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Abstract

Coronary artery disease (CAD) is a major cause of death and disability in the world.
Heart disease and strokes are among the top five leading causes of death. In 2010,
ischemic heart disease was the cause of 13.3% of all deaths globally. The 2016
Heart Disease and Stroke Statistics update of the American Heart Association
reports that 15.5 million adults (6.2% of the adult population) in the United States
have CAD, including 7.6 million (2.8%) with myocardial infarction (MI) and
8.2 million (3.3%) with angina pectoris. By 2035, nearly half of the US population
(45.1%) will have some form of cardiovascular disease. The direct medical costs
from coronary artery disease and stroke are currently estimated to be $126 billion
per year and are expected to rise to $309 billion by 2035.

In this book we have attempted to provide the current issues related to coronary
artery disease and take the reader through the epidemiology, risk factors, and the
basic mechanism of coronary artery disease. In addition, we explain how coronary
microvascular dysfunction can lead to angina, even after successful angioplasty fol-
lowing a heart attack. The methods for diagnosis and the options for treatment are
explained, and we end with a discussion of the evolution of coronary angioplasty
from balloon catheters to novel, fully resorbable polymeric drug-eluting stents. We
have enclosed a list of currently available commercial devices, as well as a listing of
experimental products under research and development, so that readers can appreci-
ate the serious nature of this disease and have an understanding of how the medical
device sector is attempting to address this major healthcare problem.
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Chapter 1
Epidemiology and Risk Factors

Keywords Epidemiology - Risk factors - Life’s Simple 7 - Coronary artery
disease - Ischemic heart disease - Myocardial infarction - Cardiovascular diseases

Coronary artery disease (CAD) is a major cause of death and disability in developed
countries. Heart disease and stroke are among the top five leading causes of death.
In 2010, ischemic heart disease was the cause of 13.3% of all deaths globally [1].
Cardiovascular disease (CVD), listed as the underlying cause of death, accounts for
nearly 836,546 deaths in the United States. That’s about one of every three deaths in
the United States according to the Heart Disease and Stroke Statistics 2018 report
by the American Heart Association (AHA) [2, 3]. About 2300 Americans die of
cardiovascular disease each day, an average of one death every 38 s. Coronary heart
disease (CHD) (43.8%) is the leading cause of deaths attributable to cardiovascular
diseases (CVDs) in the United States, followed by stroke (16.8%), high blood pres-
sure (9.4%), heart failure (9.0%), diseases of the arteries (3.1%) and other cardio-
vascular diseases (CVDs) (17.9%). The 2016 Heart Disease and Stroke Statistics
update of the AHA reports that 15.5 million adults (6.2% of the adult population) in
the United States have CAD, including 7.6 million (2.8%) with myocardial infarc-
tion (MI) and 8.2 million (3.3%) with angina pectoris. A Global Burden of Disease
Study Group report from 2013 estimated that 17.3 million deaths worldwide in
2013 were related to atherosclerotic cardiovascular disease (ASCVD), a 41%
increase since 1990 [4]. By 2035, nearly half of the US population (45.1%) will
have some form of cardiovascular disease [5]. Currently, approximately 16% of the
overall national healthcare expenditures in the United States are used to manage the
burden of CVD healthcare costs [6]. The direct medical costs from coronary artery
disease and stroke are currently estimated to be $126 billion per year and are
expected to rise to $309 billion by 2035. In 2016, in America total cost of CVD
including direct and indirect costs were $555 billion. By 2035, the costs will sky-
rocket to $1.1 trillion [7].
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2 1 Epidemiology and Risk Factors

Heart Disease, Stroke and Cardiovascular Disease
Risk Factors

The American Heart Association has defined seven key risk factors for heart disease
and stroke called “Life’s Simple 7”. These risk factors are smoking, physical inac-
tivity, nutrition, overweight/obesity, cholesterol, diabetes and high blood pressure.
A recent major study among African Americans found that the risk of heart failure
was 61% lower among those with equal or greater than four of these ideal cardio-
vascular health metrics compared to those with only zero to two positive metrics.
One thing to note that when the risk factors are controlled, outcomes are improved
irrespective of race [3].

There are currently 1.3 billion people in the world who use tobacco and almost
one-third of coronary heart disease deaths are attributable to smoking or exposure
to secondhand smoke. It is estimated that active and passive smoking remains
responsible for more than 480,000 deaths annually in the United States, and, if this
trend continues, tobacco will be responsible for more than 1 billion deaths during
the twenty-first century. Elevated blood pressure is one of the leading cause of coro-
nary heart disease (CHD). Worldwide, blood pressure above 115 mm Hg systolic is
the reason for approximately 62% of strokes and 49% of myocardial infarctions,
leading to more than 7 million deaths annually. High cholesterol contributes to
around 56% of ischemic heart disease and 18% of strokes leads to 4.4 million deaths
annually. Diabetes, obesity and physical inactivity are also major contributors to
this disease. Diabetes, a major risk factor for CVD, currently affects 17 million
Americans. Exercise can reduce around 30-50% of the risk of coronary artery dis-
ease. Physical inactivity is considered to be the fourth leading cause of death world-
wide [6, 8-10].
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Chapter 2
Definitions and Basic Mechanism
of Coronary Artery Disease (CAD)

Keywords Atherosclerosis - Plaque - Thrombosis - Blood coagulation - Plaque
rupture - Calcification - ST-elevation myocardial infarction - Non-ST-elevation
myocardial infarction - Electrocardiography

Coronary artery disease (CAD) also known as coronary heart disease (CHD) is
described as the pathologic process affecting the coronary arteries, while athero-
sclerotic cardiovascular disease (ASCVD or CVD for short) is referred to as the
pathological process affecting the entire arterial circulation, not just the coronary
arteries. The diagnosis of angina pectoris, myocardial infarction (MI) and silent
myocardial ischemia are morbidities and events included within CAD. MI leading
to death is considered an endpoint of CAD, while transient ischemic attacks, angina,
MI, claudication pains, stroke and critical limb ischemia are symptoms of CVD in
general. CAD can be further classified as either stable coronary artery disease or
stable ischemic heart disease (SIHD), and acute coronary syndrome (ACS), which
is further classified as MI and unstable angina. Stable coronary artery disease
patients, who have a prior history of current demonstrable obstructive atheroscle-
rotic disease of the epicardial coronary arteries are either asymptomatic or have
stable symptoms, with no evidence of recent symptomatic, hemodynamic or electri-
cal decomposition (ECG abnormality) [11, 12].

Atherogenesis or atherosclerosis refers to the development of atheromatous
plaques associated with asymmetric focal thickening along the inner lining of the
arteries. This is considered the main cause of CAD and is an inflammatory disease
in which metabolic risk factors trigger immune mechanisms to initiate, propagate
and activate plaque formation and lesions in the arterial tree. The wall of the coro-
nary artery has three layers named the tunica intima, tunica media and tunica adven-
titia. The tunica intima layer contains the endothelial cell layer having direct contact
with the blood flow. Internal elastic lamina separates the tunica intima from the
tunica media layer. The tunica media is made up of a layer of circumferential smooth
muscle cells (SMCs) and variable amounts of connective tissue. The external elastic
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4 2 Definitions and Basic Mechanism of Coronary Artery Disease (CAD)

lamina separates the tunica media from the tunica adventitia layer. The tunica
adventitia consists mainly of connective tissue fibres and blends with the connective
tissue surrounding the vessel. All three layers are shown in Fig. 2.1 [13-16].

The tunica intima endothelial cell layer that is in direct contact with the blood
flow has the ability to resist deposition and attachment of white blood cells. At the
same time, the expression of adhesion molecules on the endothelial cell layer
attempts to capture leukocytes on the surface due to such factors as dyslipidaemia,
hypertension and pro-inflammatory mediators that trigger the initiation of athero-
sclerosis. Subsequent endothelial layer permeability causes the extracellular matrix
composition to be modified, which results in permeability changes and the influx of
cholesterol-containing low-density lipoprotein (LDL) particles into the tunica
intima. The oxidative and enzymatic modification of LDL in the tunica intima trig-
gers the endothelial cells to express leukocyte adhesion molecules [14]. Such oxi-
dized LDL activates specific pattern recognition such as toll-like receptors (TLR).
These chemoattractant mediators cause the myocytes or leukocytes to migrate into
the tunica intima layer as shown in Fig. 2.2 where these white blood cells differenti-
ate into tissue macrophages [17]. The LDL particles residing in the arterial wall
become engulfed by these macrophages and become known as foam cells or lipid-
laden macrophages [18]. These macrophages in the plaque on the intimal layer also
release other cell recruiting molecules named cytokines such as interleukin-1
(IL-1p) and tumour necrosis factor (TNF) [18, 19].

» @ &
~ Blood O.E"S Blood Flow

| -
o e
‘ Tunica Adventitia layer C‘

Fig. 2.1 Three layers of coronary artery wall consisting of tunica intima, media and adventitia
[13, 15, 16]. (Created with BioRender.com)
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Fig. 2.2 Cellular mechanism of atherosclerosis [20-22]. (Created with BioRender.com)

The plaque or the atheroma start to attract other leukocyte cells such as lympho-
cytes as well as mast cell and immune T cells, and all these cells are responsible for
the key regulatory function of the plaque. Smooth muscle cells (SMCs) from the
tunica media layer start to migrate into the tunica intima and the plaque site and
proliferate in response to mediators such as platelet derived growth factor (PDGF).
These SMCs start producing extracellular matrix, including interstitial collagen,
proteoglycans and elastin, that form the fibrous cap around the plaque [23, 24]. The
foam cells eventually undergo apoptosis, which leads to the release of the lipid into
the extracellular space of the plaque. This lipid, as well as dead cell debris, form a
lipid-rich pool and necrotic tissue in the plaque sack within the tunica intima layer.
Activated macrophages in the plaque region play an important role in stabilizing the
atherosclerotic lesion. Table 2.1 shows the list of cytokines, leukotrienes, mediators
and growth factors that either help to promote the resolution of the inflammation
and ultimately promote tissue repair and healing or assist in sustaining the inflam-
matory response and promote tissue necrosis [20, 21].

The plaque underneath the endothelial cells is covered by a thin fibrous capsule,
which does not trigger any major thrombotic complication until there is physical
disruption of the thin, collagen-poor fibrous capsule which exposes the plaque to the
blood vessel flow as shown in Fig. 2.3 [25, 26].

