �k;�;�2

q

(26.63)

where �k;�;�
p and �k;�;�2

q are respectively the mean and the

variance of the component f �;�
k

of V k in the Pth class.
This measure takes high values when the feature is varied
in classes such that it has maximum differences in the mean
and minimum variances. After computing the Fisher criterion

Fig. 26.30 Two level
decomposition of RWT C WPT
for an IVUS image
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Fig. 26.31 Block diagram of
Algorithm II

Table 26.2 Accuracy of different techniques

Technique Overall accuracy DC FF NC

Run-length (73%) 72% Sensitivity (%) (76) 73 (97) 85 (9) 42
Specificity (%) (93) 93 (57) 79 (96) 84

Co-occurrence (71%) 71% Sensitivity (%) (72) 70 (97) 84 (14) 46
Specificity (%) (96) 96 (58) 80 (94) 82

LBP (66%) 70% Sensitivity (%) (40) 59 (97) 85 (8) 47
Specificity (%) (95) 95 (37) 78 (96) 80

Numbers within parenthesis and without relate respectively to before and after post-processing

for each component of all the fV kgk2f1;N g sub-bands which
have higher values offer the best discrimination power. A
variant of the Local Discriminant Basis (LDB) algorithm was
proposed here which was introduced by Saito and Coifman
[17] with Fisher’s criterion. This algorithm selects the best
subset of the fV kgk2f1;N g by computing its discrimination
power as follows:

D.k/ D
X

�

X
�

D.k; 
; �/ (26.64)

Each pixel .i; j / of I is then characterized by the subset
of features denoted fV kgk2f1;N g with M 
 f1;N g.

4.2 Weighted Classification Structure
Based on SVM

For classification purposes, a structure of multiclass support
vector machines is used. For each selected sub-band k with
k 2 M , an SVM is associated. However, all sub-bands do not
have the same discrimination ability. Therefore, a weight is
assigned to each classifier based on its discrimination ability.
The final decision for a pixel is attained by considering
the weighted votes of all SVMs. The block diagram of the
proposed algorithm is shown in Fig. 26.31.

4.3 Result and Discussion of Algorithm II

The study group used for Algorithm II is the same as the
one used for Algorithm I. The characterized IVUS images
were validated by their corresponding VH images and the
accuracy, sensitivity, and specificity parameters were calcu-
lated for each technique. Since the most important plaque

components for atherosclerosis staging are lipid-rich tissues,
necrotic core, and calcifications, the classification was con-
centrated into these three classes.

The Daubechies 4 wavelet, which has the ability of
following small variations, is used for the RWPT decompo-
sition. The number of decomposition levels was set to two,
giving 21 sub-band images. The size of neighborhoods, on
which features were extracted, was empirically chosen to be
9 � 9 for all methods. For LBP method, four circles were then
constructed in each neighborhood. Then, three features were
extracted from each circle.

After computing Fisher criterion for feature vectors of
every sub-band images, a subset of 12 were selected based
on their discrimination power and LDB procedure. Then,
a weight was assigned to each based on their Fisher mea-
sure. The computed weights show that sub-band two (low
frequency) has the best discrimination power in comparison
with the others. Again, the LIBSVM CCC implementation
of the SVM algorithms was used. A grid search was per-
formed for optimal parameter selection and a fivefold cross
validation to evaluate the performance of all three methods.
For a typical frame the run-length method took 2 min
to extract the features, whereas the LBP needed 20 min
and the co-occurrence nearly 120 min. In terms of time
efficiency, the run-length method outperforms the other two.
A MATLAB implementation on an Intel Core 2 CPU 2.00
GHz computer with 2.0 GB RAM was used in this work.
Table 26.2 illustrates the results using different methods
besides the influence of the post-processing step. It can be
inferred from the results that the run-length feature extraction
method has a better capability for classifying DC plaques,
while LBP and co-occurrence for NC. Results also show the
influence of the post-processing step on the sensitivity of
the NC class. Therefore, one might use the textural features
and the classification procedure for dividing the plaque
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Fig. 26.32 The result of feature
extraction methods (white is
calcium, green is fibro-fatty, and
red is necrotic) (Color figure
online)

Fig. 26.33 Scheme of the
workflow in the IBH-System (in
GUI). First, an IVUS image is
loaded. Then, the vessel’s borders
are detected using automatic
border detection. Next, the
textural feature are extracted
from the plaque area and then,
SVM classifier is applied to
classify the pixels of the plaque
area in order to generate the
color-coded image representing
the different plaque components.
Finally, the post-processing is
applied on SVM output

area into two classes, i.e., DC and FF, and then use prior
information on their intensity distributions to distinguish the
NC regions from them. Still, the sensitivity of all methods
for the detection of the NC was low (46%). This fact was
caused by similarities between NC and DC in gray-level
IVUS images [14].

Also Fig. 26.32 illustrates the images characterized by all
methods with their corresponding IVUS and VH images.

5 Algorithm III

In this algorithm some new facts were taken into account that
were not noted in the previous algorithms. An important fact,
which is mostly ignored in characterizing atherosclerosis
plaques via features extracted from IVUS images, is to detect
the acoustic shadowing behind dense calcified (DC) regions
and treat them differently. These shadow regions which exist
and displayed in the plaque area of some IVUS images
appear as echo-soft; so, when treated within other parts of
plaque area they are mostly Calcium and Necrotic Core

plaques but normally should be classified to the lipid or fibro-
fatty classes [18, 19]. The block diagram of the proposed
algorithm is shown in Fig. 26.33.

5.1 Shadow Detection

Shadow areas appearing in IVUS gray scale images usually
do not represent any useful information for plaque com-
ponent analysis. However, the IVUS-VH method does not
detect such regions and blindly treats them as normal plaque
area which often leads to classification errors. By defining a
specific plaque region as shadow region shown in Fig. 26.34
[17], we aim at reducing mentioned errors, which are caused
by the nature of ultrasound imaging. Shadow regions are
characterized by infra-low intensity regions behind ultrahigh
intensity areas along a scan line. Thereby, detection of these
regions by using two thresholds is proposed: one threshold
Thigh to detect ultrahigh intensity regions, which might be-
long to calcification or necrotic core, and the other threshold
Tlow to detect infra-low intensity regions. Let us consider an
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Fig. 26.34 The shadow region
in a typical IVUS gray-scale
image (left), its plaque
constituents in IVUS-VH
(middle), and its corresponding
histopathalogy (right) [20]

image I from gray-level IVUS in polar domain. If
P

denoted
as the ensemble of pixels belonging to a shadow region, these
pixels x can be detected along a scan line as follows:

x D .i; j / 2
X

if

�
I.i; j / < Tlow and I.i; j � 1/ 2 P

or I.i; j / < Tlow and I.i; j � 1/ > Thigh

(26.65)

5.2 Feature Extraction Methods

In order to characterize the rest of plaque area into the
three predefined plaque components, two feature extraction
methods are examined and compared. To achieve this pur-
pose, local binary pattern (LBP) [2] and co-occurrence [21]
feature extraction methods have been studied in [14] and
have been reported to outperform other feature extraction
methods. Moreover, it was reported in [12] that the run-
length method [22] is not an appropriate feature extraction
method for characterizing IVUS images plaque area. In [23],
both signal and image-based features were extracted. The
co-occurrence, LBP, and Gabor-filtering feature extraction
methods are used for texture-based feature extraction. Their
results are compared to manual characterization of IVUS
images by two experts and 90% accuracy is achieved. How-
ever, the manual characterization of IVUS images suffers
from both inter-observer and intra-observer variability and
especially uncertainty in characterizing soft plaques from
each other, e.g., distinguishing between the FF and the NC
tissues. Here, the performance of the features extracted from
the run-length matrix is compared with those extracted from
the LBP method in both accuracy and time efficiency aspects.
The co-occurrence feature extraction method is not included
in this study, since the previous studies reveal that despite
good performance of this method in atherosclerotic plaque
characterization, its heavy computational burden leads to
poor time efficiency. IVUS imaging provides circular cross-
section areas of the blood vessel and it uses 256 scan lines
so the lateral resolution is 360/256 D 1.41ı and the axial
resolution is about 40 �m.

For the analysis, IVUS images are converted into polar
coordinates to be orientation independent for the feature

extraction. In this manuscript, the data refer to the con-
verted data. The polar transformed image is then swept by
a sweeping window. The size of the sweeping window for
both feature extraction techniques was empirically chosen as
9 � 9 pixels in which each pixel is equal to 0.025 mm.

5.3 Practical Implementation

The proposed methods for border detection and plaque char-
acterization in this study were implemented in MATLAB and
to obtain a stand-alone executable application, the program
with a graphical user interface (GUI) was compiled by CCC
compiler in Microsoft Visual Studio 2005. An example of the
GUI is illustrated in Fig. 26.35.

5.4 Result of Algorithm III

Considering the shadow region detection procedure, 8% of
plaque area pixels belong to the shadow region. The charac-
terized IVUS images were validated by their corresponding
VH images. In order to demonstrate the influence of applying
the pre-processing step, i.e., detecting the shadow region and
assigning it to the fourth class, the post-processing derived
from the histogram analysis. In the post-processing step,
the label assigned to a sample pixel and its gray level are
considered. Then, final labels of the pixel are decided by
this step. For instance, suppose the classification section
assigns a pixel to the FF class and also the gray level of
that pixel is above 150. In this case, based on ThFF, the
current label is declined and whether the gray level is above
ThDC (low) D 200 or not, it will be assigned to the DC or
NC class, respectively. Tables 26.3 and 26.4 illustrate the
comparative results of the two different feature extraction
methods considering different conditions. Considering the
VH as validating standard, the Kappa is computed to be 0.61
for the extended run length for both pixel-based and region-
based (with a 9 � 9 pixels in a window) validations in the case
of applying both pre-processing and post-processing steps.

Table 26.5 illustrates the P-value for the case of applying
both shadow detection (pre-processing) and histogram-based
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Fig. 26.35 An example of the
GUI window: besides analysis of
plaque components the GUI also
allows calculation of other vessel
parameters such as total plaque
areas or the degree of stenosis

Table 26.3 Results of pixel-based plaque characterization of vessels’
plaque area using the run-length method as feature extraction and
SVM classifier. The cases of including the pre- and post-processing

steps or not is distinguished using “Yes” and “No” signs in the two
left columns. The parameter ˙ confidence interval is shown for the
sensitivity, specificity, and accuracy parameters

DC FF NCHistogram-based
post-processing Shadow detection Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Overall accuracy

No No 79% ˙ 6.5 93% ˙ 3.8 87% ˙ 5.1 38% ˙ 5.3 07% ˙ 3.3 97% ˙ 2.5 72% ˙ 6.3

No Yes 79% ˙ 6.5 93% ˙ 3.7 96% ˙ 3 55% ˙ 6.6 12% ˙ 4.2 96% ˙ 2.7 74% ˙ 5.8

Yes No 80% ˙ 6.5 93% ˙ 3.7 73% ˙ 6 64% ˙ 6.5 43% ˙ 6.6 80% ˙ 5.3 74% ˙ 6.4

Yes
Pixel-based

Yes
Pixel-based

79% ˙ 6.5 85% ˙ 3.6 81% ˙ 5.6 90% ˙ 5.3 52% ˙ 6.6 82% ˙ 5.5 75% ˙ 6.1

Yes
Region-based:

9 � 9 pixels

Yes
Region-based:

9 � 9 pixels

71% ˙ 4 97% ˙ 1 88% ˙ 1 87% ˙ 2 57% ˙ 4 88% ˙ 1 85% ˙ 3

Table 26.4 Results of pixel-wise plaque characterization of vessels’
plaque area using the LBP method as feature extraction and SVM
classifier. The cases of including the pre- and post-processing steps or

not is distinguished using “Yes” and “No” signs in the two left columns.
The parameter ˙ confidence interval is shown for the sensitivity,
specificity, and accuracy parameters

DC FF NCHistogram-based
post-processing Shadow detection Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Overall accuracy

No No 68% ˙ 6.6 96% ˙ 3.2 97% ˙ 3 42% ˙ 6.6 06% ˙ 4.6 95% ˙ 3.2 66% ˙ 6.1

No Yes 68% ˙ 6.6 94% ˙ 3.1 95% ˙ 3 45% ˙ 6.6 13% ˙ 4.5 94% ˙ 3.2 69% ˙ 6.6

Yes No 69% ˙ 6.4 96% ˙ 3.2 70% ˙ 5.8 61% ˙ 5.2 39% ˙ 6.1 79% ˙ 5.7 67% ˙ 6.1

Yes Yes 69% ˙ 6.4 95% ˙ 3.1 75% ˙ 5.8 81% ˙ 5.2 42% ˙ 6.6 76% ˙ 5.7 72% ˙ 5.8

Table 26.5 The P-value shows differences of the case of applying both shadow detection pre-processing and post-processing and using the run-
length method as a technique for feature extraction against the run-length method without pre-processing and histogram-based post-processing

Sensitivity Specificity

Parameter DC FF NC DC FF NC Accuracy

P-value 0.02781 0.01827 0.00497 0.02607 0.00695 0.01397 0.02345
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Fig. 26.36 The influence of applying the shadow detection section
in the final constructed colorcoded IBH images. The images are from
left to right: a typical IVUS image, its corresponding VH image, and
IBH images without shadow section and with shadow detection section

using the run-length feature extraction method. Note that the illustrated
IBH images are after applying the histogram-based post processing
technique (the FF, NC, and DC plaques are shown in green, red, and
white colors, respectively. The shadow region is colored with blue)

Fig. 26.37 The influence of applying the histogram-based post-
processing section in the final constructed color-coded IBH images. The
images are from left to right: a typical IVUS image, its corresponding
VH image, and IBH images before applying the histogram-based post-

processing and after that using the LBP feature extraction method. Note
that the illustrated IBH images are after applying the shadow detection
technique (the FF, NC, and DC plaques are shown in green, red, and
white colors, respectively. The shadow region is colored with blue)

post-processing and also using the new extended run-
length method as a technique for feature extraction.
Figure 26.36 shows the influence of shadow region detection
pre-processing on the final reconstructed IBH image.
Figure 26.37 illustrates the influence of post-processing
derived from histogram analysis on the final reconstructed
IBH image. Finally, Fig. 26.38 shows the final reconstructed
IBH images for two feature extraction methods.

Moreover, Table 26.3 also shows the statistical results of
applying the proposed algorithm to these images. In most
similar studies, when one wants to validate with correlated
images a region-based validation method is used. It means
that instead of comparing the result and its corresponding
label pixel by pixel, the validation step is done by comparing
regions, a window which contains more than one pixel.

For example, the size of validation regions in Nair et al.
is 1/3 mm � 1/3 mm, i.e., approximately a window of size
13 � 13 pixels. To handle this, a validation window of size
n � n pixels is defined, where n can vary from 1, i.e., pixel-
based validation, to 9. The label of a validation window is
selected by looking at labels of its constituent pixels. In fact,
it is assigned to a plaque component which is the majority.
This experiment shows that the size of regions affects the
results.

5.5 Discussion of Algorithm III

In Algorithm III, a complete algorithm was introduced for
the IVUS image analysis including border detection (only
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Fig. 26.38 The final constructed
color-coded IBH images using
the proposed algorithm. From left
to right: an IVUS image, its
related VH image, and its IBH
images using the run-length and
the LBP feature extraction
methods

in GUI) to plaque characterization with more emphasis
in the latter part. This comprehensive image-based algo-
rithm provides cardiologists with not only the vessel’s in-
tima and media-adventitia borders but also a color-coded
IBH image in which the location and distribution of differ-
ent plaque components of atherosclerotic plaques are illus-
trated. Furthermore, when cardiologists analyze a sequence
of IVUS images, additional clinical parameters together
with the percentage of different plaque components can be
useful.

Perhaps, one of the important advantages of the proposed
algorithm is to increase the longitudinal resolution of plaque
composition analysis. The present VH-derived plaque com-
position analysis provides only ECG-triggered images. As
mentioned above, in an imaging procedure with the rate of
30 frames/s only 1 IVUS frame out of 30 IVUS frames is
considered to generate the color-coded VH image.

As it is shown in Fig. 26.33, the proposed algorithm
contains different sections including plaque area detection,
shadow region detection as a pre-processing, textural fea-
ture extraction, classification by SVM, and post-processing
based on the data derived from the histogram analysis. The
differences in the results of the Tables 26.3 and 26.4 and also
those illustrated in Fig. 26.37 show the influence of adding
the shadow region detection as a pre-processing section. One
of the obvious advantages to add the shadow region detection
is to help algorithm to improve the detection of all three kinds
of atherosclerosis plaque components.

Moreover, this technique provides us with a more general
algorithm which can be more reliable when in studying
patients with calcified plaques in which a lateral shadow
region behind the calcified area exists. Out of the total num-
ber of 191,582 pixels was contained in the shadow region,
63%, 36%, and about 1% was respectively characterized into
FF, NC, and DC plaques by the VH algorithm. Therefore,
Tables 26.3 and 26.4 show that in addition to improving the
distinction of three plaque components, the shadow detection

procedure has a direct influence on the detection of FF and
NC. Differences of relative amounts of DC and NC between
after and before shadow detection were calculated 5% and
4%, respectively.

