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Preface 
 

This book has "wide geography" both literally and figuratively. First of all, this book 
brings together contributions from around the world, both from post-industrial 
countries and developing world. 

This is natural, because coronary artery disease is becoming pandemic worldwide. 
CAD is the single most frequent cause of death in developed countries, causes about 1 
in every 5 deaths. 

Mortality from cardiovascular disease is predicted to reach 23.4 million in 2030. 
Moreover, in the developing world, cardiovascular disease tends to affect people at a 
younger age and thus could negatively affect the workforce and economic 
productivity. The morbidity, mortality, and socioeconomic importance of CAD make 
its diagnosis and management fundamental for all practicing physicians.  

On another hand, the book widely represents "geography" of CAD itself, i.e. many 
various aspects of its pathophysiology, epidemiology, diagnosis, treatment are 
touched in this book.  

Pathophysiologic mechanisms of CAD are well studied in general, but there are some 
details to be clarified. Oxidative stress is considered as one of important pathogenetic 
components of the atherosclerosis course, studies of its effect onto the atherosclerotic 
plaque formation and progression are still lasted. Section "Coronary artery disease: 
pathophysiology and epidemiology" includes the review “Coronary Artery Disease 
and Oxidative Stress”concerning this problem. 

Another chapter in this Section is an epidemiological research demonstrating 
capabilities of the modern genetic risk factors in improvement of the ability to predict 
incident CAD beyond that afforded by traditional non genetic risk factors.  

Section "Coronary artery disease: diagnostic features" begins with the chapter 
"Magnetocardiography in Unshielded Setting: Heart Electrical Image based on 2-D and 
3-D Data in Comparison with Perfusion Image Based on PET Results", devoted to the 
promising technique of investigation of the cardiac electrical generator – 
magnetocardiography (MCG). Comparison is drawn of the cardiac imaging on the base 
of current density distribution maps, obtained by MCG and PET images. Two other 
articles of this Section are devoted to the different issues of the modern advanced resting 



 
electrocardiography, demonstrating that capabilities of this oldest technique of 
instrumental diagnosis in cardiology are far from completed. Exercise stress test is 
sometimes figuratively called "workhorse" in diagnosis of CAD. Authors of the chapter 
"Quantitative Functional Assessment of Ischemic Patients by Cardiopulmonary Exercise 
and Recovery Indices" emphasize important contribution of the cardiopulmonary 
indices for quantitative functional assessment of patients with CAD. Laboratory 
diagnostics is represented by the chapters "Oxidized low density lipoprotein, statin 
therapy and carotid stenosis", continuing the topic of oxidative stress impact onto the 
course of CAD and “Relationship Between the Serum 7-ketocholesterol Concentrations 
and Coronary Artery Disease” representing the measuring system for evaluation of the 
serum 7-ketocholesterol concentrations. Also clinical significance of 7KCHO is discussed. 

Treatment of the coronary artery disease is continuously improved and developed. 
New evidences appear for effectiveness of modern therapeutic and surgical 
approaches. Section "Treatment for coronary artery disease" begins with the chapter 
"Evaluation of Anti-ischemic Therapy in Coronary Artery Disease" with detailed 
description of the modern treatment of patients with this disease. No doubt, that 
nowadays surgical revascularization – is one of the basic therapeutic interventions in 
CAD patients. In chapter "Coronary Arterial Drug-Eluting Stent: From Its Structure to 
Clinic" features and advantages of the drug-eluting stents available for clinical practice 
are discussed, demonstrating their future prospects. The subject with growing 
popularity of stem cells is covered in chapter "Pursuing Candidate Stem Cells for 
Candidate Regeneration in Patients Suffered from Acute Coronary Syndrome". 

This book also contains the Section "Coronary artery disease and comorbidities" 
discussing such comorbidities as thyroid dysfunction ("Impact of Thyroid Dysfunction 
on Natural Course of Coronary Artery Disease", systemic vasculitis ("Coronary Artery 
Disease and Systemic Vasculitis: Case Report and Review"), professional stress 
("Occupational Stress and Coronary Artery Disease"), migraine (“Endothelial Function 
in Migraine”) and arterial hypertension (“Specific features of Target Organ Damage in 
Patients with Arterial Hypertension and Coronary Artery Disease”) et al.  

This book does not pretend on complete and integral description of the Coronary 
artery disease. Rather, it contains selected issues of this complex multifactorial disease. 
Nevertheless, we hope that readers will find Coronary Artery Disease useful for clinical 
practice and further research. 

 
Illya Chaikovsky, MD PhD multiple, Senior research fellow, Assoc Prof, 

International Research and Training Center for Informational Technologies and 
Systems of National Academy of Science, Kyiv,  

Ukraine 

Nataliia Sydorova, MD PhD, Assoc Prof, 
Ukrainian Military Medical Academy, Kyiv,  

Ukraine
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Coronary Artery Disease and Oxidative Stress 
Mara S. Benfato, Tássia M. Medeiros and Tiago B. Salomon 

LEO, Depto. de Biofísica, IBIO,  
Programa de Pós-Graduação em Biologia Celular e Molecular,  

Universidade Federal do Rio Grande do Sul, 
Brazil 

1. Introduction 
O2 arose on Earth in about 3.8 x 109 years ago due to the photosynthetic process in 
cyanobacteria hydrolyzed water. But it was only about 2.5 x 109 years ago that its levels rose to 
significant amounts. The increase in atmospheric concentrations of O2 led to a great selective 
event, the first great mass extinction, due to stress on organisms that did not adapt to the new 
conditions. It also helped in the conquest of the land with the formation of O3 (ozone) in the 
stratosphere, which filters the most harmful of the ultraviolet radiation (UV-C). In addition, 
using the O2 as a substrate, the organisms generated much more energy (about 32 times more) 
but, in doing so, they started to generate reactive species in the process.  

Reactive species (RS) are elements that react with biologically relevant organisms and 
although they act as cellular messengers, they also damage cellular components. In response to 
that, the organisms developed defences, which are now called antioxidants. The imbalance of 
the relation between RS and antioxidants is called oxidative stress. In this chapter we will 
study diseases related to oxidative stress but, in order to understand them, we first need to 
comprehend the radicals, their chemistry and the defences against such elements. 

1.1 Reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

The RS are named according to the principal element in their composition, reactive oxygen 
species (ROS) and reactive nitrogen species (RNS), and are divided into radicals and non-
radicals. Radicals have at least one unpaired electron in an open shell configuration and 
non-radicals are compounds that can generate radical species. Below we will see a list of the 
most important reactive species for human health (considered to date). 

Note: Radicals are written with a dot attached to the upper right level representing the 
unpaired electron. 

1.1.1 Reactive oxygen species 

Hydroxyl radical (HO•) 

A hydroxyl radical is the most reactive radical known in vivo and the most harmful, to 
which the human body has no defence mechanism. But, because it is so reactive, it reacts 
immediately after formation (within 5 molecular diameters from its production site).  
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It can be formed mainly by the Fenton reaction, in which the hydrogen peroxide (see below) 
reacts with a transition metal (Fe2+ or Cu+) forming two hydroxides, one of them a radical 
and the other just an ion (see equation below). 

 H2O2 + Fe2+ → OH- + OH•  (1) 

The reaction is faster with Cu+ (more than 60 times faster), but since it is not as bioavailable 
as Fe2+, hydrogen peroxide reacts more with Fe2+ than with Cu+ (Halliwell & Gutteridge, 
2007). It can cause modification of DNA bases and strand breaks, inactivation of proteins 
and lipid peroxidation. As explained above, HO• is too reactive to be enzymatically 
removed (it would attack the enzymes), hence the way to control its damages is to reduce its 
formation and repair the damage. 

Superoxide (O2•-) 

Superoxide is both an anion and a radical formed when an electron is added to the O2 
molecule. It is produced mainly by the electron leakage in the mitochondrial electron 
transport chain, but there are also other sources (e.g. endoplasmatic reticulum). Superoxide 
is quite toxic and is used in the defence systems to control pathogens for being a pro-oxidant 
and precursor for other species, but this toxicity works both ways, damaging important 
cellular components, especially inactivate enzymes by oxidation or reduction of its Fe-S sites 
(Flint et al., 1993), such as in an aconitase enzyme (which converts citrate to isocitrate, in the 
Krebs cycle) with the superoxide which reduces its (Fe4S4)2+ to (Fe4S4)+. 

Hydrogen Peroxide (H2O2) 

Hydrogen peroxide is a covalent, pale-blue, viscous liquid. Mainly produced in vivo by 
superoxide dismutation (see 1.2), but other oxidases may produce it as well, it is also 
produced by the oxidation of long chain fatty acids in the peroxissome (Titorenko & 
Terlecky, 2011). It plays a part in the immune response via formation of hydroxyl radicals or 
via inactivation of the pathogens’ enzymes. However, for reacting with transition metals, 
hydrogen peroxide (see Fenton reaction above) represents a major problem to living 
organisms. 

1.1.2 Reactive nitrogen species 

Nitric Oxide (NO•) 

NO• is a colourless monomeric gas stable in pure water. In physiological conditions the half-
life of nitric oxide is only a few seconds. In mammals nitric oxide is produced by the 
oxidation of L-arginine catalyzed by nitric oxide synthase (NOS) (Mungrue et al., 2003). 
Nitric oxide has several physiological roles, especially in neural and vascular systems. In the 
neural system it works as a neurotransmitter, strengthens the most used synapses and has a 
role in long-term memory but in excess, may cause strokes and epilepsy. In the vascular 
system it controls the blood pressure (vasodilator), kills foreign organisms (e.g. Leishmania), 
in excess may cause chronic inflammation, septic shock and transplant rejection. It has a role 
in bladder control, penile erection and peristaltic movements.  

Peroxynitrite 

Peroxynitrite is formed by the reaction of the radicals superoxide and nitric oxide, the 
peroxynitrite is an unstable, short-lived, potent oxidant, non-radical.  
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 O2•– + NO• → ONOO– (2) 

Peroxynitrite causes damage to proteins (-sulfur groups), hydroxylation and nitration of 
aromatic compounds. It may damage DNA as well by strand breaks and damages 2-
deoxyribose. 

1.2 Antioxidant defences 

As we observed in the last topic, reactive species play a great role in biological systems, but 
they tend to cause much damage as well. To defend against such damage organisms 
developed defences, generically called “antioxidants”, and when such defences fail we also 
have a repair system. The antioxidants may be classified in two major groups, enzymatic 
and non-enzymatic or endogenous and diet-derived.  

1.2.1 Enzymatic 

Catalase 

Catalase is a very reactive enzyme that dismutates hydrogen peroxide (H2O2) into water 
(H2O) and O2, as seen in eq. 3. 