This capsule can be sustained for longer periods of time without disruption, dur-
ing which the patient is asymptomatic, minimally symptomatic or has stable symp-
toms that can be managed effectively as per the stable CAD treatment guidelines.
But physical disruption leads to the formation of a hard thrombus in the vessel
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Table 2.1 List of cytokines, chemokine and lipid mediators based on their role in plaque
progression or plaque regression

Proinflammatory mediators Anti-inflammatory mediators

Cytokines | Chemokines Lipid mediators Cytokines | Chemokines | Lipid mediators
IL-1B MCP-1 LTB, IL-10 CXCL5 LXA,, ATL
IL-6 CCL3, CCL5 LTC, LTD,, LTE, | TNF-f CXCL12 RvD1, RvEI
TNF-a MIF-1 TXA, CXCL16 MaR1

IFN-y CXCL4, CXCL10 CXCL19 PD1

ATL aspirin-triggered lipoxin, CCL C-C chemokine ligand, CXCL C-X-C chemokine ligand, /L
interleukin, LT leukotriene, LX lipoxin, MaRl maresin 1, MCP-1 macrophage chemoattractant
protein 1, MIF-1 migration inhibitory factor, PDI protectin 1, Rv resolvin, TGF transforming
growth factor, TNF tumour necrosis factor, 7XA, thromboxane A2

-« Endothellial cell layer

Tunica Intima

Mast cell

‘ (Fibmblas‘t
>~ - % <=
Zo

Tertiary Iymphnld organs
‘ Tunica Adventitia layer

Fig. 2.3 Fracture of the plaque’s fibrous capsule, which causes the plaque to be exposed to the
blood flow and the blood coagulation components. This event is called thrombosis, the ultimate
complication of atherosclerosis which can cause obstruction of the blood flow [13, 26, 27].
(Created with BioRender.com)

lumen that can impede blood flow and rapidly transition to an acute coronary syn-
drome (ACS). The progression of atherosclerosis from stable CAD through to acute
coronary syndrome and ultimately cardiac death if not treated is depicted in Fig. 2.4
[28]. All the risk factors explained earlier act either directly or indirectly at several
points along this atherosclerotic pathogenic pathway.

In addition to lipid accumulation and inflammation, vascular calcification also
plays an important role in atherosclerosis. Coronary calcification is an active
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Fig. 2.4 Progression of atherosclerosis and clinical findings at various stages [29-32]. (Created
with BioRender.com)

process in the vessel wall that mimics bone formation and is controlled by complex
enzymatic and cellular pathways. It can be quantified easily using a computed
tomography (CT) technique such as a coronary artery calcium score (CAC) [29].
Such arterial calcification tends to increase the stiffness of the vascular wall and can
be measured as an increased arterial pulse wave velocity (PWV). Microcalcification
can occur in the necrotic core when the severe inflammation and necrosis begin to
stabilize. The role of calcification on plaque stability or instability is still a topic of
debate in the medical community, but it is known to involve active reprogramming
of vascular smooth muscle cells (VSMCs) by local environmental cues into a
dynamic range of phenotypes [33-36]. A proposed schematic diagram showing
inflammatory and calcification activity within atherosclerotic lesions with *F-fluoro-
deoxyglucose (FDG) and '8F-sodium fluoride (NaF) as imaging biomarkers is
depicted in Fig. 2.5 [33, 37, 38].

When the plaque ruptures and thrombosis occurs, this leads to a lack of blood
flow and oxygen supply to the heart, which causes the cessation of aerobic metabo-
lism, depletion of creatine phosphate and the onset of anaerobic glycolysis. This
sequence of adverse events starts the ischemic cascade, which is followed by the
accumulation of tissue lactate, a progressive reduction in tissue adenosine triphos-
phate (ATP) levels and an accumulation of catabolites, including those of the ade-
nine nucleotide pool. As ischemia continues, tissue acidosis develops and an efflux
of potassium occurs in the extracellular space. In addition, ATP levels fall below
those required to maintain critical membrane function, resulting in the onset of heart
muscle myocyte death. This may lead to either reversible or irreversible tissue injury
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Fig. 2.5 Time course of inflammation and calcification in atherosclerosis. Inflammation and cal-
cification activity can be seen within atherosclerotic lesions with ¥F-fluoro-deoxyglucose (FDG)
and "*F-sodium fluoride (NaF) as imaging biomarkers. Inflammation is the predominant mecha-
nism active within plaque during early stages of atherosclerosis and FDG may be taken up by the
lesion. As inflammation peaks, the risk of plaque rupture may increase. Inflammation also initiates
calcium metabolism within lesions resulting in the formation of early calcium deposits that can be
seen by uptake of both FDG and hydroxyapatite-specific '*F-sodium fluoride (NaF). It becomes
visible with CT once the density of calcium deposits exceeds a certain threshold. During active
calcification, plaque may still be vulnerable and eventually, the calcification and mineralization
processes exceed the inflammatory activity present within plaque, which might be demarcated by
only NaF uptake (in the absence of FDG), as well as calcium deposits on CT. Ongoing calcification
eventually leads to forming an end-stage stable atheroma that is densely calcified with only evi-
dence for calcium on CT [33, 37, 38]. (Created with BioRender.com)

that depends on its transmural location, residual coronary flow, and the hemody-
namic determinants of oxygen consumption. Irreversible myocardial injury begins
after 20 min of coronary occlusion if there is a limited collateral supply. It starts at
the subendocardium layers and continues to the subepicardial layers. Irreversible
cardiac injury can take from 20 min to up to 6 h to occur depending on collateral
blood flow as well as other clinical, preconditioning and pathological factors
[5, 6, 39].

Acute coronary syndrome (ACS) develops in the form of unstable angina or a
myocardial infarction (MI), which can be either non-ST-elevated myocardial infarc-
tion (NSTEMI) or ST-elevated myocardial infarction (STEMI) as described in
Fig. 2.6. Both types of MI need to be treated as soon as possible [40, 41]. Diagnostic
tools, such as blood biomarkers and electrocardiography (ECG), which are explained
in detail later in this chapter, are used to determine the type of ACS. An ECG is a
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recording of the electrical activity of the heart. It is a simple, noninvasive procedure
whereby electrodes are placed on the skin of the chest and connected to an instru-
ment that measures electrical activity in and around the heart [41].

Unstable angina is diagnosed when the patient presents with severe chest pain,
shows a specific ECG and the blood test does not show markers for a heart attack.
Such unstable angina is the precursor to a heart attack and should be treated as soon
as possible. As described above, MI can be one of two types: STEMI or NON-
STEMI. The STEMI is considered more severe and life threatening, and so needs to
be treated before it can cause irreversible damage to the heart muscle. Both STEMI
and NSTEMI patients have the same symptoms of unstable angina with elevated
biomarkers, but the ECG is abnormal and is different for each condition as shown in
Fig. 2.7. This figure shows how lethal the syndrome is and how it affects the cardiac
muscle conduction system [6, 43—46].

There are three waveforms generated during each heartbeat by the electrical con-
duction system of the heart, which can be recorded in the form of an ECG graph as
shown in Fig. 2.7 as this graph consists of a P, QRS complex and a T wave and is
observed as P, Q, R, S and T wave components. In a normal ECG, the P wave is the
first short upward movement followed by the Q wave with a downward deflection,
the R wave with a peak, the S wave with a downward falling wave, and the T wave
with a modest upward movement. The P wave is associated with right and left atrial
depolarization. The QRS wave represents ventricular depolarization and

Fa 2 F ™ £ F ™,
Admission Blood . .
to ECG Diagnosis
: Markers
hospital
ST-elevation - STEMI

Chest pain with
working
diagnosis of ACS

ST/T- Troponin

| abnormalities \ / rise/fall NSTEMI

Normal or
undermined ECG

Troponin normal —i Unstable Angina

A J

.

Fig. 2.6 Acute coronary syndrome (ACS) can be classified as unstable angina, STEMI and
NSTEMI as determined by various diagnostic tools such as electrocardiography (ECG) and blood
biomarkers. ECG electrocardiography, STEMI ST-elevated myocardial infarction, NSTEMI non-
ST-elevated myocardial infarction [40—-42]
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Fig. 2.7 Example of normal and abnormal ECG morphologies. (a) Normal ECG morphology and
(b) abnormal ECG morphology [46]

contraction, and the T wave represents ventricular repolarization. The ST segment
starts after the QRS complex and extends until the T wave. During a myocardial
infarction this ST segment can become elevated on the ECG when there is an imbal-
ance between depolarization and repolarization of the heart muscle due to ischemia.
This situation is classified as STEMI. Depending on the extent of damage to
the heart muscle, other wave disruption, such as ST depression or T wave inversion
occurs. This is classified as NSTEMI. The magnitude of the ST wave change is
associated with the level of risk of the MI.
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Coronary microvascular dysfunction (CMD) has emerged as an important mecha-
nism of myocardial ischemia in the past two decades. CMD can result from func-
tional and/or structural alterations to the vessel and it results in varying degrees of
disruption to the normal coronary physiology as described in Table 3.1.

The intramyocardial arterioles with diameters below 500 pm are actively
involved in myocardial perfusion, which is responsible for coronary microcircula-
tion. The epicardial arteries and major arteries are only one segment of the arterial
coronary circulation. They are connected to smaller arteries and arterioles that feed
the capillaries and cumulatively they are referred to as the coronary microcircula-
tion. This coronary microcirculation system is the main site that regulates the myo-
cardial blood flow, as shown in Fig. 3.1 [47].

The coronary circulation provides the oxygen required by the cardiac pump in
order to generate enough adenosine triphosphate (ATP) necessary for systolic con-
traction. The coronary arterial system, as shown in Fig. 3.1, is composed of three
compartments fused together, namely, the proximal compartment of the large epi-
cardial coronary arteries or conductance vessels with diameters ranging from
500 pm up to 2-5 mm, the intermediate compartment of prearteriolar vessels or
small arteries with diameters ranging from 100 to 500 pm, and the distal compart-
ment of the arterioles with diameters less than 100 pm. The large epicardial coro-
nary arteries have thick walls and three well-defined layers, as shown in Fig. 2.1.
They provide the least resistance to coronary blood flow (CBF) and are further
classified into three types: Type I, II and III, based on the number of initial branches
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Table 3.1 Pathogenic mechanisms of coronary microvascular dysfunction (CMD) [56]

Alteration Causes

Structural

Luminal obstruction Microembolization in acute coronary syndrome (ACS) or after
recanalization

Vascular-wall infiltration Infiltrative heart disease (e.g. Anderson—Fabry
cardiomyopathy)

Vascular remodelling Hypertrophic cardiomyopathy (HCM), arterial hypertension

Vascular rarefaction Aortic stenosis, arterial hypertension

Perivascular fibrosis Aortic stenosis, arterial hypertension

Functional

Endothelial dysfunction Smoking, hyperlipidaemia, diabetes

Dysfunction of smooth HCM, arterial hypertension

muscle cell

Autonomic dysfunction Coronary recanalization

Extravascular

Extramural compression Aortic stenosis, HCM, arterial hypertension

Reduction in diastolic Aortic stenosis

perfusion time

and the area of tissue to be supplied with blood as seen in Fig. 3.1. Small arteries
and large arterioles are more responsive to flow-dependent dilatation and to changes
in intravascular pressure respectively. Large arterioles are responsible for the auto-
regulation of the coronary blood flow (CBF) [47, 52-54].

