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The importance of atherosclerosis and its clinical consequences are 
well known as the leading cause of vascular disease worldwide [1]. 
The aetiology of atherosclerosis is multifactorial, and it affects vari‑
ous regions of the circulation preferentially resulting in heart attack, 
stroke, and peripheral vascular disease [2]. Atherosclerosis is con‑
sidered a chronic immunoinflammatory disease fuelled by lipid, 
which typically occurs over many years [3]. The growth of athero‑
sclerotic plaques does not occur in a smooth, linear fashion but 
discontinuously, with a stage of relative ‘silent’ period, punctuated 
by a period of rapid evolution which manifests clinically [4].

The formation of atherosclerosis is a complex process involving 
the interaction of plasma lipids with the vascular wall and immune 
cells  [5]. Multiple independent pathways of evidence pinpoint 
inflammation as a centre regulatory process that connects various 
risk factors for atherosclerosis and its complications with altered 
arterial biology  [6]. Abundant research from experimental and 
clinical studies have lent strong support to unravel the complex 
pathogenesis and find targeted management of the atherosclerotic 
disease; this entity still represents an ongoing challenge in clinical 
practice. This chapter will review the multifaceted pathology of 
atherosclerosis leading to plaque progression and destabilisation, 
with a recent update in coronary imaging modalities and novel 
developments in computer modelling as promising tools to help 
improve the understanding of cardiovascular diseases.

Pathogenesis of atherosclerosis
Inception of the plaque
Atherosclerosis derives from the Greek word for “gruel” or “por‑
ridge”, demonstrating the manifestation of the lipid material found 
in the core of the typical atherosclerotic plague  [7]. Though the 
exact initiator of atherosclerotic plaque formation is still debatable, 
there is a general consensus that the endothelial denuding injury, 
which could be triggered by multiple causes, such as smoking, 
hypertension, hyperglycaemia, immune injury, infection, sets a 
complex pathogenic sequence into motion [7–9]. From this point 
on, an inflammatory response leads to the development of the 
plaque. Endothelial cell dysfunction leads to platelet aggregation 
and release of platelet factors which subsequently recruit circulating 
monocytes from the blood into the intima, where they differentiate 
into macrophages and induce the proliferation of smooth muscle 

cells in an attempt to restore endothelial function. These cells will 
expand the extracellular matrix that would entrap and modify lipo‑
proteins to become lipid‐rich foam cells, forming a fibromuscular 
plaque [7,8].

Endothelial dysfunction
Endothelium, the continuous cellular lining of the vascular system, 
is an essential part of critical regulatory nodes in the homeostatic 
network [8]. Endothelial denuding injury is well‐known to be an 
early and clinically relevant pathophysiologic event in the athero‑
sclerotic process, a pivotal contributor to the local and systemic 
manifestations of atherosclerotic cardiovascular disease  [10]. 
Endothelial dysfunction is more likely to occur at the arterial site 
that subjected to low shear stress and disturbed blood flow [11,12]. 
Acute inflammation involves the rapid recruitment of neutrophils 
and the stimulation of the endothelium, both type I and type II acti‑
vation. Type 1 activation is independent of new genes expression, 
while type II activation is dependent on new genes expression with 
slower response [13]. Type I activation is of rapid onset, self‐limited 
and usually do not result in sustained morphological or functional 
changes. It is typically mediated by ligands that bind to a heterotri‑
meric G‐protein‐coupled receptor (GPCR), which triggers the 
release of Ca2+ ions from the endoplasmic reticulum (ER) leading to 
increased production of arachidonic acid [13]. Arachidonic acid is 
converted by cyclooxygenase‐1 (COX1) and prostacyclin synthase 
into prostaglandin I2 (PGI2), a potent vasodilator that relaxes vas‑
cular smooth muscle [14]. Elevated cytosolic Ca2+ ions also bind to 
the adaptor protein calmodulin and activates endothelial nitric 
oxide synthase (eNOS) producing NO, which has similar function 
with PGI2  [15]. The formation of Ca2+–calmodulin complex also 
leads to the phosphorylation of myosin light chain, which initiates 
contraction of actin filaments that are attached to tight junction and 
adherent junction proteins, resulting in the opening of gaps between 
adjacent endothelial cells, allowing leukocytes to cross through [15, 
16]. Altogether, these pathways lead to increase blood flow includ‑
ing leucocyte delivery and enhance the leakiness of venules to the 
extracellular matrix, that supports the attachment, survival and 
extravasation of invading neutrophils [17,18].

Different to type II activation of endothelial cells, type I activation 
typically last for 10–20 minutes due to desensitisation of the recep‑
tors, which prevents the restimulation and limiting the degree of 
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inflammation and neutrophil migration [19]. Activated leukocytes 
producing inflammatory cytokines such as interleukin‐1 (IIL‐1) and 
tumour necrosis factor α (TNFα), which are the key players in type 
II activation  [13]. The binding of IL‐1 or TNFα to its respective 
receptors initiates various kinase cascades that lead to the activation 
of the transcription factor‐κβ (NF‐κβ) and activating protein 1 
(AP1)  [15]. These factors trigger the transcriptions of various 
nucleus genes leading to expression of proinflammatory proteins (E‐
selectin, intercellular adhesion molecule 1 [ICAM1] and vascular 
cell‐adhesion molecule 1 [VCAM1]), chemokines (interleukin‐8 
[IL‐8]), and enzymes (cyclooxygenase‐2 [COX2]) [15]. Hence, type 
II activation requires a longer time due to transcription and transla‑
tion of new proteins [15]. Similar with type I activation, type II acti‑
vation induce the leakage of plasma proteins and leukocyte 
recruitment with slightly different mechanism compared to type I 
activation. TNFα and IL‐1 stimulate venular endothelial cells to 
reorganise their actin and tubulin cytoskeletons and open up gaps 
between adjacent endothelial cells [20,21].

Historically, a critical link between the activations and arterial 
endothelial dysfunction in atherogenesis comes with the discovery 
of atherosclerosis‐associated VCAM‐1, which found to have selec‑
tivity adhesivity for mononuclear leukocytes and lympho‑
cytes  [22,23]. The dysfunctional endothelium overexpressed 
VCAM‐1 and ICAM‐1 on its surface, facilitates the adhesion and 
transendothelial migration of leukocytes [9]. Monocyte migration 
to extracellular matrix induces expression of various cytokines, 
such as TNFα, IL‐1, IL‐6, platelet‐derived endothelial cell growth 
factor, transforming growth factor (TGF)‐α and ‐β, and mac‑
rophage colony‐stimulating factor which is one of the key players in 
the differentiation process of monocytes to macrophages in the 
subendothelial space  [9,24,25]. The macrophages ingest oxidised 
low‐density lipoprotein (LDL) via scavenger receptors, forming 
“foam” cells. Endothelial cells also produce MCP‐1, monocyte col‑
ony‐stimulating factor and IL‐6 which further amplify the inflam‑
matory cascade  [26]. IL‐6 production by smooth muscle cells 
represents the main stimulus for C‐reactive protein (CRP) produc‑
tion [27]. Recent evidence suggests that CRP may contribute to the 
proinflammatory state of the plaque both mediating monocytes 
recruitment and stimulating monocytes to release IL‐1, IL‐6, 
TNFα [28]. The damaged endothelium allows the passage of lipids 
into the subendothelial space. Fatty streaks represent the first step 
in the atherosclerotic process.

Cholesterol
LDL particles are well‐known as one of the critical players in the 
pathogenesis of atherosclerosis, however, the association of LDL 
amount can cause atherosclerosis remains unclear, even though 
lowering this lipoprotein reduces atherosclerosis‐related cardiovas‑
cular events [7, 29–31]. On the other hand, even though both LDL 
and high‐density lipoprotein (HDL) particles are highly heteroge‑
nous  [32], plasma HDL‐cholesterol concentrations are negatively 
associated with atherosclerosis [29,33]. Interestingly, raising plasma 
HDL‐cholesterol concentrations did not show any benefit on exist‑
ing atherosclerosis  [34], which might suggest that HDL function 
may play a more pivotal part in the prevention against atherosclero‑
sis by averting endothelial activation and enhance NO produc‑
tion [35‑37]. LDL can deposit in the arterial wall due to impaired 
endothelial barrier function and retain within the intimal layer by 
extracellular matrix macromolecules  [38]. Enormous researches 
demonstrated that the oxidisation of LDL particles including ROS 

formation in the intimal wall due to metal ion catalysis could  
initiate atherogenesis [39,40]. Oxidised LDL is the major modified 
form of native LDL since structurally it is very prone to oxidative 
damage [41]. The oxidised LDL particles serves as ligands for the 
scavenger receptors (SRs) that facilitate macrophage foam cell for‑
mation which is the hallmark of early atherosclerotic lesions that 
subsequently promoting humoral and adaptive immunity leading 
to plaque formation [7,42,43].