 2H2O2 → 2H2O + O2  (3) 

Located in intracellular organelles (mostly peroxissomes) that are known as high producers 
of hydrogen peroxide (H2O2), Catalase is a tetramer of four polypeptide chains, each over 
500 amino acids long and containing one Fe(III)-heme group that allows the enzyme to react 
with the hydrogen peroxide. As hydrogen peroxide enters the active site, it interacts with 
the amino acids causing an oxygen transfer between the heme group and the peroxide. The 
free oxygen is bound to the heme group (eq. 4), later, it reacts with a second hydrogen 
peroxide molecule and produce water and oxygen (eq. 5).  

 H2O2 + CAT-Fe(III)→ H2O + Compound I  (4) 

 H2O2 + Compound I→2H2O2 + CAT-Fe(III)+O2 (5) 

Superoxide dismutase 

Superoxide dismutases (SODs) are enzymes that dismutate superoxide in oxygen and 
hydrogen peroxide. In humans three forms of superoxide dismutase are present. SOD1 
(CuZnSOD) is located in the cytoplasm, SOD2 (MnSOD) in the mitochondria and SOD3 
(CuZnSOD) is extracellular. The CuZnSOD contains two protein subunits, each with a 
metal, a Cu in one and Zn in the other (hence the name CuZnSOD). The copper ions catalyze 
the dismutation of superoxide and the zinc only helps the stability of the enzyme. Although 
CuZnSOD, SOD1 and SOD3 are two different proteins encoded by different genes, SOD3 is 
synthesized containing a signal peptide that directs this enzyme exclusively to extracellular 
spaces (Halliwell & Gutteridge, 2007). 

 Cu2+-SOD + O2•– → Cu+-SOD + O2  (6) 

 Cu+-SOD + O2•– + 2H+ → Cu2+-SOD + H2O2  (7) 
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Terlecky, 2011). It plays a part in the immune response via formation of hydroxyl radicals or 
via inactivation of the pathogens’ enzymes. However, for reacting with transition metals, 
hydrogen peroxide (see Fenton reaction above) represents a major problem to living 
organisms. 

1.1.2 Reactive nitrogen species 

Nitric Oxide (NO•) 

NO• is a colourless monomeric gas stable in pure water. In physiological conditions the half-
life of nitric oxide is only a few seconds. In mammals nitric oxide is produced by the 
oxidation of L-arginine catalyzed by nitric oxide synthase (NOS) (Mungrue et al., 2003). 
Nitric oxide has several physiological roles, especially in neural and vascular systems. In the 
neural system it works as a neurotransmitter, strengthens the most used synapses and has a 
role in long-term memory but in excess, may cause strokes and epilepsy. In the vascular 
system it controls the blood pressure (vasodilator), kills foreign organisms (e.g. Leishmania), 
in excess may cause chronic inflammation, septic shock and transplant rejection. It has a role 
in bladder control, penile erection and peristaltic movements.  

Peroxynitrite 

Peroxynitrite is formed by the reaction of the radicals superoxide and nitric oxide, the 
peroxynitrite is an unstable, short-lived, potent oxidant, non-radical.  
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 O2•– + NO• → ONOO– (2) 

Peroxynitrite causes damage to proteins (-sulfur groups), hydroxylation and nitration of 
aromatic compounds. It may damage DNA as well by strand breaks and damages 2-
deoxyribose. 

1.2 Antioxidant defences 

As we observed in the last topic, reactive species play a great role in biological systems, but 
they tend to cause much damage as well. To defend against such damage organisms 
developed defences, generically called “antioxidants”, and when such defences fail we also 
have a repair system. The antioxidants may be classified in two major groups, enzymatic 
and non-enzymatic or endogenous and diet-derived.  

1.2.1 Enzymatic 

Catalase 

Catalase is a very reactive enzyme that dismutates hydrogen peroxide (H2O2) into water 
(H2O) and O2, as seen in eq. 3. 

 2H2O2 → 2H2O + O2  (3) 

Located in intracellular organelles (mostly peroxissomes) that are known as high producers 
of hydrogen peroxide (H2O2), Catalase is a tetramer of four polypeptide chains, each over 
500 amino acids long and containing one Fe(III)-heme group that allows the enzyme to react 
with the hydrogen peroxide. As hydrogen peroxide enters the active site, it interacts with 
the amino acids causing an oxygen transfer between the heme group and the peroxide. The 
free oxygen is bound to the heme group (eq. 4), later, it reacts with a second hydrogen 
peroxide molecule and produce water and oxygen (eq. 5).  

 H2O2 + CAT-Fe(III)→ H2O + Compound I  (4) 

 H2O2 + Compound I→2H2O2 + CAT-Fe(III)+O2 (5) 

Superoxide dismutase 

Superoxide dismutases (SODs) are enzymes that dismutate superoxide in oxygen and 
hydrogen peroxide. In humans three forms of superoxide dismutase are present. SOD1 
(CuZnSOD) is located in the cytoplasm, SOD2 (MnSOD) in the mitochondria and SOD3 
(CuZnSOD) is extracellular. The CuZnSOD contains two protein subunits, each with a 
metal, a Cu in one and Zn in the other (hence the name CuZnSOD). The copper ions catalyze 
the dismutation of superoxide and the zinc only helps the stability of the enzyme. Although 
CuZnSOD, SOD1 and SOD3 are two different proteins encoded by different genes, SOD3 is 
synthesized containing a signal peptide that directs this enzyme exclusively to extracellular 
spaces (Halliwell & Gutteridge, 2007). 

 Cu2+-SOD + O2•– → Cu+-SOD + O2  (6) 

 Cu+-SOD + O2•– + 2H+ → Cu2+-SOD + H2O2  (7) 
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The MnSOD (SOD2) is quite different from CuZnSOD (not even having similar amino acid 
sequences), but performs the same reaction. It is more sensitive to denaturation (e.g. by heat) 
than the CuZnSOD. Each of its four protein subunits contains a manganese ion.  

 Mn3+-SOD + O2•– → Mn2+-SOD + O2 (8) 

 Mn2+-SOD + O2•– + 2H+ → M3+-SOD + H2O2  (9) 

Glutathione peroxidise (GPx)  

Glutathione peroxidase is the general name of an enzyme family, which consists of eight 
known human isoforms, whose main role is to protect the organism from oxidative damage. 
It is more versatile than catalase’s action (as seen above) on lipid peroxides and in addition 
to hydrogen peroxide, is not limited to organelles, but its reaction speed (km) is much 
slower. 

In order to detoxify peroxides it requires glutathione as a cofactor (eq. 9). 

 2GSH + H2O2 → GSSG + 2H2O  (10) 

Since this process oxidize glutathione another enzyme is required to reduce the oxidize 
glutathine, via NADPH spending, the glutathione reductase. This process allows the 
glutathione to be used again by the peroxidase or another process (see Glutathione). 

 GS–SG + NADPH + H+ → 2 GSH + NADP  (11) 

Heme oxygenase 

Human heme oxygenase-1 (hHO-1) is a stress protein linked to cytoprotection against 
oxidative stress. It catalyzes the reaction of heme to biliverdin, Fe2+ and carbon monoxide 
(CO). The carbon monoxide has pro- and antioxidant effects and also pro- or antiapoptotic 
effects that depend on dose (Piantadosi et al., 2006). 

Heme + 3O2 + 3½NADPH + 3½H+ + 7e- → biliverdin + Fe2+ + CO + 3½NADP+ + H2O  (12) 

The biliverdin reductase acts on biliverdin by reducing its double-bond between the pyrrole 
rings into a single-bond with NADPH+H+ generating then, biliverdin and NADP+. The 
biliverdin then takes on antioxidant properties by scavenging peroxyl radicals and limiting 
the peroxidation of membrane lipids and proteins. 

1.2.2 Non-enzymatic 

Glutathione 

Glutathione (GSH) is a tripeptide, the most ubiquitous peptide found in cells. GSH can be 
obtained from the diet or can be synthesized de novo in the liver. It is the most abundant 
intracellular antioxidant. It works as a cofactor to GPx (as seen above) and also reacts, in 
vitro, with HO•, ONOO- among others species. It can also chelate copper, reducing its 
interaction with hydrogen peroxide, decreasing the Fenton reaction, and therefore reducing 
the formation of HO•. Its reaction with ONOO- leads to the formation of nitrosothiol 
(GSNO) which can be converted to NO•. 
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Ascorbic acid (vitamin C) 

Ascorbic acid is an antioxidant produced by plants and some animals (e.g. rats, some birds) 
and one of its functions is to maintain redox homeostasis. The animals that do not 
synthesize ascorbic acid (including humans) must obtain ascorbic acid from the diet. They 
are unable to synthesize due to the lack of the enzyme gulonolactone oxidase, which 
catalyzes the final step in the synthesis of ascorbic acid (Yoshihara et al., 2010). Ascorbic acid 
has two oxidizable -OH groups. At physiological pH, it remains in the ionized form, 
ascorbate.  

Among the many roles of vitamin C, we can highlight it acting as the scavenger of 
superoxide, hydroxyl, among others, also in the absorption of iron in the intestine (eq. 13) by 
reducing it from Fe3+ to Fe2+, which works as a cofactor for several enzymes but also may be 
involved in Fenton reaction (see eq. 1) and regenerates the tocopheryl radical in tocopherol 
(very important). 

 Fe3+ + ascorbate → Fe2+ + ascorbyl  (13) 

Lower vitamin C levels found in elderly people, diabetic patients and cigarette smokers are 
most likely due to increased oxidative stress. Some studies showed that vitamin C 
supplementation decreased the level of oxidative DNA damage in mononuclear blood cells 
and also increased the LDL oxidation in patients’ hemodialysis, but failed to prevent steady-
state levels of lipid peroxidation (Yoshihara et al., 2010). There are some encouraging data to 
support vitamin C as a protective factor against cardiovascular diseases, but as a matter of 
fact there are more discouraging data (Collins et al., 2002) on this topic. 

Tocopherols (vitamin E) 

Tocopherols are a fat-soluble antioxidants (vitamin E is a name used to design several 
tocopherols) and are the most important inhibitors of lipid peroxidation. It can reduce Fe3+ 
to Fe2+ and Cu2+ to Cu+. This ability is the basis of colorimetric method for measuring 
tocopherols. At high concentrations, the tocopherols present pro-oxidant effects, promoting 
lipid peroxidation. It can also affect blood clotting by interfering with the action of vitamin 
K. Its supplementation in diet is not recommended (Yoshihara et al., 2010). 