Coronary microvascular dysfunction (CMD) can be caused by various patho-
genic conditions and mechanisms, so they are classified clinically as CMD in the
presence or absence of myocardial disease, or obstructive CAD, or iatrogenic
CMD. This last example could be due to percutaneous coronary intervention (PCI)
caused primarily by vasoconstriction or distal embolization. CMD can lead either to
impaired dilatation or increased vasoconstriction of the coronary microvessels as a
result of these pathogenic conditions [40]. The difference in myocardial ischemia
caused by coronary artery stenosis and coronary microvascular dysfunction is
depicted in Fig. 3.2 [55]. The pathogenic mechanisms of CMD are described in
Table 3.1 [56].

In the case of an epicardial stenosis, the ischemia involves the myocardial terri-
tory distal to the stenotic vessel and is more severe in the subendocardium. This is
the red area resulting in impairment of contractile function over an extensive zone.
In the case of microvascular dysfunction, the ischemia is localized in small myocar-
dial areas that are distributed throughout the myocardial wall (small circles). This
does not usually result in detectable impairment of contractile function due to the
presence of normal contractile myocardial cells in the same zone [55].
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Fig. 3.1 Coronary arterial system. (Diameter: Epicardial arteries >500 pm, main stimulus for
vasomotion — flow, Main function — transport; small arteries <500-150 pm, main stimulus for
vasomotion — pressure, Main function — regulation; large arterioles <150-100 pm, Arterioles
<100 pm, main stimulus for vasomotion — metabolites, Main function — regulation; capillaries
<10 pm, exchange as a main function; LV Left ventricular) [47-51]. (Created with BioRender.com)

Understanding the cause of CMD is important to understand the abnormal micro-
vascular constriction in patients with normal coronary arteries but who present with
chest pain or with symptoms of chronic stable angina. This type of microvascular
constriction is an important pathogenetic component of microvascular obstruction
(MVO) observed in a high fraction of patients who undergo primary percutaneous
coronary intervention (PCI) due to ST-elevated myocardial infarction (STEMI) [57].

Patients who undergo PCI have a high probability for intravascular plugging
caused by atherosclerotic debris, micro-emboli and thrombus material typically
released during PCI. It also explains why there are ~20-50% of patients with a
prevalence for angina despite successful revascularization surgery [58]. The current
goal of PCI or any other revascularization method is to relieve the symptoms rather
than improve the pathology, which will require new research in this area if an
improvement in CMD pathology is to be achieved [59-62].

In conclusion, among patients with stable or unstable angina, both the symptoms
and the myocardial ischemia are caused by a combination of epicardial artery steno-
sis and CMD. However, the contribution of these two conditions will vary depend-
ing on the clinical status of each patient.
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or coronary microvascular abnormalities (bottom drawing) [55]
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Evaluation of the patient with known or suspected cardiovascular disease begins
with their medical history and a targeted physical examination as well as basic
ancillary studies that are sufficient for the physician to understand the aetiology of
any chest pain. A history and symptoms of angina are important in order to deter-
mine which tools should be used for diagnosis and treatment. The major signs and
symptoms associated with cardiac disease include chest discomfort, dyspnoea,
fatigue, oedema, palpitations and syncope. Then the type of angina needs to be
characterized based on the clinical classification listed in Table 4.1. Anginal pain is
characterized depending on the pain location, the quality, the duration of pain and
any exacerbating or alleviating factors [63—65].

If the angina lasts longer and has the symptoms mentioned in Table 4.1, it can be
classified as typical angina. If only two symptoms are presented, it can be called
atypical angina, and with even fewer symptoms it is described as noncardiac chest
pain. Once the physician determines that the appropriate symptoms are present,
then the probability of CAD is assessed. For example, a history of CAD in the fam-
ily, the patient’s age, gender and symptoms are all important to determine the prob-
ability of having coronary artery disease as shown in Table 4.2. In addition,
physicians may use other risk algorithms that are available based on the location and
race of the patient.

A description of the symptoms and determining the probability are important
elements for the understanding of the occurrence of CAD, its severity, comorbidi-
ties and complications. But alone they are not sufficient to diagnose CAD. The
Canadian Cardiovascular Society (CCS) has proposed that the appropriate diagno-
sis and management of stable ischemic heart disease (SIHD) also includes the need
for basic ancillary studies, such as fasting lipids, a resting 12-lead electrocardio-
gram and possibly a chest X-ray. For example, for patients > 40 years of age, the
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Table 4.1 Clinical classification of chest pain [63]

Type of angina Symptoms

Typical angina 1. Retrosternal chest discomfort
2. Increased pain with exertion or emotional stress
3. Relief with rest or nitroglycerin

Atypical angina Exhibits 2 of the above symptoms

Noncardiac chest pain Exhibit 0 or 1 of the above symptoms

Table 4.2 Probability of coronary artery disease (CAD) by age, gender and symptoms [63]

Nonanginal pain (%) Atypical angina (%) Typical angina (%)
Age (years) ‘Women Men ‘Women Men ‘Women Men
30-39 5 18 10 29 28 59
40-49 8 25 14 38 37 69
50-59 12 34 20 49 47 77
60-69 17 44 28 59 58 84
70-79 24 54 37 69 68 89
>80 32 65 47 78 76 93

CCS has suggested the use of noninvasive testing in patients with classical anginal
chest pain symptoms to diagnose SIHD as explained in Fig. 4.1 and acute coronary
syndrome (ACS) as presented in Fig. 2.6 [64]. Depending on the situation, some
invasive diagnostic testing can be used by physicians, such as fractional flow reserve
(FFR) and intravascular ultrasound, as suggested by the American College of
Cardiology Foundation (ACCF) and the American Heart Association (AHA) in
their 2012 document describing the guidelines for the appropriate criteria for using
diagnostic catheterization [66].

There are many advanced diagnostic tools available now such as stress electro-
cardiography, echocardiography, myocardial perfusion imaging, magnetic reso-
nance imaging, coronary computed tomography and cardiac catheterization. The
selection of the initial test depends on the patient’s characteristics, potential contra-
indications to testing, limitations of each modality, local availability and local
expertise. Figure 4.2 describes the comprehensive flow chart for the diagnosis as
well as treatment of the patient with chest pain. One should take a note that only
around 1-11% of patients admitted to hospital with chest pain are due to coronary
artery disease (CAD) or acute coronary syndrome (ACS). Physicians might also use
the sensitivity and specificity data of any diagnostic test, as listed in Table 4.3, to
decide which test is to be used for which patient [64, 67].

For a suspected CAD patient, a treadmill exercise test with a 12-lead ECG and a
blood pressure monitor is a useful option as it is simple, low cost and easily avail-
able. But pharmacological testing with vasodilator perfusion imaging or dobuta-
mine echocardiography is preferred for those who cannot exercise to an adequate
workload due to various reasons such as obesity, orthopaedic limitations, balance



4 Diagnosis of Coronary Artery Disease (CAD) 17

Stable Chest Pain Syndrome (1 — 3/3 anginal symptoms)

Cardiovascular history, physical, laboratory tests, 12-lead ECG

Significant non-CV
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2 or 3/3 Chest pain criteria 1/3 Chest pain criteria

life issues are present

Male 2 40 yo
Male < 40 yo
m-F :;x:;i:r:o or Female < 60 yo
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Noninvasive testing for diagnostic and/or Assess for other

Conservative diagnostic
and treatment strategy

prognostic purposes (tailored to patient
characteristics, access and local expertise)

causes as
appropriate

Fig. 4.1 Noninvasive testing for diagnosis and prognostic purposes in patients with classical chest
pain symptoms (CV cardiovascular, ECG electrocardiogram) [64]

issues, pulmonary limitations, frailty or limb dysfunction. Vasodilator perfusion
imaging or anatomical imaging for diagnostic purposes is an appropriate method
when complete left bundle branch block (LBBB) or paced ventricular rhythm is
present. Computed tomography (CT) can be used to detect coronary calcium or to
generate a coronary angiogram, but coronary computed tomography angiography
(CCTA) is preferable for individuals who have a probability of being in an interme-
diate risk category for CAD. One thing to consider is that CCTA should also be
avoided for patients with arrhythmia, significant renal dysfunction or contrast media
allergies. Invasive coronary angiography is the benchmark investigative technique
to detect the presence of CAD causing luminal blockage, but not for the detection
of early atheroma. It should not be offered to patients who are not candidates for
revascularization [64, 68-70].

Other than the above-mentioned diagnostic tools, blood-borne biomarkers are
also helpful to access the diagnosis and prognosis as well as to monitor the success-
ful treatment of CAD. For example, inflammatory biomarkers such as high sensitiv-
ity C-reactive protein (CRP) and interleukin-6 are tools for the prognosis of future
cardiac events. Biomarkers of myocardial injury, such as troponin T and I levels,
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Fig. 4.2 A comprehensive approach to the diagnosis and treatment of patients with chest pain
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Table 4.3 Summary estimates of pooled sensitivity and specificity data for cardiac tests (with
95% confidence interval) used in the diagnosis of CAD [64]

Technology®

Sensitivity

Specificity

Exercise treadmill

0.68 (0.23-1.0)

0.77 (0.17-1.0)

Attenuation-corrected SPECT

0.86 (0.81-0.91)

0.82 (0.75-0.89)

Gated SPECT

0.84 (0.79-0.88)

0.78 (0.71-0.85)

Traditional SPECT

0.86 (0.84-0.88)

0.71 (0.67-0.76)

Contrast stress echocardiography (wall motion)

0.84 (0.79-0.90)

0.80 (0.73-0.87)

Exercise or pharmacologic stress
echocardiography

0.79 (0.77-0.82)

0.84 (0.82-0.86)

Cardiac computed tomographic angiography

0.96 (0.94-0.98)

0.82 (0.73-0.90)

Positron emission tomography (PET)

0.90 (0.88-0.92)

0.88 (0.85-0.91)

Cardiac MRI (perfusion)

0.91 (0.88-0.94)

0.81 (0.75-0.87)

A*MRI magnetic resonance imaging, SPECT single photon emission computed tomography

also have potential prognosis features associated with stable CAD, and are specific
markers for myocardial injury. Biomarkers of vascular function and neurohumoral
activity, such as B-type natriuretic peptide (BNP) and the N-terminal fragment of its
prohormone named NT-proBNP, can be used for risk assessment related to vasoac-
tive function, which can be an important surrogate for determining the severity of
heart failure. Biomarkers such as Atrial Natriuretic Peptide (ANP), Adrenomedullin
(ADM) and Growth Differentiation Factor-15 (GDF-15), novel omics-based bio-
markers of renal function such as Estimated Glomerular Filtration Rate (¢GFR) and
Cystatin C, and lipid biomarkers such as total cholesterol (TC), high density lipo-
protein cholesterol (HDL-C), LDL-C and triglycerides (TGs), can all play a part in
determining the risk level of suspected CAD patients as illustrated in Fig. 4.3 [71].