One should note that the IVUS-IBH images in the third
and fourth column of Fig. 26.37 show small islands of green
within the blue shadow regions. Once shadowing occurs
due to calcium, the RF signal is attenuated and one doesn’t
expect to see these islands. This may be due to multiple
reflections between the catheter and the calcium causing
artifact. By comparing the results of the Tables 26.3 and
26.4, it can be concluded that the new extended run-length
feature extraction method outperforms the LBP in classifying
all plaque components. However, as illustrated in Fig. 26.38,
it is quite clear that the color-coded image reconstructed with
the use of LBP feature extraction method is more detailed.

This may be caused by the multi-resolution characteristic
of this method. Perhaps, one future direction is to combine
these two feature extraction methods in order to benefit from
their both detailed and accurate results.

The computation times of the feature extraction methods
are as follows: for a typical frame, i.e., the plaque area
containing around 5,000 pixels out of the total 160,000 IVUS
image’s pixels, the new extended run-length method took
7–20 s to extract the features whereas the LBP took 2–
5 min. Thus, in terms of time efficiency, the new extended
run-length method further outperforms the LBP method.
However a more optimized implementation in CCC will
further speed up the algorithms as expected. The influence
of the post-processing step after classification is highlighted
in the differences in the sensitivity and specificity of the algo-
rithm in characterizing NC and FF plaques, respectively. The
extensive textural similarities between the NC regions and
other plaque components defined by VH lead to preventing
the classification part of the algorithm from identifying it;
however, by studying the distribution of plaques’ intensities
in the dataset, it is concluded that in addition to textural fea-
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Fig. 26.39 Histogram of three
plaque types in IVUS images:
fibro-fatty (green), necrotic core
(red), and calcification (yellow)

tures, there exists some rules for distinguishing the plaques
in it (Fig. 26.33).

This �D 0.61 (for both pixel-based and region-based
validation) clearly represents that the classification results
are in good agreement with VH after detecting and re-
moving shadow regions. Moreover, the low values of CI
and P-value show the reliability and consistency of these
results obtained for this dataset. The P-values indicated in
Table 26.5 answer the following question: If the method’s
performance is the same as the before applying shadow
detection and post-processing, what is the probability of
observing the current result? From a statistical point of view,
the observed difference in these results compared to the
results of the methods before detecting shadow and applying
post-processing is not accidental.

An interesting point that should be mentioned here is that
the results presented suggest that the texture-based algorithm
based on IVUS gray-scale images produces similar images
and has a modest co-relation to VH-IVUS, suggesting that
most of the information in VH-IVUS tissue characterization
comes from the intensity of the ultrasound signal, and less
so on the underlying radiofrequency data. In this study, all
methods’ sensitivity to detect the NC was low (maximum
value is 57%). The fact that detection of NC by studying
the IVUS images is not a straightforward procedure has also
been previously discussed in [4] and [24]. This phenomenon
was caused by similarities between NC and DC in gray-level
IVUS images. This fact supports the previous studies which
have shown that plaque areas adjacent to dense calcium are
frequently coded as necrotic tissue in VH images [14]. By
considering selected cross sections that contained plaque
areas with a homogeneous tissue composition as reported
in [4], the accuracy results can be increased significantly.
Although the sensitivity of detecting the calcified region was

79%, the algorithm performance to detect the focal calcified
region in the images was more than 85%, which is another
important point about these results. It derives from the fact
that in the VH method the variation of pixels intensities
assigned to the calcium class is very high (from 0 to 256)
as can be observed in Fig. 26.26. However, since identifying
focal calcified regions is more important than speckled cal-
cification in the plaque area, the proposed algorithm shows
increased reliability [25].

6 Algorithm IV

A definition of LBP and new extended run-length (NRL)
features and the experiences of the previous algorithms
indicates that these two feature extraction methods assess the
texture from two different aspects. Hence their combination
may enhance the accuracy of texture analysis methods and in
this case the accuracy of plaque characterization. Moreover,
in the previous algorithms, post-processing was applied to
take advantage of the gray-level distribution of each plaque
type to confirm or correct the labels given to each pixel
by the classifier. Improvement of the results after applying
the post-processing stage proved that gray-level information
is valuable information that is not completely included in
the LBP, NRL, or other structural features. However, as
the histograms of plaques are not distinctly separated from
each other (Fig. 26.39), the post-processing method is not
sufficiently reliable. Furthermore, shapes of histograms may
differ from one dataset to another that demands the histogram
analysis be repeated for every new dataset. This imposes an
unnecessary computational load. Moreover, the sharp deci-
sion thresholds in the post-processing can destroy the effect
of discriminative hyperplanes detected by the classifiers.
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Fig. 26.40 Block diagram of
Algorithm IV

Fig. 26.41 Illustration of the
neighboring gray-level feature
(mean value of gray levels is
shown): plaque area in polar
coordinates (left) and mean
neighborhood gray level (right)

Table 26.6 Hu Moments mathematical expressions [14]
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In this algorithm, Algorithm IV, LBP and NRL were
combined to benefit the advantages of both features. Also,
in order to dispose of the post-processing stage and its short-
comings mentioned above, adding the gray-level information
in the form of features was proposed in combination with
LBP and NRL features to better classify the plaque types.
These new features are the modified Hu Moments (MHM)
and a newly proposed neighboring gray-level (NGL) feature
(Fig. 26.40).

6.1 Neighboring Gray-Level Feature

As mentioned above, the features used in the previous
algorithms are structural features and do not take into
account directly the gray-level values of the pixels contained
in the sweeping windows. However, there exists valuable
discriminative information in the distribution of the gray
levels and a new set of features capable of describing the

useful gray-level information is proposed here. Suppose
for each pixel .i; j / of the image I; a.M C 1/ � .N C 1/

neighborhood I fi C m; j C ng with m 2 ˚� M
2
; M

2


and

n 2 ˚�N
2
; N

2


is adopted. For the newly proposed gray-level

feature, M D N D 2 is considered to have the smallest
neighborhood, i.e., a 3 � 3 window. Let gc be the gray value
of the center pixel and gn; n D 1; 2; : : : ; 8 be the gray
values of the 8 neighbor pixels. So, nine gray levels of the
pixels contained in that window are used as a feature vector
F D .gc ; g1; g2; : : : ; g8/. Since these features are sensitive
to translation and rotation, the features are sorted in an
ascending order to get rid of these effects. An illustration of
the mean neighborhood gray level is shown in Fig. 26.41.

6.2 Modified Hu Moments

The moments mix gray-level and position information of pix-
els of an image to yield a new feature for texture analysis [1].
Actually, the moments show how gray levels distribute in an
image. They are defined as follows:

mpq D
X

i

X
j

ipj qI.i; j / (26.66)

That is called a moment of order p C q. However, these
moments lack the invariance property (i.e., they are ro-
tational, translational, and scale variant). Thereby, central
moments are defined that are invariant to translation:

�pq D
X

i

X
j

.i � Ni/p.j � Nj /qI.i; j /

Ni D m10

m00

; Nj D m10

m00

(26.67)

But central moments are still scale and rotational invari-
ant. A commonly used group of moments in texture analysis
are Hu Moments described in Table 26.6. Although Hu
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moments are rotational, translational, and scale invariant,
but they are not invariant to affine transforms, for example,
multiplication of whole image pixels by a numeric constant.

These affine transforms are associated to images with
different acquisition gains. In order to solve this problem, a
new set of invariants were proposed in [26]. Suppose that:

FP .u/ D sign .u/ � jujP (26.68)

the new features are then described as follows (Figs. 26.42,
26.43, 26.44, 26.45, 26.46, and 26.47):

f1 D F2.ˆ2/

ˆ1

(26.69)

f2 D F3.ˆ3/

ˆ1

(26.70)

Fig. 26.42 Illustration of Hu
feature f1: plaque area in polar
coordinates (left) and f1 (right)

Fig. 26.43 Illustration of Hu
feature f2: plaque area in polar
coordinates (left) and f2 (right)

Fig. 26.44 Illustration of Hu
feature f3: plaque area in polar
coordinates (left) and f3 (right)

Fig. 26.45 Illustration of Hu
feature f4: plaque area in polar
coordinates (left) and f4 (right)

Fig. 26.46 Illustration of Hu
feature f5: plaque area in polar
coordinates (left) and f5 (right)
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Fig. 26.47 Illustration of Hu
feature f6: plaque area in polar
coordinates (left) and f6 (right)

f3 D F3.ˆ4/

ˆ1

(26.71)

f4 D F6.ˆ5/

ˆ1

(26.72)

f5 D F4.ˆ6/

ˆ1

(26.73)

f6 D F6.ˆ7/

ˆ1

(26.74)

This set has shown lower sensitivity to translation, rota-
tion, scale, and affine transforms than the conventional Hu
Moments.

6.3 Result of Algorithm IV

The study group used for Algorithm IV is the same as the
one used for Algorithm III. After shadow detection, the LBP,
NRL, NGL, and MHM features were extracted from the
remaining plaque area. The characterized IVUS images were
validated by their corresponding VH images. Sensitivity,
specificity, and accuracy parameters were then calculated in
order to assess the performance of the new algorithm. Results
are shown in Table 26.7. In order to find out the impact of the
new features the results were compared to the case that NRL
and LBP was concerned.

Results of Table 26.7 show that the combination of fea-
tures enhanced the classification accuracy and especially the
detection of necrotic core (concluded based on sensitivity
and specificity of NC). Also Figs. 26.48 and 26.49 illustrate
the images characterized by all methods with their corre-
sponding IVUS and VH images.

Combination of different types of features results in large
feature vectors and hence a complex feature space. Classifi-
cation in such feature spaces is very time-consuming. In such
cases, in order to increase the efficiency of classifiers, feature
reduction methods are applied to feature vectors before they

are fed to the classifiers. LDA was chosen that has been best
suited to this work.

6.4 Linear Discriminant Analysis

LDA was applied to the feature space. However, the question
is how to choose the L (L< # of features) most significant
directions? In LDA method, each direction is given a value
that indicates the separation ability of that direction. In order
to choose the L most significant directions, we start with
the most significant direction and determine its separation
ability (i.e., the ratio of its value to the sum of all directions’
values). Then the second most significant direction is added
to the first one and its separation ability is calculated. This
procedure is repeated until adding directions does not change
the separation value effectively.

Thereby, the number at which this happens is the optimum
number of directions.

For example in this case, adding more directions to the
five first most significant directions does not affect the
percentage of separation (Fig. 26.50) so five is the optimum
number of directions.

6.4.1 Error-Correcting Output Codes Classifier
The error-correcting output codes (ECOC) technique can
be broken down into two distinct stages: encoding and
decoding. Given a set of classes, the coding stage designs
a codeword (a sequence of bits of a code representing each
class, where each bit identifies the membership of the class
for a given binary classifier) for each class based on different
binary problems. The decoding stage makes a classification
decision for a given test sample based on the value of the
output code [27]. Given a set of NC classes to be learned,
at the coding step of the ECOC framework, different bi-
partitions (groups of classes) are formed, and binary clas-
sifiers (dichotomies) are trained. As a result, a code word
of length n is obtained for each class, where each bit of the
code corresponds to the response of a given dichotomy: ˙1 if
the class is considered by the dichotomy (C or � is decided
by the dichotomy) and 0 if the class is not considered by
the dichotomy. Figure 26.51 shows an example of ECOC for
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Table 26.7 The results of Algorithm IV versus other techniques

DC FF NC

Method
Sensitivity
(%)

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

Overall
accuracy (%)

LBP 58 85 83 81 46 77 62

NRL 79 85 81 90 52 82 71

LBP C NRL 78 86 82 90 56 82 72

LBP C NRL
C NGL C
MHM

80 86 80 92 60 81 73

Fig. 26.48 (a) IVUS image, (b)
its corresponding VH image, (c)
reconstructed image by LBP
method, (d) reconstructed image
by NRL method, (e)
reconstructed image by
LBP C NRL method, and (f)
reconstructed image by
Algorithm IV

Fig. 26.49 (a) IVUS image, (b)
its corresponding VH image, (c)
reconstructed image by LBP
method, (d) reconstructed image
by NRL method, (e)
reconstructed image by
LBP C NRL method, and (f)
reconstructed image by
Algorithm IV

a three-class problem .C1; C2; andC3/. Three dichotomies
.h1; h2; h3/ are formed for a three-class problem where each
dichotomy learns to split a pair of classes. For example,
the first classifier h1 is trained to discriminate C1 versus
C2 ignoring C3. According to these dichotomies, a code
is assigned to each class. The white regions represent the

code 1 (considered as positive for its respective dichotomy
hi ), the dark regions represent the code �1 (considered
as negative for its respective dichotomy hi ), and the gray
regions represent the code 0 (not considered classes by the
current dichotomy) (Table 26.8).
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Fig. 26.50 Separation
percentage does not change
effectively selecting more than
five LDA directions

Fig. 26.51 Example of ECOC classification for a three-class prob-
lem [24]

Table 26.8 ECOC code map used in the classification

Classes Classifier 1 Classifier 2 Classifier 3

Dense calcium 1 1 0

Fibro-lipid �1 0 1

Necrotic core 0 �1 �1

6.5 Result of Algorithm IV After Applying
LDA and ECOC

Results are shown in Table 26.9. According to the results,
applying LDA would not severely affect the results while
reducing the classification time. Furthermore, as SVM and

ECOC result in nearly same accuracies, it can be concluded
that this is the highest results achievable with these features.

6.5.1 Discussion of Algorithm IV
Algorithm IV is an improvement of the previous algorithms.
It is mainly designed for, first, removing the histogram-based
post-processing stage by adding some gray-level features
at the feature extraction stage and, secondly, assessing the
performance of combination of the previously introduced
texture features. Since combination of several features would
lead to a high dimensional feature vector of (49 features),
LDA is used to optimally reduce the number of features. At
the classification stage, also ECOC classifier is used (rather
than SVM classifier) in order to assess the reliability of the
obtained results.

It is concluded from Table 26.7 that the proposed gray-
level-based features, NGL and MHM, can successfully play
the role of histogram-based post-processing step. Further-
more, combination of features not only increases the fea-
ture vector dimension, but also improves the accuracy of
plaque characterization algorithm especially in identifying
NC plaque component. Moreover, comparison of Fig. 26.48e
to Fig. 26.48c, d shows that a more detailed image is
produced combining NRL and LBP.

Also, the results in Table 26.9 show that applying LDA
would not severely affect the results and almost the same
results are yielded. However, using this method reduces the
complexity of feature space that helps SVM to find the
discrimination hyperplanes faster and easier. Furthermore,
based on this table, the results obtained with SVM and ECOC
are close to each other. An interpretation is that this is the
highest achievable accuracy using image-based methods in
comparison to VH.
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Table 26.9 The results of Algorithm IV evaluated with different classifiers with and without LDA

Method
Feature
reduction Classifier Metric DC FF NC

Overall
accuracy (%)

NRL C LBP C
NGL C MHM

None SVM Sensitivity (%) 80 80 60 73

Specificity (%) 86 92 81

NRL C LBP C
NGL C MHM

LDA SVM Sensitivity (%) 79 78 59 72

Specificity (%) 86 92 81

NRL C LBP C
NGL C MHM

None ECOC Sensitivity (%) 79 80 61 74

Specificity (%) 87 91 82

NRL C LBP C
NGL C MHM

LDA ECOC Sensitivity (%) 80 80 60 73

Specificity (%) 87 91 82

Table 26.10 Summary of four algorithms proposed in this chapter

Method Contribution
DC Sensitivity
(Specificity)

FF Sensitivity
(Specificity)

NC Sensitivity
(Specificity) Accuracy

Algorithm I (published in ISBI 2009) Modified run-length 70% (95%) 84% (75%) 55% (82%) 77%

Algorithm II (published in SPIE 2010) Redundant wavelet packet transform 73% (93%) 85% (79%) 42% (84%) 72%

Algorithm III (accepted in UBM journal) Shadow detection 79% (85%) 81% (90%) 52% (82%) 75%
GUI

Algorithm IV (SVM)(ECOC)(under
submission IEEE TITB journal)

Introducing new feature 79% (86%) 78% (92%) 59% (81%) 72%
Feature combination 80% (87%) 80% (91%) 60% (82%) 73%
Removing post-processing
LRE

The major contribution of this algorithm is the improve-
ment of in detecting NC class comparing to the previous al-
gorithms. Considering loss of information in the procedure of
transforming RF signal to IVUS image and the reverberation
phenomenon in the shadow region, it is really promising to
obtain these results. These results support the idea that most
discriminative information used in VH analysis comes from
the amplitude of RF signals.

Table 26.10 shows a comparison chart of four algorithms
proposed in this chapter.

7 Validation

A fivefold cross-validation approach is considered for val-
idating the proposed algorithms. In this validation scheme,
first, the feature vectors extracted from all images of the
dataset are joined with each other to form a feature matrix.
Then, this matrix is shuffled so that the feature vectors of
different classes are distributed randomly. After shuffling,
this matrix is divided into five equal parts. In each validation
step, four parts are considered as training dataset used to train
the classifier. The trained classifier is then tested with the
remaining part. This procedure is repeated five times, each
time with a new part as test data. The steps of a fivefold
cross validation are shown in Fig. 26.52. Finally, the averages

of the results derived from all steps are reported as the
total result of classifier. These results are known to be more
reliable than the other validation methods when sufficient
number data is available.