1.3 Iron homeostasis 

Iron is by far the most abundant transition metal in the human body and essential element 
for life. It is crucial for DNA synthesis, respiration and key metabolic reactions. It is an 
important component of enzymes that are involved in oxidation or reduction of biologic 
substrates, due to its ability to exist in two redox states making it useful at the catalytic 
centre like in cytochomes. It is also an essential component of oxygen carriers hemoglobin 
and myoglobin; alternatively, iron can bind to enzymes in a form of non-heme moieties or 
iron-sulfur (Fe-S) motifs (several mitochondrial enzymes). When iron exceeds the metabolic 
needs of the cell it may form a low molecular weight pool, tentatively referred to as the 
labile iron pool, which converts normal by-products of cell respiration, like O2•- and H2O2, 
into highly damaging hydroxyl radicals or equally aggressive ferryl ions. The redox state 
that do this is ferrous iron and the reaction that produces OH•- is called Fenton Reaction. 
Therefore, iron must be chelated in very specific ways that discourage redox cycling. 
However, iron can have benign or malign effects on the cell, depending on whether it is a 
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The MnSOD (SOD2) is quite different from CuZnSOD (not even having similar amino acid 
sequences), but performs the same reaction. It is more sensitive to denaturation (e.g. by heat) 
than the CuZnSOD. Each of its four protein subunits contains a manganese ion.  

 Mn3+-SOD + O2•– → Mn2+-SOD + O2 (8) 

 Mn2+-SOD + O2•– + 2H+ → M3+-SOD + H2O2  (9) 

Glutathione peroxidise (GPx)  

Glutathione peroxidase is the general name of an enzyme family, which consists of eight 
known human isoforms, whose main role is to protect the organism from oxidative damage. 
It is more versatile than catalase’s action (as seen above) on lipid peroxides and in addition 
to hydrogen peroxide, is not limited to organelles, but its reaction speed (km) is much 
slower. 

In order to detoxify peroxides it requires glutathione as a cofactor (eq. 9). 

 2GSH + H2O2 → GSSG + 2H2O  (10) 

Since this process oxidize glutathione another enzyme is required to reduce the oxidize 
glutathine, via NADPH spending, the glutathione reductase. This process allows the 
glutathione to be used again by the peroxidase or another process (see Glutathione). 

 GS–SG + NADPH + H+ → 2 GSH + NADP  (11) 

Heme oxygenase 

Human heme oxygenase-1 (hHO-1) is a stress protein linked to cytoprotection against 
oxidative stress. It catalyzes the reaction of heme to biliverdin, Fe2+ and carbon monoxide 
(CO). The carbon monoxide has pro- and antioxidant effects and also pro- or antiapoptotic 
effects that depend on dose (Piantadosi et al., 2006). 

Heme + 3O2 + 3½NADPH + 3½H+ + 7e- → biliverdin + Fe2+ + CO + 3½NADP+ + H2O  (12) 

The biliverdin reductase acts on biliverdin by reducing its double-bond between the pyrrole 
rings into a single-bond with NADPH+H+ generating then, biliverdin and NADP+. The 
biliverdin then takes on antioxidant properties by scavenging peroxyl radicals and limiting 
the peroxidation of membrane lipids and proteins. 

1.2.2 Non-enzymatic 

Glutathione 

Glutathione (GSH) is a tripeptide, the most ubiquitous peptide found in cells. GSH can be 
obtained from the diet or can be synthesized de novo in the liver. It is the most abundant 
intracellular antioxidant. It works as a cofactor to GPx (as seen above) and also reacts, in 
vitro, with HO•, ONOO- among others species. It can also chelate copper, reducing its 
interaction with hydrogen peroxide, decreasing the Fenton reaction, and therefore reducing 
the formation of HO•. Its reaction with ONOO- leads to the formation of nitrosothiol 
(GSNO) which can be converted to NO•. 
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Ascorbic acid (vitamin C) 

Ascorbic acid is an antioxidant produced by plants and some animals (e.g. rats, some birds) 
and one of its functions is to maintain redox homeostasis. The animals that do not 
synthesize ascorbic acid (including humans) must obtain ascorbic acid from the diet. They 
are unable to synthesize due to the lack of the enzyme gulonolactone oxidase, which 
catalyzes the final step in the synthesis of ascorbic acid (Yoshihara et al., 2010). Ascorbic acid 
has two oxidizable -OH groups. At physiological pH, it remains in the ionized form, 
ascorbate.  

Among the many roles of vitamin C, we can highlight it acting as the scavenger of 
superoxide, hydroxyl, among others, also in the absorption of iron in the intestine (eq. 13) by 
reducing it from Fe3+ to Fe2+, which works as a cofactor for several enzymes but also may be 
involved in Fenton reaction (see eq. 1) and regenerates the tocopheryl radical in tocopherol 
(very important). 

 Fe3+ + ascorbate → Fe2+ + ascorbyl  (13) 

Lower vitamin C levels found in elderly people, diabetic patients and cigarette smokers are 
most likely due to increased oxidative stress. Some studies showed that vitamin C 
supplementation decreased the level of oxidative DNA damage in mononuclear blood cells 
and also increased the LDL oxidation in patients’ hemodialysis, but failed to prevent steady-
state levels of lipid peroxidation (Yoshihara et al., 2010). There are some encouraging data to 
support vitamin C as a protective factor against cardiovascular diseases, but as a matter of 
fact there are more discouraging data (Collins et al., 2002) on this topic. 

Tocopherols (vitamin E) 

Tocopherols are a fat-soluble antioxidants (vitamin E is a name used to design several 
tocopherols) and are the most important inhibitors of lipid peroxidation. It can reduce Fe3+ 
to Fe2+ and Cu2+ to Cu+. This ability is the basis of colorimetric method for measuring 
tocopherols. At high concentrations, the tocopherols present pro-oxidant effects, promoting 
lipid peroxidation. It can also affect blood clotting by interfering with the action of vitamin 
K. Its supplementation in diet is not recommended (Yoshihara et al., 2010). 

1.3 Iron homeostasis 

Iron is by far the most abundant transition metal in the human body and essential element 
for life. It is crucial for DNA synthesis, respiration and key metabolic reactions. It is an 
important component of enzymes that are involved in oxidation or reduction of biologic 
substrates, due to its ability to exist in two redox states making it useful at the catalytic 
centre like in cytochomes. It is also an essential component of oxygen carriers hemoglobin 
and myoglobin; alternatively, iron can bind to enzymes in a form of non-heme moieties or 
iron-sulfur (Fe-S) motifs (several mitochondrial enzymes). When iron exceeds the metabolic 
needs of the cell it may form a low molecular weight pool, tentatively referred to as the 
labile iron pool, which converts normal by-products of cell respiration, like O2•- and H2O2, 
into highly damaging hydroxyl radicals or equally aggressive ferryl ions. The redox state 
that do this is ferrous iron and the reaction that produces OH•- is called Fenton Reaction. 
Therefore, iron must be chelated in very specific ways that discourage redox cycling. 
However, iron can have benign or malign effects on the cell, depending on whether it is a 
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micronutrient or a catalyst of free radical reactions. The average human adult contains 
approximately 4 g of iron, a little more than 2 g of which is in hemoglobin and 1g in body 
stores predominantly in the liver, the rest are in other iron-containing proteins, mainly in 
skeletal muscle (~300mg, most in myoglonbin) and macrophages (~600mg in total). Since 
total plasma iron turnover is some 35mg/day, iron deficiency can cause cellular growth 
arrest and death; iron excess can cause damage lipid membranes, proteins and nucleic acids. 
For example, iron deficiency represents the most common cause of anaemia worldwide and 
can cause development retardation in children as iron overload in hereditary 
hemochromatosis and thalassemias leads to potentially fatal liver or heart failure due, in the 
most part, to the amount of iron deposits.  

Iron absorption needs to be tightly controlled due its activity redox which can also lead to 
the production of ROS. Its absorption occurs in the proximal small intestine and involves 
many key molecules. Iron absorption occurs in lumen of the duodenum and can be 
modulated by the size of the body’s iron stores, by erythropoietic activity and by recent 
dietary iron intake. Iron can be absorbed from diet in two forms: as inorganic (non-heme) 
iron predominantly released from foods such as vegetables or cereals, or as heme iron from 
the breakdown of hemoglobin and myoglobin contained in red meat. Most iron in food is in 
ferric form [Fe (III) state], the most stable oxidation state for iron. Iron across is mediated by 
brush border iron transporter divalent metal transporter 1 (DMT1), which transports iron in 
the ferrous form [Fe (II))]. Hence, there are agents in gastric juice that solubilize and reduce 
Fe (III) in Fe (II), such as the ascorbate and hydrochloric acid (Frazer & Anderson, 2005), 
moreover, there are also in the epithelial surface apical ferric reductases. Heme 
(protoporphyrin ring that binds ferrous form) is more efficiently absorbed than inorganic 
iron and taken up by apical heme transporters after being released by proteolysis of 
hemeproteins in gut lumen is taken up and the iron removed from it in the mucosal cells by 
the action of heme oxygenase in ferrous form (Figure 1). 

Inside the enterocytes, iron can be stored in ferritin in the cytoplasm, utilized in 
mitochondria or exported to plasma by ferroportin on the basolateral surface. Ferroportin 
cooperates with the multicopper ferroxidase hephaestin, which converts ferrous to ferric 
iron for uptake by plasma transferrin and regulated by hepcidin, an inhibitor of iron 
absorption and releases from macrophages and other cell types. The hepcidin causes 
ferroportin internalization and degradation, decreasing the transfer of iron to the body. 
Extracellular iron is bound with high affinity by the serum iron-transport protein transferrin 
and taken into the circulation (the labile iron pool). The majority of it is destined for nascent 
erythrocytes in the bone marrow. The cellular uptake of iron occurs through receptor-
mediated endocytosis of transferrin (TfR). TfR containing transferrin binds on the cell 
membrane and is internalized by endocytosis. So, iron is used for cellular processes and 
excess iron is stored in ferritin (Dunn et al., 2007). It is important to know about these 
proteins because they have key roles in healthy processes and diseases in relation to iron 
homeostasis, for example, formation of atherosclerotic lesions, as will be discussed later. The 
excess of iron is lost by epithelial shedding in the gastrointestinal tract and the skin 
(approximately 1 to 2 g each day), through blood loss in menses of premenopausal women, 
in sweat and possibly a small amount excreted by lungs into mucus. The amount of iron 
absorbed can be affected by several mechanisms like inflammation, hypoxia, anaemia and 
iron overload. Iron can be recycled or stored as needed. Human erythrocytes undergo 
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surface alterations that mark them to be phagocyted and digested by macrophages in the 
spleen and the liver. In macrophages, iron is recovered from heme by the action of heme 
oxygenase and stored in ferritin, but the major site of iron storage is the liver, into 
hepatocytes. The capacity of readily exchanging electrons makes iron not only essential for 
fundamental cell functions, but also a potential catalyst for chemical reactions involving 
free-radical formation and subsequent oxidative stress and cell damage. Therefore, iron 
levels are carefully regulated to minimize the pool of potentially toxic “free iron”. The 
majority of proteins described above are posttranscriptional controlled by iron regulatory 
proteins (IRP-1 and IRP-2). Iron regulatory proteins recognize at the mRNA level non-
coding sequences (the iron-responsive elements [IRE]) which have been found in genes that 
control the iron homeostasis like ferritin and TfR, being that the ferritin synthesis is 
increased to sequester excess iron and TfR is downregulated in order to stop iron uptake 
(Cairo & Pietrangelo, 2000). 