Oxidative stress
Since the 1950s, oxidative stress has a significant role in the patho‑
genesis of atherosclerosis, and the degree of oxidation correlates 
with the severity of the diseases  [44]. Multiple reactive oxygen 
species (ROS) generator are present in the vascular wall, including 
the reduced form of nicotinamide adenine dinucleotide phos‑
phate (NADPH) oxidase, uncoupled endothelial nitric oxide syn‑
thase (eNOS), mitochondrial enzymes, and xanthine oxidase 
(XO), which develops a cross‐talk between the enzymes, creating 
a vicious cycle [5]. The function of the NADPH oxidase enzymes 
is to catalyse the one‐electron transfer from NADPH to molecular 
oxygen, thereby generating ROS  [45] in a regulated way in 
response to, e.g. calcium, growth factors, and cytokines  [46]. 
Seven isoforms of the catalytic, membrane‐spanning NADPH 
oxidase subunit NOX exist, each encoded by a separate gene, i.e. 
NOX1–5 and Duox1 and Duox2  [47]. They differ in molecular 
composition, subcellular localisation, tissue distribution, and 
expression  [48]. Endothelial cells mainly express NOX2 and 
NOX4, and vascular smooth muscle cells mainly express 
NOX4 [49]. In vascular smooth muscle cells of resistance arteries, 
NOX2 expression is relatively high  [50], and cardiomyocytes 
mainly express NOX2 and NOX4 [51], NOX activity contributes 
to the oxidised LDL production in macrophages [52], overexpres‑
sion of endothelial adhesion molecules, monocyte infiltration, 
and VSMC proliferation  [53]. Coupled eNOS (the physiological 
condition) generates NO, which induces vascular smooth muscle 
relaxation and inhibits platelet aggregation and adhesion  [54]. 
However, under conditions of oxidative stress, eNOS becomes 
uncoupled, dysfunctional, and generates superoxide instead of 
NO. Subsequently, low NO bioavailability can up‐regulate 
VCAM‐1  in the endothelial cell layer that binds monocytes and 
lymphocytes in the first step of invasion of the vascular wall, via 
induction of NFkB expression  [55]. Furthermore, NO inhibits 
leukocyte adhesion [56] and NO reduction results in induction of 
monocyte chemotactic protein‐1 (MCP‐1) expression which 
recruits monocytes  [57]. NO is in a sensitive balance with 
endothelin1 (ET‐1) regulating vascular tone  [58]. Plasma ET‐1 
concentrations are increased in patients with advanced athero‑
sclerosis and correlate with the severity of the disease [59,60]. In 
addition to its vasoconstrictor activity, ET‐1 also promotes leuko‑
cyte adhesion [61] and thrombus formation [62]. The deficiency 
of eNOS cofactor tetrahydrobiopterin (BH4), or eNOS substrate 
ι‐arginine, or eNOS S‐glutathionylation were found to be the cul‑
prit of the eNOS uncoupling  [6].3 Endothelial NOS‐dependent 
ROS production has been shown as one of significant contributor 
in patients with atherosclerosis  [64], hypertension  [65], hyper‑
cholesterolemia  [66], diabetes mellitus  [67], and chronic 
smoker [68].

Mitochondrial is a crucial element in physiology vascular cell 
growth and function; however, mitochondrial dysfunction can result 
in excessive ROS production. Mitochondrial oxidative stress also 
found to be associated with atherosclerosis which can occur under 
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pathological situation because of over ROS production or failure of 
antioxidant mechanisms [69]. Mitochondrial dysfunction also asso‑
ciated with plaque ruptures, which accelerate the progression of 
hemodynamically significant atherosclerotic lesions  [69], XO is 
found both in plasma and endothelial cells and generates superox‑
ide anions and hydrogen peroxide by using molecular oxygen as an 
electron acceptor [70]. The expression and activity of endothelial 
XO are enhanced in human atherosclerotic plaque [71]. XO stimu‑
lates SRs expression on the macrophages and VSMC, namely 
LOX‐1 and CD 36, resulting in ROS production and subsequently 
causing transformation of macrophages and VSMC into foam 
cells [52].

Progression of atherosclerotic plaque
Stable plaque
Once established, atherosclerosis develops progressively through 
continuous accumulation of cholesterol‐rich lipids and the accom‑
panying inflammatory response, which can vary considerably 
among individuals  [4]. Early fibroatheroma involves numerous 
foam cells, extracellular proteoglycans, accumulation of extracellu‑
lar lipid which progressively distorts the normal architecture of the 
intima [4]. The extracellular matrix contains collagen, elastin, pro‑
teoglycans, and glycosaminoglycans, entrap lipoproteins and pro‑
mote lipid accumulation which subsequently causes cell necrosis 
that dominate the central part of the intima, ultimately occupying up 
to half the volume of the arterial wall and can lead to the formation 
of flow‐limiting lesions [4,7]. Gradually, the loose fibro cellular tis‑
sue is replaced and expanded by collagen‐rich fibrous tissue, with 
tissues that lie in between a necrotic core and the luminal surface of 
the plaque (fibrous cap) are fibrous with a high content of type I col‑
lagen [72,73]. Macrophages colony stimulating factor (M‐CSF) acts 
as the main stimulator in this process, next to granulocyte‐mac‑
rophage stimulating factor (MG‐CSF) and IL‐2 for lymphocytes [74]. 
Lymphocytes enter the intima by binding adhesion molecules 
(VCAM‐1, P‐selectin, ICAM‐1 MCP‐1(CCL2), IL‐8 (CxCL8) [26]. 
T cells have been proven as a critical driver in the pathogenesis of 
atherosclerosis, with different T cells subset can serve as a pro‐ath‑
erogenic or anti‐atherogenic [75]. CD4+ T helper 1 (TH1) cells and 
natural killer T cells have pro‐atherogenic roles, on the contrary, 
regulatory T (Treg) cells have anti‐atherogenic properties  [75]. 
Fernandez et al. [76] showed that the majority of CD4+ T cells in the 
atherosclerotic plaque are TH1 and TH2, and more TH1 cells are 
found in plaque compared with peripheral blood. Initially, antigen‐
presenting cells (APCs) process oxidised LDL, and present peptides 
from apolipoprotein B (ApoB) on major histocompatibility complex 
(MHC) class II molecules to the naïve T cells, which recognise this 
complex through their specific T cell receptors (TCRs). This process 
induces T cells to express various transcription factors that favour 
the differentiation into distinct TH phenotypes and subsequently 
will differentiate to the complete phenotype of the effector (Teff) or 
Treg [76]. Even the pro‐atherogenic role for TH1 cells and the anti‐
atherogenic role of Treg cells have been well established, the role of 
the other TH cells subtypes, such as TH2, TH9, TH17, TH22 and 
follicular helper T (TFH) is still controversial and warrant further 
investigations [75].

The vulnerable plaque
The different pathologic characterization of atherosclerotic lesions 
largely depends on the thickness of the fibrous cap and its grade of 

inflammatory infiltrate, which is in turn largely constituted by 
macrophages and activated T lymphocytes. Typically, the accumu‑
lating plaque burden is initially accommodated by an adaptive 
positive remodelling with expansion of the vessel external elastic 
lamina and minimal changes in lumen size  [77,78]. The plaque 
contains monocyte‐derived macrophages, smooth muscle cells, 
and T cells. Interaction between these cells types and the connec‑
tive tissue appears to determine the development and progression 
of the plaque itself, including important complications, such as 
thrombosis and rupture. Atherosclerotic lesions expand outward 
radially, in the direction away from the lumen to preserve the 
lumen calibre  [7]. Plaque with limited lipid accumulation and 
thicker fibrous caps are referred as “stable plaques”  [7]. On the 
other hand, thin‐cap fibroatheromas (TCFAs) or “vulnerable 
plaques” are likely the precursors of plaque ruptures, usually in the 
proximal segments of the major coronary arteries, where most 
plaque ruptures and thrombi are seen [79–81]. Burke et al. identi‑
fied a cut‐off value for cap thickness of 65  microns to define a  
vulnerable coronary plaque [80]. Rupture occurs where the cap is 
thinnest and most infiltrated by foam cells.72 Despite the predom‑
inant hypothesis focusing on the responsibility of a specific vulner‑
able atherosclerotic plaque rupture  [82,83] for acute coronary 
syndromes, some pathophysiologic, clinical and angiographic 
observations seem to suggest the possibility that the principal 
cause of coronary instability is not to be found in the vulnerability 
of a single atherosclerotic plaque, but in the presence of multiple 
vulnerable plaques in the entire coronary tree, correlated with the 
presence of a diffuse inflammatory process [84–87]. The gradual 
loss of SMCs from the fibrous cap and infiltrating macrophages 
degrade the collagen‐rich cap matrix lead to TCFAs formation, as 
ruptured caps contain less collagen and SMCs with numerous 
foam cells compared with intact caps [88–90]. Emotional or physi‑
cal stress, such as anger, anxiety, work stress, earthquakes, war, 
sexual activity, hyperthermia, infections, and cocaine use, is known 
to cause plaque rupture [91]. Plaque rupture exposes the contents 
of the plaque to the blood compartment, where thrombogenic 
material in the plaque core produced by macrophages and smooth 
muscle cells can trigger thrombosis, the most dreaded complica‑
tion of atherosclerosis, resulting in acute coronary syndrome or 
stroke [7].