8 In Vivo Validation

For in vivo validation, 120 new IVUS images, which were
not included in the classification neither as training data nor
as test data, were considered to be characterized using Al-
gorithm IV. For this purpose, an SVM classifier was trained
using the whole dataset excluding these images. Figure 26.53
shows the reconstructed images after applying Algorithm
IV to three different IVUS images. Average accuracy for
the images that participated in in vivo validation was mea-
sured 78%.

8.1 Statistical Analysis of In Vivo Validation

The VH and Algorithm IV interpretation of the plaque
components of 120 images tested in vivo are reported in
Table 26.11. The sensitivity, specificity, and accuracy of each
plaque components are listed in Table 26.12. The kappa
value was calculated to be 0.639 indicating good agreement.
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Fig. 26.52 Illustration of
fivefold cross validation

Fig. 26.53 (a) IVUS image, (b)
its corresponding VH image and
(c) reconstructed image by
Algorithm IV



26 New Approaches for Plaque Component Analysis in Intravascular Ultrasound (IVUS) Images 369

Table 26.11 Truth table to show the degree of agreement between the Algorithm IV and VH classification for in vivo validation

VH plaque component
DC in proposed
method

FF in proposed
method

NC in proposed
method Total in VH

DC in VH 54,425 4,431 15,384 74,240

FF in VH 2,430 359,326 19,229 380,985

NC in VH 10,884 37,279 45,221 93,384

Total in proposed method 67,739 401,036 79,834 548,609

The bold numbers in Table 26.11 illustrate the number of
pixels characterized as the same plaque component by two
methods, and the bold number at the last column shows the
total number of pixels which have been characterized in 120
images collectively. The truth table shown in Table 26.11
contains a great amount of information which one can use
to compare the proposed method to VH. First, the number
of pixels detected in the proposed method is explicitly
compared to VHs’. For example, on the one hand the first
row of the numbers shows that among 74,240 pixels which
detected as DC in VH images used in this test collectively,
the proposed algorithm classified the 54,425 pixels as DC
correctly (True Positive for DC), 4,431 pixels as FF plus
15,384 pixels as NC which are not correct (False Negative
for DC). On the other hand, the first column of the numbers
shows that among the 67,739 pixels which the proposed
method classified as DC, excluding the 54,425 pixels which
are true, 2,430 pixels misclassified as FF (False Positive for
DC) and 10,884 pixels misclassified as NC (False Positive for
DC). Analyzing the other rows and columns will determine
the similar parameter for FF and NC too.

9 Ex Vivo Validation

In order to test the reliability of the newly proposed algorithm
(Algorithm IV), it was decided to validate with two reliable
histology datasets considered as ex vivo validation. The first
histology samples were processed and prepared as mentioned
in 9.1.i and 9.5.ii by our medical partner group at Cardiology
Department in University of Munich [28]. The second one
is the dataset used in Katouzian et al. [29]. In addition to
histology images, this dataset contains the images recon-
structed from the plaque characterization algorithm proposed
by Katouzain et al. [30].

9.1 Dataset 1

(a) Specimen handling and processing
Six human coronary arteries (two left anterior de-

scending arteries; two left circumflex arteries; two right
coronary arteries) from three cadavers (mean age 70 ˙ 9
years, all men, all noncardiac death) were imaged with
IVUS within 12 h postmortem (mean time: 9 ˙ 1 h).

Table 26.12 The results of Algorithm IV as in vivo validation with
120 images

Sensitivity Specificity Accuracy

Dense calcium (DC) 80.1% ˙ 0.3 94.5% ˙ 0.2 92.8%

Fibro-lipid (FF) 89.6% ˙ 0.09 98.91% ˙ 0.03 92.1%

Necrotic core (NC) 56.6% ˙ 0.3 86.8% ˙ 0.2 82.4%

After harvesting, the hearts were stored at 9 ıC until
imaging. The study was approved by the Institutional
Ethics Committee of the University of Munich.

(b) IVUS imaging
After cannulation of the ostium of each coronary

artery a pressure of 90 mmHg was established using
a 0.9% sodium chloride solution. A 0.014-inch guide
wire was inserted into the coronary artery lumen under
fluoroscopic guidance. An external marker (surgical su-
ture) was applied to the vessel at the distal (first image)
and proximal (final image) position of the probe, which
later enabled accurate correlation of IVUS and histology
images. The IVUS probes were inserted and advanced
to distal end of the vessel. An electronic probe (In-
Vision Gold, Volcano Therapeutics, Inc., Rancho Cor-
dova, California, USA) with a synthetic aperture 2.9 F
and a frequency of 20 MHz was used. A motorized
pullback was performed along the entire vessel with a
speed of 1.0 mm/s using a dedicated pullback device
(R-100 research pullback device, Volcano Therapeutics,
Inc.). IVUS images were stored digitally in DICOM
format. Immediately after the IVUS imaging, specimens
were fixed with the 10% neutral-buffered formalin and
histology was performed.

(c) Histology
All vessel specimens were dissected from the heart

and 5 mm blocks were cut starting from the distal marker.
Each tissue block was numbered, decalcified in a stan-
dard ethylene diamine-tetra-acetic acid-4 Na–20% citric
acid solution for 10 h, and then embedded in paraffin.
From each block, at least two consecutive 4 mm thick
slices were cut every millimeter using a microtome. All
cross sections were stained with hematoxylin and eosin
and every second slice with Elastica-van Gieson. These
stains routinely allow for the identification of necrotic
lipid-rich, calcium, and fibrous tissue. See Fig. 26.54b.
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Fig. 26.54 (a) IVUS image, (b)
histology, and (c) manually
analyzed image

Fig. 26.55 (a) IVUS cross
section, (b) histology image, (c)
manually analyzed image, and
(d) result of Algorithm IV

Table 26.13 The result of ex vivo validation: Algorithm IV validated with histology pictures using pixel-based and region-based validation
(Dataset 1)

DC FF NC

Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
Overall
accuracy

Algorithm IV 55% ˙ 15 97% ˙ 2 77% ˙ 9 50% ˙ 15 47% ˙ 9 77% ˙ 9 74% ˙ 8

Algorithm IV
(9 � 9)

47% ˙ 19 98% ˙ 2 82% ˙ 8 58% ˙ 9 38% ˙ 17 83% ˙ 8 77% ˙ 8

(d) Manual image analysis
IVUS images were correlated with the corresponding

histology slides. All images were divided into four quad-
rants. Four plaque components for tissue characterization
of the vessel wall: normal, fibrous-lipid, calcium, and
necrotic lipid-rich (necrotic) plaques were used. Each
of the plaque components was assigned to a different
color: gray for normal, green for fibrous-lipid, white
for calcium, and red for necrotic tissue. Every part of
the vessel wall in the IVUS images within the lumen–
intima and media–adventitia borders was classified to
consist of one of these tissue types using histology as
the gold standard (see Fig. 26.54c). For histological clas-
sification, a modified grading system in accordance with
the Committee on Vascular Lesions of the Council on
Atherosclerosis [31] and [32] was used. Normal vessel
wall was defined as a regular three-layered appearance
without evidence of intimal thickening. In addition, early
lesions (corresponding to plaque type I–III [32]) were
defined as normal because these early changes are to a
certain degree reversible [13] and due to their inferior

resolution are not detectable in IVUS. Fibrous plaque
was defined as accumulation of predominant fibrous
tissue corresponding to plaque type VIII [32]. Necrotic-
lipid rich plaque was defined as accumulation of predom-
inant lipid-rich necrotic tissue corresponding to plaque
type IV [32]. Plaques were defined as calcified when
there was evidence of calcium deposits in the tissue
corresponding to plaque type VII [32].

9.2 Results of Ex Vivo Validation (Dataset 1)

The images used in ex vivo validation were not considered
in previous analysis of this research. For ex vivo validation,
a SVM classifier was trained using the whole dataset and
VH images as labels. Figure 26.55 shows the results of
applying the Algorithm IV to two different IVUS images.
These results are validated and compared with ten manually
analyzed images considered as reference in this work. Also,
Table 26.13 shows the statistical results of applying Algo-
rithm IV to these images.
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Fig. 26.56 Variable accuracies
show the effect of window size in
validation against the pixel-based
validation (n D 1 on x-axis)

Table 26.14 Truth table to show the degree of agreement between the Algorithm IV and histology images of dataset 1 for ex vivo validation
(pixel-based)

VH plaque
component

DC in proposed
method

FF in proposed
method

NC in proposed
method Total in VH

DC in VH 1,169 149 654 1,972

FF in VH 261 36,908 4,785 41,954

NC in VH 812 3,815 5,668 10,295

Total in proposed
method

2,242 40,872 11,107 54,221

In most similar studies, when one wants to validate
with histology images a region-based validation method is
used. It means that instead of comparing the result and its
corresponding label pixel by pixel, the validation step is
done by comparing regions, a window which contains more
than 1 pixel. For example, the size of validation regions in
Nair et al. [11] is 1/3 mm � 1/3 mm, i.e., approximately a
window of size 13 � 13 pixels. To handle this, a validation
window of size n � n pixels, where n can vary from 1
(pixel-based validation) to 13, was defined. The label of a
validation window was selected by looking at labels of its
constituent pixels. In fact, it is assigned to a plaque com-
ponent which is the majority. Figure 26.56 shows different
accuracies achieved through different window sizes from the
pixel-based validation (0.025 mm � 0.025 mm pixels) till the
region-based validation (0.3 mm � 0.3 mm regions). This
figure shows that the size of regions affects the results.

9.3 Statistical Analysis of Ex Vivo
Validation (Dataset 1)

As mentioned in previous section, dataset one in ex
vivo validation was validated using both the pixel-based
and region-based validation methods. Their sensitivity,
specificity, and accuracy for three plaque components
are reported separately in Tables 26.14 and 26.15. When

predicting the tissue types in ex vivo validation, the kappa
value for pixel-wise method (�D 0.487) was a little less than
region-based method (�D 0.533) but both presenting the
moderate agreement.

9.4 Dataset 2

An acquisition of the cross-sectional ultrasound images
of right coronary arteries (RCA), left anterior descending
(LAD), and left circumflex (LCX) coronary arteries for
this dataset were performed with a 40-MHz rotating
single-element Boston Scientific (Fremont CA) transducer.
The catheter pullback speed was equal to 0.5 mm/s and
the frame rate was 30 frames/s. Each raw frame contains
256 lines with 2,048 samples per line. In order to construct
a 256 � 256-pixel IVUS image, the envelope of each RF
signal was computed by the corresponding analytical signal
and then it was decimated by eight samples. A logarithmic
compression was also used to enhance the image quality.
Then, the 8-bit quantization was used, and the resulting gray-
scale image transformed to Cartesian coordinates to generate
a typical IVUS frame (Fig. 26.58a). For extraction histology
images, arteries of human hearts obtained from two sources,
i.e., autopsy and transplant surgery, are dissected from the
heart and oriented in a tissue cage fixture (Fig. 26.57).
Then, they are stained with Movat Pentachrome. Movat
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Table 26.15 Truth table to show the degree of agreement between the Algorithm IV and histology images of dataset 1 for ex vivo validation
(region-based: 9 � 9)

VH plaque
component

DC in proposed
method

FF in proposed
method

NC in proposed
method Total in VH

DC in VH 32 6 20 58

FF in VH 11 973 88 1,072

NC in VH 13 85 131 229

Total in proposed
method

56 1,064 239 1,350

Fig. 26.57 Tissue cage fixture: the artery is fixed in the cage and
an automatic pullback is performed in saline and human blood. The
histology sections are taken at every 2 mm using side rods after the
artery was fixed by formaldehyde [32]

Pentachrome colors cytoplasm in red, elastic fibers in black,
collagen and reticulum fibers in yellow to greenish, and
proteoglycans in blue. Then pictures are taken from these
sections and homogenous parts are marked by pathologists
(Fig. 26.58b). Then these marked images are mapped on
IVUS images (Fig. 26.58c) and tissue color map images are
extracted (Fig. 26.58d).

9.5 Results of Ex Vivo Validation (Dataset 2)

In the dataset two, which was used for ex vivo validation,
an SVM classifier was trained using 50 tissue color map
images extracted through histology pictures as shown in
Fig. 26.58d (i.e., manually painted image based on histology
image by expert pathologist). Figure 26.59c shows the results
of applying the Algorithm IV to four different gray-scale
IVUS images. These results were validated with other tissue
color map images which were not included in training dataset
(Table 26.16).

9.6 Statistical Analysis of Ex Vivo
Validation (Dataset 2)

Kappa value 0.454 for this ex vivo validation indicates
the moderate agreement between Algorithm IV and histol-
ogy images in Table 26.17 as gold standard. Furthermore

kappa value 0.628 for comparing the result of Algorithm
IV with histology images shown in Table 26.18 indicates
the good agreement. Table 26.19 shows a comparison of
in vivo and ex vivo validation methods in this chapter
(Table 26.20).

10 Longitudinal Resolution
Enhancement (LRE)

As mentioned before, one of the limitations of VH is its
ECG-gated acquisition. Using the ECG-gated acquisition, in
one cardiac cycle, the RF spectrum from only one IVUS
frame with the synchronization of R-wave is acquired and
analyzed. Therefore the distance between each VH im-
ages can be derived from the R–R interval (s) and the
pullback speed of the IVUS catheter (mm/s) as follows
[24]:

Distance between two V H images .mm/

D R–R interval � pullback speed

At the same time, gray-scale IVUS images are, normally,
produced at a rate of 30 frames/s. Therefore, comparing
to gray-scale IVUS, the longitudinal resolution for VH is
highly reduced. Considering a heart rate of 60 beats/min and
pullback speed of 1 mm/s, for example, RF analysis is per-
formed for only 1 frame/mm (1 frame/s). However, using the
proposed algorithms of Image Based Histology (IBH), the
longitudinal resolution would increase up to 30 frames/mm
(Fig. 26.60).

In order to envisage the longitudinal resolution enhance-
ment, plaque characterization based on the proposed algo-
rithms was implemented on IVUS frames between each two
consequential VH images. Plaque component abundances,
which contribute to each tissue type characterized by the
proposed method, are displayed in three different charts in
Figs. 26.61, 26.62, and 26.63. The points in each chart refer
to the plaque component abundances in VH images. The ones
of other IVUS frames between two sequential VH frames
are computed using the proposed method and displayed by
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Fig. 26.58 (a) IVUS cross
section, (b) Movat Histology
image, (c) tissue color map
imposed on the IVUS image, and
(d) tissue color map: White is
DC, green is fibro-lipid and red is
NC [32]

Fig. 26.59 (a) Gray-scale IVUS
image, (b) manually painted
image based on histology image
with fibrotic C fibro-fatty
(green), calcium (white), and
necrotic (red) components, (c)
characterized image using
Algorithm IV after training by (b)
on the manually detected plaque
area, and (d) Characterized image
using Algorithm IV after training
by (b) on the whole plaque area
detected by expert

Table 26.16 The result of ex vivo validation: Algorithm IV validated with histology pictures (dataset 1). The parameter ˙ confidence interval is
shown for the sensitivity, specificity, and accuracy parameters

Sensitivity Specificity Accuracy

Pixel-wise Region-based Pixel-wise Region-based Pixel-wise Region-based

Dense calcium (DC) 59.3 ˙ 2.2 55.2% ˙ 13 97.5% ˙ 0.6 98% ˙ 3.4 96% 96%

Fibro-lipid (FF) 87.9% ˙ 0.31 90.8% ˙ 1.7 67.7% ˙ 0.45 68.3% ˙ 2.8 85.4% 86%

Necrotic core (NC) 55.1% ˙ 0.1 57.2% ˙ 6.4 87.6% ˙ 0.7 90.4% ˙ 3.8 79.9% 85%

Table 26.17 Truth table to show the degree of agreement between the Algorithm IV and histology images of dataset 2 for ex vivo validation
(pixel-based)

VH plaque
component

DC in proposed
method

FF in proposed
method

NC in proposed
method Total in VH

DC in VH 5,503 4,710 40 10,253

FF in VH 2,760 26,776 1,629 31,165

NC in VH 142 2,040 2,208 4,390

Total in proposed
method

8,405 33,526 3,877 45,808
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Table 26.18 Truth table to show the degree of agreement between the Algorithm IV and histology images of dataset 2 for ex vivo validation
(region-based)

VH plaque
component

DC in proposed
method

FF in proposed
method

NC in proposed
method Total in VH

DC in VH 136 85 0 221

FF in VH 23 844 26 893

NC in VH 1 39 61 101

Total in proposed
method

160 968 87 1,215

Table 26.19 Summary of applied validation methods (in vivo and ex vivo)

Pixel-based Region-based
Validation Datasets Accuracy � Accuracy �

In vivo 120 IVUS images >82% 0.639 – –

Ex vivo Data set #1 >79% 0.487 >85% 0.533
Data set #2 >75% 0.454 >86% 0.628

Table 26.20 The result of ex vivo validation: Algorithm IV validated with histology pictures (dataset 2). The parameter ˙ confidence interval is
shown for the sensitivity, specificity, and accuracy parameters

Sensitivity Specificity Accuracy
Pixel-wise Region-based Pixel-wise Region-based Pixel-wise Region-based

Dense calcium (DC) 65.5% ˙ 1 85% ˙ 5.5 87.3% ˙ 0.7 92% ˙ 4.2 83.3% 91%

Fibro-lipid (FF) 79.9% ˙ 0.4 87% ˙ 2 64.3% ˙ 0.5 80% ˙ 2.5 75.7% 86%

Necrotic core (NC) 56.9% ˙ 1.6 70% ˙ 9.6 94.8% ˙ 0.7 96.54% ˙ 3.9 91.6% 95%

Fig. 26.60 Illustration of
enhancement of the longitudinal
resolution of atherosclerosis
plaque composition
characterization of gray scale
IVUS using IVUS-IBH method
compared to VH. Gray-scale
IVUS images are, normally,
produced at a rate of 30 frame/s.
Considering a heart of 60
beats/min and pullback speed of
1 mm/s, for example, RF analysis
is performed for only
1 frame/mm (or 1 frame/s).
Therefore VH has a much lower
longitudinal resolution than
gray-scale IVUS

lines. The large changes in plaque component abundances
between two VH-IVUS frames are reasonable, since they can
be related to different sections of the vessel of about 1 mm
distance. However, the rapid changes between two points on
the line, which is described and highlighted using an IVUS

and its corresponding characterized image, are because of
existing different plaque components which were ignored by
using VH. Moreover, one should note that these variations
might be resulted from differences in the detected plaque area
as well.