 
Fig. 1. Intestinal iron absorption. Iron absorption in the proximal small intestine mucosa of 
the gut requires transport across the apical and basolateral membranes of duodenal 
enterocytes. The dietary non-heme iron in the duodenal lumen is reduced by a ferric 
reductases and thus made available for divalent metal transporter 1 (DMT1), which 
transports ferrous iron across the apical brush border membrane and heme iron is 
transported by heme transporters. The amount of iron not retained by the cell inside the iron 
storage protein ferritin (Ft) is transferred to the bloodstream. The basolateral release of non-
heme iron (which is also derived from heme catabolized by heme oxygenase [HO]) is 
mediated by ferroportin (FPN) which transports the metal across the membrane and 
hephaestin (Hp), which re-oxidizes iron as a necessary step for binding to the plasma carrier 
protein transferrin (Tf). The hepcidin causes ferroportin internalization and degradation, 
decreasing the transfer of iron to the body. The main proteins involved in iron absorption 
are controlled by iron regulatory proteins (IRPs), whose activity is regulated by the levels of 
the metal in the labile iron pool.  
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micronutrient or a catalyst of free radical reactions. The average human adult contains 
approximately 4 g of iron, a little more than 2 g of which is in hemoglobin and 1g in body 
stores predominantly in the liver, the rest are in other iron-containing proteins, mainly in 
skeletal muscle (~300mg, most in myoglonbin) and macrophages (~600mg in total). Since 
total plasma iron turnover is some 35mg/day, iron deficiency can cause cellular growth 
arrest and death; iron excess can cause damage lipid membranes, proteins and nucleic acids. 
For example, iron deficiency represents the most common cause of anaemia worldwide and 
can cause development retardation in children as iron overload in hereditary 
hemochromatosis and thalassemias leads to potentially fatal liver or heart failure due, in the 
most part, to the amount of iron deposits.  

Iron absorption needs to be tightly controlled due its activity redox which can also lead to 
the production of ROS. Its absorption occurs in the proximal small intestine and involves 
many key molecules. Iron absorption occurs in lumen of the duodenum and can be 
modulated by the size of the body’s iron stores, by erythropoietic activity and by recent 
dietary iron intake. Iron can be absorbed from diet in two forms: as inorganic (non-heme) 
iron predominantly released from foods such as vegetables or cereals, or as heme iron from 
the breakdown of hemoglobin and myoglobin contained in red meat. Most iron in food is in 
ferric form [Fe (III) state], the most stable oxidation state for iron. Iron across is mediated by 
brush border iron transporter divalent metal transporter 1 (DMT1), which transports iron in 
the ferrous form [Fe (II))]. Hence, there are agents in gastric juice that solubilize and reduce 
Fe (III) in Fe (II), such as the ascorbate and hydrochloric acid (Frazer & Anderson, 2005), 
moreover, there are also in the epithelial surface apical ferric reductases. Heme 
(protoporphyrin ring that binds ferrous form) is more efficiently absorbed than inorganic 
iron and taken up by apical heme transporters after being released by proteolysis of 
hemeproteins in gut lumen is taken up and the iron removed from it in the mucosal cells by 
the action of heme oxygenase in ferrous form (Figure 1). 

Inside the enterocytes, iron can be stored in ferritin in the cytoplasm, utilized in 
mitochondria or exported to plasma by ferroportin on the basolateral surface. Ferroportin 
cooperates with the multicopper ferroxidase hephaestin, which converts ferrous to ferric 
iron for uptake by plasma transferrin and regulated by hepcidin, an inhibitor of iron 
absorption and releases from macrophages and other cell types. The hepcidin causes 
ferroportin internalization and degradation, decreasing the transfer of iron to the body. 
Extracellular iron is bound with high affinity by the serum iron-transport protein transferrin 
and taken into the circulation (the labile iron pool). The majority of it is destined for nascent 
erythrocytes in the bone marrow. The cellular uptake of iron occurs through receptor-
mediated endocytosis of transferrin (TfR). TfR containing transferrin binds on the cell 
membrane and is internalized by endocytosis. So, iron is used for cellular processes and 
excess iron is stored in ferritin (Dunn et al., 2007). It is important to know about these 
proteins because they have key roles in healthy processes and diseases in relation to iron 
homeostasis, for example, formation of atherosclerotic lesions, as will be discussed later. The 
excess of iron is lost by epithelial shedding in the gastrointestinal tract and the skin 
(approximately 1 to 2 g each day), through blood loss in menses of premenopausal women, 
in sweat and possibly a small amount excreted by lungs into mucus. The amount of iron 
absorbed can be affected by several mechanisms like inflammation, hypoxia, anaemia and 
iron overload. Iron can be recycled or stored as needed. Human erythrocytes undergo 

 
Coronary Artery Disease and Oxidative Stress 

 

9 

surface alterations that mark them to be phagocyted and digested by macrophages in the 
spleen and the liver. In macrophages, iron is recovered from heme by the action of heme 
oxygenase and stored in ferritin, but the major site of iron storage is the liver, into 
hepatocytes. The capacity of readily exchanging electrons makes iron not only essential for 
fundamental cell functions, but also a potential catalyst for chemical reactions involving 
free-radical formation and subsequent oxidative stress and cell damage. Therefore, iron 
levels are carefully regulated to minimize the pool of potentially toxic “free iron”. The 
majority of proteins described above are posttranscriptional controlled by iron regulatory 
proteins (IRP-1 and IRP-2). Iron regulatory proteins recognize at the mRNA level non-
coding sequences (the iron-responsive elements [IRE]) which have been found in genes that 
control the iron homeostasis like ferritin and TfR, being that the ferritin synthesis is 
increased to sequester excess iron and TfR is downregulated in order to stop iron uptake 
(Cairo & Pietrangelo, 2000). 

 
Fig. 1. Intestinal iron absorption. Iron absorption in the proximal small intestine mucosa of 
the gut requires transport across the apical and basolateral membranes of duodenal 
enterocytes. The dietary non-heme iron in the duodenal lumen is reduced by a ferric 
reductases and thus made available for divalent metal transporter 1 (DMT1), which 
transports ferrous iron across the apical brush border membrane and heme iron is 
transported by heme transporters. The amount of iron not retained by the cell inside the iron 
storage protein ferritin (Ft) is transferred to the bloodstream. The basolateral release of non-
heme iron (which is also derived from heme catabolized by heme oxygenase [HO]) is 
mediated by ferroportin (FPN) which transports the metal across the membrane and 
hephaestin (Hp), which re-oxidizes iron as a necessary step for binding to the plasma carrier 
protein transferrin (Tf). The hepcidin causes ferroportin internalization and degradation, 
decreasing the transfer of iron to the body. The main proteins involved in iron absorption 
are controlled by iron regulatory proteins (IRPs), whose activity is regulated by the levels of 
the metal in the labile iron pool.  
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1.4 Oxidative damage 

Oxidative stress describes the damage that occurs when oxidants overwhelm the 
antioxidants’ defences; this can cause oxidative damage in macromolecules like DNA and 
proteins. The progressive and irreversible accumulation of oxidative damage may 
contribute to impaired physiological function and increased incidence of disease. Oxidative 
damage to lipids, proteins and DNA occurs primarily via the action of ROS. ROS can be 
generated by several mechanisms, but the principal source in aerobic cells is mitochondria. 
In an electron transport chain, oxygen can be reduced in superoxide (O2•-). Superoxide itself 
does not appear to damage all macromolecules at physiologically relevant concentrations; 
redox reactions involving O2•- , however, generate other reactive species that damage 
nucleic acids, proteins and lipids. This process generates the reactive intermediates 
encompassing a wide spectrum of oxygen-, carbon- or sulfur-centred radicals, originated 
from oxygen, hydrogen peroxide and lipid peroxides. Such damage is detectable under 
normal physiological conditions even in young animals, suggesting that endogenous 
protective mechanisms cannot suppress all oxidative damage even during basal levels of 
ROS generation (Halliwell & Gutteridge, 2007).  

1.4.1 DNA damage 

Damage to various macromolecules may not accumulate and therefore may not be critical. 
DNA, on the other hand, is the prime information molecule of the cell and nuclear DNA, in 
particular, must last the lifetime of the cell, therefore, DNA damage represents a critical 
threat to cell function. If DNA damage is severe or its accumulation exceeds its elimination 
by DNA repair mechanisms, cellular senescence or apoptosis will occur. Oxidative damage 
to nuclear DNA causes strand breakage that may lead to cell death. Additionally, oxidative 
damage to DNA causes mutations that can impair protein synthesis and lead to cell 
dysfunction. The hydroxyl radical (OH•) reacts with DNA by addition to double bonds of 
DNA bases and by hydrogen atom from abstraction the methyl group of thymine and each 
of the C-H bonds of 2’-deoxyribose. One of the DNA base products of interaction with 
reactive oxygen and other free radical species is 8-oxo-7,8-dihydro-2’-deoxuguanosine (8-
OHdG). This is the oxidative lesion major and its level in DNA has, therefore, been 
consistently used as a measure of oxidative damage to DNA (Cooke et al., 2003). In addition, 
with OH•, it is important to note that hydrogen peroxide (H2O2) can cause massive acute 
DNA double-strand breaks and is involved in signalling cell stress (Chen et al., 2007). 

1.4.2 Protein damage 

Damage to proteins can occur by direct attack of reactive species or by secondary damage 
involving attack by end-products, like lipid peroxidation (Halliwell & Gutteridge, 2007). The 
importance of protein oxidation towards cellular homeostasis derives from the fact that 
proteins serve vital roles in regulating cell structure, cell signalling and the various 
enzymatic processes of the cell. Therefore, protein oxidation can rapidly contribute to 
oxidative stress by directly affecting cellular functions. Oxidation of proteins can lead to the 
formation of oxidized amino acids, such as dityrosine, 3-nitrotyrosine, 3-chlorotyrosine, 
oxohistidine and altered amino acid side-chains containing reactive carbonyls, and result in 
the loss of catalytic function, increased sensitivity to denaturation and increased 
susceptibility to proteolysis. One major pathway believed to generate protein carbonyls in 

 
Coronary Artery Disease and Oxidative Stress 

 

11 

vivo is the metal-catalyzed protein oxidation pathway. In addition, there are others modes of 
inducing protein oxidation, among them are oxidation induced cleavage, amino acid 
oxidation and the conjugation of lipid peroxidation products. It is important to know that 
the accumulation of oxidized proteins is often measured by the content of reactive 
carbonyls. Some protein damage is reversible, such as methionine sulphoxide formation and 
destruction of Fe-S clusters by O2•-. Other damage, for example of side-chains to carbonyl 
residues, appears irreversible and the protein is destroyed and replaced. Several 
mechanisms are activated when a protein undergoes damage by reactive species. This is 
necessary because accumulation of proteins with incorrect conformation can lead to cell 
death. When oxidized proteins resist proteolytic attack, they form aggregates which 
decrease their toxicity by sequestering them in insoluble clumps (Halliwell & Gutteridge, 
2007). 