All the above-mentioned biomarkers have their own specific roles and character-
istics for the diagnosis and prognosis of CAD but they are not yet recommended for
routine clinical practice due to their limitations compared to other established diag-
nostic tools. Advances in research continue to make them more effective, which will
enable them to be translated into clinical practice in the future.

<<
<

Fig. 4.2 (continued) ACS acute coronary syndrome, CT computed tomography, CXR chest X-ray,
ECG electrocardiogram, MRI magnetic resonance imaging, NSTEMI non-ST-elevated myocardial
infarction, PE pulmonary embolism, ST is a segment of the ECG pulse and is not defined, STE ST
elevation, STEMI ST-elevated myocardial infarction, TEE transoesophageal echocardiogram, 7WI
T wave inversion, UA unstable angina, V/Q ventilation/perfusion, Hx history, ¢/w consistent
with [67]
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Fig. 4.3 Established and novel biomarkers for chronic coronary artery disease [71]
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The treatment of coronary artery disease (CAD) aims to treat cardiac disease based
on its severity and pathological condition. Along with pain, patients may suffer
from other symptoms such as severe fatigue, dyspnoea, abdominal pain, nausea and
sweating, and to understand cardiac pain one requires knowledge of the interplay
between ischemic, metabolic and neurological mechanisms behind the CAD. This
chapter will discuss the therapies for stable ischemic heart disease (SIHD) and for
acute coronary syndrome (ACS).

For the patient with SIHD, there are five fundamental aspects that need to be fol-
lowed alone and/or in combination with each other:

1. Identification, treatment and education of the patient

2. Reduction of coronary risk factors

3. Secondary prevention using pharmacologic and/or non-pharmacologic interven-
tion, with attention to adjustments in lifestyle

4. Pharmacologic management of angina

5. Revascularization by catheter-based percutaneous coronary intervention (PCI)
or by coronary artery bypass grafting (CABG)

Identification of the cause of SIHD is necessary in order to apply the right therapy.
For example, there are several medical conditions which either lead to an increase
in myocardial oxygen demand or a reduction in oxygen delivery. Both these condi-
tions contribute to the onset of new angina pectoris as shown in Fig. 5.1 [39].
Reduction of coronary risk factors can also help to manage SIHD effectively. For
example, the management of hypertension can reduce CAD events and mortality by
up to 16%. Other factors such as cigarette smoking, management of dyslipidaemia,
high-density lipoprotein and cholesterol levels, obesity and inflammation have
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Fig. 5.1 Participants with myocardial ischemia. The hemodynamic consequences of clinical
states and their effects on the supply and demand of oxygen and ultimately on ischemia [39]

BP blood pressure, HOCM hypertrophic obstructive cardiomyopathy, LVEDP left ventricular end-
diastolic pressure

also been shown to reduce CAD events and mortality [6, 28]. Antianginal therapy
helps to reduce symptoms and helps to prolong the ability to exercise. Therapies
such as aspirin, angiotensin-converting enzyme (ACE) inhibitors and lipid-lowering
treatments have been shown to reduce mortality and morbidity in patients with
SIHD. Other therapies such as long-acting nitrates, beta blockers or calcium chan-
nel blockers improve the symptoms and exercise performance, but do not have a
beneficial effect on improving the survival of patients. The antianginal drug thera-
pies are listed in Table 5.1 [28].

Beta blockers have anti-ischemic, antiarrhythmic and antihypertensive proper-
ties. Beta blockade reduces myocardial O, requirements by slowing the heart rate
and helping to reduce the exercise-induced blood pressure. Calcium antagonists
inhibit calcium ion movement through the slow channels in the cardiac and smooth
muscle membranes by noncompetitive blockade of voltage-sensitive L-type calcium
channels that lead to a reduction in myocardial O, demand and an increase in O,
supply. Nitrates relax vascular smooth muscle. Nitrates exhibit a vasodilatory effect,
which reduces the ventricular preload, leading to reduced myocardial wall tension
and O, requirements. This makes them a useful drug for heart failure and angina.
Other than these conventional drugs some novel antianginal drugs, such as ranola-
zine, ivabradine, nicorandil, trimetazidine and molsidomine, also have anti-ischemic
properties. Ranolazine reduces myocardial ischemia through a reduction in calcium
overload in ischemic myocytes by inhibiting the inward movement of sodium.
Ivabradine is a heart rate-slowing drug, nicorandil increases nitric oxide concentra-
tion that leads directly to coronary vasodilation. Trimetazidine increases myocardial
glucose utilization and prevents adenosine triphosphate (ATP) reduction.
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Table 5.1 Antianginal drugs based on their effect with side effects and contraindications [28]

Agents

‘ Side effects

‘ Contraindications

Agents with a physiologic effect

Short- and long-
acting nitrates

Headache, flushing,
hypotension, syncope and
postural hypotension, reflex
tachycardia,
methaemoglobinaemia

Hypertrophic obstructive
cardiomyopathy

Beta blockers

Fatigue, depression,
bradycardia, heart block,
bronchospasm, peripheral
vasoconstriction, postural
hypotension, impotence,
masked signs of hypoglycemia

Low heart rate or heart conduction
disorder, cardiogenic shock, asthma,
severe peripheral vascular disease,
decompensated heart failure,
vasospastic angina; use with caution in
patients with COPD (cardioselective
beta blockers may be used if the
patient receives adequate treatment
with inhaled glucocorticoids and
long-acting beta agonists)

Calcium channel blockers

Nondihydropyridine
(heart rate—lowering
agents)

Bradycardia, heart conduction
defect, low EF, constipation,
gingival hyperplasia

Cardiogenic shock, severe aortic
stenosis, obstructive cardiomyopathy

Dihydropyridine Headache, ankle swelling, Low heart rate or heart rhythm
fatigue, flushing, reflex disorder, sick sinus syndrome, CHF,
tachycardia low blood pressure

Ivabradine Visual disturbances, headache, | Low heart rate or heart rhythm
dizziness, bradycardia, atrial disorder, severe hepatic disease; not to
fibrillation, AV block be prescribed with verapamil and

diltiazem; caution for use in patients
with AF

Nicorandil Headache, facial flushing, Cardiogenic shock, heart failure, low
dizziness and weakness, blood pressure (<100 mm Hg systolic)
nausea, hypotension; oral, anal
or gastrointestinal ulceration

Molsidomine Headache, hypotension None reported

Agents that affect myocardial metabolism

Ranolazine Dizziness, constipation, Liver cirrhosis, long QT interval on
nausea, QT-interval ECG test
prolongation
Trimetazidine Gastric discomfort, nausea, Allergy, Parkinson disease, tremors,
headache, movement disorders | movement disorders, severe renal
impairment
Perhexiline Dizziness, nausea, vomiting, Slow hydroxylators of cytochrome
lethargy, tremors P450, abnormal liver function,
neuropathy
Allopurinol Rash, gastric discomfort Hypersensitivity, renal failure

AF atrial fibrillation, AV atrioventricular, CCB calcium channel blocker, CHF congestive heart

failure, COPD chronic obstructive pulmonary disease,

fraction

ECG electrocardiography, EF ejection
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Molsidomine reduces preload, dilates the coronary arteries and increases the dona-
tion of nitric oxide. All the medical treatments described above should be used alone
or in combination with others based on the patient’s need and careful assessment. To
achieve this, the physician may use a guideline, such as the National Institute for
Health and Care Excellence (NICE) guideline published by the National Clinical
Guideline Centre, for the management of stable angina as illustrated in Fig. 5.2 [72].

In the past decade, treatments using living cell-based therapy and gene therapy
research are booming due to advanced technologies and increased understanding of
the vascular and cellular architecture at the molecular level. There are currently
many published research studies using vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF) as well as pluripotent stem cells that have proven
their safety, angiogenesis and advanced regenerative capacity. At the same time,
there is concern that the direct or indirect use of living cells to produce growth fac-
tors on the device’s surface will limit their long-term therapeutic effect and cause
side effects specifically host cell rejection. In order to overcome this limitation, Dr.
Ke Cheng and his research group at BioTherapeutics Laboratory at North Carolina
State University have demonstrated the use of novel stem cell-like micro and nano
particles (CMMP and CMNP) to initiate angiogenesis and the therapeutic regenera-
tive properties of stem cells without using any actual living cells [73-75].

The principle guideline for the management of all patients has two main goals:
medical management and risk factor reduction. The procedure for revascularization,
such as coronary artery bypass grafting (CABG) and percutaneous coronary inter-
vention (PCI) in patients with stable ischemic heart disease, is a topic of debate over
the last two decades. On the one hand, PCI and CABG are the most frequently
applied treatments for STEMI patients, but for the stable ischemic heart disease
patient there are many more factors involved before revascularization can be consid-
ered. Such patients, such as those presenting with underlying risk factors, sociode-
mographic factors like age, and physical capacity, have the ability to adhere to

Therapies to prevent episodes of angina
FIRST LINE: Offer a i-blocker, such as bisoprolol 5-10 mg daily
Aim for heart rale between 50-60 beats per minute

If B-blocker indicated or It additional anti-anginal therapy is If both p-blockers and calcium channel blockers mwnh
not tolerated consider a rate- quired add a dih dicated or not d ith:
wmmulpg calcium channel plochat calcium channel hlo'ckef. GL!ch as = Along-acting nitrate or
(diltiazem or verapamil) amlodiping 5-10 mg daily « Ni dil or
* ‘ ‘ » Ivabradine or
ipiEtEs
If rat I are || i idine calcium -
calcium channel not satisfactorily channel blocker is
blocker is i or not
i | or not i r addm a " r aglcling a
tolerated consider a long-acting nitrate, | | long-acting intrate, nicorandil, *Place of new anti-anginal therapies
ydropy or or s : o
calcium channel i * may be usgl'u1 in symptomatic patients
liar i where heart rate remains =60 bpm despite optimal
= o dose of B-blocker or rate controlling calcium channel
+ blocker; or where these rate controlling agents are
If are not tra-indi i or not toll i
If symploms are not b .
istactorily i | anr:’:;ir:;n':: * Ranolazine: may be useful in patients where the use
ﬁﬁ’.ﬁaﬁﬁ% : long-acting % nﬁ\anginal‘”m:; be addad whilst of other oplnons is limited by bradycardia or
b G o ana awaiting cardiology review hypotension

Fig. 5.2 2011 NICE guidelines recommending medical therapy for chronic stable angina [72]
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prescribed treatments, lifestyle interventions, overall quality of life, other medical
conditions and the patient’s preferences. The presence and severity of symptoms,
the physiologic conditions of coronary lesions and other anatomical considerations,
myocardial ischemia and the presence of LV dysfunction, along with other medical
conditions are major deciding factors for the selection of revascularization of
patients with stable ischemic heart disease. Such revascularization is normally con-
sidered after intensive medical therapy and/or risk factor modification and other
conditions that limit the extent of antianginal therapy [28, 76, 77].