26 New Approaches for Plaque Component Analysis in Intravascular Ultrasound (IVUS) Images 375

Fig. 26.61 Illustration of
calcium plaque changes between
VH slides

Fig. 26.62 Illustration of
fibro-fatty plaque changes
between VH slides

Fig. 26.63 Illustration of
necrotic plaque change between
VH slides
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27Visualization of Atherosclerotic Coronary
Plaque by Using Optical Coherence
Tomography

Plaque Characterization by OCT

Takashi Kubo and Takashi Akasaka

Abbreviations

ACS Acute coronary syndrome
AMI Acute myocardial infarction
IVUS Intravascular ultrasound
OCT Optical coherence tomography
TCFA Thin cap fibroatheroma
UAP Unstable angina pectoris
SAP Stable angina pectoris

1 Introduction

Acute coronary syndrome (ACS) results from sudden lumi-
nal narrowing caused by thrombosis. There are multiple sub-
strates for coronary thrombosis overlying an atherosclerotic
plaque. Plaque rupture is the most frequent cause of coronary
thrombosis (55–60%). Plaque rupture develops in the thin
cap fibroatheroma (TCFA), which is characterized by the
presence of a necrotic core and an overlying thin fibrous-
cap (<65 �m) heavily infiltrated by activated macrophages.
Erosion also leads to coronary thrombosis, accounting for
30–35% of all coronary thrombi. Eroded lesions are char-
acterized by abundant surface smooth muscle cells and
proteoglycans, and a small or absent lipid-rich core. Calcified
nodule is the least common of all lesions that cause coronary
thrombi (2–7%). These lesions typically contain calcified
plates along with bony nodules that penetrate the lumen,
which contains disrupted endothelium.

In vivo assessment of plaque characteristics is a key to
getting a better understanding of vulnerable plaque. Several
imaging techniques are currently in use for evaluation
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of coronary atherosclerosis. Recently, optical coherence
tomography (OCT) has emerged as a technological
breakthrough in the field of intracoronary imaging by
providing high-resolution images with near histological
detail. In vitro and in vivo studies have affirmed the excellent
quality of OCT images making it an attractive technology
for the analysis of atherosclerotic plaque and coronary
microstructure. In this chapter, we will summarize the
assessment of coronary atherosclerosis by using OCT.

2 OCT Technology

OCT is a novel, catheter-based, intravascular imaging modal-
ity using near-infrared light to create images [1]. The light
wavelength ranges from 1,250 to 1,350 nm, which minimizes
absorption of the light waves by water, protein, lipids, and
hemoglobin. The light from the source is split in half, with
part directed toward the arterial wall and part toward a mirror.
The reflected signals are overlaid on a photodetector. The
intensity of interference signal is detected and used to create
images. The axial resolution in catheter-based OCT is 10–
20 �m compared with 100–200�m for IVUS, and the lateral
resolution is typically 25–30 �m as compared with 200–
300 �m for IVUS. However, the tissue penetration is limited
to 1–3 mm as compared with 4–8 mm achieved by IVUS.

The OCT system consists of a catheter, imaging engine,
and computer. The monorail 2.7-F OCT catheter is delivered
over a conventional 0.014-in. coronary guidewire through a
6-F guide catheter. Because the infrared light is unable to
penetrate red blood cells, OCT imaging is performed in a
blood-free environment using a bolus injection of contrast
(approximately 4 ml/s). The current frequency-domain OCT
system acquires images at a rate of 100 frame/s. The OCT
catheter is withdrawn using an automated pullback system at
a speed of 20 mm/s. Thus, a 5-cm length of a coronary artery
can be scanned in less than 3 s.
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3 Normal Coronary Artery

The coronary artery wall appears as a three-layer structure
in OCT images (Fig. 27.1). Intima is depicted as a signal-
rich layer nearest the lumen, media as a signal poor middle
layer, and adventitia as a signal-rich outer layer of artery wall
[2]. Intimal thickening is considered to be an early phase
of atherosclerosis. The media becomes thinner as a result of
positive vessel remodeling in the presence of atherosclerosis.
Because of its much higher resolution compared with IVUS,
OCT detects even the subtle atherosclerotic changes of the
coronary artery wall.

4 Atherosclerotic Plaque

OCT has shown effectiveness in characterizing plaque com-
position. Fibrous plaques are characterized by homogeneous,
signal-rich regions, fibrocalcific plaques by signal-poor re-
gions with sharp borders, and lipid-rich plaques by signal-
poor regions with diffuse borders (Fig. 27.2). With use of
histopathologic diagnosis as the gold standard, these OCT
criteria yielded a high sensitivity and specificity ranging from
71 to 79% and 97 to 98% for fibrous plaques, 95 to 96% and
97% for fibrocalcific plaques, and 90 to 94% and 90 to 92%

for lipid-rich plaques, respectively [3]. Interobserver and
intraobserver agreements for the plaque characterization with
OCT were also high (k D 0.88 and 0.91, respectively) [3].

5 Vulnerable Plaque

Plaque Rupture: Plaque rupture is defined as a presence
of fibrous-cap discontinuity and a cavity formation of the
plaque in OCT (Fig. 27.3). The high resolution of OCT
allows for a clear visualization of disrupted fibrous-cap and
an accurate measurement of its thickness [4]. OCT revealed
that the frequency of plaque rupture was 73% in patients
with acute myocardial infarction (AMI) [5]. In patients with
unstable angina (UAP), plaque rupture was often observed in
Braunwald clinical class III (angina at rest within 48 h) com-
pared with class I (new onset of severe angina or accelerated
angina) and II (angina at rest within previous month but not
within preceding 48 h) (71% vs. 43% vs. 13%, p< 0.001) [6].

OCT showed that the morphologies of plaque rupture
differed between rest-onset and exertion-triggered rupture in
patients with AMI. The thickness of disrupted fibrous-cap
was significantly higher in exertion-triggered rupture com-
pared with rest-onset rupture (exertion: 90 �m [interquartile
median 65 �m]; rest onset: 50 �m [interquartile median
15 �m], p< 0.01) [7]. OCT suggests that some plaque
rupture could occur in thick fibrous-caps>65 �m thick.

Fig. 27.1 Normal coronary
artery. OCT demonstrates good
contrast of the three layers of
normal vessel. The media (M) is
seen as a dark band delimited by
the intima (I) and adventitia (A)

Fig. 27.2 Coronary
atherosclerotic plaques. (a) OCT
images of fibrous plaque show a
homogeneous, signal-rich region.
(b) OCT images of fibrocalcific
plaque show a signal-poor region
with sharply delineated borders.
(c) OCT images of lipid-rich
plaque show a signal-poor region
with poorly delineated borders
beneath a thin homogeneous band
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Fig. 27.3 Plaque rupture in
patient with acute myocardial
infarction. Coronary angiogram
shows an ulcerated lesion in the
mid right coronary artery
(arrow). OCT demonstrates
plaque rupture with a disrupted
fibrous-cap and core cavity
(asterisk) at the lesion site

Fig. 27.4 Plaque erosion in
patient with unstable angina
pectoris. Coronary angiogram
shows a subtotal lesion in the mid
left circumflex coronary artery
(arrow). OCT demonstrates
plaque erosion with an irregular
lumen surface (arrowheads) and
intracoronary thrombus
(asterisks) at the lesion site

OCT proposed two risk factors linking ruptured plaques
to ACS: greater degree of plaque rupture and smaller lu-
men. Ruptured cavity area was significantly larger in AMI
compared with UAP (2.52 ˙ 1.36 mm2 vs. 1.67 ˙ 1.37 mm2,
p D 0.034) [8]. Lumen area at rupture site was significantly
smaller in symptomatic plaque rupture in UAP compared
with asymptomatic plaque rupture in stable angina pectoris
(SAP) (3.00 ˙ 0.86 mm2 vs. 3.45 ˙ 1.18 mm2, p D 0.030)
[9]. The greater degree of plaque rupture provokes more in-
creased thrombus formation, and the smaller lumen requires
less thrombus to precipitate an acute coronary event.

Three-vessel OCT imaging showed multifocal plaque
destabilization during ACS [10–12]. Plaque rupture was
often detected not only in culprit lesions but also in non-
culprit lesions. Although one single lesion is clinically active
at the time of ACS, the syndrome is associated with overall
coronary instability.

Erosion: Plaque erosion is defined as a presence of an
irregular luminal surface and no evidence of cap rupture
evaluated in multiple adjacent frames (Fig. 27.4). Erosion
is usually comprised of OCT evidence of thrombus [13].

Conventional imaging techniques are not sensitive enough
to detect plaque erosions. OCT revealed that the frequency
of plaque erosion was 23% in patients with AMI [5], and
this data was comparable with previous autopsy results.
Erosion may be less potently thrombogenic and lead smaller
infarctions in comparison with plaque rupture.

Calcified Nodule: Calcified nodule is defined as a protrusion
of a signal-poor and heterogeneous region with OCT signal
attenuation (Fig. 27.5). Because light penetrates calcium
in contrast with ultrasound, OCT allows precise, in vivo
assessment of calcified nodules [14]. The origin of this lesion
remains unclear, but it appears to be associated with healed
thrombus or, potentially, with intraplaque hemorrhage.

Thrombus: Intracoronary thrombus was defined as a mass
protruding into the vessel lumen from the surface of the
vessel wall (Fig. 27.6). OCT can determine the presence,
location, and size of a thrombus and even discriminate
between white and red thrombus [15]. Red thrombus, pre-
dominantly consisting of red blood cells, appears in OCT
as high backscattering structures with signal-free shadowing
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Fig. 27.5 Calcified nodule in patient with accelerated angina. Coro-
nary angiogram shows intraluminal haziness in the proximal left
circumflex coronary artery (arrow). (a) IVUS demonstrates a convex

lumen surface with bright echo that obstruct the penetration of ultra-
sound. (b) OCT discloses a protrusion of a heterogeneous region with
signal attenuation

Fig. 27.6 Intracoronary thrombi in patient with acute myocardial in-
farction. Coronary angiogram shows a subtotal lesion with luminal
filling defect (arrowhead) in the proximal right coronary artery. (a)
OCT demonstrates white thrombi, predominantly consisting of platelets
and white blood cells, which appears as low backscattering structures at

the proximal site of the culprit lesion. (b) OCT discloses red thrombus,
predominantly consisting of red blood cells, which appears as a high
backscattering structure with signal-free shadowing at the distal site of
the culprit lesion

while white thrombus, predominantly consisting of platelets
and white blood cells, appears as a low backscattering
structure [16]. In practice, pure white or red thrombi are
rarely found; mixed thrombi, on the other hand, are common.

A coronary thrombus is observed by OCT even in patients
with SAP. This may help to explain the benefit of antiplatelet
therapy for the prevention of acute coronary events in the
SAP patient population.

TCFA: OCT-derived TCFA is defined as a plaque with lipid
and fibrous-cap of<65�m thick (Fig. 27.7). OCT is the only
modality with the resolution required for direct quantitative
measurement of the fibrous-cap thickness [17]. The fibrous-
cap thickness is defined as the minimum distance from the
coronary artery lumen to inner border of lipid, which is char-
acterized by signal-poor region in OCT image. An excellent
correlation was found in the measurements of the fibrous-
cap thickness between OCT and histological examination
(r D 0.90, p< 0.001) [18].

OCT-derived TCFA has been investigated with other
imaging techniques to confirm its instability. Recent IVUS
studies have demonstrated that hypoechoic plaque with deep

ultrasound attenuation is common in ACS. Such “attenuated
plaque” is thought to be an IVUS characteristic of unstable
lesion. OCT-derived TCFA was more often seen in IVUS-
derived attenuated plaques compared with non-attenuated
plaques (48% vs. 16%, p< 0.001) [19].

Spectral analysis of the radiofrequency (RF) ultrasound
backscatter signals, known as Virtual Histology (VH), of-
fers an in vivo opportunity to identify the four different
types of atherosclerotic plaques (e.g., fibrous, fibro-fatty,
dense calcium, and necrotic core). A natural history study
of atherosclerosis using VH-IVUS showed that VH-derived
TCFA, which is characterized by absence of visible fibrous-
cap overlying a necrotic core, has a high risk for future
adverse cardiovascular events. OCT-derived TCFA is asso-
ciated with this vulnerable feature of VH-IVUS (diagnostic
concordance rate D 86%) [20].

Angioscopy allows direct visualization of the internal
surface of a coronary vessel wall. Several angioscopic stud-
ies revealed that yellow plaque was common in the cul-
prit lesion of ACS. Therefore, angioscopy-identified yellow
plaque has been considered vulnerable. OCT showed signifi-
cant negative correlation between yellow color intensity and
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Fig. 27.7 Thin-cap
fibroatheroma (TCFA). A
fibrous-cap (arrows) is identified
as a signal-rich homogenous
region overlying a lipid core,
which is characterized by a
signal-poor region in OCT image.
OCT-derived TCFA is defined as
a plaque with a fibrous-cap
measuring <65 �m

Fig. 27.8 Intraplaque
neovascularization. Microvessels
within the plaque (arrowheads)
appear as signal poor voids that
are sharply delineated

fibrous-cap thickness (p< 0.001) [21]. Furthermore, 80% of
intensive yellow plaques were OCT-derived TCFA.

Recent advances in multi-detector computed tomography
(CT) technology have allowed for a noninvasive assessment
of coronary atherosclerotic plaques. A prospective CT study
showed that the low-density plaque with positive vessel re-
modeling was an independent predictor of subsequent ACS.
These CT characteristics were observed more frequently
in OCT-derived TCFA compared with non-TCFA (76% vs.
31%, p< 0.001) [22].

OCT has been used to evaluate prevalence of TCFA
in vivo. OCT-derived TCFA was more frequently observed
in patients with AMI or ACS than SAP (72% vs. 50%
vs. 20%, p D 0.012) [23]. In accordance with a previous
pathological study [24], OCT-derived TCFA was detected
not only in culprit lesions but also in non-culprit segments
[10–12]. The distribution of OCT-derived TCFA in the right
coronary artery was relatively even (proximal vs. mid vs.
distal: 12% vs. 29% vs. 18%, p D 0.420), whereas TCFA
in the left coronary artery was common in proximal sites
(proximal vs. mid vs. distal: 27% vs. 9% vs. 0%, p D 0.018)

[25]. Moreover, OCT-derived TCFA is associated with serum
high sensitive C-reactive protein level [26]. These OCT
data provide further evidence of the multifocal nature of
inflammation in coronary atherosclerosis and support the
hypothesis that the inflammation is manifested by thinning
of the fibrous-caps of both culprit and non-culprit lesions.

Neovascularization: Increased microvessels in atheroscle-
rotic plaques are associated with plaque vulnerability. Mi-
crovessels could contribute to intraplaque hemorrhage, re-
sulting in expansion of the plaque. The high resolution of
OCT offers an opportunity to directly visualize microvessels
in the atherosclerotic plaque in vivo. The microvessel in
the plaque is defined as a no-signal tubuloluminal structure
without a connection to coronary artery lumen in OCT
(Fig. 27.8). OCT showed that the microvessel density was
increased in TCFAs (54% vs. 21%, p D 0.012) and lesions
with positive remodeling (67% vs. 36%, p D 0.020) [27].
In addition, serum high sensitive C-reactive protein levels
were significantly different according to the presence or
absence of microvessels (median 0.27 mg/dl vs. 0.13 mg/dl,
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Fig. 27.9 Macrophages.
Macrophages (arrowheads) are
seen as signal-rich, distinct, or
confluent punctuate regions that
exceed the intensity of
background speckle noise in
OCT image

p D 0.015) [27]. Assessment of plaque neovascularization
by using OCT might be useful for identifying lesions more
prone to destabilization and rupture.