1.4.3 Lipid peroxidation 

Lipid peroxidation is involved in various and numerous pathological states including 
inflammation, atherosclerosis, neurodegenerative diseases and cancer. It has been know that 
lipid peroxidation induces disturbance of fine structures, alteration of integrity, fluidity and 
permeability, causes functional loss of biomembranes, modifies low density lipoprotein 
(LDL) to proatherogenic and proinflammatory forms and generates potentially toxic 
products. However, recently products of lipid peroxidation have been shown to exert 
various biological functions in vivo, such as regulators of gene expression, signalling 
messengers, activators of receptors and nuclear transcription factors, and inducers of 
adaptive responses, as well as ROS and RNS. Initiation of lipid peroxidation can be caused 
by addition of reactive species or, more usually, by hydrogen atom abstraction from a 
methylene group by reactive species (Halliwell & Gutteridge, 2007). The process of lipid 
peroxidation occurs by three distinct mechanisms, that is, (1) free radical-mediated 
oxidation, (2) free radical-independent, non-enzymatic oxidation, and (3) enzymatic 
oxidation. There are specific antioxidants to inhibit each type of lipid peroxide formed by 
mechanisms. For example, in the first situation O2•- and NO• do not activate per se lipid 
peroxidation directly, but they react quite rapidly at the diffusion-controlled rate to give 
peroxynitrite (ONOO-), which may initiate lipid peroxidation chain reactions. Both 
molecules are important to control muscular contraction in endothelium. A non-enzymatic 
oxidation example is the lipid oxidation by singlet oxygen, which can cause deleterious 
damage, such as a disease porphyria on the skin for oxidizing unsaturated lipids mainly. 
The thirst mechanism is another important type. It has been shown that lipoxygenase and 
ciclooxigenase oxidize arachidonic acid to prostaglandins, prostacyclin, thromboxane and 
leukotrienes, moreover, lipoxygenase directly oxidizes phospholipids and cholesteryl esters 
in LDL particles. It is important to cite that cholesterol is oxidized by three mechanisms 
noted above (Niki, 2009). Various molecular weight aldehydes, such as acrolein, 
malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE) are formed during lipid 
peroxidation as secondary or decomposition products, and they are highly reactive and 
readily react with proteins, DNA and phospholipids to cause deleterious effects. MDA and 
HNE are considered good biomarkers of lipid peroxidation in vivo. Lipid peroxide alters 
chemical characteristics and the physical organization of cellular membranes to induce 
functional loss and modifies lipoproteins to proatherogenic and proinflammatory forms. It 
is assumed to be pathogenic and contribute to the etiology of various diseases (Niki, 2009). 
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Carbon radicals often stabilize by molecular rearrangement to form conjugated dienes, but if 
two radicals collide within a membrane they cross-link the fatty acid side-chain. When the 
formation of peroxy radical (by O2 action) occurs, this can abstract a hydrogen atom from an 
adjacent fatty-acid side-chain. Thus happen the propagation stage of lipid peroxidation, 
mainly in membranes. 

2. Atherosclerosis 
Cardiovascular diseases are the leading cause of death and disability in the Western world. 
The majority of cardiovascular diseases result from complications of atherosclerosis. 
Atherosclerosis is a progressive disease that is generally characterized by the accumulation 
of lipids, fibrous elements and inflammatory cells and molecules within the arterial wall. 
The lesions of atherosclerosis occur principally in large and medium-sized elastic and 
muscular arteries and can lead to ischemia of heart, brain or extremities, resulting in 
infarction.  

2.1 Formation and progression 

The initiation of atherosclerosis begins with endothelial injury or dysfunction that is 
characterized by enhanced endothelial permeability and LDL deposition in the intima. LDL 
is accumulated in the preferred sites for lesion formation and undergoes oxidative 
modification as a result of its interaction with ROS. The endothelial injury likely is caused by 
ox-LDL itself, as well as physical or chemical forces and infection. This lesion induces the 
expression of a number of proinflammatory molecules, like adhesion molecules such as P-
selectin, chemotactic and growth factors. These lead to the tethering, activation and 
attachment of monocytes and T lymphocytes to the endothelial cells. Monocytes ingest 
lipoproteins and morph into macrophages; macrophages generate ROS, which convert ox-
LDL into highly oxidized LDL, which is, in turn, taken up by macrophages to form foam 
cells. Foam cells combine with leukocytes to become the fatty streak and as the process 
continues foam cells secrete growth factors that induce smooth muscle cells’ migration into 
the intima. Endothelial cells, macrophages and smooth muscle cells highly oxidize LDL by 
the action of ROS produced. The foam cells secrete more growth factors that induce smooth 
muscle cells’ migration into the intima and proliferation forming the fibrous plaques. Later, 
calcification can occur and cause plaque stabilization. In plaques that are not calcified the 
fibrous plaques may rupture and form thrombi that may ultimately occlude vessels, for 
example in the case of acute coronary syndromes that lead to myocardial infarction. Possible 
causes of endothelial dysfunction leading to atherosclerosis include elevated and modified 
LDL; free radicals caused by cigarette smoking, hypertension and diabetes mellitus; genetic 
alterations; elevated plasma homocysteine concentrations (toxic to endothelium and 
prothrombotic); infections microorganisms; and combinations of these or other factors. The 
process of atherosclerosis occurs primarily in certain arteries, such as coronary and carotid 
arteries (Ross, 1999). 

2.2 Oxidative stress and inflammation 

Oxidative stress plays an important role in the formation of atherosclerosis plaque. The 
oxidation hypothesis suggests multiple mechanism(s) by which oxidation of LDL might 
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promote atherosclerosis. LDL retained within the artery can be oxidized by a number of cell 
types present within arteries, including endothelial cells, smooth muscle cells, monocytes 
and macrophages, and lymphocytes. HDL can also be oxidized by endothelial cells and by 
chemical means. Oxidation of these lipoproteins can be blocked by antioxidants. Ox-LDL 
also has potentially atherogenic affects, inhibits the mobility of tissue macrophages, 
enhances production of chemotatic factors and adhesion molecules, induces smooth muscle 
cells’ migration and both proliferation and apoptosis in endothelial cells, smooth muscle 
cells and macrophages (Schwenke, 1998). In the vasculature, production of reactive species 
occurs that are used to control physiological functions. Oxygen undergoes reduction to O2•- 
by means of enzymes, such as the nicotinamine adenine dinucleotide (phosphate) 
(NADH/NAD(P)H) oxidases and xantine oxidases (XO). The O2•- is used to promote 
vasoconstriction and can form H2O2 that can react with other radicals, such as transition 
metal Fe2+ to produce OH• (Fenton reaction). Myeloperoxidase, a heme protein secreted by 
phagocytes, can amplify the oxidative potential of H2O2 by production of hypoclorous acid 
(HOCl) that can react with O2•- to produce OH•. Other sources of ROS in the vessel wall 
include mitochondria, ciclooxygenase (COX), lipoxygenase and uncoupled endothelial nitric 
oxide synthase (eNOS). This last, in normal conditions, generates nitric oxide (NO•), but if 
there is availability of precursors, eNOS become uncoupled generating O2•-. Although NO• 

is a reactive species, it is thought be antiatherosclerotic because it is a vasodilator potent and 
inhibits LDL peroxidation by scavenging peroxil radicals. These reactive species (O2•- , H2O2 
and NO•) cannot oxidize LDL, but form other reactive species that can do this, like OH• and 
ONOO- (described above) (Madamanchi et al., 2005, Halliwell & Gutteridge, 2007). But how 
can free ferrous iron in the body be a catalyst for the formation of OH•, powerful pro-
oxidants and promote lipid oxidation (increased formation of ox-LDL)? In 1981 Sullivan 
created The Iron Heart Hypothesis suggesting that increased body iron stores are a risk 
factor for coronary heart disease and thus that iron depletion though phlebotomy or other 
means can reduce risk (Sullivan, 1981). In addition to enhancing oxidative stress, increased 
iron stores are believed to adversely affect cardiovascular disease through other 
mechanisms, including alteration of endothelial function, decreased vascular reactivity and 
reperfusion injury by iron-induced free radicals (Hu, 2007). Furthermore, iron can contribute 
to the signalling in inflammatory pathways and hypoxia response. Atherosclerosis is an 
inflammatory disease and inflammatory mechanisms have emerged as playing a pivotal 
role in all stages of atherosclerotic plaque formation. Systemic inflammation occurs in the 
vasculature as a response to injury, lipid peroxidation and perhaps infection. A number of 
inflammatory mediators are released by cells involved in the lesion, including tumour 
necrosis factor α (TNFα) or interleukin 1 (IL-1), chemokines, such as IL-8 or monocyte 
chemoattractant protein-1 and adhesion molecules, such as intercellular adhesion molecule 
1 (ICAM-1) or selectins. In particular, smooth muscle cells also release IL-6 which is the 
main hepatic stimulus for the acute phase reactant, C-reactive protein (CRP), which causes 
expression of adhesion molecules and also stimulates hepcidin. The ferritin also has 
synthesis regulated by cytokines, such as TNFα and IL-1, at various levels (transcriptional, 
posttranscriptional and translational) (You & Wang, 2005).  

Abnormal ferritin levels or iron homeostasis have been linked to atherosclerosis. To prove 
the iron hypothesis, many epidemiological studies have been performed. Most studies 
testing the hypothesis of iron measured levels of ferritin. The ferritin level rises with iron 
loading and declines with depletion of tissue iron stores. Salonen et al. first reported a 
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loading and declines with depletion of tissue iron stores. Salonen et al. first reported a 
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significant association between the serum ferritin levels and the risk of myocardial infarction 
of 1,931 middle-aged men during an average follow-up of three years (2.2 higher risk of 
myocardial infarction in men with higher serum ferritin levels) (Salonen et al., 1992). A 
study from our laboratory compared patients with coronary heart disease and sleep apnea 
(also inflammation disease) showing that serum ferritin levels increased in coronary heart 
disease patients and positively correlated with sleep apnea. These studies are supported by 
the evidences that show iron deposition in human atherosclerotic lesions, suggesting that 
iron may play a role in the development of atherosclerosis (Hower et al., 2009). 