For both the NSTEMI and STEMI patient, the goal of treatment is the immediate
relief of ischemia and the prevention of MI and death. The patient is treated imme-
diately with antianginal, antiplatelet, fibrinolytic and anticoagulant therapies, and
the patient with severe continuing angina or a large MI and other LV functions is
managed by CABG or PCI along with continuous medical therapy. Irrespective of
the indication for revascularization, PCI should be coupled with optimal medical
therapy after the procedure, such as the control of risk factors and other medical
therapies as per the published guidelines. Control of hypertension and diabetes,
exercise and smoking cessation, lipid management and statin therapy are all impor-
tant components of optimal medical therapy. CABG has the advantage of a late
mortality benefit compared to PCI, but early procedural risks and longer in-hospital
recovery periods are the major factors to be considered while selecting PCI or
CABG along with other critical factors [78, 79].

Medical therapies involve supplemental oxygen, nitrates, analgesic therapy,
beta-adrenergic blockers, calcium channel blockers, the management of cholesterol,
inhibitors of the renin-angiotensin-aldosterone system, antiplatelet and anticoagu-
lant therapies alone or in combination. These options are described in the published
guidelines and are followed by revascularization if required, as shown in Figs. 5.4
and 5.5 and the 2014 American Heart Association/American College of Cardiology
(AHA/ACC) guidelines for the management of patients with NSTEMI (also called
NSTE-ACS) and the 2013 guideline for management of patients with STEMI [42,
80]. To prevent such chronic CAD, a wide range of antithrombotic, single and dual
antiplatelet therapies are prescribed and the mechanism of actions (MOA) is
depicted in Fig. 5.3 [81].

The activation of platelets occurs when the first blood agents adhere to ruptured
or eroded surfaces of the plaque, aggregate at the site and then ultimately start the
coagulation cascade. Drugs like aspirin, as shown in Fig. 5.3, block the cyclooxy-
genase-1 enzyme which promotes the synthesis of thromboxane A, receptor
expressed in platelets and other inflammatory cells, and this is the first line of treat-
ment for suspected ACS patient. P2Y, inhibitors such as thienopyridines (ticlopi-
dine, clopidogrel and prasugrel), ticagrelor (cyclopentyl-triazolo-pyrimidine CPTP
inhibitor) and cangrelor (ADP inhibitor) prevent platelet aggregation by inhibiting
the release of the platelet adenosine diphosphate (ADP) receptor P2Y,. Dual anti-
platelet therapy involving a combination of aspirin and P2Y, receptor blocker such
as clopidogrel has become the standard procedure of care for patients undergoing
revascularization. GP IIb/Illa antagonists, such as Abciximab, Eptifibatide,
Tirofiban, interfere with platelet cross-linking and platelet-derived thrombus forma-
tion [81-84].
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ASPIRIN

Fig. 5.3 Platelet activation and aggregation inhibitors [81] ADP adenosine diphosphate, ATP
adenosine triphosphate, GP glycoprotein, HT hydroxytryptamine, PAR protease activated receptor;
TP thromboxane A, receptor

As described in Figs. 5.4 and 5.5, the timeline to undergo revascularization for
the patient with ACS is important. Early PCI helps the coronary system to restore
blood circulation and limits any permanent damage to the heart muscle or, in other
words, irreversible myocardial injury. As shown in Fig. 5.5, and as per the guideline,
once admitted to a PCI-capable hospital, the first medical contact (FMC) to PCI
time should be less than 90 min for STEMI patients, and if admitted to a non-PCI-
capable hospital and fibrinolytic agents have not been administered, the FMC to PCI
time should be less than 120 min.

Such a revascularization technique is the therapy of choice for ST-elevated myo-
cardial infarction (STEMI) patients. Approximately 95% of patients are treated with
PCI to get their blood flow restored by opening a blocked artery, compared with

»
'

Fig. 5.4 (continued) See corresponding full-sentence recommendations and their explanatory
footnotes in 2014 AHA/ACC guideline for the management of patients with non-ST-elevated acute
coronary syndrome (NSTE ACS). fIn patients who have been treated with fondaparinux (as
upfront therapy) who are undergoing percutaneous coronary intervention (PCI), an additional anti-
coagulant with anti-Ila activity should be administered at the time of PCI because of the risk of
catheter thrombosis. ASA indicates aspirin, CABG coronary artery bypass graft, cath catheter, COR
class of recommendation, DAPT dual antiplatelet therapy, GPI glycoprotein IIb/Illa inhibitor, LOE
level of evidence, NSTE-ACS non-ST-elevated acute coronary syndrome, PCI percutaneous coro-
nary intervention, pts. patients, UFH unfractionated heparin
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Fig. 5.4 Algorithm for management of patients with definite or likely non-ST-elevated acute coro-
nary syndrome (NSTE-ACS) [42]



28 5 Treatment of Coronary Artery Disease (CAD)

STEMI patientwhoisa

candidate for reperfusion
Initially seenata
non-PCl-capable
Initiallyseenata hospital”
PCl-capable
hospital DIDO time £30 min
1 ry
Diagnosti {l 2 2
I i I Urgenttransfer for Transfer for
PCifor patients angiography and
with evid - cul
failedreperfusion || within3-24h for
or clh other pati
3 part ofan
Medical - (Class la, LOE: 8] Lprddutell
therapy only m trategy®
(Classlla, LOE: B)

Fig. 5.5 Reperfusion therapy for patients with STEMI [80] “The bold arrows and boxes are the
preferred strategies. Performance of PCI is dictated by an anatomically appropriate stenosis.
Patients with cardiogenic shock or severe heart failure initially seen at a non-PCI-capable hospital
should be transferred for cardiac catheterization and revascularization as soon as possible, irre-
spective of the delay since the onset of MI (Class I, LOE: B). "Angiography and revascularization
should not be performed within the first 2-3 h after administration of fibrinolytic therapy. CABG
coronary artery bypass graft, DIDO door-in-door-out, FMC first medical contact, LOE level of
evidence, MI myocardial infarction, PCI percutaneous coronary intervention, STEMI ST-elevated
myocardial infarction. Please refer to the 2013 ACCF/AHA guideline for patients with STEMI for
LOE and classification details

only 54% of patients who are treated by medical therapy. The evolution in angio-
plasty techniques is described later in the next chapter together with a detailed dis-
cussion about PCI techniques and new updated research studies.

As described earlier in this chapter, there are certain risk-benefit ratios involved
in recommending the therapies regarding revascularization, whether it be PCI or
CABG. For example, Table 5.2 lists the appropriate use criteria for PCI and CABG
in patients with multivessel coronary artery disease, whether it is A — Appropriate,
I — Inappropriate or U — Uncertain to apply the particular revascularization proce-
dure using the SYNTAX score. The SYNTAX score, by combining anatomical and
clinical prognostic variables, creates accurate mortality predictions to guide the
choice between PCI and CABG for patients with multivessel coronary disease [85].
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Table 5.2 Appropriate use criteria for common indications in patients with multivessel coronary

disease [85]

Multivessel coronary disease CABG | PCI
Two-vessel CAD with proximal LAD stenosis A A
Three-vessel CAD with low CAD burden (i.e. 3 focal stenosis, low SYNTAX A A
score)

Three-vessel CAD with intermediate to high CAD burden (i.e. multiple diffuse A U
lesions, presence of CTO or high SYNTAX score)

Isolated left main stenosis A U
Left main stenosis and additional CAD with low CAD burden (i.e. one to two A U
vessel additional involvement, low SYNTAX score)

Left main stenosis and additional CAD with intermediate to high CAD burden A 1

(i.e. three vessel involvement, presence of CTO or high SYNTAX score)

A appropriate, / inappropriate, U uncertain, CABG coronary artery bypass grafting, CAD coronary
artery disease, CTO chronic total occlusion, LAD left anterior descending artery, PCI percutaneous
coronary intervention, SYNTAX synergy between PCI with TAXUS and cardiac surgery
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Chapter 6
Evolution of Angioplasty Devices
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devices - Drug polymer coating - Antiproliferative drugs - Experimental devices

It is estimated that over 600,000 to 1 million cardiac catheterizations (CC) are per-
formed annually in the United States. This exceeds the number of coronary artery
bypass graft procedures (CABG) which are growing at an annual growth rate of
about 1-5% in the United States. Percutaneous coronary intervention (PCI) is the
treatment to open the blocked coronary artery using a transcatheter intervention that
involves the insertion of a catheter through the femoral or radial artery and then
guiding it to the site of stenosis and opening the blocked artery by inflating the
angioplasty device such as a balloon catheter, bare metal stent or drug-eluting stent
procedure, as classified in Fig. 6.1 [6, 86].

After Dr Mason Sones discovered selective coronary angiography accidentally
in 1958, Andreas Gruentzig, a German-born physician in Zurich, Switzerland, per-
formed the first balloon angioplasty procedure using a fixed-wire catheter in a coro-
nary artery in 1977, and eventually the first stent implantation was performed in a
patient by Sigwart and colleagues 1 year later [87-89]. Figure 6.2 shows the devel-
opments in angioplasty devices over the last 40 years [90].

