NN R W=

3Q4 Marco Antonio Pena-Duque, José

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
620Q1

ELSEVIER

Archives of Medical Research m (2015) m

Archives
of Medical
Research

REIVEW ARTICLE

Coronary Atherosclerosis and Interventional Cardiology

’

Luis Romero-Ibarra, Manuel Ben Adoniram Gaxiola-Macias, and

Eduardo A. Arias-Sanchez

Interventional Cardiology Department, National Institute of Cardiology, Ignacio Chavez, Tlalpan, Mexico City, Mexico

Received for publication June 1, 2015; accepted June 16, 2015 (ARCMED-D-15-00403).

The atherosclerotic process in coronary arteries begins with endothelial dysfunction and
may provoke thrombotic total occlusion and myocardial infarction. In this state-of-the-art
review, we discuss recent evidence of atheroslerosis, vulnerable plaque, and hemody-
namic changes in the coronary tree, as well as the current techniques we implement in
the catheterization lab to evaluate coronary stenosis. It is clear that atherosclerosis is a
chronic inflammatory condition with several consequences in the coronary tree, however,
we are able now to characterize the plaque and to select the appropriate treatment for

many patients.
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Introduction

Atherosclerosis is a chronic inflammatory process that af-
fects the arterial wall of the coronary arteries, carotids,
aorta and peripheral vessels. The disease process is charac-
terized by loss of elasticity of the arteries caused by an
abnormal deposition of fibrous tissue and lipids throughout
the intima that disrupts the architecture of the vessels and is
manifested by partial or total obstruction of the flow with
resulting ischemia (1,2).

Multiple factors contribute to the pathogenesis of athero-
sclerosis, including endothelial dysfunction, hyperlipidemia,
hypertension, diabetes, smoking, immunological and inflam-
matory factors. Macrophages loaded with oxidized LDL par-
ticles release inflammatory substances, cytokines and growth
factors such as monocyte chemotactic protein (MCP-1),
intercellular adhesion molecules (ICAM-1), granulocyte
and macrophage colony stimulating factors, soluble CD40
ligand, interleukins 1, 3, 6, 8 and 18, and tumor necrosis fac-
tor alpha (TNF-a) (3,4). These proinflammatory cytokines
induce cell proliferation, contribute to the production of reac-
tive oxygen species, stimulate matrix metalloproteinases and
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induce the expression of tissue factor, which promotes leuko-
cyte activation and endothelial dysfunction, the initial step in
atherosclerosis. Additionally, other molecules involved in
the process of atherogenesis have been described such as
lipoprotein-associated phospholipase A2 (Lp-PLA2), anti-
oxidized LDL antibodies, angiotensin II, endothelin-1 and
mitochondrial DNA damage (mtDNA) (5—7).

The histological stages of atherosclerosis include fatty
streak, intermediate lesion, atheroma and thin capsule
fibroatheroma. The process of atherosclerosis begins in
childhood with the development of the fatty streak. The
fatty streak is a focal intimal thickening with accumulation
of lipid-laden macrophages (foam cells) and an extracel-
lular matrix (8). Fibrous cap atheroma is defined as a plaque
with well defined lipid core covered by a relatively acellular
layer or by a fibrous layer composed of smooth muscle
cells. The formation of both the intermediate lesion and
the stable atheroma plaque is mediated by the gradual accu-
mulation of connective tissue with an increase in the num-
ber of vascular smooth muscle cells (9). The thin layer
fibroatheroma is composed of a necrotic lipid core with
concomitant thinning of the fibrous layer, which poses an
increase risk of rupture and exposure of the extracellular
matrix. Once the extracellular matrix comes into contact
with the blood stream, it activates mediators and promotes
occlusive thrombus formation. Other clinical manifesta-
tions of atherosclerosis include aneurysm formation and
blood flow-limiting stenosis (10).
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Biomechanical stress plays an important role in the
development of cardiovascular diseases. Shear stress is
one of the main components of biomechanical stress result-
ing from friction forces generated between blood and the
vascular wall. Coronary artery shear stress regulates the
release of vasoactive substances by the endothelium and
influences the development and progression of atheroscle-
rosis (11). Shear stress is the frictional force per unit area
that blood flow exerts on the vascular wall. The main fac-
tors determining the viscosity are blood distribution and
blood velocity (shear rate) (12).