With regard to sleep apnea, studies have demonstrated sleep disordered breathing to be 
associated with cardiovascular disease, include coronary artery disease, heart failure, 
hypertension, cardiac arrhythmias and stroke, which further increase morbidity and 
mortality in the sleep disordered breathing population (Flemons et al., 1999). Hypoxia 
events, endothelial dysfunction, coagulopathy, impaired sympathetic drive, oxidative and 
inammatory stress are the pathophysiological pathways suggested for the development of 
cardiovascular disease in sleep disordered breathing (Butt et al., 2010). Increase in ROS in 
endothelial cells exposed to hypoxia has been evidenced. Among the possible sources of 
ROS by hypoxia are the mitochondria, leukocytes (NADPH oxidase pathway) and epithelial 
tissue enzymes, such as xanthine oxidase, cyclooxygenase, lipooxygenase, NO-synthase and 
hemeoxygenases (Lavie, 2003). As discussed above, hepcidin is a peptide also involved in 
iron homeostasis and has impact in inflammatory hypoferrimia because inflammation is 
mediated by citokine-driven increase in hepcidin production, causing release and recycled 
iron from macrophages and and blocking the passage of iron from enterocytes to plasma. 
Hepcidin production is controlled by inflammatory citokines like ferritin. The main 
citokines are IL-6 and TNFα. In addition to cytokines, hepcidin is downregulated under 
hypoxia conditions and little is known of the involvement of ROS in this mechanism. A 
study suggested that ROS (produced by hypoxia) repress the hepcidin gene (Choi et al., 
2007).  

The same recent study in our lab that verified the serum ferritin levels in coronary heart 
disease (CHD) and sleep apnea patients also verified the serum prohepcidin levels (the 
precursor of hepcidin). The study was performed in 56 patients with stable coronary heart 
disease referred for angiography (male gender 54%). Exclusion criteria, to avoid potent 
oxidative stress factors, were: smoking, age older than 65 years, morbid obesity, diabetes. 
Patients underwent a portable polysomnography to verify the apnea-hypopnea index (AHI) 
and determination of hemoglobin, hematocrit, ferritin, prohepcidin and high-sensitivity C-
reactive protein (hs-CRP) levels. Patients were divided into controls and cases at the median 
AHI, 28 controls with an AHI low and 28 cases with moderate to severe AHI. The mean 
ferritin levels are significantly higher in cases than the control and this is the first report of 
such findings in sleep apnea (170±140.1 vs. 285±194.5; p < 0.05). There were a significantly 
greater percentage of subjects with CHD in the group with moderate to severe sleep apnea 
(72%; p 0.001). The Pearson’s correlation coefficients showed positive significance between 
ferritin and AHI (r = 0.398, P = 0.002), prohepcidin and ferritin (r = 0.432, P = 0.001) and iron 
and ferritin (r = 0.346; P = 0.009); between AHI and prohepicidin was r= -0.15 (P = 0.3) 
(figure 2). How hypoxia could be affecting the ferritin and hepcidin levels is not known. In a 
multivariate regression, however, controlling for age, sex, body mass index and coronary 
heart disease, the AHI and ferritin explain 30.4% of the variance of prohepcidin. Thus, it is 
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suggested that hypoxia-reoxygenation in obstructive sleep apnea may influence prohepcidin 
in human and, consequently, iron homeostasis, aggravating oxidative stress and 
contributing to the emergence of coronary heart disease (increased ferritin levels).  

 
Fig. 2. Scheme of regressions and correlations found among studied parameters. The sleep 
apnea through intermittent hypoxia (IH) events activates some unknown route (?) 
generating decreased prohepcidin levels and increased ferritin levels. The hypoxia interferes 
positively in the ferritin levels and negatively in prohepcidin levels. Prohepcidin already 
induces the ferritin synthesis. It is suggested that the hypoxia induction by ferritin levels 
overlaps the prohepcidin inhibition by hypoxia, because there was increased ferritin levels, 
as well as increased AHI. A relationship was found between OSAS and CHD, as well as 
ferritin and CHD corroborating with literature data. 

2.3 Oxidative stress biomarkers 

Many experimental and observational studies showed the relationship between oxidative 
stress biomarkers and cardiovascular disease. Among the most used are ox-LDL, 
myeloperoxidase, lipid peroxidation products and protein oxidation. The ability of oxidative 
stress biomarkers to predict cardiovascular disease has yet to be established. Some of them 
have already been examined, now we will look in more detail at these and comment about 
new markers. As described above, ox-LDL is believed to play an intrinsic role within 
atherosclerosis plaque formation and progression of atherosclerosis. In the same study that 
showed a relationship between ferritin and hepcidin with coronary heart disease, the levels 
of ox-LDL and paraoxanase-1 (enzyme present in HDL that reduces ox-LDL accumulation) 
were also analyzed, indicating that they are important predictors of coronary heart disease 
(intern communication). Paraoxanase-1 possess antioxidant and anti-inflammatory 
properties and protect against atherogenesis, and for this, can be associated with the  
action of HDL (Jayakumari & Thejaseebai, 2009). The measurement of F2-isoprostanes (a 
prostaglandin-like compound formed from radical catalyzed peroxidation of fatty acids, like 
arachidonic acid, without the direct action of enzymes) has emerged as one of most sensitive 
and reliable biomarkers of lipid peroxidation in vivo (Davies & Roberts, 2011). As previously 
indicated, damage to proteins by ROS produces carbonyls and other amino acid 
modifications. Some studies used protein oxidation as a predictor of cardiovascular disease 
endpoints (Strobel et al., 2011). For example, the study that analyzed the cardiovascular 
disease linked to sleep apnea verify that the carbonylation of erythrocytic proteins 
associated with sleep apnea is a predictor of cardiovascular disease (Klein et al., 2010). 
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(72%; p 0.001). The Pearson’s correlation coefficients showed positive significance between 
ferritin and AHI (r = 0.398, P = 0.002), prohepcidin and ferritin (r = 0.432, P = 0.001) and iron 
and ferritin (r = 0.346; P = 0.009); between AHI and prohepicidin was r= -0.15 (P = 0.3) 
(figure 2). How hypoxia could be affecting the ferritin and hepcidin levels is not known. In a 
multivariate regression, however, controlling for age, sex, body mass index and coronary 
heart disease, the AHI and ferritin explain 30.4% of the variance of prohepcidin. Thus, it is 

 
Coronary Artery Disease and Oxidative Stress 

 

15 

suggested that hypoxia-reoxygenation in obstructive sleep apnea may influence prohepcidin 
in human and, consequently, iron homeostasis, aggravating oxidative stress and 
contributing to the emergence of coronary heart disease (increased ferritin levels).  

 
Fig. 2. Scheme of regressions and correlations found among studied parameters. The sleep 
apnea through intermittent hypoxia (IH) events activates some unknown route (?) 
generating decreased prohepcidin levels and increased ferritin levels. The hypoxia interferes 
positively in the ferritin levels and negatively in prohepcidin levels. Prohepcidin already 
induces the ferritin synthesis. It is suggested that the hypoxia induction by ferritin levels 
overlaps the prohepcidin inhibition by hypoxia, because there was increased ferritin levels, 
as well as increased AHI. A relationship was found between OSAS and CHD, as well as 
ferritin and CHD corroborating with literature data. 

2.3 Oxidative stress biomarkers 

Many experimental and observational studies showed the relationship between oxidative 
stress biomarkers and cardiovascular disease. Among the most used are ox-LDL, 
myeloperoxidase, lipid peroxidation products and protein oxidation. The ability of oxidative 
stress biomarkers to predict cardiovascular disease has yet to be established. Some of them 
have already been examined, now we will look in more detail at these and comment about 
new markers. As described above, ox-LDL is believed to play an intrinsic role within 
atherosclerosis plaque formation and progression of atherosclerosis. In the same study that 
showed a relationship between ferritin and hepcidin with coronary heart disease, the levels 
of ox-LDL and paraoxanase-1 (enzyme present in HDL that reduces ox-LDL accumulation) 
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(intern communication). Paraoxanase-1 possess antioxidant and anti-inflammatory 
properties and protect against atherogenesis, and for this, can be associated with the  
action of HDL (Jayakumari & Thejaseebai, 2009). The measurement of F2-isoprostanes (a 
prostaglandin-like compound formed from radical catalyzed peroxidation of fatty acids, like 
arachidonic acid, without the direct action of enzymes) has emerged as one of most sensitive 
and reliable biomarkers of lipid peroxidation in vivo (Davies & Roberts, 2011). As previously 
indicated, damage to proteins by ROS produces carbonyls and other amino acid 
modifications. Some studies used protein oxidation as a predictor of cardiovascular disease 
endpoints (Strobel et al., 2011). For example, the study that analyzed the cardiovascular 
disease linked to sleep apnea verify that the carbonylation of erythrocytic proteins 
associated with sleep apnea is a predictor of cardiovascular disease (Klein et al., 2010). 
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The 8-OHdG is typical biomarker of oxidative stress. Increased 8-OHdG levels are 
frequently related to cardiovascular disease. The level of 8-OHdG has been demonstrated to 
be very high in aorta fragments taken at surgery from patients suffering from severe 
atherosclerosis lesion. An increase 8-OHdG levels in DNA isolated from lymphocytes are 
related to cardiovascular disease (Gackowski et al., 2001). 

3. Hypercholesterolemia 
Cardiovascular disease is a complex and multifactorial disease; there can be no doubt now 
that elevated plasma cholesterol levels play a dominant role. Hypercholesterolemia is 
associated with an increased risk of atherosclerosis. Fatty streaks can even be found in the 
foetus, to an extent increasing with maternal plasma cholesterol levels. There are genetic 
disorders that may have a relationship with hypercholesterolemia, such as a disease familial 
hypercholesterolemia, in which the LDL receptors are defective or absent, so that blood LDL 
(and hence cholesterol) levels become very high and these people have high atherosclerosis 
incidence (Halliwell & Gutteridge, 2007). 

3.1 Hypercholesterolemia and oxidative stress 

There are many possible factors involved in the atherosclerosis process; the oxidation 
hypothesis has been the central focus on the pathogenesis of atherosclerosis for almost 30 
years. This hypothesis states that the oxidative modification of LDL, or other lipoproteins 
and polyunsaturated fatty acids, is central, if not obligatory to the atherogenic process. The 
important issue is that inhibition of such oxidation should reduce the progression of 
atherosclerosis, independent of reduction of other risk factors, such as elevated LDL levels. 
The interest in ox-LDL is based on the fact that ox-LDL is cytotoxic to endothelial and other 
cells, and thus, could directly cause damage to arterials cells and, in addition it can activate 
an immune and proinflammatory response. There are many potential mechanisms by which 
oxidized forms of LDL may influence atherogenesis, these include uptake of ox-LDL by 
macrophages leading to foam cell formation; ox-LDL products are chemotactic for 
monocytes and T-cells, they can inhibit the motility of tissue macrophages and induce 
apoptosis; ox-LDL or its products are mitogenic for smooth muscle cells and macrophages, 
for example, they can induce proinflammatory genes and macrophage scavenger receptors, 
thereby enhancing its own uptake; ox-LDL is immunogenic and elicits autoantibody 
formation and activated T-cells; ox-LDL may enhance procoagulant pathways (induction of 
tissue factor and platelet aggregation, and can adversely impact arterial vasomotor 
properties (Witztum & Steinberg, 2001). We already know that ox-LDL is proatherogenic, 
but how is it generated in vivo? There are lingering uncertainties about the mechanism of 
LDL oxidation in vivo. The LDL is not necessarily oxidized within the plasma compartment, 
the LDL could undergo oxidative modification on the artery wall or in fact in any 
extravascular, extracellular site and then return to the plasma compartment (Chisolm & 
Steinberg, 2000). Oxidation of LDL results in the generation of a variety of modifications to 
the lipid and protein moieties, including the covalent modification of apolipoprotein B 
(ApoB) with reactive products of the decomposition of oxidized lipids, yielding MDA and 
HNE. Remembering that core lipid particles are composed of cholesterol ester and 
triglyceride, an outer monolayer is composed of free cholesterol and phospholipid including 
phosphatidilcholine, and on molecule of ApoB surrounds LDL particles (Yoshida & Kisugi, 
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2010). In addition, the residual oxidized phospholipid containing aldehyde terminate fatty 
acids. These, and presumably many other changes, generate immunogenic neo-epitopes on 
the modified LDL and are important to the atherosclerotic process. A variety of oxidized 
lipids’ products, with similar characteristics of ox-LDL, are found in human plasma, 
atherosclerotic tissue and urine. Although some of these may indeed arise from oxidation of 
LDL, they could equally derive from oxidation of lipids at other sites and that oxidation 
may or may not parallel the rate at which LDL itself is undergoing oxidative modification 
(Witztum & Steinberg, 2001). Some of these proatherogenic effects of ox-LDL could also be 
induced by organic phase extracts of ox-LDL, suggesting that oxidized lipids themselves 
were proatherogenics, in addition to oxidatively modified ApoB (Davies & Roberts, 2011).  