During the development and evolution of these PCI devices, restenosis and throm-
bosis are the two major clinical complications that have been observed, and both
conditions are due to the type of material used for the implanted scaffold along with
other mechanical and biological risk factors. In simple terms, restenosis is a gradual
re-narrowing of the stented segment that occurs most often between 3 and 12 months
after stent placement. It usually presents as recurrent angina, but it can present as an
acute myocardial infarction, which should be managed by repeat percutaneous revas-
cularization. In contrast, stent thrombosis is an abrupt thrombotic occlusion of the
vessel because of impaired or delayed healing, and this results in a catastrophic com-
plication that presents either as a large myocardial infarction or as sudden death.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2020 31
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Fig. 6.1 Percutaneous coronary intervention (PCI) angioplasty procedure classification

There are several additional risk factors for late stent thrombosis, such as the penetra-
tion of the necrotic core, malapposition, overlapping stent placement, excessive stent
length and bifurcated lesions. These factors represent additional barriers to healing,
during drug-eluting stent (DES) implantation as mentioned in Fig. 6.3. They should
be avoided so as to minimize the risk of thrombosis. Four categories of stent throm-
bosis have been defined as acute (0-24 h), early or subacute (within 30 days), late
(between 30 days and 1 year) and very late (more than 1 year). We will discuss in this
chapter how in the last three decades, starting from balloon angioplasty to the latest
novel stent platform, there has been progress to diminishing restenosis, thrombosis
and other limitations for each generation of device [91-94].

Balloon Catheter System for Angioplasty

Balloon catheters are used for primary percutaneous transluminal angioplasty (PTA)
either with or without a stent that is crimped to it and are available in a wide variety
of sizes, lengths, shapes and material compositions. The first generation of balloon
catheters had a fixed-wire catheter-based balloon which then transitioned to an over-
the-wire and exchangeable system (Rapid Exchange) over the last decade, which
now allows the guide wire and balloon to move independently. An inflation device
with an attachment hub is used at the proximal end of the balloon catheter near the
site of insertion to inflate the balloon as shown in Fig. 6.4.

For any balloon catheter device, there are three clinical goals: deliverability,
crossability and dilatation. But two major limitations of bare balloon catheter devices
led to the development of the next generation of drug-eluting balloons and the first
generation of a stent angioplasty scaffolds. The first limitation was the over-the-wire
exchangeable system, which led to early closure of the treated vessel within a few
hours to days that required repeated dilatation or emergency coronary artery bypass
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Fig. 6.3 Precipitants of stent thrombosis [94] BMS bare metal stent, CHF congestive heart failure,
DES drug-eluting stent, ISA incomplete stent strut apposition
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Fig. 6.4 Illustration of over-the-wire (OTW) balloon catheter

grafting (CABG) in about 3—5% of cases. The second limitation was the high rate of
restenosis resulting in the recurrence of symptoms in about 20-30% of patients,
mainly due to plaque prolapse, vessel recoil and constrictive remodelling. Table 6.1
contains the list of polymers utilized in the fabrication of the balloons [95, 96].

The first balloon used by Dr Gruentzig was made from polyvinyl chloride (PVC)
film, but it had a thick wall. Over time balloon materials and technologies evolved to
use improved thinner polymer materials such as polyethylene (PE), polyethylene tere-
phthalate (PET) and nylon. PET offers the advantages of tensile strength and maxi-
mum pressure rating, while nylon is softer. There have been developments over the
years in terms of surface coatings of angioplasty balloons to improve lubrication,
trackability and abrasion resistance and to deliver an antirestenotic/anticoagulatory
drug. A variety of different balloon coatings that either modify the surface properties
or release an active pharmaceutical ingredient (API) have been reported. They include
lubricious coatings, both hydrophilic and hydrophobic, abrasion and puncture resis-
tant coatings, tacky or high friction coatings, conductive coatings, antithrombogenic
coatings, drug release coatings, as well as reflective and selective coatings [96, 98].

A drug-coated balloon (DCB) or a drug-eluting balloon (DEB) is used to release
an active pharmaceutical ingredient at the implantation site during the short dura-
tion of contact between the balloon surface and the site of injury without using a
permanent metal stent. An early generation of balloon catheter systems utilized
drugs such as paclitaxel and sirolimus. Among these drugs, paclitaxel is the
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Table 6.1 Basic materials and properties of balloons [95, 97]

Balloon Max. rated pressure
Balloon Compliance | Burst selection based | Scratch
material (%) pressure | on compliance | resistance | ATM PSI
Polyvinyl High (>10) | Moderate |Pre-dilatation Unknown |6-8 88-117
chloride
Polyethylene Moderate Moderate | Pre-dilatation Low- 10 147
(>10) moderate
Polyolefin High (>10) | Moderate |Pre-dilatation Unknown | Unknown | Unknown
copolymers
Polyethylene Non (<5) Highest | Post-dilatation | Low 20 294
terephthalate of stents,
resistant lesion
Nylon Low (5-10) | High Pre-dilatation/ | Moderate |16 235
post-dilatation
of stents
Nylon- Non (<5) High Post-dilatation | High 10 147
reinforced of stents,
polyurethane resistant lesion
Polyurethane Low (5-10) | High Pre-dilatation/ | Unknown |10 147
post-dilatation
of stents

preferred API due to its hydrophobicity, rapid drug uptake and retention. The mech-
anism of action of the drugs used to coat balloon and stent systems is discussed
later. DCB’s have not been approved for patients with a myocardial infarction; how-
ever, the FDA has approved the use of DCB’s for peripheral artery disease (PAD) as
mentioned in Table 6.2.

Clinically, data from 23 clinical trials involving a total of 2712 patients have
compared drug-coated balloons with drug-eluting stents for the treatment of
CAD. The data shows that DCB is equivalent to DES in terms of safety for manag-
ing CAD. Some other clinical trials have confirmed that the DCB leads to fewer
incidents of in-stent restenosis and the occlusion of small coronary vessels [103—
107]. A list of some CE-mark approved drug-coated balloon (DCB) devices is men-
tioned in Table 6.3. The use of DCB’s for the treatment of bare metal stents-in-stent
restenosis (BMS-ISR) or DES-in-stent restenosis (DES-ISR) has proven to be supe-
rior to plain balloon’s and the first generation of DES angioplasty. The 2014
European Society of Cardiology (ESC)/European Association for Cardio-Thoracic
Surgery (EACTS) guidelines recommended this approach for myocardial revascu-
larization [108, 109].

Stent Angioplasty

This section will discuss the progress of stent angioplasty from the bare metal stents
to newer stent platforms over the last two decades for improving healing and patient
outcomes.
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Table 6.2 US FDA-approved drug-eluting/drug-coated balloon catheter devices (DEB/DCB) for
peripheral artery disease (PAD) [99-102]

Sr. Year
no. | Balloon catheter approved | Drug Dose | Polymer
1 | C.R.Bard’s Lutonix 035 DCB | 2014 Paclitaxel | 2 pg/ | Specialized nonpolymer
catheter mm? formulation with
polysorbate, sorbitol as
inactive ingredient
2 | IN.PACT™ Admiral™ 2014 Paclitaxel | 3.5 pg/ | Proprietary FreePac™
paclitaxel-coated percutaneous mm? coating solution of
transluminal angioplasty hydrophilic excipient
(PTA) balloon catheter, (urea)
Medtronic Inc.
3 | Stellarex OTW drug-coated 2017 Paclitaxel | 2 pg/ | Proprietary coating of
balloon PTA catheter mm? hydrophilic polymer
excipient (polyethylene
glycol 8000)

Bare Metal Stent (BMS) Angioplasty

Early limitations of balloon catheters encouraged the development of bare metal
stents that enabled the widespread utilization of percutaneous coronary intervention
(PCI) therapy worldwide. The biggest advantage of a bare metal stent over the bal-
loon catheter was its mechanical strength that helped to overcome the effect of ves-
sel recoil and constrictive remodelling and a reduction in the rate of restenosis
[110]. Consequently, the design and development of new bare metal stent platforms
had arrived with advanced medical therapies including dual antiplatelet therapy
which had previously been limited early stent thrombosis and bleeding complica-
tions associated with thrombolytic therapy. The first licensed bare metal stent was
made from 316L stainless steel which was subsequently replaced by an improved
cobalt chromium metal alloy by Guidant Corporation. The advantage of this Guidant
stent is its capability to produce a lower strut thickness with increased radial
strength. Stent strut thickness is a key factor that plays an important role to reduce
restenosis. The results of the ISAR-STEREO-2 clinical trial on a total of 611
patients indicated that the incidence of angiographic restenosis was 17.9% in the
thin-strut stent group (50 micron) and was 31.4% in the thick-strut stent group (140
micron) [111]. Table 6.5 shows that stents are now available with different metal
alloys, polymers and drugs with different strut thicknesses [112].

As a result of research and development of various metal alloys in the selection
of modern stent materials, three basic properties have been taken into account. They
are elasticity or plasticity for expansion, rigidity for the control of dilatation and
resistance to elastic recoil. As shown in Table 6.5, various materials have been uti-
lized for balloon expandable stents. They include 316L stainless steel, tantalum,
martensitic nitinol, polymers, cobalt alloy, cobalt chromium alloy, hybrid tantalum
with stainless steel, hybrid platinum with stainless steel and platinum chromium
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Table 6.3 Drug-coated balloon (DCB) catheter devices available for percutaneous coronary
intervention (PCI) [108]

Device Company Drug Dose Excipient
PACCOCATH® Bayer, Germany | Paclitaxel 3 pg/mm? | Topromide
SeQuent® Please | B. Braun Paclitaxel 3 pg/mm? | Topromide
Neo Melsungen,
Germany
DIOR I Eurocor, Germany | Paclitaxel 3 pg/mm? | Shelloic acid
DIOR II Eurocor, Germany | Paclitaxel 3 pg/mm? | Shelloic acid
Biostream Biosensors Paclitaxel 3 pg/mm? | Shellac
International
Group, Ltd.,
Switzerland
Agent® Boston Scientific, | Paclitaxel 2 pg/mm? | Citrate ester
USA
Essentia® iVascular, S.L.U., | Paclitaxel 3 pg/mm? | Organic ester
Spain
IN-PACT Medtronic, USA | Paclitaxel 3 pg/mm? | Urea
Falcon™
Genie™ Acrostak, Nanoporous 10 pmol/L | None
Switzerland
Pantera Lux® Biotronik, Paclitaxel 3 pg/mm? | Butyryl-tri-
Switzerland hexyl citrate
Elutax® Aachen Paclitaxel 2 pg/mm? | Dextrane
Resonance,
Germany
Danubio® Minvasys, France | Paclitaxel 2.5 pg/ Butyryl-tri-
mm? hexyl citrate
RESTORE® DEB | Cardionovum, Paclitaxel 3 pg/mm? | Safepax
Germany
Protégé® and Blue Medical, Paclitaxel 3 pg/mm? | Butyryl-tri-
Protégé® NC Netherlands hexyl citrate
Virtue® DCB Caliber Sirolimus nanoparticles |3 pg/mm? | Porous balloon
Therapeutics, Inc.,
USA
Selution® DCB M.A. Med Sirolimus nanoparticles | I pg/mm? | Cell adherence
Alliance SA, technology
Switzerland (CAT)
MagicTouch™ Concept Medical, | Sirolimus + nanocarriers | 1.27 pg/ | Phospholipid
Xtreme Touch™ Surat, India mm?
DCB 3 pg/mm?
Kanshas DCB Terumo Paclitaxel + Unicoat™ | 3.2 pg/ L-Serine Ethyl
Corporation microcrystal coating mm? Ester HC1

alloy. For the development of self-expanding stents, alternate metals such as nickel
titanium, nitinol, cobalt alloy, as well as novel biodegradable magnesium, iron (Fe),
zinc (Zn) and their alloys have been used [113-116]. As thinner struts have been
developed, the additional property of radio-opacity has become a major concern.
Various methods, such as gold coating, radio-opaque dye coating or attachment of
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In-stent Restenosis