Macrophage: The high resolution of OCT has a potential
to identify inflammatory cells such as clusters of
macrophages/foam cells. Streaks of macrophages/foam cells
are seen as signal-rich bands with signal-free shadowing in
OCT images (Fig. 27.9). An autopsy study demonstrated
a high degree of positive correlation between OCT and
histological measurements of fibrous-cap macrophage
density (r< 0.84, p< 0.001) [28]. A range of OCT
signal standard deviation thresholds (6.15–6.35%) yielded
100% sensitivity and specificity for identifying caps
containing >10% CD68 staining [28]. A clinical OCT
study disclosed a significant relationship between the
clinical presentation and the macrophage concentration in
the coronary atherosclerotic plaques. Macrophage density
was found to be significantly higher in culprit site of
AMI (5.54 ˙ 1.48%) and ACS (5.86 ˙ 2.01%) compared
with SAP (4.14 ˙ 1.81%) (p D 0.003) [29]. Sites of plaque
rupture showed a greater macrophage density than non-
ruptured sites (6.95 ˙ 1.60%, 5.29 ˙ 1.17%, p D 0.002)
[29]. In addition, surface macrophage infiltration was a
stronger predictor of unstable clinical presentation than
subsurface infiltration (p D 0.035) [29]. The possibility of
seeing macrophages in OCT could open opportunities for
studying the role of these inflammatory cells in coronary
atherosclerosis.

6 Limitations

Because of its limited tissue penetration (1–1.5 mm), OCT
does not appear to be suited to study vessel remodeling,
which is well addressed by IVUS. Previous IVUS studies
have shown that positive remodeling is often observed in the
culprit lesion of ACS. OCT was used to assess the plaque

characteristics in the lesion with positive remodeling that was
determined by IVUS. Positive remodeling compared with ab-
sent or negative remodeling was more commonly associated
with lipid-rich plaque (100 vs. 60 vs. 47.4%, p D 0.01), a
thin fibrous-cap (median 40.2 vs. 51.6 vs. 87 �m, p D 0.003)
and the presence of TCFA (80 vs. 38.5 vs. 5.6%, p< 0.001)
[30]. Fibrous-cap macrophage density was also higher in
plaques with positive remodeling showing a positive linear
correlation with the remodeling index (r D 0.60, p< 0.001)
[30]. These OCT results might explain the link between
positive remodeling and unstable clinical presentations.

Thrombus may affect assessment of the atherosclerotic
plaque. Because red blood cells cause severe signal atten-
uation, OCT cannot visualize coronary plaques behind the
thrombus. In the OCT assessment of vulnerable lesions,
thrombus may preclude identification of plaque rupture or
erosion [31]. Furthermore, non-protruding red thrombi can
be misinterpreted for necrotic lipid cores. This may occur
due to the similar OCT signal pattern of the two tissue
components.

Quantitative measurement of lipid core size is limited in
OCT. Because the OCT signal is absorbed by the lipidic
tissue, the boundary is not clearly visualized behind the lipid
core. Therefore, lipid is semiquantified as the number of
involved quadrants on the cross-sectional OCT image. When
lipid is present in �2 quadrants in any of the images within
a plaque, it was considered a lipid-rich plaque [23].

7 Future Developments in OCT
Technology

OCT has a capability of identifying plaque components
(Table 27.1). However, interpretation of the OCT image
in terms of tissue type is still a complex and often
ambiguous task for trained readers. To overcome this
limitation, automated methods for plaque characterization
are currently under development [32]. The application of a
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Table 27.1 Criteria for plaque characterization in OCT

Histology OCT findings

Intima Signal-rich layer near lumen

Media Signal-poor layer in middle of artery wall

Adventitia Signal-rich outer layer of artery wall

Fibrous Signal-rich, homogeneous region

Calcification Signal-poor, well-delineated region

Lipid Signal-poor, poorly delineated region

Fibrous-cap Signal-rich layer overlying signal-poor region

Red thrombus High-backscattering protrusion with signal-free
shadowing

White thrombus Low-backscattering protrusion

Microvessel Signal-poor, well-delineated void within plaque

Macrophages Signal-rich, distinct, or confluent punctuate
regions with shadowing

post-processing color-coding software-based algorithm on
analysis of either spectral OCT backscattered data or other
optical tissue properties should improve the characterization
of atherosclerotic coronary plaques and provide a more
objective assessment.

High frame rate and fast pullback speed of OCT may
facilitate the acquisition of three-dimensional data from
longitudinal image sequences. The combination of auto-
matic tissue characterization and three-dimensional recon-
structions is further promising areas of research in OCT
[33]. The localization analysis of elements related to plaque
vulnerability such as necrotic core, thin fibrous-cap, or in-
flammatory cells could be improved by multidimensional
assessment. These future technologies would develop our
understanding of vessel and plaque pathology.

8 Conclusions

OCT enables real-time, full tomographic, in-situ visualiza-
tion of coronary vessel microstructure with a unique high
resolution. In vitro and in vivo studies have demonstrated
the feasibility of OCT to visualize vulnerable plaques. At
present, OCT is the only imaging technology with a res-
olution high enough for detection of TCFA. Furthermore,
this technology would permit longitudinal trails to study
the dynamic nature of coronary atherosclerosis. OCT could
provide a greater understanding of the pathophysiology of
coronary artery disease.
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Gerd Brunner, Eric Y. Yang, Joel D. Morrisett, Zsolt Garami, and Vijay Nambi

1 Introduction

Medical imaging is of vital importance in modern medicine
and of special interest in diagnostic medicine. Current med-
ical imaging consists of a wide range of instrumentation
including but not limited to computed tomography (CT),
magnetic resonance imaging (MRI), ultrasonography (US),
fluoroscopy, plain film radiography, positron emission to-
mography (PET), and single-photon emission computed to-
mography (SPECT). Each of these imaging modalities has
certain advantages and limitations.

Clear advantages of one imaging system can be a limita-
tion of another. Hence fusion of these imaging technologies
may provide an approach for maximizing imaging informa-
tion, as illustrated in Fig. 28.1.

We will first consider briefly advantages and limitations
of common medical imaging technologies. Since the 1970s,
CT usage has increased rapidly, and it is estimated that today
more than 72 million scans are performed annually in the
USA alone [1]. Although CT imaging is user-friendly and
allows rapid image acquisition, concerns have been voiced
recently regarding repetitive usage and radiation exposure
resulting in a possible increase of life-time cancer risk [2].
Additionally, contrast agents that are required for some
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studies can lead to renal impairment and hence renal function
should always be considered in image modality selection.

MR imaging provides excellent soft-tissue contrast and is
free of ionizing radiation. MRI utilization is rapidly grow-
ing and today approximately 30 million annual scans are
performed in the USA [3]. However, availability of MRI
systems is limited and imaging costs are high compared to
those of CT. The major contraindications to MRI are metal-
lic implants in the body such as aneurysm clips, cochlear
devices, spinal nerve stimulators, pacemaker, implantable
cardioverter-defibrillator (ICD), and deep brain stimulators.
Patients are frequently imaged using Gadolinium-based con-
trast agents. Gadolinium chelates are extravascular MRI con-
trast agents that are cleared by the renal system. Individuals
with severe renal impairment may therefore experience ad-
verse effects with the use of these contrast agents, and hence
clinically, patients are screened for their kidney function by
estimating the glomerular filtration rate (GFR).

PET is a functional imaging modality involving a ra-
dionuclide such as fluorodeoxyglucose (18F-FDG) which is
intravenously injected after which the location of the tracer
throughout the body can be determined for diagnostic pur-
poses [4]. PET imaging has been very successful, especially
in oncology [5]. One of the concerns regarding PET/CT
imaging studies is the level of radiation exposure that can be
in the order of ten to above 30 mSv per scan, depending on
imaging protocols [6]. Moreover, at present the availability
of PET imaging is limited and scanning costs are high. One
of the major technical limitations of PET imaging is poor
resolution when compared with other imaging modalities.
The fusion of PET/CT systems alleviated the limitation of
image resolution in part and also increased availability to
approximately 2,000 installed systems in 2010 [7].

Ultrasound imaging is among the safest of imaging
modalities with several advantages including portability
and excellent temporal resolution. Moreover, US is a widely
available versatile medical imaging technology. US has
no known long-term side effects, and the modality can be
used to image soft tissue, vasculature, blood flow, muscle,
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Fig. 28.1 Information content from two imaging modalities typically
overlaps in certain aspects. Image fusion can merge complementary
information from two or multiple imaging modalities

and bone surfaces (Fig. 28.2). US technology is based on
sound waves that are generated and detected by piezoelectric
elements inside the US transducer. Sound waves travel in
a beam originating from the transducer that also acts as
receiver for the reflected and scattered echo signals that
are subsequently converted into an image. Clinical US
imaging systems utilize acoustic waves in the low MHz
range resulting in limited tissue penetration depth and
inability to penetrate bone. US imaging is, however, more
operator dependent than CT or MR imaging and hence the
sonographer training and experience are important factors of
image quality. Another limitation of ultrasound imaging
is its “lateral drop out” or loss of detail in the lateral
segments of the image, i.e., the segments away from the
ultrasound beam—which is a consideration in assessing
atherosclerosis [8].

2 Image Fusion

Image fusion presents the clinician and researcher with the
opportunity to merge content from multiple imaging modal-
ities, thereby possibly alleviating limitations of individual
scanning technologies (Fig. 28.3). Image fusion can be
implemented at the hardware or the software level. Table 28.1
lists clinically available image fusion systems such as, for
example, PET/CT [4, 9] and recently available PET/MRI
systems [10, 11]. Although image fusion is commonly un-
derstood as an inter-imaging modality technology, it can also
be applied to intra-modality fusion; for instance to analyzing
pre- and postoperative imaging data.

Table 28.2 shows a summary of important characteristics
of major imaging technologies. Broadly speaking, image
fusion between one or more imaging modalities can be
accomplished by hardware or software fusion.

Image fusion can be broadly classified into two categories,
namely hardware fusion and software fusion.

2.1 Hardware Image Fusion

In the hardware-based approach to image fusion, data are
acquired simultaneously by different imaging modalities.
The advantage of these systems is that the resulting imaging
data are co-registered, and data fusion is performed in real
time. The disadvantages include the possible requirement of
larger equipment.

2.1.1 Ultrasonography
Compound imaging or the fusion of information obtained
through multiple scans of the same anatomy or region of
interest has been one of the main approaches toward improv-
ing information obtained through ultrasound-based imaging.
Compound imaging systems fuse images from separate se-
quential scans of the area of interest [24–28]. Jeong and
Kwon [29] obtained US scans of human breast tissue us-
ing two opposing array transducers. Although these efforts
improved the image quality and resolution, imaging was
done sequentially and hence resulted in long scan times or
suboptimal co-registration, i.e., the ability to obtain informa-
tion in the same plane. The simultaneous usage of multiple
transducers might exacerbate the known US limitation of
lateral dropout leading to potential loss of information.

The issue of lateral dropout in US imaging has been
addressed by fusing images obtained from different angles
using a technique known as spatial compounding which has
been an active field of ultrasound research aimed at reducing
intensity variations due to interference patterns from tissue
echoes known as speckles [28]. Jespersen et al. [27] devel-
oped a scanning method known as multi-angle compound
imaging (MACI) that uses a linear phased array to create
iteratively a beam at one of n-angles at a time producing
a set of acquisitions from different angles. MACI averages
all n-images resulting in better tissue contrast and reduced
speckle noise. The basic concept of MACI was extended by
Behar et al. [28] to improve lateral resolution and speckle
contrast by simultaneous image acquisition using three later-
ally separated transducers with only one acting as transmitter
resulting in a compound image. Spatial compounding and
MACI reduce speckle and improve tissue contrast at the cost
of a reduced image frame rate.

2.1.2 PET/CT/MRI
PET/CT is a very successful imaging technology that com-
bines functional imaging with anatomical imaging [9]. Al-
though technical designs and specifications differ among
vendors, the PET detectors and CT components are mounted
typically inside a single gantry resulting in a co-registered
data acquisition of both modalities [30, 31]. The major CT
components such as detectors, readout electronics, and the
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Fig. 28.2 US images of the left
common carotid artery (LCCA)
of one subject from different
angles (views points). The white
arrows indicate the same location
in the LCCA illustrating changes
in speckle patterns

Fig. 28.3 Axial images of a
carotid endarterectomy (CEA)
sample. Panel (b) shows a proton
density weighted MRI slice of the
internal and external carotid
artery (arrows). Note the
hypointense region in the external
carotid artery indicating the
absence of plaque. Panel (a)
depicts a fused image composed
of the MRI slice and the
corresponding ultrasound image

Table 28.1 Image fusion systems

Imaging modalities MRI US CT PET

MRI X X X X

US X X X

CT X X

X-ray tube are mounted on a rotating ring. The PET detectors
and electronics are mounted on a separate ring, partial ring,
or are integrated in a stationary setup, depending on vendor
specifications. Technical details on PET/CT scanner instru-
mentation can be found in an article by Alessio et al. [32].

In 2011 the US Food and Drug Administration approved
the first commercial PET/MRI system for US market.
PET/MRI is a promising technology, given its capability
to simultaneously image function with increased soft tissue
contrast at a significantly lower radiation burden [33, 34].
PET/MRI can reduce ionizing radiation by approximately

70 % when compared to state of the art PET/CT systems.
Hence, this new technology might be especially of interest to
vulnerable populations such as individuals receiving multiple
scans and children.

2.2 Software Image Fusion

The software-based approach to image fusion is routinely
used for the co-registration of images obtained with two or
more modalities (Fig. 28.4). The process of image fusion
involves several algorithmic steps that can vary substantially
in number depending on the application at hand. Image
fusion techniques integrate algorithms from the broad areas
of computer vision and object recognition [35, 36]. Common
problems that arise in image fusion are due to inherent
differences in the underlying imaging technologies. For in-
stance, in-plane resolution is quite different between US and
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Table 28.2 Summary of important parameters for the most commonly used clinical imaging modalities

Properties/imaging modality MDCT/DS-MDCT MRI US PET

Ionizing radiation Yes No No Yes

Temporal resolution 165 ms/83 ms [12] 30–50 ms [13] [14, 15] (6 ms [16]) 12 ms [17] 1 breathing cycle

Spatial resolution 0.4 � 0.4 � 0.5 mm [18, 19] 0.4 � 0.4 � 0.4 mm [20–22] 0.1–0.3 mm [23] 5–8 mm [4]

Reproducibility Excellent Excellent Good but operator dependent High

Acquisition time Excellent Moderate Excellent Moderate

Tissue contrast Limited Excellent Limited –

Function Yes Yes Yes Yes

MDCT multi-detector computed tomography, MRI magnetic resonance imaging, US ultrasonography, PET positron emission tomography

Fig. 28.4 Carotid endarterectomy (CEA) sample imaged with �CT
and MRI. (a) Coronal view obtained with �CT for the CEA sample.
Note the heavily calcified regions (bright areas). The horizontal red line
indicates the location of the axial images in panels (b)–(e). (b) Axial
slice at bifurcation of the �CT scan showing the internal and external
carotid arteries with calcified nodules and increased wall thickness.
(c) Co-registered MRI image acquired with a proton-density weighted

turbo spin echo sequence on 3.T Siemens Verio system. (d) Euclidean
transformed MRI slice in order to align with the �CT image. The
black and gray arrows indicate calcified areas (hyperintense) serving
as fiducial markers for image fusion. Note that calcified regions appear
hypointense in MRI. (e) Representation of the fused �CT-MRI slices
using transparency (best viewed in color) (Color figure online)

MRI images. The image fusion algorithms need to be able
to tackle these differences in a robust fashion. Figure 28.5
shows the typical steps used in software-based image fusion
techniques.

One of the most important steps in the image fusion
workflow is the co-registration of the multi-modality imaging
data. This aspect requires the identification of anatomical
landmarks that are present in all of the source images.
Depending on the approach, these landmarks, which are
commonly referred to as fiducial markers, need to be ex-
tracted automatically or manually. Clinically, semiautomatic
approaches have proven superior since automatic algorithms

may perform poorly in the presence of imaging artifacts.
Subsequently, these fiducial markers are used to extract
features which in turn play a vital role in the quality of the
final image fusion output.