Still addressing LDL, it can be oxidized non-enzymatically by transition metal ions, heme 
and other catalysis. On the other hand, there are many postulated mechanisms by which 
LDL could become oxidized via several enzymes within the artery wall. Transitions metals 
are important to lipid oxidation. Most cells present in the arterial intima can promote LDL 
oxidation by its enzymes that mediated LDL oxidation, but it arguably requires the presence 
of transitions metals, iron or copper microconcentration. Elevated levels of metal ions are 
present in the advanced atherosclerotic lesions. Tissue homogenates prepared from 
atherosclerotic lesions contain catalytically active metal ions, indicating that these metals 
may stimulate LDL oxidation in the artery wall. One mechanism that has now gained strong 
support is the enzimatic. Lypoxygenase is one intracellular enzyme that directly oxygenates 
polyunsaturated fatty acids. The enzyme initiates the seeding of LDL with hydroperoxides, 
leading to the subsequent initiation of lipid peroxidation. These lipid peroxides could be 
released from cells and might translocate to LDL. Leucocytes-released myeloperoxidase 
catalyzes the formation of reactive substance species (HOCl) and generates a series of 
secondary radical or non-radical oxidants that may provide lipid peroxidation, oxidized 
LDL, advanced glycation end products and nitrating species. Among the mechanisms 
protein glycation is included. The last mechanism cited refers to NO• (which has already 
been mentioned here). Although NO• is a stable radical that fails to oxidized LDL at 
physiological pH, it is rapidly inactivated by O2•- to form peroxynitrite, a potent oxidant, 
implicating in LDL oxidation. This mechanism should be important in vivo since endothelial 
cells, smooth muscle cells and macrophages generate O2•- (Yoshida & Kisugi, 2010). There 
are lipid peroxidation products in the vasculature that do not arise directly from LDL and 
could contribute to atherogenesis. These oxidation products create proinflammatory 
mediators that drive a chronic inflammatory state, such as isoprostanes. It is important to 
know that well-established risk factors as causes of cardiovascular disease may have lipid 
peroxidation as part of its mechanism, such as smoking and diabetes (Davies and Roberts, 
2011). Therefore, the evidence shows us clearly that hypercholesterolemia plus other risk 
factors increase the disease process and progression. 

The oxidant hypothesis makes us question whether or not administration of antioxidants 
significantly slows the formation of atherosclerotic lesion. In a large number of 
epidemiologic studies, the dietary intake or plasma levels of antioxidant nutrients correlates 
negatively with risk of clinical cardiovascular disease. The user in clinical trials is 
tocopherols and beta-carotene because they are naturally occurring nutrients which would 
pose no toxicological problems. The relevance of vitamin C is as a potent trap for singlet 
oxygen, but much less effective in terminating free radical chain reactions and the vitamin E 
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is an excellent terminating free radical chain reaction. The protect effect against LDL 
oxidation is more effective with use of vitamin E than C. This difference may be because 
vitamin C is distributed exclusively in the aqueous phase, whereas vitamin E takes up 
residence predominantly in lipoprotein (Witztum and Steinberg, 2001).   

HDL normally plays an anti-atherogenic role, unlike LDL. The protective capacity of HDL 
has been ascribed primarily to its ability to remove excess cholesterol from peripheral 
tissues in the reverse cholesterol transport pathway. However, recent studies have 
suggested more mechanisms. For example, HDL can inhibit LDL oxidation and this may 
contribute to inverse association between plasma HDL levels and risk of developing 
atherosclerosis. These protective effects of HDL have been attributed to the various proteins 
associated with HDL. Paraoxonase-1 is an enzyme associated with HDL in blood and has 
been reported to posse antioxidant and anti-inflammatory properties. This enzyme is able to 
hydrolyze oxidized phospholipids and to destroy the biologically active lipids in ox-LDL. 
There is growing evidence that reduced activity of HDL-associated paraoxonase-1 is 
predictive of vascular disease (Jayakumari & Thejaseebai, 2009). 

4. Hypertension 
Previous studies have indicated that hypertension and hypercholesterolemia frequently co-
exist, causing what is known as “dyslipidemic hypertension”. The combination of these 
factors more than additively increases the risk of cardiovascular disease events compared 
with the occurrence of one alone (Wong et al., 2006). The resultant oxidative stress is 
considered a unifying mechanism for hypertension and atherosclerosis.  

Hypertension development is intrinsically linked with vascular function and structural 
changes, including endothelial dysfunction, altered contractility and vascular remodelling. 
One of the key characteristics of hypertension is increased peripheral resistance, due largely 
to a reduced lumen diameter of the resistance vessel, and a small change in diameter can 
significantly impact on vascular resistance. The small arteries and arterioles that determine 
peripheral resistance undergo both structural and functional changes in hypertension. 
Examples of these changes include endothelial function, vascular smooth muscle growth, 
extracellular matrix deposition and vascular inflammation, altering contractility and 
vascular remodelling (Paravicini & Touyz, 2006). 

4.1 Hypertension and oxidative stress 

Within the cardiovascular system the ROS have a key role including regulation of cell 
growth and differentiation, modulation of extracellular matrix production and breakdown, 
NO• inactivation and stimulation of many kinases. Many of this effects are associated with 
pathological changes observed in hypertension (Madamanchi et al., 2005). 

Patients with hypertension demonstrate increased levels of oxidative stress by-products 
together with decreased activity of endogenous antioxidants enzymes, oxidative DNA 
damage and higher levels of O2•- production. ROS are produced by all vascular types of 
cells and can be formed by numerous enzymes, such as xanthine oxidase, uncoupled 
endothelial NO synthase and NAD(P)H oxidase, that are the most relevant in vascular 
disease and hypertension. It is worth keeping in mind the function of this enzymes, the 
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xanthine oxidase catalyses the oxidation of hypoxanthine and xanthine to form O2•-, and is 
known to be present in vascular endothelium. Although xanthine oxidase-derived O2•- has 
been primarily studied in the context of ischemia-reperfusion injury and heart failure, there 
is also some evidence to suggest involvement in the endothelial dysfunction seen in 
hypertension. Nitric oxide synthase (NOS) can also contribute to ROS production, as all 
three NOS isoforms have been shown to be susceptible to the uncoupling that leads to the 
formation of O2•- (rather than NO•) under certain conditions. Many studies have shown that 
the major source of ROS in the vascular wall is nonphagocytic NAD(P)H oxidase, which 
utilizes NADH/NADPH as the electron donor to reduce molecular oxygen and produce 
O2•-. Activation of this enzyme is regulated by many vasoactive hormones, growth factors 
and mechanical stimuli (shear stress and stretch) (Higashi et al., 2009). 

The biomechanical forces influence the redox signalling. Two main forces acting on the 
blood vessel wall are shear stress (movement of blood) and stretch (luminal pressure). Shear 
stress and cyclic mechanical stretch influence vascular function and structure, in part, by 
stimulating production of NO• and ROS. Summarizing, the biomechanical forces increase 
activation and expression of endothelial NOS and stimulate production of O2•- and H2O2 
(Paravicini & Touyz, 2006). Again, remembering that O2•- and NO• can form ONOO-; 
increased vascular pressure in hypertension is associated with stretch of endothelial and 
vascular smooth muscle cells, which can directly activate NAD(P)H oxidase to generate 
ROS. This effect may be amplified by activation of the rennin-angiotensin system. Increased 
oxidative stress in response to stretch contributes to activation of pro-inflammatory 
transcription factors, activation of growth-promoting MAP kinases, upregulation of 
profibrogenic mediators and altered vascular tone, important processes contributing to the 
vascular phenotype associated with hypertension (Paravicini & Touyz, 2006).  

As discussed before, the excessive ROS have a central common pathway by which disparate 
influences may induce and exacerbate hypertension. Furthermore, a significant number of 
epidemiological and clinical trial data suggest that diets known to contain significant 
concentrations of naturally occurring antioxidants appear to reduce blood pressure and may 
reduce cardiovascular risk. Because of this, there is much interest in identifying key, 
naturally occurring antioxidants to both prevent and treat hypertension (Madamanchi et al., 
2005). As in hypercholesterolemia, the focus is on vitamins E and C, and also vitamin A. The 
interest in vitamin A derivates has turned to lycopene, a potent antioxidant found in 
tomatoes. One small study has shown a reduction in blood pressure with tomato extract-
based intervention. Vitamin C antihypertensive efficacy has been evaluated in small studies, 
showing modest reductions in blood pressure in both normotensive and hypertensive 
populations. With regard to vitamin E, small studies show either no effect or a pressor effect 
from supplementation. It is important to take care with the use of higher doses of 
supplements, since there is the risk of an antioxidant becoming pro-oxidant when used at 
high doses, for example, the ascorbate increase the risk of forming oxalate renal calculi 
(Kizhakekuttu & Widlansky, 2010). The addition of vitamins, the L-arginine, flavonoids and 
mitochondria-targeted agents are part of a target group of studies. L-arginine is an amino 
acid and the main substrate for the production of NO• from NOS, and reduced levels lead to 
uncoupling of NOS resulting in the generation O2•- (low levels could contribute to 
hypertension). L-arginine supplementation could reduce blood pressure allowing for a 
restoration of normal NO• bioavailability. There are studies demonstrating that flavonoids 
can inhibit NADPH oxidase and increase NOS-specific NO• production, but investigation 
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supplements, since there is the risk of an antioxidant becoming pro-oxidant when used at 
high doses, for example, the ascorbate increase the risk of forming oxalate renal calculi 
(Kizhakekuttu & Widlansky, 2010). The addition of vitamins, the L-arginine, flavonoids and 
mitochondria-targeted agents are part of a target group of studies. L-arginine is an amino 
acid and the main substrate for the production of NO• from NOS, and reduced levels lead to 
uncoupling of NOS resulting in the generation O2•- (low levels could contribute to 
hypertension). L-arginine supplementation could reduce blood pressure allowing for a 
restoration of normal NO• bioavailability. There are studies demonstrating that flavonoids 
can inhibit NADPH oxidase and increase NOS-specific NO• production, but investigation 
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into the antihypertensive effects of flavonoids are inconclusive. The mitochondria-target 
agents include mainly coenzyme Q10 (CoQ) and lipoic acid. CoQ levels have been shown to 
be lower in hypertensive patients. CoQ may reduce mitochondrial O2•- production and 
reduce lipid peroxidation in plasma; CoQ supplementation was also demonstrated to 
reduce blood pressure. The potential beneficial effects of lipoic acid supplementation is 
given because it may improve coupling of NOS and has anti-inflammatory actions 
(Kizhakekuttu & Widlansky, 2010).   