Vulnerable plaque: a shift towards Th1 pattern
Immunoinflammation drives the formation, progression, and rup‑
ture of atherosclerotic plaques. Early phases of the plaque develop‑
ment are characterized by an acute innate immune response against 
exogenous (infectious) and endogenous non‐infectious stimuli. 
Specific antigens activate adaptive immune system leading to pro‑
liferation of T and B cells. A first burst of activation might occur in 
regional lymph nodes by dendritic cells (DCs) trafficking from the 
plaque to lymph node. Subsequent cycle of activation can be sus‑
tained by interaction of activated /memory T cells re‐entering in the 
plaque by selective binding to endothelial cell surface adhesion 
molecules with plaque macrophages expressing MHC class II mol‑
ecules. In this phase of the atherogenic process the selective recruit‑
ment of a specific subtype of CD4+ cells play a major role 
determining the future development of the lesion. Th1 cells secret‑
ing proiflammatory cytokines, such as IFNγ promote macrophage 
activation, inflammation, and atherosclerosis, whereas Th2 cells 
(cytokine pattern IL‐4, IL‐5 and IL‐10) mediate antibody produc‑
tion and generally have anti‐inflammatory and antiatherogenic 
effects  [92]. Therefore, the switch to a selective recruitment of 
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Th1 lymphocyte represents a key point toward plaque vulnerabil‑
ity/disruption. T cells in the plaque may encounter antigens such as 
oxLDL. Moreover T cell response can be triggered by heat shock 
proteins of endogenous or microbial origins [93]. The mechanisms 
of why the initial inflammatory response becomes a chronic inflam‑
matory condition remains unclear. However, when the plaque 
microenvironment triggers the selective recruitment and activation 
of Th1 cells they in turn determine a potent inflammatory cascade.

The combination of IFNγ and TNFα upregulates the expression 
of fractalkine (CX3CL1) [94]. Interleukin 1 and TNFα‐activated 
endothelium express also fractalkine (membrane bound form) 
that directly mediates the capture and adhesion of CX3CR1 
expressing leukocytes providing a further pathway for leukocyte 
activation [95]. This cytokine network promotes the development 
of the Th‐1 pathway which is strongly pro‐inflammatory and 
induces macrophage activation, superoxide production and pro‑
tease activity.

Plaque erosions
Improvement in anti‐atherosclerotic therapy reduces the risk of 
plaque rupture  [7]. Atherosclerotic plaques have become less 
inflamed and more fibrous, minimising the risk of rupture due to 
fissure of the fibrous cap [96]. Plaque erosions tend to have a rich 
extracellular matrix without a thin, friable fibrous cap, with less 
foam cells and lipid accumulation [97]. It typically shows endothe‑
lial denudation with intact internal and external elastic laminas 
and a well‐developed media with contractile SMCs unlike rup‑
tured plaque where internal lamina is disrupted and the underly‑
ing media is thin and disorganised  [98]. Interestingly, plaque 
erosions sometimes found in up‐ or downstream of a plaque rup‑
ture with a fatal superimposed thrombus, which might suggest that 
loss of endothelium can occur secondarily to thrombus formation 
assuming that the ruptured plaque nearby is the sole precipitating 
cause.

Neoatherosclerosis
The neointimal tissue inside the stents is subject to similar athero‑
genic forces as the native vessels [99, 100]. Neoatherosclerosis is the 
development of atherosclerosis within this neointima following 
bare metal stent (BMS) and drug eluting stent (DES). See Figure 1.1. 

Histologically it is recognized by the presence of clusters of lipid‐
laden foamy macrophages within the neointima with or without 
necrotic core formation [100,101]. Although the exact pathogenesis 
of this phenomenon is yet to be proven, inflammation and endothe‑
lial dysfunction have been shown to play a fundamental role [100–
102]. It has been reported in autopsy and in‐vivo imaging studies 
that neoatherosclerosis occurs at an earlier stage and with higher 
frequency in DES than BMS [100,103], suggesting that mechanisms 
of failure after BMS and DES implantation are quite different. 
Indeed, in general, patients with BMS are likely to develop in‐stent 
restenosis (ISR) early due to neointima hyperplasia, whereas 
patients with DES are likely to develop less neointima in the early 
period, leading to less frequency of target lesion revascularization 
(TLR) after one year follow‐up compared to BMS. However, 
patients with DES are likely to develop neoatherosclerosis later, 
which possibly related to the late catch‐up phenomenon and very 
late stent thrombosis (VLST) [99,101,104].

Insights from coronary imaging
Technological advances enable us to visualise the extent and 
composition of atherosclerotic plaques in the coronary artery 
non‐invasively and invasively. Intravascular imaging modalities 
including intravascular ultrasound (IVUS), backscattered radio‐
frequency (RF) IVUS, optical coherence tomography (OCT) and 
near‐infrared spectroscopy (NIRS) have been currently available 
for assessing coronary atherosclerotic plaque morphology and 
composition. The great advantage of intravascular imaging is 
that it is based on a device that is practical for use in the clinical 
setting, and it generates a real‐time assessment of plaque mor‑
phology. In addition, serial intravascular imaging enables us to 
evaluate the natural history progression of coronary atheroscle‑
rosis, which has also been used for assessing the pharmaceutical 
effects on coronary atherosclerosis. A number of studies have 
employed these techniques for detecting the factors contributing 
to cardiovascular events and assessing the efficacy of therapies 
targeting cardiovascular risk factors. These high‐risk or vulner‑
able atherosclerotic plaques which are defined as precursors to 
lesions that rupture have specific characteristics, such as large 
plaque burden, expansive arterial remodelling, thin cap fibroath‑
eroma (TCFA), lipid pools, necrotic core, inflammatory cell 

(a) (b)

Figure 1.1  OCT illustration of Neoatherosclerosis. (a) Neo‐intimal hyperplasia inside the stent. A uniform layer of neo‐intima is seen covering 
the stent struts (white arrows) from 12 to 4 o’clock. Remainder of the stent circumference is covered by an irregular, very thick tissue layer 
containing dark, signal poor core consistent with lipid pool and signal rich, thick fibrous cap. (b) Lipid/ necrotic core in the neo‐atherosclerotic 
plaque has been highlighted in yellow.
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accumulation and neovascularisation  [105]. These markers of 
vulnerability provide potential targets for high‐risk plaque 
imaging. However, each intravascular imaging device has spe‑
cific individual advantages and disadvantages in regards to eval‑
uating plaque morphology and plaque compositions, shown in 
Table 1.1.

Intravascular imaging (IVUS)
The combination of high‐frequency ultrasound placed within 
close proximity to the artery wall generates a high resolution, 
cross‐sectional image of the full thickness of the artery wall. 
This enables us to visualize the full circumference of the vessel 
wall and atherosclerotic plaque, to examine arterial remodeling 
and to measure the area of plaque within each cross‐sectional 
image with quantitative techniques. A series of cross‐sectional 
images throughout a length of the artery is acquired with con‑
tinuous imaging during catheter withdrawal, extending the 
quantitation of plaque burden to a volumetric measure. 
Additionally, intravascular ultrasound (IVUS) provides a unique 
opportunity to characterize the plaque morphology in the ath‑
erosclerotic coronary artery. Although identification of athero‑
sclerotic plaque components is limited, several IVUS signatures 
have been suggested to be associated with either clinically unsta‑
ble or a high risk for cardiovascular events in patients with coro‑
nary artery disease undergoing percutaneous coronary 
intervention  [106–111]. Indeed, a preliminary pathological 
study has enhanced these findings with the relationship of the 
vulnerable IVUS characteristics with lipid contents and necrotic 
core [112]. These characteristics include atherosclerotic plaques 
with plaque attenuation characterized by a hypoechoic area with 
deep ultrasonic attenuation despite the absence of bright cal‑
cium (attenuated plaque) (Figure  1.2a), plaque echolucency 

characterized by an intraplaque zone of absent or low echo‑
genicity (echolucent plaque) (Figure 1.2b), and spotty calcifica‑
tion characterized by the presence of lesions 1 to 4 mm in length 
containing an arc of calcification of <90° (Figure  1.2c). These 
coronary plaque characteristics associated with atherosclerotic 
vulnerability, inherent to IVUS imaging, offer potential advan‑
tages in the evaluation of coronary artery disease. Subsequently, 
IVUS has provided a valuable tool to study the vascular biology 
of coronary atherosclerosis in vivo.