Features are a compact representation of an image’s
content and of central importance in software-based image
fusion systems. In the case of image fusion, the complexity
of features can extend from simple coordinates of a set of
fiducial markers to wavelet descriptors of selected regions
of interest or include a set of features combining texture,
structure, shape, motion, or entropy information [37–43].
The construction of features is of central importance in image
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Fig. 28.5 Multi-modality image
fusion workflow

analysis and image registration algorithms. It is beyond the
scope of this chapter to discuss feature extraction in detail.
Therefore, we will focus on the conceptual aspects, and
the interested reader is referred to specialized literature on
feature computation [35, 41, 44–52]. An important property
of features for image fusion applications is invariance. In-
variant features remain unchanged in case the image content
is transformed according to a group action, i.e., the features
obtained for an unaltered or a transformed image are mapped
to the same point in feature space. A simple example is the
color histogram of an image that remains identical under any
permutation of the image pixels. However, a slight change in
illumination, i.e., changing the actual values of pixels, may
significantly change a simple color histogram. The concept
of invariance considerably simplifies semi-automatic or fully
automatic image co-registration. Instead of comparing im-
ages in all transformed instances, only one comparison has
to be performed.

The next step in the workflow outlined in Fig. 28.5 is the
actual registration algorithm that uses the features extracted
from both modalities to establish correspondence between
the imaging data sets. The most commonly used registration
approach assumes a rigid scenario meaning that a set of ro-
tations, translations, and perhaps a uniform scaling operation

results in a correspondence between the imaging data. These
operations are also known as a similarity transformation that
consists of 4 degrees of freedom (DoF) in the case of a
two-dimensional image, i.e., translation in x and y direction
(2 DoF), in plane rotation (1 DoF), and uniform scaling (1
DoF). In order to solve the similarity transformation, a total
of 2 points is sufficient. In the general 3D case such as a
volumetric US or MRI study, the similarity transformation
has a total of 7 DoF (3 translation, 3 rotation, 1 scaling) and
requires at least 3 fiducial markers to obtain a co-registration
between the data sets. The rigid registration approach works
favorably for many applications. However, in cases where a
patient’s anatomy changes such as, for example, when scans
were taken pre and post a surgical or endovascular inter-
vention, the rigid registration approach delivers suboptimal
results. In these cases image fusion can be attempted by using
nonrigid registration algorithms. There is a broad spectrum
of nonrigid registration methods that basically allow to trans-
form elastically the content of one image to match the content
of another one. In general, nonrigid registration algorithms
are complex and time consuming as the number of degrees
of freedom can be very large [53, 54]. In order to alleviate
this limitation, nonrigid registration algorithms commonly
incorporate expert knowledge of the underlying anatomical
change that improves performance and accuracy.
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2.3 US-CT and US-MRI Fusion

Ultrasound is a real time cost-effective and widely available
imaging technology that can be fused with other modalities
such as CT or MRI. US is of special interest in intrapro-
cedural and postoperative imaging due to its noninvasive
nature. Any other technique would require image viewing,
processing pauses, or prolonging the procedure. Crocetti
et al. [55] examined in a recent study the feasibility of
a commercial multimodality fusion imaging system (Vir-
tual Navigator System, Esaote SpA, Genoa, Italy), for real-
time fusion of preprocedure CT scans with intraprocedure
US. The study was conducted ex vivo using calf livers
prepared with radiopaque internal targets to simulate liver
lesions. Subsequently, acquired CT scans were fused with
real time US images resulting in mean registration errors of
3.0 ˙ 0.1 mm.

Nakano et al. [56] used a commercially available image
fusion system (Real-time Virtual Sonography, Hitachi Med-
ical, Tokyo, Japan) to perform breast imaging. The system
was tested in 51 patients who presented with 63 lesions.
Patients underwent MR imaging on a 1.5 T imager followed
by a sonographic evaluation of the same lesions. Lesion
size measured by real-time virtual sonography and MRI was
similar (r D 0.848, p< 0.001). Similarly, positioning errors
for the sagittal and transverse planes and relative depth from
the skin were small (6.9 mm, 7.7 mm, and 2.8 mm).

Wein et al. [57] developed an automatic CT-US regis-
tration framework for diagnostic imaging. Liver and kidney
CT and US scans from 25 patients were fused to assess
registration errors of the proposed algorithm. One expert
defined ground truth data by manually locating fiducial land-
marks (lesions) in both imaging modalities. Subsequently,
registration errors were compared between the automatic
algorithm and the fiduciary point-based registration method.
The point-based method using manually identified lesions
yielded more accurate results than the automatic method with
respective fiducial registration errors of 5.0 mm and 9.5 mm.
However, the point-based method involved up to 10 min of
identifying fiducial markers, whereas the automatic method
required approximately 40 s. Although the automatic method
is not readily usable in the clinical setting, it could provide a
means to reduce the time necessary to fuse CT and US data
sets.

In another study, Caskey et al. [58] developed an US–CT
fusion system with the capability to combine real-time US
images with pre-acquired CT images. The system was tested
using Met-1 tumors in the fat pads of 12 female mice. The CT
data were used to identify the Hounsfield units of the tumor
which in turn were validated histologically. The US and CT
data were fused using fiducial markers with an accuracy of
approximately 1 mm.

3 Clinical Research Applications

As multi-modality imaging becomes more prevalent, atten-
tion will be directed toward systematic, reproducible meth-
ods for inter-modality comparison of image sets for a given
biological system. The fusion imaging techniques discussed
above allow for such comparisons to be conducted.

With regard to ultrasound imaging, one can envision
fusion ultrasound protocols using baseline ultrasound scans
as a reference for true serial comparisons (i.e., ultrasound–
ultrasound comparisons) for monitoring cardiac function and
wall motion abnormalities. Fusion with more detailed struc-
tural scans such as MRI or CT may also allow for overlaying
of functional information from real-time ultrasounds. We
describe our experience for ex vivo and in vivo imaging
toward development of these protocols in the subsequent
sections, using a commercially available ultrasound system
capable of fusion imaging.

Figure 28.6 illustrates the four main image fusion steps
after uploading data from a secondary imaging modality:
1. Locking the plane (Fig. 28.6a)
2. Presenting markers and orientation, zoom out/in to view

area of interest (Fig. 28.6b)
3. Co-registration: Choosing at least three reference points

on each imaging modality (Fig. 28.6c)
4. Displaying the fused images in cross section and longitu-

dinal views (Fig. 28.6d–f)
In Fig. 28.6, the carotid bifurcation and calcified plaques

were used as intrinsic landmarks for co-registration. Below,
we describe in detail the various considerations both for in-
vivo and ex-vivo fusions.

3.1 Registration of Landmarks

As previously stated, one of the main challenge with inter-
modality fusion of image sets comes from linking recog-
nizable image landmarks through co-registration. Techniques
for hardware- and software-based co-registration have been
described in depth in the previous sections. Image landmarks,
or fiducial markers, chosen for co-registration can be intrinsic
or extrinsic to the biological system of interest.

The simplest co-registration techniques with intrinsic
landmarks use anatomic features [59]. Anatomy common
to a given biological system (e.g., carotid bifurcations) also
allows for standardization of in vivo imaging protocols.
When extrinsic landmarks are introduced into a biological
system, compatibility of the chosen markers between
various imaging modalities should be considered. For ex
vivo imaging, spatial features of these landmarks aid with
identifying spatial orientation within an imaging modality,
since the native anatomic orientation (e.g., left–right,
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Fig. 28.6 (a–f) Carotid duplex
and neck MR fusion imaging

Fig. 28.7 Schematic of carotid tissue specimen embedded with an
extrinsic landmark (intravenous 3-way stopcock) in an agarose gel
matrix to preserve spatial configuration

anterior–posterior, cranial–caudal) may no longer be present.
We encountered these issues in our ex vivo experiments with
carotid endarterectomy tissue specimens and have found
plastic intravenous 3-way stopcocks to be adequate 3D
markers for this system (Fig. 28.7).

3.2 Preparation for Inter-Modality Imaging

Maintaining spatial orientation of the biological system of
interest has become so important for inter-modality compar-
isons that entire medical imaging fields have been developed
to address this issue [59]. Again, hardware and software
processing techniques have been covered in detail in the
above sections. Steps may still be taken with preparing a
given biological system to standardize quality assessment
protocols of inter-modality comparisons and to assist with
such comparisons.

In the ex vivo setting, soft tissues such as vessels are
easily deformable and thus do not maintain their shape.
Furthermore, the ultrasound imaging modality requires a
substrate/media through which the sound beam can travel,
ideally a substrate/media with acoustic properties resembling
those of soft tissue. Agarose gels maintain the spatial ar-
rangement of embedded tissues and can be mixed to have
such desired acoustic properties. Additionally, agarose has
minimal chemical interaction with biological tissue. Such
a gel has been used for ultrasound imaging of carotid en-
darterectomy tissues ex vivo [60]. Furthermore, these con-
structs are compatible with other imaging modalities such as
MRI and CT and have also been used for imaging phantoms
for these modalities. We have used an agarose gel media (3 %
by mass [g]–volume [mL]) for our studies [61].

Carotid endarterectomy tissues were obtained 1–3 h af-
ter surgical resection and preserved in phosphate-buffered
saline/50 % glycerol at �20 ıC to maintain the ultrastructural
properties of the tissue. Prior to use, specimens were dialyzed
for 24 h against phosphate-buffered saline to remove the
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Fig. 28.8 Carotid tissue
specimen embedded in an
agarose gel matrix for MR
imaging. Thread was used to
suspend the specimen in the
matrix

glycerol and then embedded in an agarose mixture. The low-
melting agarose mixture was created by heating to 60 ıC
and then degassing under vacuum. Degassing minimized
the presence of bubbles in the mixture, which are hypere-
chogenic on ultrasound and interfere with ultrasound imag-
ing. Each tissue was suspended with an intravenous plastic
3-way stopcock as an extrinsic fiducial marker (Fig. 28.8).

For MRI, tissues and markers were suspended in empty
50 mL tubes, then filled with agarose and placed in a spe-
cially constructed MRI compatible holder (Fig. 28.9) [61].
After MRI each tissue was extruded intact as an agarose
cylinder from the tube and then transferred to a plastic
box (10.5 � 2.5 � 4.0 cm), and additional degassed molten
agarose was added to form an agarose bed (Fig. 28.10). This
procedure was performed to provide adequate surface contact
for the ultrasound probe.

For in vivo experiments, we observed and recorded the
subject’s head position for the MRI scan. Having the sub-
ject reproduce this positioning for the 3D ultrasound scan
helps minimize MRI-US co-registration issues. In theory,
extrinsic landmarks may be employed for in vivo multi-
modality imaging. However, such landmarks would either be
limited to the skin surface, interfering with the contact by the
ultrasound probe, or be necessarily invasive, requiring needle
insertion of the marker. Other external reference systems,
such as the Meijer’s arc, may also be considered. However,
their reliability for co-registration should be compared with
that of the above markers.

Fig. 28.9 Custom-designed holder for MR imaging of tissue speci-
mens

Fig. 28.10 Carotid endarterectomy tissue embedded in an agarose gel
bed for ultrasound imaging
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3.3 Three-Dimensional Ultrasound Imaging

3.3.1 MR Imaging
For in vivo experiments involving subjects with known
carotid atherosclerosis, individuals were positioned supine
in a Signa Excite 3.0 T MRI scanner (GE Healthcare,
Wauwatosa, WI). The carotid arteries were imaged using
a 6-cm phased array 4-channel carotid coil (Pathway Med
Tech, Redmond, WA). A standard 3-plane localizer was used
to identify the carotid arteries. Subsequently, a 2D time of
flight (TOF) sequence was applied as a localizer to identify
both the right and left common carotid bifurcation (flow
divider) and to obtain high quality blood flow and vessel wall
imaging. Three 2D fast spin echo scans were acquired using
proton-density weighting, T2-weighting, and T1-weighting.
The longitudinal coverage of this set of images was centered
at the carotid bifurcation and covered a large part of the
carotid artery below and above the bifurcation.

For ex vivo experiments, carotid endarterectomy tissue
specimens were imaged using the same 3.0 T scanner and
phased array coil as for the subjects. Serial axial proton-
density weighted (PDW), T1-weighted, and T2-weighted im-
ages were acquired (2-mm slice thickness, matrix 512 � 512,
field of view 100 � 100 mm) using a fast-spin echo se-
quence, providing 10–31 slices with an in-plane resolution
of �0.195 mm. Correction algorithms adjusted for magnetic
field strength gradients across the sample image. More re-
cently, we also imaged the carotid tissue specimens using
a 3.0 T Siemens Verio system with a 32-channel head
coil. The CEA samples were imaged using a turbo spin
echo sequence with the following parameters: repetition
time (TR) D 3010 ms; echo time (TE) D 6.1 ms; number of
averages D 4; slice thickness D 2 mm; echo train length D 7;
pixel bandwidth D 521 Hz/pixel; flip angle D 123ı; x–y pixel
spacing D 0.364 mm; and number of slices D 63.

3.3.2 3D Ultrasound Imaging
3D ultrasound images can be acquired using probes (a)
with motors set to move elements over a certain length,
(b) with two-dimensional arrays of transducer elements, or
(c) with freehand techniques. With free-hand techniques,
the probe is moved in a direction perpendicular to the scan
plane or rotated in place, and internal or external reference
systems are used to combine a series of B-mode ultrasound
images acquired during the sweep. Internal reference systems
may consist of (a) timing through clocks or (b) image
processing algorithms that recognize large movement in the
scan plane. These internal reference systems are beyond the
scope of this chapter, but the interested reader is directed
to relevant citations for more detail [63]. External reference
systems have also been used. Some ultrasound systems
have included accelerometers with the transducer probe,

capable of detecting probe motion and direction [63]. Others
have acquired position information through electromagnetic
transmit–receive setups.

For our experiments, we have used one such commercially
available position-sensing system as the external reference.
This system consists of a mid-range DC magnetic transmitter
for generating a weak magnetic field. Sensor arrays attached
to the two-dimensional vascular ultrasound probes sensed
this field and transmitted the information to an in-built circuit
system. Thus, information on the position and orientation of
the ultrasound probe can be acquired with the system from
the signal detected by the attached sensor arrays. The system
can also be used independent of a three-dimensional image
data set to generate a three-dimensional reference “map” or
image set.

After calibration through a semiautomated co-registration
process, real-time B-mode ultrasound images were mapped
to the co-registered three-dimensional image sets in a man-
ner similar to that used by the Global Positioning System
(GPS) navigation devices to map the device location to
stored maps. For our experiments, we used a plane-point
co-registration technique. First, the corresponding image set
(e.g., MRI scans) for a biological system that was imaged
was loaded into the ultrasound system, which performed
multiplanar reconstruction of the image data set to form a
three-dimensional “map.” The reconstruction was used to
navigate to a landmark of interest (e.g., an extrinsic landmark
such as a plastic marker for ex vivo experiments or the chin
of a volunteer for in vivo experiments). Then, the plane
for the loaded three-dimensional image set was locked. The
corresponding plane on the live B-mode ultrasound scan was
found and locked on the system, completing the plane-lock
step. The system then tracked motion of the live ultrasound
scan with freehand navigation through the loaded three-
dimensional image set. Next, an intrinsic landmark (e.g.,
calcification in tissue or carotid bifurcation) was located, and
the three-dimensional image set was rotated in-plane to align
the corresponding images. Finally, the intrinsic landmark
was marked with a point on both the live ultrasound scan
to refine the real-time co-registration.

3.3.3 Ultrasound Imaging Fusion Experiments
For ex vivo experiments, we have validated use of the
system for three-dimensional co-registration against man-
ual co-registration based on anatomic landmarks with 13
carotid endarterectomy tissue specimens [64]. We found that
on average, 13.92 (standard error [SE] 1.95) MRI slices
each 2 mm thick and 265.77 (SE 28.58) ultrasound frames
were necessary to image the tissue samples, translating
to 19.66 (SE 2.07) ultrasound scan frames per MRI slice
[64]. There were excellent inter-reader agreements between
semi-automated GPS-like system and two different readers
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Fig. 28.11 Real-time B-mode
ultrasound scan (left) of a carotid
tissue specimen co-registered to
corresponding MR image set
(right). The faint circular pattern
on the ultrasound scan
corresponds to the agarose
cylinder used to hold the
specimen for MR imaging, also
seen on the right

Fig. 28.12 Real-time B-mode
ultrasound scan (left) of a carotid
bifurcation co-registered to a
three-dimensional ultrasound
image set (right) taken 2 weeks
previously. Green markers
identify corresponding points. A
cross at position 1 signifies a
marker within the scan plane. A
box at position 2 signifies a
marker outside the scan plane
(i.e., in a neighboring scan plane
or in a position coming out or
going into the screen)

(intraclass correlation coefficients [ICC]> 0.99) for 33 land-
marks (Fig. 28.11) [64]. Further experiments with additional
specimens have suggested modestly better agreement be-
tween ultrasound and volumes measured by water displace-
ment (ICC 0.85) than between MRI and water volumes (ICC
0.81) [65].

We have also examined if in vivo repeatability of carotid
intima-media thickness (CIMT) measurements can be im-
proved using the same system. CIMT measures using the
Meijer’s arc and the GPS-like system were 0.61 (SE 0.03)
mm and 0.63 (SE 0.03) mm at the initial visit, respectively
[64]. On the second visit (�2 days apart), CIMT measures
were 0.64 (SE 0.03) mm and 0.64 (SE 0.04) mm, respec-
tively. There was good agreement (ICC> 0.7) between the
two methods (ICC 0.92). Overall, we found greater repeata-
bility C-IMT measures with the registered images (ICC 0.91)
than those with the Meijer’s arc (ICC 0.84) (Fig. 28.12) [64].
However, because of the 3-D map, the image quality was not
as good as when performed with regular 2D approaches.