In the coronary arterial tree, multiple tortuous segments
and bifurcations lead to complex flow patterns. This hetero-
geneous distribution of shear stress in the coronary circula-
tion produces regions of high and low shear stress. Low
shear stress regions are more prone to the development of
atherosclerosis, whereas high shear stress regions promote
the formation of a protective environment against the pro-
cess of atherosclerosis (Figure 1) (13,14).

In low shear stress regions, there are multiple changes
that disrupt gene expression and metabolic pathways lead-
ing to endothelial dysfunction, expression of adhesion mol-
ecules and accumulation of pro-inflammatory lipids
throughout the vessel wall. These findings have lead to
the fact that atherosclerotic plaque originates mainly in
the side wall of a coronary artery bifurcation, at the inner
wall of a tortuous segment or immediately distal to a steno-
sis (15). Although shear stress cannot be directly measured
within the coronary arteries due to their size and movement,
there are now 3D computational models that are useful for
studying the relationship between shear stress and the loca-
tion and progression of atherosclerotic plaque (16).

The vulnerable atherosclerotic plaque often expresses a
phenotype known as thin layer fibroatheroma, which poses
an increased risk of rupture and thrombosis. As mentioned
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Figure 1. Shear stress forces in a coronary bifurcation. (A color figure can
be found in the online version of this article.)

before, the vulnerable plaque is composed of a large
necrotic core surrounded by a macrophage infiltrated thin
fibrous layer (<65 microns), which separates the core from
the vessel lumen (17). Even though atherosclerotic plaques
may show positive remodeling, most cause progressive nar-
rowing of the vessel lumen compromising the coronary
blood flow. Rupture of the thin layer of the vulnerable pla-
que is responsible for most cases of acute myocardial
infarction. This occurs when the mechanical stress of the
fibrous layer exceeds that of the plaque (Figure 2). Arterial
blood pressure is the main inducer of mechanical stress
within the fibrous layer (wall stress). Shear stress magni-
tude is very low compared to that of the blood pressure
and its influence on the mechanical stress of the fibrous
layer is not significant. However, shear stress has a major
role in endothelial function and atherosclerotic plaque
composition, both of which are considered important fac-
tors in predicting the probability of plaque rupture (18,19).

Once the capacity of eccentric remodeling has been
exceeded, the atherosclerotic plaque produces progressive
loss of the vessel lumen, which compromises blood flow
leading to the development of signs and symptoms of
myocardial ischemia. Most patients with atherosclerosis
are asymptomatic until the lumen obstruction becomes
>70% when blood flow becomes scarce during physical
exertion. However, it has been shown that the majority of
acute coronary syndromes occur as a result of rupture of
the nonocclusive atheroma plaque, which obstructs the
vessel lumen with newly formed thrombus. This vessel
thrombosis is responsible for myocardial infarction; this
process is called atherothrombosis (20).

The two main mechanisms responsible for atherothrom-
bosis are plaque rupture and in sifu endothelium erosion.
Plaque rupture is the main mechanism of thrombosis and
appears as a result of the imbalance between the forces ex-
erted by blood flow on the fibrotic layer of the plaque and
the rupture resistance of the fibrous cap itself. Inflammation
has been proposed as the main predisposing factor occur-
ring as a result of cytokine induction. T cells present in
the subendothelium synthesize interferon gamma (INF-vy)
and CDA40-L. The former inhibits production of extracel-
lular matrix by myofibroblasts, whereas the latter stimulates
the production of types 1, 8 and 13 metalloproteinases by
macrophages, which degrade fibrous cap fibrillar collagen.
In conjunction with a high burden of necrotic-lipidic tissue,
these make the plaque weaker and more prone to rupture.
This is known as vulnerable plaque (21). Once the fibrous
layer breaks, coagulation components within the blood-
stream bind to tissue factor on the surface of macrophages.
This union triggers the coagulation cascade and platelet ag-
gregation with the result of thrombus formation. Multiple
mechanisms such as endothelial cell apoptosis and degrada-
tion of the extracellular matrix have been proposed to
explain the origin of atherothrombosis after plaque erosion.
This type of thrombosis is more common in certain groups
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