Backscattered radio‐frequency (RF) IVUS
Beyond the IVUS, there is considerable interest in the ability to 
distinguish individual plaque components. Spectral analysis of 
IVUS radiofrequency backscattered signals, known as virtual his‑
tology IVUS (VH‐IVUS, Volcano Therapeutics, Inc., Roncho 
Cordova, Calfornia) or integrated backscatter IVUS (IB‐IVUS, 
TERUMO, Japan), was developed to reconstruct a color‐coded 
tissue map of plaque composition that distinguishes between 
fibrous, fibrofatty, necrotic core and dense calcific material 
(Figure  1.3) and provide detailed quantitative information of 
these individual components. Indeed, it has been shown that the 
RF IVUS has a 80% to 92% in vitro accuracy when used to iden‑
tify the four different types of atherosclerotic plaques  [113]. 
Additionally, according to the relative amount of these 
components, the pathological analysis is conducted to classify as 
pathological intimal plaque (PIT), thin‐cap fibroatheroma 
(TCFA), thick‐cap fibroatheroma (ThFA), fibrotic plaque and 
fibrocalcific plaque. Anatomical characteristics of vulnerable 
plaques which are prone to rupture were identified by the histo‑
logical studies to have fibrous caps that are thin and rich in mac‑
rophages overlying a lipid pools  [114]. Subsequent studies 
defined TCFA fibrous cap thickness as <65 μm [80] and showed 

Table 1.1  Comparison of plaque characteristics evaluation.

IVUS VH‐IVUS OCT NIRS

Imaging technology Ultrasound Ultrasound Infrared Near‐infrared

Resolution (m) 100–200 100–200 < 10 N/A

Penetration (mm) 10.0 10.0 1.0–2.5 1.0‐2.0

Plaque volume ++ – – –

Remodeling ++ – – –

TCFA detection – + ++ –

Calcification ++ ++ ++ –

Thrombus + – ++ –

Neovascularization – – + –

Macrophages – – – –

Cholesterol crystals – – + ++

Lipid core + + + –
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that the majority of TCFAs had >10% of the plaque area occupied 
by a lipid‐rich NC [115]. Given that the resolution of VH‐IVUS 
is insufficient to directly image a thin fibrous cap, TCFA acquired 
from VH‐IVUS, VH‐TCFA, has been defined as the presence of 
>10% necrotic core volume without obvious overlying fibrous tis‑
sue and a total plaque burden of >40% observed within three 
consecutive VH‐IVUS frames. In the clinical settings, it has been 
shown by a three‐vessel VH‐IVUS study that patients with ACS 
have a greater incidence of VH‐TCFA than those with stable cor‑
onary artery disease  [116]. Prospective analyses found that the 
baseline presence of VH‐TCFA was independently predictive of 
future coronary events in patients admitted with an 
ACS  [117,118]. The Providing Regional Observations to Study 
Predictors of Events in the Coronary Tree (PROSPECT) study 
assessed 700 patients with ACS to identify the impact of baseline 
plaque composition on future coronary events [117], which dem‑
onstrated that the highest risk plaque type for recurrent cardiac 

events was TCFA derived by VH‐IVUS with small luminal area 
and large plaque burden. Furthermore, the European 
Collaborative Project in Inflammation and Vascular Wall 
Remodeling in Athersclerosis‐Intravascular Ultrasound 
(ATHEROREMO‐IVUS) study that demonstrated that the pre‑
dictive value of TCFA derived by VH‐IVUS in a non‐culprit cor‑
onary artery for the occurrence of acute cardiac events, 
particularly of death and ACS was even stronger [119]. Thus, a 
color‐coded mapping method using IVUS radiofrequency is a 
promising research tool to identify plaque characteristics across a 
range of patient populations that may predict adverse outcomes.

Optical coherence tomography (OCT)
Although IVUS is widely used to investigate plaque morphology, 
including plaque burden and remodeling, the resolution may be 
insufficient to characterize subtle changes in the vascular wall. 
Optical coherence tomography (OCT) which uses backscattered 

Necrotic Core

Fibro-Fatty

Fibrous

Calcium

Figure 1.3  VH‐IVUS imaging. Red – Necrotic core plaque; Light green – Fibro-fatty plaque; Dark green – Fibrous plaque; White – Calcified 
plaque.

(a) (b) (c)

Figure 1.2  IVUS features of vulnerable plaques. (a) Attenuated plaque (red arrows): a hypoechoic area with deep ultrasonic attenuation despite 
the absence of bright calcium. (b) Echolucent plaque (red arrows): plaque echolucency characterized by an intraplaque zone of absent or low 
echogenicity. (c) Spotty calcification: the presence of lesions 1 to 4 mm in length containing an arc of calcification of <90°.
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reflections of near‐infrared light, with a wavelength of about 1300 nm 
to generate an axial image of the coronary artery offers unparalleled 
spatial resolution (<10 micrometer axial; 20–40 micrometer lateral). 
This modality enables high‐resolution characterisation of the vascu‑
lar layers within a healthy artery, tissue characterization (fibrous, 
fibrocalcific, and lipid plaque) and the identification of morphologi‑
cal changes to the vessel surface such as plaque rupture (Figure 1.4b), 
plaque erosion (Figure 1.4a) and calcified nodule (Figure 1.4c), which 
have been considered to be the most common underlying mecha‑
nisms contributing to ACS.115  In addition, this also permits the 
characterization of vulnerable plaques which are prone to rupture 
(Figure 1.5), including TCFA macrophage accumulation, cholesterol 
crystals, and micro‐vessels within atherosclerotic plaque.

OCT assessment of culprit lesions with ACS
Plaque rupture
Plaque rupture, defined by an area of fibrous cap disruption whereby 
the overlying thrombus is in continuity with the underlying necrotic 
core is the most frequent finding in autopsy studies of patients with 
sudden cardiac death [115, 120]. Plaque rupture is thought to be con‑
sequence of thin‐cap atheroma disruption and inflammation is the 
key regulator of the structural integrity of the plaque. Recently, cir‑
cumferential biomechanical forces have been focused and recognized 
as one of the risk factor leading to plaque development and plaque 
rupture [121]. OCT is currently the most ideal modality to identify 
and evaluate plaque rupture. Interestingly, in the preliminary study, 
the area of ruptured cavity was significantly larger in STEMI com‑
pared with non‐ST‐segment elevated ACS (NSTE‐ACS), suggesting 
that the morphological feature of plaque rupture could relate to the 
clinical presentation in patients with ACS [122] Additionally, another 
study conducted 3‐vessel OCT imaging in 38 patients with ACS dem‑
onstrated that ruptured culprit plaques had non‐culprit plaques with 
thinner prevalence of TCFA, wider maximum lipid arc, greater lipid 
length and thinner fibrous caps compared with non‐ruptured culprit 
plaques, indicating that the patients with ruptured culprit plaques 
have increased pan‐coronary vulnerability in non‐culprit plaques 
which may cause future adverse events [123].

Plaque erosion
Plaque erosion, pathologically characterized by luminal thrombus 
and absence of the endothelium, without evidence of fibrous cap 

disruption)  [115] is frequently followed by plaque rupture in 
patients with sudden cardiac death, ranging from 30–40% [124–
126] especially more frequently in younger female [126] and smok‑
ers [127] Given that OCT does not permit the identification of the 
endothelial lining, the pathological definition of erosion cannot 
simply be adapted for the OCT definition. Subsequently, OCT‐
identified plaque erosion has been defined as the presence of 
thrombus and an irregular luminal surface in the absence of cap 
rupture (Figure 1.4)  [128]. In contrast to plaque rupture, plaque 
erosion is distinctly different entity. Firstly, markers of inflamma‑
tion are significantly lower in plaque erosion with sparse infiltra‑
tion of macrophages and T lymphocytes within the vessel wall [79, 
129]. Consistent with these findings, differential intracoronary 
cytokine expression between plaque erosion and rupture has been 
shown by a clinical study that examined 40 STEMI patients who 
underwent OCT [130]. Secondly, the stenosis of coronary lumen is 
not always significant in eroded plaques. According to pathologi‑
cal study examined 111 sudden coronary death, the internal elastic 
area and percent stenosis were significantly smaller in erosions 
compared with ruptures (p<0.0001 and p=0.02, respectively), 
where plaque burden was greater (p=0.008) [131]. Thirdly, coro‑
nary thrombi exhibit diverse healing phases, depending on the eti‑
ology of the underlying culprit plaque. These findings of differences 
between plaque erosion and plaque rupture attributed to clinical 
settings in which the frequency of STEMI was significantly higher 
in the patients with plaque rupture, whereas NSTE‐ACS was 
predominant in patients with plaque erosion [132]. These findings 
may require tailored therapy in individual plaque features. 
Recently, in a small number, non‐randomized study, a potential 
alternative treatment strategy for patients with ACS who had 
OCT‐identified plaque erosion without stent implantation has 
been shown to result in satisfactory clinical outcomes in which 
none of 12 patients who had plaque erosion treated with thrombec‑
tomy and anti‐thrombotic agents without stenting required an 
additional revascularization after two years  [133]. More recently, 
another prospective study demonstrated that anti‐thrombotic 
therapy without stent implantation reduced thrombus volume and 
enlarged the flow area without re‐occlusion of the culprit lesion at 
one month in ACS patients with OCT derived erosion [134]. These 
findings may highlight the utility of OCT assessment to optimize a 
treatment in patients with ACS.