We have also used the same co-registration technique for
our in vivo study of carotid atherosclerosis, using carotid
bifurcations as the intrinsic landmark (Fig. 28.13).

So far, our three-dimensional evaluations have been lim-
ited to structural measurements of thicknesses and vol-
umes. Future work may include more complex analyses
such as physiologic functional assessment. In fact, others

have begun work to incorporate color Doppler information
from echocardiography with cine cardiac MRI, paving the
way for four-dimensional co-registration [66]. One group
has extracted color Doppler blood flow from transthoracic
echocardiograms in ten volunteers, co-registered the flow
information with corresponding cardiac MR images in time
and space using the mitral annular root and root of the aortic
valve as intrinsic landmarks, and fused the two data sets
into one image set. Registration quality was assessed in this
study using the variation in distance of a landmark between
echocardiograms and cardiac MRI.[66] The fusion process
was conducted off-line using in-house built algorithms, but
one can already envision fusion of real-time ultrasonography
with cine cardiac MRI using electrocardiography gating with
existing technologies [66]. Challenges with algorithm devel-
opment and temporal resolution would need to be overcome
to bring these advanced analyses to research, and eventually
clinical, settings.

4 Clinical Applications and the Future

Clearly the capability to fuse imaging technologies will have
significant value in both diagnostic and therapeutic medicine.
With respect to ultrasound the major advantage of portability,
safety and providing real time functional and anatomical
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Fig. 28.13 Real-time B-mode ultrasound scan with color Doppler
(left) of a carotid bifurcation co-registered to corresponding MR image
set (right). Arrows indicate the internal carotid artery, and the asterisk
indicates the internal jugular. A difference in scale between panes exists

due to zooming with the ultrasound window, and hence the slight offset
between modalities. The system maintained the scale for the MR image
sets because of the native MRI resolution

information can be harnessed to complement the excellent
anatomic tomographic information that can be provided by
MRI and CT.

Ultrasound-based fusion is already beginning to show
value both in the clinical and research arenas. Ultrasound
on its own is already used to guide biopsies. However, the
limitations of ultrasound (drop out, tissue penetration) have
to be circumvented by the physician. Although this is clearly
possible, it is not optimal. The ability to get in addition
the excellent anatomical information as can be provided
by a CT scan or MRI will allow the physician performing
the procedure more confidence and accuracy in performing
the procedure. For example, during a biopsy, images can
be fused and an ultrasound be used to guide the biopsy
in real time. With image overlays, the physician will be
able to simultaneously look at the CT scan/MRI to know
if he is in the right anatomical location. These approaches
have been already shown to improve prostate biopsies [67].
Similarly, ultrasound-based radiofrequency ablation can be
used to treat some tumors. However, ultrasound drop out,
isoechoic tumors, prior treatment, etc. may make it difficult
for ultrasound to adequately identify these tumors for ther-
apy. The fusion with CT/MRI may allow increased accuracy
in the identification of these [55, 68]. In a recent animal
study, ultrasound-ultrasound fusion was applied to improve
the delivery of radiofrequency ablative therapy. In this study,
gold pellets were inserted into the renal parenchyma in a
canine model and then 3D ultrasound images were obtained.
These 3D ultrasound images were used to plan ablative
therapies. Then, using real time, 2D ultrasound, registered
to the 3D data set, radiofrequency ablative therapy was
delivered, and this overall improved the accuracy of delivery
of therapy [69]. From a cardiovascular imaging perspective,
in addition to the improved anatomical information, fusion
could be an excellent educational tool when we try to resolve
artifactual findings.

Ultrasound, on the other hand, can be used to com-
plement other modalities as well. The functional informa-
tion that can be obtained through ultrasound can be fused
with the anatomical information on a MRI/CT to allow
better interpretation of a MRI finding. For example, once
a stent is placed, MR images in the region of the stent
may not be helpful and functional information may be
difficult to get. Fusing the images could allow ultrasound
to get functional (Doppler) based information related to the
same. Figure 28.14 shows an example of an MRA of the
middle cerebral artery in the brain that was fused with ultra-
sound (transcranial Doppler) information to gain knowledge
about how the stent was functioning. In such cases, fusion
imaging can abrogate the need for a follow-up angiogram
(Fig. 28.14).

Several potential uses of ultrasound–ultrasound fusion
(similar to our efforts to fuse CIMT data and improve
reliability) can be thought of as well including, for example,
monitoring abdominal aortic aneurysms for expansion, car-
diac chambers, and change in lumen dimensions in arterial
segments. This may allow meaningful comparisons and a
better appreciation of the progression/stability of disease.
Clearly, there are innumerable clinical situations where one
can think of possible uses of fusion.

However, one must be cognizant of limitations as well
[64]. The time taken for the procedure will clearly increase.
Further there is a learning curve: the advantages offered by
the fusion technology will be limited by the accuracy of
registration that the sonographer performs. There may be
occasions where a small error in registration may not matter.
However, there may equally be situations (such as during a
biopsy/therapy) where any error will be critical. Then, when
one images a dynamic structure such as the heart, changes
in heart rate and rhythm between studies may all affect the
ability to fuse the images without additional processing.
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Fig. 28.14 Transcranial duplex
and brain MRA fusion imaging

5 Conclusion

Image fusion, be it hardware or software has the potential to
enable us to improve imaging-based assistance in diagnostics
and therapeutics. Image fusion may be of particular value
to ultrasound imaging given its clear differences (vis a vis
advantages and disadvantages) with other imaging modali-
ties. Although additional work is required, this developing
application offers great promise.
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U. Rajendra Acharya, Oliver Faust, S. Vinitha Sree, Filippo Molinari,
Luca Saba, Andrew Nicolaides, and Jasjit S. Suri

1 Introduction

The World Health Organization (WHO) estimates that almost
23.6 million people will die mostly from heart disease
and stroke by 2030 [1]. Deposition of plaques results in
thickening of arteries which causes atherosclerosis, which
is the primary cause for both heart disease and stroke [2].
It has been shown that the presence of carotid stenosis
(thickening of the carotid artery) is a strong predictor of
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death in the general population [3]. The common treatment
options to unblock the stenosis are Carotid Artery Stenting
(CAS) and Carotid Endarterectomy (CEA). It has been
shown that surgical removal of plaques reduced the risk
of ipsilateral stroke [4, 5]. However, in the Carotid Revas-
cularization Endarterectomy versus Stenting Trial (CREST)
[6], it was concluded that there was a higher risk of stroke
with CAS and a higher risk of myocardial infarction with
CEA. It has been observed that symptomatic patients [who
have had retinal or hemispheric symptoms such as stroke,
Transient Ischemic Attack (TIA), and Amaurosis Fugax
(AF)] have more frequent plaque ruptures that cause life-
threatening embolization. Plaque rupture was seen in 74%
of symptomatic plaques and in only 32% of plaques from
asymptomatic patients [7]. Since there is a considerable risk
for the patient undergoing either CEA or CAS, techniques are
needed to effectively select only those symptomatic patients
who are at a higher risk of stroke for these procedures.
Thus, effective diagnosis systems not only aid in the success-
ful treatment of atherosclerotic cardiovascular diseases but
also reduce healthcare cost and patient anxiety. Successful
carotid atherosclerosis detection can also be used for treat-
ment, in addition to the surgery. The genome identification
in the human genome project led to the development of
apolipoprotein A1 Milano which protects, to a certain extent,
against vascular events that carries this disease. The therapy,
based on this protein, resulted in the regression of coronary
atherosclerosis in few weeks [8].
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Since atherosclerosis is a common disease, diagnosis
support systems must be economical in order to keep
the financial burden on society as low as possible. The
Common Carotid Artery (CCA) is routinely used to detect
the presence of plaques. Ultrasound imaging is cost-effective
and affordable, and hence, is a good choice for imaging the
carotid artery. In spite of significant advantages of diagnostic
ultrasound, there are still limitations. The correlation
between ultrasonographic features and the histological
evaluation of carotid plaques was often poor [9]. The limiting
factors responsible for these deficits include low spatial
resolution and ultrasound artifacts. Therefore, improving
the image quality using adequate image preprocessing
techniques and extraction of good features is necessary.
In this chapter, we present a low-cost noninvasive Computer-
Aided Diagnosis (CAD) system that uses image processing
and data mining techniques for classifying symptomatic
and asymptomatic plaques in B-mode ultrasound images.
We call this system as a class of Atheromatic™ systems
(Global Biomedical Technologies, Inc., California, USA).
In this system, grayscale features based on Discrete
Wavelet Transform (DWT) were extracted and fed to the
Support Vector Machine (SVM) classifier for automated
classification.

The flow of the chapter is as follows: Sect. 2 briefly de-
scribes: (Sect. 2.1) the overall methodology of the proposed
system; (Sect. 2.2) the data acquisition and preprocessing
steps; (Sect. 2.3) the method used to extract features using
DWT; (Sect. 2.4) the statistical t-test technique used to
select the significant features for input to the classifier,
and (Sect. 2.5) the SVM classifier and its various kernel
functions. Classification results are presented in Sect. 3.
The results are discussed in Sect. 4, and finally the chapter
concludes in Sect. 5.

2 Materials and Methods

2.1 Methodology

The proposed CAD system is depicted in Fig. 29.1. It
consists of an online system (shown on the right side of
Fig. 29.1) which processes an incoming patient’s test image.
This system predicts the class label based on the trans-
formation of the online grayscale feature vector by the
training parameters determined by an off-line learning sys-
tem (shown on the left side of Fig. 29.1). The off-line
classification system is composed of a classification phase
which produces the training parameters using the combi-
nation of grayscale off-line training features and the re-
spective off-line ground truth training class labels (0/1 for
asymptomatic/symptomatic). In both systems, the grayscale
features are several DWT-based features extracted from the

manually segmented plaque regions from the input images.
Significant features among the extracted ones are selected
using the t-test. We evaluated the Support Vector Machine
(SVM) classifier as the off-line learning classifier. The above
CAD system was developed using an image database that is
split into a training set and a test set. The training set images
were used to develop the learning classifiers. The built
classifiers were evaluated using the test set. For evaluation,
we used a k-fold cross-validation protocol. The predicted
class labels of the test images and the corresponding ground
truth labels (0/1) were compared to determine the perfor-
mance measures such as sensitivity, specificity, accuracy, and
positive predictive value (PPV).

2.2 Data Acquisition and Preprocessing

We used 150 asymptomatic and 196 symptomatic (a total of
346) carotid plaque ultrasound images in this work. These
images were collected from patients referred to the Vascular
Screening Diagnostic Center, Nicosia, Cyprus, for diagnostic
carotid ultrasound to detect both presence and severity of
internal carotid stenosis. Approval from Institutional Review
Board and consent from patients were obtained prior to
conducting the study. Subjects with cardioembolic symptoms
or distant symptoms (>6 months) were not included in this
work. The plaques with less than 50% stenosis were not
included in the database [5]. We also excluded plaques from
emergency cases scanned after normal working hours as the
scanning was often performed by personnel not trained in
plaque image capture. The ultrasonographers who conducted
the examinations and obtained the plaque images knew the
reason for referral, as they performed routine diagnostic
testing for the presence and grading of stenosis. However,
for the purpose of studies such as the present, the database
images were anonymized and the persons who subsequently
did the image normalization and image analysis did not
know whether the plaques were symptomatic or asymp-
tomatic [10].

The following prerequisites essential for successful image
normalization were carried out: (1) Dynamic range adoption.
(2) Frame averaging (persistence). (3) Time gain compen-
sation curve (TGC) was sloping through the tissues was
positioned vertically through the lumen of the vessel because
the ultrasound beam was not attenuated when passed through
blood. This ensured that the adventitia of the anterior and
posterior walls had similar brightness. (4) Gain adjustment.
(5) Postprocessing with a linear transfer curve. (6) The
ultrasound beam was at 90ı to the arterial wall. (7) The
minimum depth was used so that the plaque occupied a
large part of the image. (8) The probe was adjusted so that
Adventitia adjacent to the plaque was clearly visible as a
hyperechoic band which may be used for normalization.
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Fig. 29.1 Block diagram of the
proposed technique; the blocks
outside the dotted shaded
rectangular box represent the
flow in the off-line system, and
the blocks within the dotted box
indicate the online system

The grayscale images were normalized (using blood and
adventitia as reference points) manually by adjusting the
image linearly so that the median gray level value of blood
was in the range of 0–5, and the median gray level of
adventitia (artery wall) was in the range of 180–190.

The plaques from patients having retinal or hemispheric
symptoms (unstable plaques), such as stroke, Transient
Ischemic Attack (TIA), and Amaurosis Fugax (AF), were
grouped as symptomatic plaques (88 stroke, 70 TIA, and 38
AF) 196. Asymptomatic plaques were from patients who had
no symptoms in the past. During preprocessing, the Region
of Interest (ROI) was selected by medical practitioner from
each of the studied images prior to feature extraction. The
vascular surgeons and sonographers are trained to identify
the hypoechoic region representing hard plaque or stenosis.
Therefore, we adapted the manually segmented plaque
regions in this work. The nature of the disease is focused on
the vessel wall that specifically changes the morphology of
the lumen-intima interface from slow gradual lipid formation
and maturing into hard plaque or loose island of hemorrhage
[11]. Thus, the young and old plaques are all focused towards
the vessel disease which yields the information in the form
of echogenicity in the ultrasound image [10]. Therefore,
the focused ROI constitutes <25% of the image frame,
and hence, the vascular surgeons are keenly interested in
characterization of plaque in this regional information. We,
therefore, focused on analyzing this small ROI traced by the
vascular surgeon. Typical symptomatic and asymptomatic

carotid images are shown in Fig. 29.2a, b. Figure 29.3a, b
shows the ROIs of symptomatic and asymptomatic carotid
images.

2.3 Feature Extraction

In this work, we used two-dimensional (2D) DWT and aver-
aging algorithms for feature extraction. The DWT transform
of a signal x is determined by sending the signal through a
sequence of down-sampling high and low pass filters. The
low pass filter is defined by the transfer function g[n] and
the high pass filter by h[n]. The output of the high pass filter
D[n], known as the detail coefficients, is obtained as follows:

DŒn� D
1X

kD�1
xŒk�hŒ2n � k� (29.1)

The output of the low pass filter, known as the approxima-
tion coefficients, is found by using the following equation.

AŒn� D
1X

kD�1
xŒk�gŒ2n � k� (29.2)

The frequency resolution is further increased by cascading
the two basic filter operations. To be specific, the output of
the first level low pass filter is fed into the same low and
high pass filter combination. The detailed coefficients are
output at each level, and they form the level coefficients. In
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Fig. 29.2 Carotid images: (a)
symptomatic (AF) and (b)
asymptomatic (AS). Source: [12],
© IEEE, 2012

Fig. 29.3 Region of interest
extracted from the carotid plaque
ultrasound images of (a)
symptomatic (AF) and (b)
asymptomatic (AS) patients.
Source: [12], © IEEE, 2012

general, each level halves the sample number and doubles
the frequency resolution. Consequently, in the final level,
both detail and approximation coefficients are obtained as
level coefficients. For 2D signals, the 2D DWT can be
used. We used wavelet packet decomposition (WPD) for
images. These images are represented as an m � n grayscale
matrix I[i, j] where each element of the matrix represents
the intensity of 1 pixel. All non-border pixels in I[i, j],
where i … f0;mg and j … f0; ng, have eight immediate
neighboring pixels. These eight neighbors can be used to
traverse through the matrix. However, changing the direction
with which the matrix is traversed just inverts the sequence
of pixels, and the 2D DWT coefficients are the same. For
example, the WPD result is the same when the matrix is
traversed from left to right as from right to left. Therefore,
we are left with four possible directions, which are known
as decomposition corresponding to 0ı (horizontal, Dh), 90ı
(vertical, Dv), and 45ı or 135ı (diagonal, Dd) orientations.
The implementation of this algorithm follows the block
diagram shown in Fig. 29.4. The diagram shows the N � M
dimensional input image I[i, j] and the results for level 1.
In this work, we found that the results from level 1 were
sufficient to obtain significant features.

In this work, we evaluated several wavelet functions. Each
of these wavelet functions has both a unique low pass filter
transfer function g[n] and a unique high pass filter transfer
function h[n]. Figure 29.5 shows the transfer functions for
the Biorthogonal 3.1 (bior3.1) family used in this work.

The first level 2D DWT yields four result matrices,
namely Dh1, Dv1, Dd1, and A1, whose elements are intensity
values. Figure 29.6 shows a schematic representation of
these result matrixes. Unfortunately, these matrixes cannot
be used for classification directly, because the number of
elements is too high. Therefore, we defined two averaging
methods that represent result matrixes with just one number.
The first method is used to extract average measures from
2D DWT result vectors.