Fig. 6.5 Progression of in-stent restenosis. Cross-sectional and longitudinal views of an artery
depicting the chronological progression of in-stent restenosis. (a) Obstructive atheromatous plaque
causing flow-limiting stenosis of the arterial lumen with reduced luminal diameter. (b) After per-
cutaneous endoluminal stenting which restores the native vessel diameter by compressing the ath-
eromatous plaque into the vessel wall with resultant denudation of the endothelial layer. (¢) In-stent
restenosis after inappropriate neointimal hyperplasia in response to percutaneous stent insertion
resulting in recurrence of flow-limiting stenosis [119]

aradio-opaque marker at the proximal and distal ends of the stent have been utilized
[117]. One additional parameter that has been considered during metal stent devel-
opment is the need to reduce the amount of metal ion release from the metal alloy,
specifically nickel ions, after implantation. Strategies to reduce the release of metal
ions have included using a nickel-free alloy or by using various coatings through
chemical or physical vapour deposition methods such as diamond-like carbon coat-
ing, silicon carbide coating, carbon coating, titanium oxide coating, titanium-
nitride-oxide coating or an iridium oxide coating [118].

Despite these advanced developments in bare metal stent technology, neointimal
accumulation of plaque has remained the major limitation of bare metal stents,
resulting in the development of in-stent restenosis (ISR) in 20-30% of cases as
shown in Fig. 6.5. This restenosis limitation of the bare metal stent (BMS) has been
referred to as the “Achilles’ heel” of PCI and has led to the development of the first-
generation drug-eluting stent system [109, 119].
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Table 6.4 Three generations of drug-eluting stents (DES) [120, 121]

Device

Generation examples Specifications Advantage and limitations
First- Cypher, Drug: sirolimus, Superior to BMS in reducing the
generation Taxus paclitaxel magnitude of neointimal proliferation
DES Platform: stainless steel, |and clinical restenosis

slotted tube design Limitation: late stent thrombosis is

Polymer: durable more likely to occur with these stents
Second- Endeavor, Drug: zotarolimus, Superior to first-generation DES,
generation Xience V everolimus exhibiting lower thrombosis rates
DES Platform: cobalt Limitation: drugs delayed

chromium, thin-strut re-endothelialization

stents

Polymer: persistent
Newer Axxess Stent, | Drug: biolimus, Superior biocompatibility and
generation Nevo Stent | sirolimus, everolimus controlled release drug profile
DES Platform: platinum

chromium,

nickel-titanium

Polymer: bioresorbable

polymer coating,

polymer free coating

First-Generation Drug-Eluting Stent (DES) Angioplasty

Limitation of restenosis of the bare metal stent (BMS) led to the development of a
drug-eluting stent (DES) which involved the controlled release of antiproliferative
drugs incorporated within a polymer coating. At the same time as the development
of bare metal stents and medical therapies, an early generation DES was developed
that released sirolimus (e.g. the Cypher stent) or paclitaxel (e.g. the Taxus stent)
from the relatively thick struts (120-140 pm) of a stainless steel stent platform
coated with a polymer. To facilitate the controlled release of the drug, DES’s uti-
lized permanent synthetic polymer coating materials, known as biostable polymers,
such as polyethylene-co-vinyl acetate, poly-n-butyl methacrylate and the tri-block
copolymer poly(styrene-b-isobutylene-b-styrene). Tables 6.4 and 6.5 give an over-
view of all three generations of drug-eluting stents and list some of the US FDA-
approved stents with their unique structural characteristics [120].

The first-generation DES was successful in reducing the angiographic and clini-
cal restenosis by 50-70% compared to the bare metal stents, but it also increased the
risk of late and very late stent thrombosis. As a result, the use of the first-generation
DES was limited to certain conditions [122]. According to the research reported by
Bgnaa et al., the 6-year rate of repeat revascularization was less than about 16.5%
in the drug-eluting stent group compared to 19.8% in the bare metal stent group
(p <0.001) [123]. Meta-analysis of a clinical trial comparing the 5-year follow-up
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Table 6.6 First- and second-generation drug-eluting stent platforms showing year of FDA
approval [121, 126-128]
Stent Year | Manufacturer Stent alloy Drug
Cypher 2003 | Cordis Stainless steel Sirolimus
Taxus 2004 | Boston Scientific Stainless steel Paclitaxel
Xience V 2007 | Abbott Vascular Cobalt chromium Everolimus
Promus 2008 | Boston Scientific Cobalt chromium Everolimus
Endeavor 2008 | Medtronic Cobalt chromium Zotarolimus
Xience Prime | 2011 | Abbott Vascular Cobalt chromium Everolimus
Promus 2011 | Boston Scientific Platinum chromium Everolimus
Element
Taxus lon 2011 | Boston Scientific Cobalt chromium Paclitaxel
Resolute 2012 | Medtronic Cobalt chromium Zotarolimus
Promus 2013 | Boston Scientific Platinum chromium Everolimus
Premier
Synergy 2015 | Boston Scientific Platinum chromium Everolimus
Resolute Onyx | 2017 | Medtronic Platinum iridium core-cobalt alloy | Zotarolimus
shell
EluNIR 2017 | Medinol Ltd Cobalt chromium Ridaforolimus
(Cordis)
ORSIRO 2019 | Biotronik, Inc. Cobalt chromium Sirolimus

of the first-generation DES and bare metal stent implantations in 1414 patients
showed a significant reduction in target vessel revascularization (TVR) (8.7% vs
14.8%), but an increase in very late stent thrombosis in the first-generation DES
(3.0%) compared to the bare metal stent group (1.0%) [124].

Second-Generation Drug-Eluting Stent (DES) Angioplasty

The US FDA approved several second-generation drug-eluting stent devices, such
as zotarolimus-eluting (e.g. Resolute), everolimus-eluting (e.g. Xience V) and
ridaforolimus-eluting (e.g. EluNIR) stents (ZES, EES and RES) [125-127].
Table 6.6 mentions the first- and second-generation DES’s along with the FDA year
of approval. The newer DES stents have a platform of a cobalt chromium or plati-
num chromium alloy and are thinner, easier to deliver and are more biocompatible
than the first-generation DES’s as shown in Table 6.5. Advanced biostable and bio-
degradable polymers with advanced design features and metal alloys have been
utilized in the second-generation DES to limit polymer-induced in-stent restenosis
(ISR) and stent thrombosis (ST). Currently, drug-eluting stents are recommended
over bare metal stents for any PCI, irrespective of the clinical presentation, lesion
type, planned noncardiac surgery, anticipated duration of dual antiplatelet therapy
(DAPT), concomitant anticoagulant therapy or radial access [122].
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Drugs Used in DES’s

There are several limus family members, such as everolimus, zotarolimus, biolimus
A9, tacrolimus, novolimus and pimecrolimus, that have been researched for drug-
eluting stent applications and taxus family members, such as cytotoxic paclitaxel,
that have been used for PCI applications. Sirolimus, also called rapamycin, is a
macrocyclic lactone, a chemical derivative of soil microorganisms. Sirolimus and
other members of the limus family are active pharmaceutical ingredients (APIs) that
inhibit the cell cycle progression between the late “Growth1” to “Synthesis” phase
and thus prevent the proliferation and migration of vascular smooth muscle cells
that is known to induce neointimal and restenosis development as shown in Fig. 6.6
[129, 130]. Pimecrolimus and tacrolimus are calcineurin inhibitors. At the cellular
level, these drugs bind to the FK-binding protein 12 and subsequently inhibit the
mammalian target of rapamycin (mTOR) which leads to increased tissue factor
expression. Zotarolimus and everolimus are analogues of sirolimus and have similar
immunosuppressant properties like sirolimus, but they have enhanced lipophilic
properties due to their high log P values that prevent drug loss through blood flow.

i
The limus drugs: mechanism of action Biolimus Ag <

©
e 7

Stabilizes
microtubules

Fig. 6.6 Mechanisms of action of sirolimus, everolimus, biolimus A9, zotarolimus, tacrolimus
and pimecrolimus [130] FKBP FK binding protein, G growth, M mitosis, S synthesis, NFAT
nuclear factor of activated T cells, mTOR mammalian target of rapamycin
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Note that tacrolimus has a less inhibitory effect on smooth muscle cell proliferation
compared to sirolimus [131-134].

Paclitaxel is a potent cytostatic agent which inhibits cell proliferation and migra-
tion by disrupting the delivery of cellular microtubules. Paclitaxel interupts the cell
cycle through stabilizing longer microtubules during mitosis by preventing the tran-
sition from the “Growth2” to the “Mitosis” phase which leads to the inhibition of
smooth muscle cell proliferation and neointimal formation. The clinical trial
KAMIR compared the paclitaxel- versus sirolimus-eluting stents for the treatment
of STEMI patients and concluded that Paclitaxel is the preferred drug for angio-
plasty balloons due to its lipophilic properties that enable the drug-coated balloon to
deliver the drug to the vessel wall during a shorter contact time. However, it was
found that sirolimus was superior to paclitaxel with regards to the occurrence of a
major adverse cardiac event (MACE) and target lesion revascularization (TLR)
[135, 136].

Polymers Used in DES’s

During the stages of DES development, one of the major factors affecting the in-
vivo performance of the stent is the biocompatibility and in-vivo behaviour of the
polymer when releasing the drug [137]. The purpose of the polymer is to modulate
the elution of the drug into the arterial wall at the site of implantation. Over the
years, polymers such as biostable/durable permanent polymers for the first-
generation stents and biodegradable polymers for the second-generation stents have
been optimized to provide a nonthrombotic, noninflammatory, nontoxic and re-
endothelialisable performance [138].