(a) (b) (c)

0.5 mm

Thrombus

Super�cial
calcium

Fibrous cap with
irregular surface

Ruptured
cap40 μm

Figure 1.4  OCT appearance of vulnerable plaques (plaque erosion, plaque rupture, calcified nodule). (a) Plaque Erosion: Intact fibrous cap with 
irregular luminal surface and superficial calcium. (b) Plaque rupture with luminal thrombus. At 11 o’clock a Thin Cap Fibro‐Atheroma (TCFA) is 
seen (fibrous cap thickness measured 40 microns, marked with small white bar). (c) Calcified nodule: the presence of fracture of a calcified plate 
protruding into the lumen through a disrupted fibrous cap with an overlying thrombus.

c01.indd   9 03-11-2022   17:45:27



10  PART I Principles and Techniques  SECTION I Basic Knowledge

Calcified nodule
Calcified nodule, pathologically defined as, the presence of frac‑
ture of a calcified plate protruding into the lumen through a dis‑
rupted fibrous cap with an overlying thrombus (Figure 1.4), is the 
least frequent pathological finding associated with coronary 
thrombosis [115]. Consistent with the histological findings, clin‑
ical OCT evaluation in a study of 126 patients with ACS found a 
prevalence of 7.9%, with being more common in older 
patients [132]. Thus, given that the prevalence of plaque rupture 
and erosion are higher enough to get details compared with calci‑
fied nodule, it remains a poorly understood entity. In pathology 
series, calcified nodules are more commonly found in older indi‑
viduals in the mid‐right coronary artery or left anterior descend‑
ing artery where torsion is greatest [115]. Coronary calcification 
correlates highly with plaque burden and is an independent 
marker of cardiovascular risk [135]. Furthermore, coronary cal‑
cification within a thin fibrous cap can increase the circumferen‑
tial stress leading to plaque rupture and thrombotic events [136]. 
OCT is the only tool to depict the thickness of superficial calcium 
deposits accurately, superior to IVUS [137]. Additionally, a great 
ability to detect calcified nodules have been reported with a sen‑
sitivity of 96% and specificity of 97%  [138]. Recently, striking 
images showing a close correlation between pathological and 
OCT findings in a human coronary artery were reported [139]. 

However, more recent studies have raised an important issue 
with regard to the visualization of intense dorsal shadowing gen‑
erated by protruding red thrombus and protruding bony calcified 
spicules  [140,141]. Further investigation is required to clarify 
whether protruding luminal red thrombus emerged directly, or 
small bony calcified nodules generated intense dorsal 
shadowing.

OCT‐derived Vulnerable Plaques
OCT‐ derived TCFA
With the high resolution of OCT, this modality might be the best 
for its reliability as a tool to measure the fibrous cap thickness 
in  vivo. A histology study examined 38 human cadavers and 
showed a good correlation of the fibrous cap thickness between 
OCT and histology (r=0.90; p<0.001) [142]. In the clinical set‑
ting, OCT‐TCFA was reported to be more frequently observed 
in the culprit lesion in patients with STEMI compared with 
those with stable coronary artery disease  [143], and 
NSTEMI [122]. In addition, its distribution in the coronary tree 
was similar to that in the previous pathological observation 
demonstrating that TCFAs were more commonly found in the 
proximal distribution of the coronary artery  [88, 144]. 
Subsequently, serial OCT imaging has been employed to assess 
the natural history and the impact of lipid modification on 

(a) (b)

(c) (d)

Figure 1.5  OCT appearances of vulnerable plaques (others). (a) Thin-cap fibroatheroma (7-9 o’clock of the plaque seen as red arrow): a 
presence of thin fibrous cap thickness as <65 μm overlying a signal-poor lesion with diffuse border representing a lipid-rich plaque. (b) 
Macrophage infiltration (red arrows): signal-rich, distinct or confluent punctuate regions with heterogeneous backward shadows. (c) Cholesterol 
crystals (red arrows): linear, highly backscattering structures within the plaque. (d) Neovascularization (red arrows): black holes with a diameter 
of 50-300 µm within plaque that are present on at least 3 consecutive frames.
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atherosclerotic coronary plaques. OCT‐TCFA has been shown 
to be a predictor of subsequent plaque progression and acute 
coronary events  [145]. An early clinical study reported that in 
patients with AMI, the use of statins for nine months signifi‑
cantly increased fibrous cap thickness compared with placebo 
control,146 indicating that its effects of stabilization on vulner‑
able atherosclerotic coronary plaques. Subsequently, the effect of 
atorvastatin therapy on fibrous cap thickness in coronary ather‑
osclerotic plaque assessed by optical coherence tomography 
(EASY‐FIT) trial compared the efficacy of 20 mg and 5 mg ator‑
vastatin on plaque microstructures acquired from OCT in 70 
patients with unstable angina pectoris. The increase in fibrous 
cap thickness was significantly greater with the higher dose of 
atorvastatin (69% vs 17%, p<0.001), along with more favourable 
changes in lipid arc (–27% vs –8%, p<0.001) and macrophage 
grade (–38% vs –24%, p<0.001) [147].

Macrophage infiltration
Pathophysiologically, macrophages play a very important role in 
the development of atherosclerosis and are the predominant 
inflammatory cell population within the fibrous cap of vulnerable 
plaques [79]. TCFA manifested by the infiltration of macrophages 
(average size 20 to 50 μm) has been recognized as contributing to 
weakening structural integrity of the cap  [148–150] and predis‑
pose plaques to rupture. They are more frequently found in coro‑
nary artery specimens obtained from patients with ACS compared 
to stable CAD.150 The high contrast and resolution of OCT ena‑
bles the quantification of macrophages within fibrous caps. OCT 
visualizes macrophages as signal‐rich, distinct or confluent punc‑
tuate regions with heterogeneous backward shadows (Figure 1.5). 
Tearney, et  al. demonstrated that the OCT‐derived macrophage 
density of plaque fibrous caps correlated strongly (r=0.84, 
p<0.0001) with macrophage density quantified histolomorpho‑
metrically by CD68 immunoperoxidase staining in the corre‑
sponding histological samples  [151]. They also showed that 
macrophage density in the fibrous caps correlated with the circu‑
lating white blood cell count, which is used in clinical practice as a 
marker of systemic inflammation and has been shown to be an 
independent predictor of cardiovascular events, and presence of 
TCFA [152]. Thus, OCT has been employed to identify and quan‑
tify macrophage infiltration.

Cholesterol crystal (CCs)
CCs are formed very early in the process of atherogenesis and acti‑
vate the proinflammatory cytokines interleukin‐1‐beta (IL‐1β) and 
IL‐18 via activating inflammasomes in neutrophils and monocytes/
macrophages [153], which has been postulated to contribute to CC‐
mediated plaque destabilization. These findings are supported by 
the fact that demonstrated CCs are often seen abundantly within 
atheromatous plaques and at sites of plaque disruption  [154]. 
Cholesterol crystallization in plaque is an important trigger for core 
expansion, leading to intimal injury  [155]. Therefore, CCs have 
been thought to be one of the factors leading to disruption of the 
plaque cap and overlying intima. With OCT, cholesterol crystals 
(CCs) are defined as linear, highly backscattering structures within 
the plaque (Figure 1.5). Preliminary, Kataoka, et al. demonstrated 
that plaques containing CCs exhibited distinct OCT‐derived micro‑
structures associated with plaque vulnerability [156]. Recently, in a 
study that investigated the relationship between CCs and culprit 
lesion vulnerability in patients with ACS, the frequency of CCs was 

significantly higher in patients with STEMI compared to NSTEMI 
(50.8% vs 34.7%, p=0.032). Moreover, culprit lesions with CCs had 
higher prevalence of macrophage accumulation (77.8% vs 40.0%, 
p<0.001), microchannels (67.9% vs 24.8%, p<0.001), plaque rup‑
ture (58.0% vs 36.0%, p=0.001), thrombosis (66.7% vs 49.6%, 
p=0.016) and spotty calcification (35.8% vs 10.4%, p<0.001), sug‑
gesting that CCs may increase plaque vulnerability and trigger 
plaque rupture in patients with ACS [157].