AverageDh1.Ah/ D 1

N �M
X

xD<N >

X
yD<M>

jDh1.x; y/j

(29.3)

AverageDv1.Av/ D 1

N �M
X

xD<N >

X
yD<M>

jDv1.x; y/j

(29.4)



29 Symptomatic Versus Asymptomatique Plaque Classification in Carotid Ultrasound 403

Fig. 29.4 Discrete wavelet
transform (DWT) decomposition.
Source: [12], © IEEE, 2012

Fig. 29.5 Transfer functions of
the Biorthogonal 3.1 wavelet
(bior3.1). Source: [12], © IEEE,
2012

Fig. 29.6 Wavelet-based image decomposition. Source: [12], © IEEE,
2012

The final averaging method uses averages not the intensity
values as such but the energy of the intensity values.

Energy .E/ D 1

N 2 �M 2

X
xD<N >

X
yD<M>

.Dv1.x; y//
2

(29.5)

These three elements form the feature vector.

2.4 Feature Selection

We have used t-test [13] to verify if the features are sig-
nificant enough to be able to accurately discriminate the
symptomatic and asymptomatic classes. In this test, initially,
the null hypothesis is assumed that the means of the feature
from the two classes are equal. Then, the t-statistic, which
is the ratio of difference between the means of a feature
from two classes to the standard error between class means,
and the corresponding p-value are calculated. The p-value
is the probability of rejecting the null hypothesis given
that the null hypothesis is true. In our case, we assumed a
normal distribution of the features, but the scaling term in
the test statistic was known. Therefore, it was replaced by
an estimate based on the data. A low p-value (<0.01 or 0.05)
indicates that the means are significantly different for the two
classes, and hence, the feature is significant.

2.5 Classification

SVM is a hyperplane-based nonparametric classifier. When
it is trained using input features–output ground truth class
label pairs, it outputs a decision function which can be used
to test new input features. Assuming that the class label



404 U.R. Acharya et al.

c D �1 for asymptomatic class and C1 for symptomatic
class, the SVM algorithm maps the training set into a feature
space and attempts to locate in that space a hyperplane that
separates the positive from the negative examples. During
the testing of a new unlabeled image, the algorithm maps
the image’s feature vector into the same feature space and
determines the class based on which side of the separating
plane the vector is present. Thus, the main objective of SVM
is to determine a separating hyperplane that maximizes the
margin between the input data classes that are plotted in
the feature space [14–16]. In order to determine the margin,
two parallel hyperplanes are constructed, one on each side
of the separating hyperplane with the help of the training
data. Consider two-class classification using a linear model
of the form

y.x/ D wT�.x/C b (29.6)

where �.�/ denotes the feature transformation kernel, b is
the bias parameter, and w is the normal to the hyperplane.
The training data consists of the input feature vectors x and
the corresponding classes c. c D �1 for asymptomatic class
and C1 for symptomatic class. During the testing phase, the
new feature vector is classified based on the sign of y. The
perpendicular distance to the closest point from the training
data set is the margin, and the objective of training an SVM
classifier is to determine the maximum margin hyperplane
and also to assign a soft penalty to the samples that are on the
wrong side of the margin. Support vectors are those points
that the margin pushes up against. The problem becomes an
optimization problem where we have to minimize

C

NX
iD1

	i C 1

2
kwk2

ciy.xi / � 1 � 	i ; 	 � 0 (29.7)

where 	 i are the penalty terms for samples that are misclassi-
fied, and C is the regularization parameter which controls the
tradeoff between the misclassified samples and the margin.
The first term in (29.7) is equivalent to maximizing the
margin. This quadratic programming problem can be solved
by introducing Lagrange multipliers an for each of the
constraints and solving the dual formulation. The Lagrangian
is given by

L.w; b; a/ D 1

2
kwk2 C C

NX
iD1

	i

�
NX

iD1

ai Œciy.xi /� 1C 	i � �
NX

iD1

�i	i

(29.8)

where ai and �i are the Lagrange multipliers. After elimi-
nating w, b, and 	 i from the Lagrangian, we obtain the dual
Lagrangian which we maximize.

QL.a/ D
NX

iD1

ai � 1

2

NX
iD1

NX
j D1

aiaj cicjk.xi ; xj /

k.xi ; xj / D �.xi /
T � �.xj /

0 � an � C;

NX
iD1

aici D 0 (29.9)

The predictive model is now given by

y.x/ D
NX

iD1

aicik.x; xi /C b (29.10)

and b is estimated as:

b D 1

NM

X
i 2 M

0
@ci �

X
j 2 S

aj cj k.xi ; xj /

1
A (29.11)

M is the set of indices such that 0< ai<C. A solution to
the quadratic programming problem of maximizing the dual
Lagrangian (29.9) is given in [17]. In the case of linearly
non-separable data, the features are first mapped to a higher
dimensional space using kernel functions [17, 18], and then
the hyperplane is determined, i.e., every dot product in (29.9)
is replaced by a nonlinear kernel function. Several standard
kernels are often used. We have used the linear kernel,
polynomial kernel of order 1, 2, and 3, and the Radial Basis
Function (RBF) kernel. The polynomial kernel is defined as

k.xi ; xj / D .1C xi :xj /
p (29.12)

where p is the order of the kernel. The RBF kernel is
defined as

k.xi ; xj / D exp
�
���xi � xj

��2
�

(29.13)

During classification, the training data are used to deter-
mine the training parameters C (i.e., the Lagrange multipliers
ai and �i) and b so that new data x can be input into (29.10)
in order to obtain the value of corresponding y. The class c is
then determined based on the sign of the resultant y value.

3 Results

3.1 Selected Features

The features selected were: energy, average horizontal and
vertical DWT coefficients. These features were fed to the
SVM classifier for automatic detection of the unknown class.
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Table 29.1 Symptomatic (AF) versus asymptomatic (AS) features obtained using the discrete wavelet transform (DWT) method using bior3.1
wavelet function

Features AF (mean ˙ SD) AS (mean ˙ SD) p-value

Average Dh1 (Ah) 0.10 ˙ 0.04 0.14 ˙ 0.03 <0.0001
Average Dv1 (Av) 3.82E-02 ˙ 1.55E-02 5.49E-02 ˙ 1.47E-02 <0.0001
Energy (E) 5.47E-08 ˙ 2.22E-08 7.17E-08 ˙ 1.99E-08 <0.0001

Source: [12], © IEEE, 2012

Table 29.2 Classification results obtained using the discrete wavelet transform (DWT) features in the various configurations of the support vector
machine (SVM) classifier

SVM TN FN TP FP A (%) PPV (%) Sn (%) Sp (%)

Linear 48 8 37 11 81.7 77 82.2 81.3
Polynomial order 1 48 8 37 11 81.7 77 82.2 81.3
Polynomial order 2 51 9 36 8 83.7 81.8 80 86.4
Polynomial order 3 53 12 33 6 82.6 84.6 73.3 89.8
RBF 50 11 34 9 80.8 79 75.5 84.7

Source: [12], © IEEE, 2012
A accuracy, Sn sensitivity, Sp specificity

Table 29.1 presents the features obtained using DWT with
the bior3.1 wavelet. A p-value of <0.0001 indicates that the
features are significant.

3.2 Classification Results

In this work, we compared the performance of 54 different
wavelet functions and 15 classifiers. The mother wavelet
families that were analyzed were Reverse Biorthogonal
wavelet family (rbio), Daubechies wavelet (db), Biorthogonal
3.1 wavelet (bior), Coiflets, Symlets, Discrete Meyer (FIR
approximation) (dmey), and Haar family. The biorthogonal
(bior3.1) performed better compared to the other wavelet
functions. Threefold stratified cross-validation method was
used to evaluate these classifiers. In this method, the dataset
of 346 images was split into three parts, each part containing
the same proportion of images from both classes. In the first
fold, two parts were used for training, and the third part
was used for testing. Specifically, 242 images were used for
training and 104 images were used for testing the classifier,
i.e., 137 symptomatic images (26 AF, 49 TIA, and 62 stroke),
and 105 asymptomatic images were used for training. The
testing group consisted of 59 symptomatic (12 AF, 21 TIA,
and 26 stroke) and 45 asymptomatic images were used.
This protocol was repeated such that each part was given a
chance to become a test set. As a result, two more runs were
executed. Thus, in this technique, there were three parts of
data, and therefore, three iterations of testing. The averages
of the performance measures obtained during the testing
phase of each fold are reported as the final performance
measures for that classifier.

Since SVM performed better among the 15 classifiers
used, we have presented the performance measures (sensi-
tivity, specificity, accuracy, and PPV) obtained using various
kernel configurations of SVM in Table 29.2. TN (True
Negative) is the number of asymptomatic plaques identi-
fied as asymptomatic. TP (True Positive) is the number of
symptomatic samples identified as symptomatic. FN (False
Negative), on the other hand, is the number of symptomatic
samples identified as asymptomatic, and FP (False Pos-
itive) is the number of asymptomatic samples identified
as symptomatic. Sensitivity, which is probability that the
technique will identify symptomatic cases, is calculated as
TP/(TP C FN) and specificity, which is probability that the
technique will identify asymptomatic cases, is determined as
TN/(TN C FP). PPV, which is the proportion of symptomatic
subjects among those who were labeled symptomatic by
the technique, is calculated as TP/(TP C FP), and accuracy,
which is the ratio of the number of correctly classified
samples to the total number of samples, is calculated as
(TP C FP)/(TP C FP C TN C FN).

Our results show that the SVM classifier with the poly-
nomial kernel of order 2 achieved an average accuracy of
83.7%, sensitivity of 80%, specificity of 86.4%, and PPV
of 81.8%. In order to select an optimal classifier, one has to
choose a classifier which gives equally high values for both
sensitivity and specificity. Such equal values indicate that
the classifier has good capability in discriminating both the
classes without bias towards a particular class. Moreover, the
overall accuracy of the classifier should also be high. Based
on these criteria, the SVM classifier with a polynomial kernel
of order 2 was found to be suitable for this carotid plaque
classification problem.
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4 Discussion

The classification of carotid plaque is a difficult and multi-
faceted problem. A scale/frequency approach, based on the
wavelet transform, was used in an attempt to characterize
carotid atherosclerotic plaque from B-mode ultrasound [19].
Two wavelet decomposition schemes, namely the DWT and
wavelet packets (WPD), and three basis functions, namely
Haar, symlet3, and biorthogonal3.1, were investigated in
terms of their ability to discriminate between symptomatic
and asymptomatic cases. A total of 12 detailed sub-images
were extracted using the DWT and 255 using the WP
decomposition schemes. It was shown that WP analysis by
the use of Haar filter and the 1-1 norm as texture descriptor
could reveal differences not only in high but also in low
frequencies, and therefore, could characterize efficiently the
atheromatous tissue. It was concluded that additional studies
applying and further extending the above methodology were
required to ensure the usefulness of wavelet-based texture
analysis of carotid atherosclerosis. Therefore, in this study,
we explored the utility of wavelet-based features for plaque
classification.

Kyriacou et al. [20] used ten texture and morphological
features in neural and statistical classifiers and obtained an
accuracy of around 71.2%. Normalized pattern spectra com-
puted for both structural and multilevel binary morphological
model were used as classification features in two classifiers,
Probabilistic Neural Network and SVM, for automated diag-
nosis of symptomatic and asymptomatic classes [21]. Using
SVM classifier on 137 samples in each class, a classifica-
tion efficiency of 73.7% for multilevel binary morphologi-
cal image analysis and 66.8% for grayscale morphological
analysis were obtained. The texture and motion patterns of
carotid atherosclerosis features were extracted and fed to a
fuzzy C-means classifier for classification into symptomatic
and asymptomatic plaques [22]. On evaluating the classifier
using features from ten symptomatic and nine asymptomatic
plaque images, it was observed that the technique could
correctly classify 74% of plaques based on texture features
only, and 79% of plaques based on motion features only.
Classification performance reached 84% using a combina-
tion of motion and texture features. In another study [23], 61
texture and shape features from manually segmented ROIs
of 230 plaques were used in a modular neural network.
A classification accuracy of 73.1% was reported.

It is evident from the above discussed studies that there
is a need for techniques that are more accurate and that
use lesser number of features. Most of these studies employ
texture features for plaque classification. In our earlier study
[24], we extracted four texture features (standard devia-
tion, entropy, symmetry, and run percentage) from the same
dataset used in this work (manual ROI selection was used)

and used them in Adaboost and SVM classifiers. SVM (RBF
kernel) presented an accuracy of 82.4%. In order to improve
the accuracy further, in this work, we decided to study the
capability of DWT-based features for the plaque classifica-
tion problem. Our proposed method resulted in accuracy,
sensitivity, and specificity of 83.7%, 80%, and 86.4%, re-
spectively. The accuracy of our work is relatively higher than
that reported by previous studies, and this accuracy has been
obtained with only a very low number of features (three).

In the case of the plaque ROI classification, an accuracy
of 83.7% has been registered by the SVM classifier. A higher
accuracy is difficult to achieve for the following reasons. All
plaques are initially asymptomatic. In this cross-sectional
study, when the dataset was collected, 196 plaques had
already become symptomatic. Over time, some additional
plaques are likely to rupture and become symptomatic.
However, according to their texture, such plaques would be
classified by our technique as high risk and symptomatic,
but they would have been labeled as clinically asymptomatic
at the time of imaging. This discrepancy leads to lower
accuracy. This issue can only be resolved by prospective
longitudinal studies.

The following are the key features of our proposed
technique:
(a) Use of a small feature set: The feature set is small (only

three features), and yet is powerful enough to effectively
classify symptomatic and asymptomatic plaques with
good accuracy of 83.7%. The significant features were
the average of the horizontal coefficients from level 1 de-
composition, average of vertical coefficients from level 1,
and the energy of the level 1-vertical coefficients. Since
these features had a low p-value (Table 29.1), on using
them in the SVM classifier, good accuracy was obtained.
We observed that the best accuracy was registered when
the data was transformed into a higher dimensional space
using the polynomial kernel of order 2.

(b) Robustness: In order to obtain a robust system, we eval-
uated the technique using a large database consisting of
an almost equal number of samples in both classes: 150
asymptomatic and 196 symptomatic plaques. Moreover,
we trained and built the SVM classifier using stratified
threefold cross-validation data resampling technique to
get generalized training parameters that are suitable to
handle any new patient image.

(c) Real-time: The system is real time as no manual interac-
tion is necessary except for the selection of the ROI. The
ROI can be easily traced by expert ultrasonographers. No
mathematical modeling is required. The system allows
selecting the ROI region with the help of the Doppler
ultrasound as an adjunct tool.

(d) Generalized: The proposed CAD framework can be
extended to study other medical images. This is a gener-
alized system and we have already extended this classical
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framework to Thyroid and Liver Ultrasound, except that
the feature set here is tuned to pick up the textural
information present due to atherosclerotic formations
such as hard and soft plaque.

(e) Low-cost and safe: The technique is low cost as it
used features extracted from images acquired using the
widely available and affordable ultrasound modality.
Moreover, the technique can be easily written as a
software application which can be installed in any
computer at no cost. Furthermore, the technique does
not use radiation unlike Computed Tomography and is
much economic unlike Magnetic Resonance Imaging.

We have been able to achieve a good accuracy of 83.7%
using a novel combination of three wavelet-based features
using a large dataset. However, we do have the following
future directions with respect to this work:
1. There is a scope of improving accuracy by adding more

advanced features which can represent atherosclerotic de-
posits in wall region, and our group is committed towards
improving this system for next generation.

2. The proposed protocol requires the sonographers to man-
ually delineate the ROI. We hope that in future the ROI
segmentation can potentially be done automatically.

3. In this work, the ground truth information of whether the
plaque symptomatic or asymptomatic has been obtained
based on the presence or absence of symptoms. A draw-
back of such a ground truth determination is that some
of the asymptomatic plaques might have been wrongly
labeled as symptomatic when the symptoms might have
occurred due to plaque in heart and not in the carotid
artery. Also, patients who do not recollect their history
of symptoms may be classified as asymptomatic. To
alleviate this problem, in our future studies, we intend
to determine the ground truth from pathological studies
on the plaque instead of from the clinical report on the
patient’s symptoms.

5 Conclusions

Only experienced physicians or vascular ultrasonographers
have the ability to efficiently detect symptomatic and asymp-
tomatic plaques in ultrasound images. The CAD system
proposed in this work can help doctors in giving a valuable
second opinion on the nature of the detected plaques, thereby
enabling them to confidently decide on the treatment pro-
tocol. Our system uses DWT for feature extraction and can
diagnose the two classes automatically with an accuracy, sen-
sitivity, and specificity of more than 83%. We have achieved
a classification accuracy of 83.7%, sensitivity of 80%, and
specificity of 86.4%. This accuracy is relatively higher than
those recorded in similar studies in the literature. Hence, we

believe that the proposed technique can be considered as
an effective image mining technique which can serve as an
efficient adjunct tool for the vascular surgeons in selecting
patients for risky stenosis treatments. However, these accu-
racies may not be sufficient enough for the system to be
incorporated into routine clinical work flow. More research
is needed to improve the classification results. Since we have
tested a wide range of classifiers in this study, future work
would include studying more feature extraction techniques
in order to improve the accuracy. Specifically, we intend to
study more texture-based methods and the combination of
various feature extraction methods in our future studies.
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