Biostable or durable polymers, such as nonerodable polyethylene-co-vinyl ace-
tate (PEVA) and poly-n-butyl methacrylate (PBMA) (Cypher Stent) and soft elasto-
meric polymers such as poly(styrene-bisobutylene-b-styrene) (SIBS) (Taxus,
Promus and ION Stent), phosphorylcholine (ZoMaxx, Endeavor ZES), Biolinx
polymer (Endeavor Resolute), polyvinylidene fluoride co-hexafluoropropylene
(PVDF-HFP), poly-n-butyl methacrylate (Xience V and Promus stent), methacry-
lated phosphorylcholine based (PC) (Endeavor stent), a combination of poly(butyl
methacrylate-co-vinyl  acetate) (C10), poly(hexyl methacrylate-co-vinyl
pyrrolidone-co-vinyl acetate) (C19) and poly(vinyl pryrrolidone) (PVP) (Resolute
stent), have to date been used on devices approved by the US FDA [120, 121,
139, 140].

Some of the latest generation of stents with a biodegradable polymer coating
have shown improvement in the efficacy of DES’s with a lower rate of late in-stent
thrombosis. The presence of late in-stent thrombosis for durable polymer-coated
stents depends on the polymer as well as other stent-thrombosis factors, as men-
tioned in Fig. 6.3 [120, 141-143]. Table 6.7 lists the metallic stents with a biode-
gradable polymer coating or a polymer free technology [120, 121, 144-146].
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Table 6.7 Metallic drug coated stents using a biodegradable polymer or polymer free coating
technology together with an active pharmaceutical ingredient (API) [120, 121, 140, 145-150]

Polymer/technology to coat

API Platform alloy Stent API
Polylactic acid (PLA) Nickel-titanium Axxess (Devax Inc.) Biolimus A9
(Nitinol)
L605 cobalt— Custom NX, Xtent Biolimus A9
chromium (Co-Cr) | (Xtent)
3161 stainless steel | BioMatrix (biosensors) | Biolimus A9
(316L SS)
316L SS Nobori (Terumo) Biolimus A9
Nickel-titanium Axxess (Devax Inc.) Biolimus A9
(Nitinol)
L605 Co-Cr Lumeno-Alpha (Cordis) | Biolimus A9
L605 Co-Cr Elixir Myolimus (Elixir | Myolimus
Medical)
316L SS with JACTAX HD (Boston Paclitaxel
drug-polymer Scientific) (134)
microdot coating
316L SS Excel stent (JW Sirolimus
Medical System)
L605 Co-Cr DESny BD (Elixir) Novolimus
316L SS Champion (Boston Everolimus
Scientific Corp.)
Poly L-lactic acid (PLLA) L605 Co-Cr ORSIRO (Biotronik) Sirolimus
Bioabsorbable, polylactide-co- | L605 Co-Cr with NEVO (Cordis, Johnson | Sirolimus
glycolide (PLGA) unique reservoir for | & Johnson)
drug-polymer
316L SS CORACTO Sirolimus
(ALVIMEDICA)
Platinum chromium | SYNERGY (Boston Everolimus
Scientific)
L-605 Co-Cr with CoStar stent (Conor Paclitaxel
micropore MedSystems)
PLGA + PLLA L-605 Co-Cr BioMime (Meril Life Sirolimus
Sciences)
Nitinol Cardiomind Sirolimus
(CardioMind Inc.)
Bioabsorbable polymer, L-605 Co-Cr alloy | Supralimus-core Sirolimus
containing poly-L-lactide, with layered coating | (Sahajanand Medical)
polyvinyl pyrrolidone, for controlled
polylactide-co-caprolactone release
and polylactide-co-glycolide
Poly L-605 Co-Cr with | Ultimaster (Terumo) Sirolimus
(DL-lactide-co-caprolactone) | no coating at strut
curvature (hinges)
Polymer free/passive coating
Selectively microstructured L605 Co-Cr Lumeno Free (Cordis) | Biolimus A9

surface

(continued)
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Polymer/technology to coat

API Platform alloy Stent API
Microstructured abluminal 316L SS Biofreedom (Biosensors | Biolimus A9
stent surface International)

Abluminal spray coated on 316L SS Axxion (Biosensors Paclitaxel

synthetic glycocalix substrate International)

Direct drug coating 316L SS Achieve (Cook Inc.) Paclitaxel
316L SS Supra-G (Cook Inc.) Paclitaxel
316L SS V-Flex Plus (Cook Inc.) | Paclitaxel

Abluminal coating with L605 Co-Cr Amazonia PAX Paclitaxel

crystallized drug (microdrop (Minvasys)

spray crystallization process)

Microporous stent surface with | 316L SS Yukon Choice Sirolimus

top coat of shellac resin (Translumina GmbH)

Drug loading with micropores | 316L SS Yinyi (Liaoning Paclitaxel

Biomedical Materials)

Adluminal bio-inducer surface | L605 Co-Cr Cre8 (Alvimedica) Amphilimus

coating and drug reservoir

Adluminal integral carbofilm | 316L SS Janus (Sorin Tacrolimus

coating and drug reservoir Biomedica)

Abluminal nanoporous cavities | 316L SS Nano + (Lepu Medical) | Sirolimus

as drug reservoir

Diffusion from stent core Co-Cr outer cover | Polymer-free drug-filled | Sirolimus

strut with hollow
core for drug

stent (Medtronic)

Micropores with shellac resin | 316L SS Dual-DES Sirolimus and
antioxidant
probucol

Nanothin-microporous 316L SS Vestasync (MIV Sirolimus

hydroxyapatite coating

Therapeutics)

Over the years, there have been developments such as advanced drug elution
profiles, thinner and stronger strut profiles, improved biocompatible metal alloy
platforms, advanced durable and biodegradable polymer coatings and advanced
post-procedural medical therapies for the second generation of drug-eluting stents.
These developments have resulted in a significant reduction in in-stent restenosis
(ISR), primarily due to a lower incidence of neointimal hyperplasia [151, 152]. Two
large-scale comprehensive clinical trials which included 12,866 and 18,334 patients
utilized network meta-analysis of the data and concluded the superiority of the
second-generation DES over bare metal stents, and the first-generation DES in
terms of safety and efficacy. However, the very long-term clinical implications, such
as very late stent thrombosis, are still a major concern for the patient population.
Second-generation DES’s have the side effects, such as delayed re-endothelialization,
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neoatherosclerosis, medical necrosis and chronic inflammation. The use of dual
antiplatelet therapy (DAPT) or anticoagulant medical therapy is prescribed to mini-
mize these side effects which also means that there is still scope for improvement in
the stent design and materials used [122, 153—-159].

Although it has been proven that the second-generation drug-eluting stents have
the ability to overcome the limitations of bare metal stents and first-generation
DES’s, in order to make further improvements, we are challenged by the perfor-
mance of the second-generation DES drugs. Restenosis can be caused by an over-
reaction of the wound-healing response at the site of the stent injured vessel, while
re-endothelialization is essential for normal wound healing. DES drugs, on the one
hand, inhibit overreaction and restenosis, but on the other hand, by impairing the
healing process of the injured arterial wall, these drugs result in delayed re-
endothelialization and the formation of incompetent endothelium in terms of integ-
rity and function. Such incompetent endothelium after DES therapy leads to
accelerated and more frequent in-stent neoatherosclerosis [160, 161].

Current drug-eluting stents, as described above, depend on one of two
mechanisms:

1. A passive coating to prevent cellular adhesion and subsequent inflammation
2. The use of a cytotoxic and antiproliferative drug

Both strategies increase the healing time due to their effect on delaying the re-
endothelialization process and ultimately slowing healing. Delayed healing is the
major risk associated with thrombosis and late stent restenosis [162, 163]. It has
also been proven that the drugs loaded on drug-eluting stents inhibit proliferation,
migration, differentiation and the endothelial nitric oxide synthase (eNOS) produc-
tion in human endothelial progenitor cells [164].

Drug-Eluting Polymeric Stents

A novel development in the field of polymeric stents is the use of bioresorbable poly-
mers instead of a permanent metal alloy. The advantage of these polymeric stents is
that they absorb at the site of implantation within 6-24 months after implantation
and once resorbed, it leaves no residue behind that will cause an inflammatory
response. Thus, it preserves the vessel biomechanics, such as the vessel vasomotion.
Due to the limited radial compression resistance and polymer-induced inflamma-
tion, these resorbable polymeric stents have a tendency to experience in-stent
thrombosis. They are currently being evaluated clinically [165-167]. Table 6.8
mentions various polymers that are being used as a bioresorbable stent platform
with their respective resorption time.
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Recently, scientists are trying to improve DES technology by studying different
approaches like innovative drug delivery or modifications to the stent platforms as
listed in Tables 6.7, 6.8 and 6.9 [171, 172]. Some of the approaches have included
the following:

1. Delivery of the drug on only one side or portion of that side of the stent’s surface.
This can be achieved by coating one side only or using microdots or reservoirs
on the stent surface that leave one aspect of the stent surface (luminal or periph-
eral) as a bare metal surface.

2. The use of biomolecules or antibodies to mimic the natural tissue in order to
diminish the inflammatory response or to encourage antibodies to capture circu-
lating endothelial progenitor cells to promote healing.

3. Use a polymer free technology such as a hollow stent strut to be filled with the
drug in order to have more controlled release of the drug without a polymer coat-
ing. Polymer-free stents having a microporous stent surface to hold the drug
without the risk of a polymer-induced inflammatory reaction as mentioned in
Table 6.7. But clinical trials have failed to prove any superiority over drug-
polymer-eluting stents [148, 173].

4. Use of a closed cell stent design instead of an open cell to limit the size of the
injury site exposed to blood and promote re-endothelialization [174—176].

Thia chapter has presented the entire timeline for the development of angioplasty
technologies starting from the first balloon angioplasty in 1977 to the current tech-
nologies that are either in commercial production and clinical use or they are under
investigation as mentioned in Tables 6.7, 6.8 and 6.9. There is still much room for
improvement and more clinical data is requied for these current techologies and
investigation approaches such as biomolecules, surface modifications, antibodies
and peptide applications. There are some key factors, such as radial strength, biore-
sorption, stent geometry, radio-opacity, novel drug molecules and their release pro-
file, that need to be evaluated and assessed while developing more efficient and
safer angioplasty devices for the future.
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