Neovascularization
In atherosclerotic plaques, neovascularization proliferates from 
the adventitia into the arterial wall in order to supply nutrition and 
inflammatory cell accumulation to the lesion. Also, micro‐vessels 
play a role in plaque haemorrhage associated with lipid core expan‑
sion through the accumulation of free cholesterol from erythro‑
cyte membranes  [89]. Therefore, pathological neovascularization 
of the artery wall is a consistent feature of atherosclerotic plaque 
development and progression of disease. In addition, it has also 
been recognized as a common feature of plaque vulnerability [89]. 
Some previous reports showed that micro‐vessels are increased in 
coronary lesions from patients with acute myocardial infarc‑
tion  [158, 159]. Micro‐channels are characterized using OCT as 
black holes with a diameter of 50–300 μm within plaque that are 
present on at least three consecutive frames (Figure 1.5). According 
to a study that examined 63 patients with CAD, micro‐channels 
detected by OCT evaluation were associated with a higher inci‑
dence of concomitant TCFAs and increased high‐sensitivity C‐
reactive protein levels, which indicates the importance of 
intraplaque micro‐channels as a marker for plaque 
vulnerability [160].

Neoatherosclerosis
It is seen as diffusely bordered, signal‐poor regions with overlying 
signal‐rich bands, while calcific neointima shows well‐delineated, 
signal‐poor regions with sharp borders (Figure 1.1).

Near infrared spectroscopy (NIRS)
Advances in catheter‐based spectroscopy enables generation of a 
chemical fingerprint of atherosclerotic plaque. Near infrared spec‑
troscopy (NIRS) is a technique that has been used for decades in the 
physical sciences to characterize chemical composition for sub‑
stances [161]. This method could be ideal for identification of lipid‐
rich and potentially vulnerable atherosclerotic plaques. The initial 
catheter‐based system was LipiscanTM (InfraRedx Inc., Burlington, 
MA, USA). Subsequently, since NIRS imaging did not provide any 
volumetric data of plaques, the NIRS/intravascular ultrasound 
(IVUS) catheter (TVC Imaging SystemTM, InfraRedx Inc., 
Burlington, MA, USA) was developed. NIRS generates a color map 
that displays the lipid content of the arterial wall as a “chemogram”. 
Every pixel represents the probability of lipid presence at the given 
location on a colour scale in which low probabilities of lipids are 
depicted as red, and high probabilities of lipids are shown as yellow 
(Figure 1.6). The “block chemogram” is a semiquantitative summary  
of the results for each 2 mm segment of the imaged artery. The lipid 
core burden index (LCBI) is the quantification of lipid present in the 
scanned region and is defined as the fraction of yellow pixels on the 
chemogram multiplied by 1000. The maximal lipid core burden 
index (max LCBI) per 4 mm describes the region with the highest 
lipid burden. ex  vivo validation studies support the feasibility of 
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NIRS imaging with reasonable sensitivity and specificity for evaluat‑
ing the extent of lipidic materials [162, 163]. Signal loss behind cal‑
cium due to acoustic shadowing is an important limitation for 
conventional IVUS, whereas NIRS penetrates effectively through 
calcium and stents, not affected by lower intensity due to attenua‑
tion. Additionally, with inability of IVUS and OCT to visualize or 
determine actual composition of lipidic plaques due to signal drop‐
out, NIRS offers a more reliable and quantitative detection of lipid 
core plaques than other intravascular imaging methods. On the 
other hand, a potential limitation of NIRS may be its inability to 
assess the depth of a lipid core and the measurement of lipid 
volume.

Lipid rich plaques
The common denominator for plaque rupture causing ACS is lipid 
accumulation, either as a lipid core or lipid pools  [115]. This has 
been proved in a study that compared ACS culprit sites with lesions 
responsible for stable CAD using NIRS [164]. Subsequently, it has 
been shown that NIRS‐IVUS is highly specific for the identification 
of ST‐elevation myocardial infarction (STEMI) [165] and non‐ST‐
elevation myocardial infarction [166]. According to these studies, a 
maximum LCBI4mm >400 was the optimal threshold for identifi‑
cation of culprit plaque in patients with both STEMI and non‐
STEMI. The visualization of lipid rich plaque on NIRS imaging has 
been also employed to predict PCI procedural risks and optimize 
coronary stent implantation. A clinical study examined 62 patients 
with CAD demonstrated that a maximum LCBI4mm >500 as a dis‑
criminatory threshold for the occurrence of periprocedural myo‑
cardial infarction after PCI [167]. Moreover, the prognostic value of 
NIRS‐derived LCBI has been investigated in a study examined 203 
patients with CAD [168]. Patients with an LCBI equal to or above 
the median of 43.0  had a fourfold risk of adverse cardiovascular 
events during one year follow‐up. Thus, these results indicate the 
potential of intravascular NIRS imaging for risk stratification of 
cardiovascular events in patients with CAD. Additionally, the rela‑
tionship of NIRS‐derived LCBI with cardiovascular disease also 
indicates the potential benefit of pharmacological lipid rich plaque 
modulation prior to cardiovascular events. The reduction in yellow 

plaque by aggressive lipid lowering therapy (YELLOW) trial has 
demonstrated that short‐term intensive statin therapy reduced lipid 
content using NIRS in severely obstructive coronary lesions com‑
pared with standard therapy [169]. However, in the integrated bio‑
marker and imaging study 3 (IBIS‐3) study, the effect of high 
intensity Rosuvastatin therapy on coronary plaque composition 
and LCBI was investigated within non‐stenotic, non‐culprit coro‑
nary segments with a relatively low atheroma burden and failed to 
demonstrate a significant reduction of necrotic core volume or 
LCBI under high intensity rosuvastatin therapy during one 
year [170]. Further investigations are required to better understand 
lipidic materials within vessel wall.

Serum markers correlated to plaque 
inflammation
Numerous studies have correlated different serologic biomarkers 
with cardiovascular disease [171–174] leading to a rapid increase in 
the number of biomarkers available (Table 1.2). These biomarkers 
are useful in that they can identify a population at risk of an acute 
ischemic event and detect the presence of so called vulnerable 
plaques and/or vulnerable patients [175,176]. Ideally, a biomarker 
must have certain characteristics to be a potential predictor of inci‑
dent or prevalent vascular disease. Measurements have to be repro‑
ducible in multiple independent samples, the method for 
determination should be standardized, variability controlled, and 
the sensitivity and specificity should be good. In addition, the bio‑
marker should be independent from other established risk markers, 
substantively improve the prediction of risk with established risk 
factors, be associated with cardiovascular events in multiple popu‑
lation cohorts and clinical trials, and the cost of the assays has to be 
acceptable. Finally, to be clinically useful a biomarker should cor‑
rectly reflect the underlying biological process associated with 
plaque burden and progression.

Traditional biomarkers for cardiovascular risk include low‐den‑
sity lipoprotein (LDL) cholesterol and glucose. However, 50% of 
heart attacks and strokes occur in individuals that have normal LDL 
cholesterol, and 20% of major adverse events occur in patients with 
no accepted risk factors  [177]. Therefore, in light of changing 

Figure 1.6  NIRS IVUS imaging of vulnerable plaque. Lipid rich plaque (yellow at left and right images): cross sectional image (left hand) and 
lon-gitudinal pullback image with its chemogram (right hand).	
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atherosclerotic models, vulnerable blood may be better described as 
blood that has an increased level of activity of plasma determinants 
of plaque progression and rupture. In the past decade, the potential 
role of different micro‐RNAs (miRNAs) in the cardiovascular sys‑
tem biomarkers has been widely recognised. Stable extracellular 
miRNAs circulate in the bloodstream and might serve as novel diag‑
nostic markers for a wide range of cardiovascular diseases and risk 
factors, such as myocardial infarction [178,179], heart failure [180], 
coronary atherosclerotic disease [181], hypertension [182], and type 
2 diabetes mellitus [183]. It is to be expected that combining multi‑
ple miRNAs into a single miRNA profile may provide improved 
accuracy.

In this context, proposed biomarkers fall into nine general cate‑
gories: inflammatory markers, markers for oxidative stress, markers 
of plaque erosion and thrombosis, lipid‐associated markers, mark‑
ers of endothelial dysfunction, metabolic markers, markers of neo‑
vascularization, and genetic markers. The last six biomarker 
categories are not treated in the presented chapter but only listed in 
Table 1.1. As mentioned earlier, some of these markers may indeed 
reflect the natural history of atherosclerotic plaque growth and may 
not be directly related to an increased risk of cardiovascular events. 
The best outcomes may be achieved by a panel of markers that will 
capture all of the different processes involved in plaque progression 
and plaque rupture, and that will enable clinicians to quantify an 

individual patient’s true cardiovascular risk. In all likelihood, a 
combination of genetic (representing heredity) and serum markers 
(representing the net interaction between heredity and environ‑
ment) will ultimately be the ones that should be utilized in primary 
prevention. Finally, different non‐invasive and invasive imaging 
techniques may be coupled with biomarkers detection to increase 
the specificity, sensitivity, and overall predictive value of each 
potential diagnostic technique.

Markers of inflammation
Markers of inflammation include C‐reactive protein (CRP), inflam‑
matory cytokines soluble CD40L (sCD40L), soluble vascular adhe‑
sion molecules (sVCAM), and tumour necrosis factor (TNF).

C‐reactive protein is a circulating pentraxin that plays a major role 
in the human innate immune response [184] and provides a stable 
plasma biomarker for low‐grade systemic inflammation. C‐reactive 
protein is produced predominantly in the liver as part of the acute 
phase response. However, CRP is also expressed in smooth muscle 
cells within diseased atherosclerotic arteries  [185] and has been 
implicated in multiple aspects of atherogenesis and plaque vulnera‑
bility, including expression of adhesion molecules, induction of nitric 
oxide, altered complement function, and inhibition of intrinsic 
fibrinolysis [186], CRP is considered to be an independent predictor 

Table 1.2  Serologic markers of vulnerable plaque/patient.

Reflecting
Metabolic and Immune Disorders

Reflecting
Hypercoagulability

Reflecting
Complex Atherosclerotic Plaque

• � Abnormal lipoprotein profile (i.e. high 
LDL, low HDL, lipoprotein [a], etc.)

• � Non specific markers of inflammation 
(hs‐CRP, CD40L, ICAM‐1, VCAM, 
leukocytosis and other immuno‐related 
serologic markers which may not be 
specific for atherosclerosis and plaque 
inflammation

• � Serum markers of metabolic syndrome 
(diabetes or hypertriglyceridemia)

• � Specific markers of immune activation 
(i.e. anti‐LDL antibody, anti heat shock 
protein (HSP) antibody

• � Markers of lipid peroxidation (i.e. 
ox‐LDL and ox‐HDL)

• � Homocysteine
• � PAPP‐A
• � Circulating apoptosis markers (i.e. Fas/

Fas ligand)
• � ADMA/DDAH (i.e. asymmetric 

dimethylarginine/dimethylarginine 
dimethylaminohydrolase)

• � Circulating NEFA (nonesterified fatty 
acids)

• � Markers of blood hypercoagulability 
(i.e. fibrinogen, D‐dimer, factor V of 
Leiden)

• � Increased platelet activation and 
aggregation (i.e. gene polymorphism 
of platelet glycoproteins IIb/IIIa, Ia/IIa, 
and Ib/IX)

• � Increased coagulation factors (i.e. 
clotting of factors V, VII, VIII, XIII, von 
Willebrand factor)

• � Decreased anticoagulation factors 
(i.e. protein S and C, 
thrombomodulin, antithrombin III)

• � Decreased endogenous fibrinolysis 
activity (i.e. reduced tissue 
plasminogen activator, increased 
type I plasminogen activator (PAI), 
PAI polymorphisms)

• � Prothrombin mutation (i.e. 
G20210A)

• � Thrombogenic factors (i.e. 
anticardiolipin antibodies, 
thrombocytosis, sickle cell disease, 
diabetes, hypercholesterolemia)

• � Transient hypercoagulability (i.e. 
smoking, dehydration, infection)

�Morphology/Structure
•  Cap thickness
•  Lipid core size
•  Percentage stenosis
•  Remodelling (positive vs. negative)
•  Color (yellow, red)
•  Collagen content vs. lipid content
•  Calcification burden and pattern
•  Shear stress

�Activity/function
• � Plaque inflammation (macrophage density, rate of 

monocyte and activated T cells infiltration)
• � Endothelial denudation or dysfunction (local nitric 

oxide production, anti/procoaugulation properties of 
the endothelium)

•  Plaque oxidative stress
•  Superficial platelet aggregation and fibrin deposition
• � Rate of apoptosis (apoptosis protein markers, 

microsatellite)
• � Angiogenesis, leaking vasa vasorum, intraplaque 

haemorrhage
•  Matrix metalloproteinases (MMP‐2, ‐3, ‐9)
• � Microbial antigens (Chlamydia pneumoniae) 

Temperature

�Pan Arterial
• � Transcoronary gradient of vulnerability biomarkers
• � Total calcium burden
• � Total coronary vasoreactivity
• � Total arterial plaque burden (intima media thickness)
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of unfavourable cardiovascular events in patients with atherosclerotic 
disease. Beyond CRP’s ability to predict risk among both primary and 
secondary prevention patients, interest in it has increased with the 
recognition that statin‐induced reduction of CRP is associated with 
less progression in adverse cardiovascular events that is independent 
of the lipid‐associated changes [187] and that the efficacy of statin 
therapy may be related to the underlying level of vascular inflamma‑
tion as detected by hs‐CRP. Among patients with stable angina and 
established CAD, plasma levels of hs‐CRP have consistently been 
shown associated with recurrent risk of cardiovascular events [188, 
189]. Similarly, during acute coronary ischemia, levels of hs‐CRP are 
predictive of high vascular risk even if troponin levels are non‐detect‑
able, suggesting that inflammation is associated with plaque vulner‑
ability even in the absence of detectable myocardial necrosis  [190, 
191]. Despite these data, the most relevant use of hs‐CRP remains in 
the setting of primary prevention. To date, over two dozen large‐scale 
prospective studies have shown baseline levels of hs‐CRP to indepen‑
dently predict future myocardial infarction, stroke, cardiovascular 
death, and incident peripheral arterial disease [192,193]. Moreover, 
eight major prospective studies have had adequate power to evaluate 
hs‐CRP after adjustment for all Framingham covariates, and all have 
confirmed the independence of hs‐CRP  [194]. The association of 
plaque morphology prone to rupture with hs‐CRP has been also 
shown in the preliminary study  [195]. Subsequently, a number of 
drug approaches to the inflammatory cardiovascular residual risk 
have been guided by knowledge of the inflammatory basis of cardio‑
vascular disease. Recently, the CANTOS trial with the anti‐IL‐1‐beta 
monoclonal antibody canakinumab, demonstrated the reduction of 
hs‐CRP by 35% and reduced the composite of nonfatal‐MI, nonfatal 
stroke or cardiovascular death (hazard ratio (HR) =0.85, 95%CI: 
0.74–0.98) [196]. Additionally, canakinumab reduced MACE rates to 
a similar extent in patients with or without diabetes197 and was asso‑
ciated with a significant reduction in deaths from lung cancer [198].

Colchicine, another anti‐inflammatory drug widely used for gout 
and pericarditis, has been examined to have a beneficial effect on 
cardiovascular disease, which showed the reduction of ischemic 
cardiovascular events in patients with MI [199], whereas a further 
trial investigating the efficacy of another anti‐inflammatory drug of 
methotrexate, most commonly used for arthritis, on patients with 
coronary artery disease was stopped given that it did not result in 
the lowering of IL‐1beta, IL‐6 or hs‐CRP compared to placebo and 
was associated with raised liver enzymes, reduction in leukocytes 
and hematocrit and a higher incidence of non‐basal cell skin cancer 
compared to placebo [200]. Thus, given unclear the anti‐inflamma‑
tory protective mechanism further investigation is required to bet‑
ter understand the association between inflammation and 
atherosclerotic disease.

Cellular adhesion molecules can be considered potential markers 
of vulnerability since such molecules are activated by inflammatory 
cytokines and then released by the endothelium.201 These mole‑
cules represent the one available marker to assess endothelial acti‑
vation and vascular inflammation. The Physicians’ Health Study 
evaluated more than 14 000 healthy subjects and demonstrated 
ICAM‐1 expression positive correlation with cardiovascular risk 
and showed that subjects in the higher quartile of ICAM‐1 expres‑
sion showed 1.8 times higher risk compared to subjects in the lower 
quartile [202]. Furthermore, soluble ICAM‐1 and VCAM‐1 levels 
showed a positive correlation with atherosclerosis disease bur‑
den [203]. IL‐6 is expressed during the early phases of inflamma‑
tion and it is the principle stimuli for CRP liver production. In 
addition, CD 40  ligand, a molecule expressed on cellular mem‑

brane, is a TNF‐α homologue which stimulates activated mac‑
rophages proteolytic substances production.204 CD40 and CD40L 
have been found on platelets and several other cell types in func‑
tional‐bound and soluble (sCD40L) forms. Although many plate‑
let‐derived factors have been identified, recent evidence suggests 
that CD40L is actively involved in the pathogenesis of acute coro‑
nary syndrome (ACS). CD40L drives the inflammatory response 
through the interaction between CD40L on activated platelets and 
the CD40 receptor on endothelial cells. Such interactions facilitate 
increased expression of adhesion molecules on the surface of 
endothelial cells and release of various stimulatory chemokines. 
These events, in turn, facilitate activation of circulating monocytes 
as a trigger of atherosclerosis. Beyond known proinflammatory and 
thrombotic properties of CD40L, experimental evidence suggests 
that CD40L‐induced platelet activation leads to the production of 
reactive oxygen and nitrogen species, which are able to prevent 
endothelial cell migration and angiogenesis  [205]. As a conse‑
quence of inhibiting endothelial cell recovery, the risk of subse‑
quent coronary events may be greater. Clinical studies have 
supported the involvement of CD40L in ACS and the prognostic 
value in ACS populations. Levels of sCD40L have been shown to be 
an independent predictor of adverse cardiovascular events after 
ACS  [206] with increased levels portending a worse progno‑
sis [207]. Importantly, specific therapeutic strategies have shown to 
be beneficial in reducing risk associated with sCD40L [208]. IL‐18 
is a pro‐inflammatory cytokine mostly produced by monocytes and 
macrophages, and it acts synergistically with IL‐12  [176]. Both 
these interleukines are expressed in the atherosclerotic plaque and 
they stimulate IFN‐γ induction which, on its turn, inhibits collagen 
synthesis, preventing a thick fibrous cap formation and facilitating 
plaque destabilization. Mallat et al.  [209] examined 40 stable and 
unstable atherosclerotic plaques obtained from patients undergoing 
carotid endarterectomy and they highlighted how IL‐18 expression 
was higher in macrophages and endothelial cells extracted from 
unstable rather than stable lesions and it correlated with clinical 
(symptomatic plaques) and pathological (ulceration) signs of vul‑
nerability (Figures 1.7 and 1.8).

Pregnancy Associated Plasma Protein‐A (PAPP‐A), is a high‐
molecular‐weight, zinc‐binding metalloproteinase, typically 
measured in women’s blood during pregnancy and later found in 
macrophages and smooth muscle cells inside unstable coronary 
atherosclerotic plaques. This protease cleaves the bond between 
Insulin Like Growth Factor‐1 (IGF‐1) and its specific inhibitor 
(IGFBP‐4 e IGFBP‐5), increasing free IGF‐1  levels. IGF‐1 is 
important for monocytes‐macrophages chemotaxis and activa‑
tion in the atherosclerotic lesion, with consequent pro‐inflam‑
matory cytokine and proteolytic enzyme release, and stimulates 
endothelial cell migration and organizational behaviour with 
consequent neo‐angiogenesis. Hence, IGF‐1 represents one of 
the most important mediators in the transformation of a stable 
lesion into an unstable one [210]. Bayes‐Genis et al. [211] dem‑
onstrated that PAPP‐A is more expressed in the serum of patients 
with acute coronary syndromes (unstable angina, myocardial 
infarction), compared to subjects presenting with stable angina. 
In particular, PAPP‐A serum levels > 10 mIU/l recognize patient 
vulnerability with a specificity of 78% and a sensibility of 89%. It 
has also been demonstrated that PAPP‐A histological expression 
is higher in complex, vulnerable/ruptured carotid plaques com‑
pared to stable lesions [212]. Since PAPP‐A serum levels can be 
easily measured today by means of ELISA, this protease could 
represent an easily quantifiable marker of vulnerability, with a 
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reproducible method, allowing the identification of a patient 
subgroup with a high cerebrovascular risk, before its clinical 
event manifestation.

Jaffer et al. have published a detailed review on different tech‑
niques for detection of vulnerable plaque based on several biomark‑
ers that have been implemented in recent years  [213]. In this 
context, plaques with active inflammation may be identified directly 
by extensive macrophage accumulation [214]. Possible intravascu‑
lar diagnostic techniques [215] based on inflammatory infiltration 
determination within the plaque include thermography [216] con‑
trast‐enhanced MRI  [217] fluorodeoxyglucose positron emission 
tomography  [218] and immunoscintigraphy  [219]. In addition, 
non‐invasive techniques include MRI with superparamagnetic iron 
oxide [220, 221], and gadolinium fluorine compounds [222, 223].

Biomechanical stress as a trigger 
for plaque progression and rupture
Despite the exposure of the entire coronary tree to the systemic risk 
factors and inflammation, spatial distribution of atherosclerotic 
plaques is often a focal phenomenon [224]. Vascular endothelium is 
subjected to complex mechanical stresses resulting from its 3‐D 
geometry, vessel curvatures and cardiac motion. These mechanical 
strains in combination with fluid frictional forces or shear stress 
gradients inside the arteries can lead to a number of structural and 
humoral changes in the endothelial cells [225, 226]. High wall shear 
stress (WSS) (>15 dyne/cm2) has been found to induce endothelial 
quiescence and an atheroprotective gene expression profile, whereas 
low shear stress (<4 dyne/cm2) stimulates an atherogenic pheno‑
type [225]. It has been shown that the plaques and wall thickenings 
are localized mostly on the outer wall of one or both daughter ves‑
sels at bifurcations and along the inner wall of curved seg‑
ments  [224]. In the PREDICTION study, Stone et  al. studied the 
natural history of plaques in 506 patients with ACS treated with 
percutaneous coronary intervention, and used reconstructed coro‑
nary models from angiography and IVUS. 74% patients had follow‐
up studies at 6 to 10  months to relate the effects of local 
haemodynamic milieu on plaque changes. Authors reported that 
decrease in lumen area was independently predicted by baseline 
large plaque burden and low endothelial shear stress [227]. Other 
investigators have reported that high wall shear stress is associated 
with transformation of plaques into high risk phenotypes prone to 
instability and rupture [228,229].

Future challenges in the treatment 
of vulnerable plaques
With the concept of “vulnerable” plaque not nearly as straightfor‑
ward as once thought, there are challenges to creating a therapeutic 
strategy for assessing the risk of rupture of vulnerable plaques in 
asymptomatic patients.

First, there must be an ability to identify the vulnerable plaque 
with non‐invasive or invasive techniques. It has been demonstrated 
that coronary plaque composition can be studied with invasive and 
non‐invasive imaging techniques, allowing real‐time analysis and 
in‐vivo plaque characterization including the identification of 
TCFA, however the severity of the inflammatory infiltration of the 
cap, which certainly plays a major role in plaque disruption, cannot 
be accurately evaluated even with the most advanced in‐vivo imag‑
ing techniques. Moreover, dynamic plaque changes, such as abrupt 
intra‐plaque haemorrhages from vasa‐vasorum which may be 

fundamental in predicting the potentiality of a plaque to rupture, 
will be extremely difficult to identify with real‐time imaging 
techniques.

A second challenge is that a lesion‐specific approach requires 
that the number of vulnerable plaques in each patient needs to be 
known and the number of such lesions need to be limited. That is 
not the case, however. Several pathological studies indicate the 
presence of multiple “lipid‐rich” vulnerable plaques in patients 
dying after ACS or with sudden coronary death [84, 87]. Further 
complicating the issue: coronary occlusion and myocardial infarc‑
tion usually evolve from mild to moderate stenosis  – 68% of the 
time, according to an analysis of data from different studies.

The third and fourth challenge is that the natural history of the 
vulnerable plaque (with respect to incidence of acute events) has to 
be documented in patients treated with patient‐specific systemic 
therapy; and the approach has to be proven to significantly reduce 
the incidence of future events relative to its natural history. At this 
time, neither is documented nor proved.

Fifth, we believe that at the current stage it is not possible to know 
which vulnerable plaques will never rupture. Although we suspect it 
is the vast majority of them, we may have to shift to a more appropri‑
ate therapeutic target. In addition, targeting not only the vulnerable 
plaque but also the vulnerable blood (prone to thrombosis) and/or 
vulnerable myocardium (prone to life‐threatening arrhythmia) may 
be also important to reduce the risk of fatal events.

Conclusions
Atherosclerosis is now recognized as a diffuse, and chronic inflam‑
matory disorder involving vascular, metabolic, and immune system 
with various local and systemic manifestations. A composite vulner‑
ability index score comprising the total burden of atherosclerosis 
and vulnerable plaques in the coronary, carotid, aorta, and femoral 
arteries, together with blood vulnerability factors, should be the 
ideal method of risk stratification. Obviously, such index is hard to 
achieve with today’s tools. A future challenge is to identify patients at 
high risk of acute vascular events before clinical syndromes develop. 
At present, aside from imaging modalities such as IVUS‐ virtual his‑
tology, magnetic resonance, and local Raman spectroscopy that 
could help to identify vulnerable plaques, highly sensitive inflamma‑
tory circulating markers such as hsCRP, cytokines, pregnancy‐asso‑
ciated plasma protein‐A, pentraxin‐3, LpPLA2 are currently the best 
candidates for diffuse active plaque detection. In order to achieve 
this aim, a coordinate effort is needed to promote the application of 
the most promising tools and to develop new screening and diag‑
nostic techniques to identify the vulnerable patient.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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