5. Conclusion 
Throughout this chapter we have seen the numerous connections between heart disease, 
associated diseases and oxidative. Therefore, we cannot talk of homeostasis or change it 
without talking about redox balance. Any event that alters the delicate balance between 
defences and ROS moves the scales and triggers oxidative stress. Luckily our bodies are 
adapted to these constant changes, but only to a limited extent. Minor damage accumulates 
over the years. The fittest survive and we must be aware that not escaping natural selection, 
it continues to act upon us. 

An alert on the evaluation of data involving oxidative stress: strict criteria are needed. For 
example, studies of ascorbic acid supplementation in rats and mice should be evaluated 
very carefully since these species synthesize vitamin C, while humans do not. Extrapolation 
of this data type for the human species must be carefully evaluated if it is to have any value. 
In the case of human data it must not be forgotten that the effect of an antioxidant that 
shows promise for a patient group cannot be extrapolated to healthy humans for example. 
In addition, dietary supplements that may be beneficial for the chronically ill should not be 
recommended for healthy people. What may be an antioxidant to one group can be pro-
oxidant to another. A simple explanation of why: chemical reactions are reversible. The 
direction of the reaction in one group may be different from the direction of the reaction in 
the other group. The inclusion of a reactant or product may mean the reactions favouring or 
inhibiting the reactions that follow. 

As we have learned over the past years for various diseases that afflict humanity, coronary 
heart disease can be triggered by many environmental and genetic factors. The disease in 
itself can trigger numerous other changes altering the homeostasis of the organism. Where is 
oxidative stress involved? Is it a cause or consequence? These questions are difficult to 
answer as we cannot address this issue without being aware of the chemistry of reactive 
species; we only know them with a solid knowledge of basic chemistry, which leads us to 
basic biochemistry, a deep knowledge of cell biology, physiology and so on. Molecular 
biology and genetics will help us with information no less important. Therefore, we need 
many more research groups than in the past century and in the clinical area, 
multidisciplinary cooperation. Maybe this is the biggest challenge for the 21st century. 
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1. Introduction  
1.1 Coronary heart disease etiology 

Coronary heart disease (CHD) is the most common cause of death in the industrialized 
countries. Although the past two decades have brought considerable advances in its 
detection and treatment, it remains a leading cause of death and disability in Western 
countries (Mackay & Mensah, 2004). CHD is a complex disease, whose primary cause is 
atherosclerosis. It is a progressive chronic disease process with contributions from 
environment, lifestyle and genetic factors. This complex disease clusters in families, 
suggesting a substantial genetic predisposition (Marenberg et al., 1994) and we know that its 
susceptibility can be mediated by both genetic and environmental factors (Talmud, 2007). 

The influence of a family history of CHD, particularly of early onset, while universally 
recognized as important, has proved difficult to clarify fully. Habits and behaviors tend to 
persist in families, and familial aspects of the disease are partially explained by associations 
of behavioral risk factors and others in which behavior is important, including obesity, 
smoking, hypertension, dyslipidemia and diabetes. Having a parent with a history of 
myocardial infarction (MI) nearly doubles a person´s own risk of future MI, and the risk 
increases if both parents have a history risk of MI (Chow, 2011). 

Furthermore, family history is a significant risk factor for atherosclerosis, and the contribution 
of family history cannot be fully accounted for by known cardiac risk factors (Colditz et al., 
1986; Slack & Evans, 1966; Snowden et al., 1982). Genetic factors also contribute significantly to 
most of the major risk factors for CHD [diabetes, hypertension, elevated plasma levels of low-
density lipoprotein cholesterol (LDL-C) and low levels of plasma high-density lipoprotein 
cholesterol (HDL)], and yet the contribution of family history is not fully explained by known 
cardiac risk factors, suggesting that other yet-to-be-determined genetic factors also contribute 
to cardiovascular risk (Cohen, 2006; Slack et al.,1966). 

However no common major genetic alterations have been found that can explain CHD, and 
the scientific evidence accumulated over recent years on the pathophisiology and genetics of 
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this complex disease indicates that there is unlikely to be a single gene that is responsible for 
its genetic component. Genetic predisposition for cardiovascular disease appears to be the 
result of the cumulative effects of various genetic polymorphisms and allele combinations, 
which in isolation would only confer moderately elevated risk, but the risk can be increased by 
various gene-gene and gene-environment interactions. (Lanktree & Hegele, 2009). Despite 
extensive exploration of many genes, strong evidence of a molecular genetics association with 
coronary artery disease or myocardial infarction remains to be obtained. The existence of these 
multiple predisposing genes with modest individual effect, gene–gene and gene–environment 
interactions, and interpopulation heterogeneity of both genetic and environmental disease 
have made its molecular detection and replication very difficult (Hunter, 2005).  

Interactions between genes belonging to different physiological and enzyme systems have 
been investigated in recent years, involving adipocyte differentiation, lipid metabolism and 
glucose homeostasis, all of which affect the development of atherosclerosis and CHD. One 
of these studies (Peng et al., 2004) suggests that the association of the ε4 allele of the 
apolipoprotein E (apo E) gene and the 151C/T variant of the peroxisome proliferator-
activated receptor gamma (PPARγ) gene reduces CHD risk. The ε4 carrier’s had significant 
higher LDL-C levels than other apo E carriers and this tendency could be modified by PPAR 
gamma C/T genotype. In the Peng study, the ε 4 allele was an independent risk factor for 
CHD (OR=4.29, 95%CI: 1.6-11.48, P=0.004). A significant interaction between ε 4 allele and 
PPAR gamma C/T variant, was detected on CHD risk (P=0.045), and the interaction effect of 
the two genes on serum cholesterol level, attenuated de risk of CHD. 

The concept of gene-gene interaction can thus be extended to the existence of protective 
and/or suppressive genetic variants, which when identified could make an important 
contribution to preventing further development of CHD or improving its clinical course. 

Gene-environment interaction implies that, in combination, the effect of the genotype and 
the environmental factor is greater than the additive effect of each. At the molecular level 
the environment modifies the molecular function of the gene product, because in the 
population there is a range of genetic risk profiles under the influence of the environmental 
spectrum of risk and lifestyle choices they made (e.g. smoking). Smoking alone is known to 
approximately double the life time risk of CHD (1.94; 1.25-3.01), but the male smoker´s with 
the ε4 genotype had a hazard ratio of 3.17; 1.82-5.50, even after adjusting for the traditional 
risk factors (including plasma lipids) the risk remained high at 2.79 (1.59-4.91) ( Humphries 
& Donati, 2002; Humphries et al., 2007).  

Diseases such as CHD may be thought of as resulting from failure of adequate homeostasis 
within a physiological system. This may occur as a result of failure at the genetic level (gene 
transcription), due to an environmental exposure (smoking, alcohol, diet, etc.) or due to an 
imbalance between the two [Stephans & Humphries, 2003]. 

Therefore, CHD is the terminal manifestation of multiple intermediate disease processes, 
which have genetic, environmental determinants and their interactions (Hunter, 2005; 
Manolio et al., 2006).  

1.2 Personalized medicine and possibility to predict coronary heart disease risk 

Although there has been considerable success in identifying genetic variants that influence 
well-known risk factors, such as cholesterol levels, the progress done in new genes which 
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might influence the early occurrence of CHD, has been slow. Recent genetic approaches 
involving genomic associations in large scale (GWA) can identify novel susceptibility genes 
and genetic variants involved in the pathophysilogy of CHD (vasculogenesis, inflammation, 
immunity, new apolipoprotein and some genes with pathophysiological role still unknown 
(Watkins & Farrall, 2006). It is also expected that genetic profiling, that is, the simultaneous 
testing of multiple genetic variants, can eventually be used to predict CHD risk in 
individuals. This may lead to personalized medicine in which preventive and therapeutic 
interventions will be targeted at genetic profiles rather than at conventional risk factors (Van 
der Net et al., 2009). 

One of the major promises is that this advance will lead to personalized medicine, in which 
preventive and therapeutic interventions for complex diseases are tailored to individuals 
based on their genetic profiles (Shiffman et al., 2006). Personalized medicine already exists 
for monogenetic disorders such as hereditary forms of cancer, in which genetic testing is the 
basis for informing individuals about their future health status and for deciding upon 
specific, often radical interventions. Because the etiology of complex diseases is essentially 
different from that of monogenic diseases, new emerging genomic knowledge that may be 
applied to primary care and public health will be one of the major challenges for the next 
decades (Janssens & Van Duijn, 2008). The existence of a predictive test or a prediction 
model that can discriminate between individuals who will develop coronary disease and 
those who will not is important for personalized medicine. However, current risk 
assessment protocols are imperfect, particularly in assessing the risk of early onset CHD 
(Akosah, 2003). 

Data from Framingham study population enabled prediction of CHD during a follow-up 

interval of several years, based on blood pressure, smoking history, total cholesterol and 
HDL-cholesterol levels, diabetes, and left ventricular hypertrophy on the ECG. These 
prediction algorithms have been adapted to simplify score sheets that allow physicians to 
estimate multivariable CHD risk in middle-aged patients (Wilson et al., 1998).  

Diamond and Forester understood that different results, obtained from different tests with 
substantial imperfections, must be integrated into a diagnostic about the probability for 
coronary disease, in a given patient. This approach estimates the pretest likelihood of 
coronary disease (defined by age, sex and symptoms) and the sensitivity and specificity of 
four diagnostic tests: stress electrocardiography, cardiokymography, thallium scintigraphy 
and cardiac fluoroscopy. The probability for coronary artery disease was estimated by 
Bayes´ theorem from each patient´s age, sex and symptoms classification, and from the 
observed test responses (Diamond & Forester, 1979).  

For estimating the likelihood of severe coronary heart disease, investigators from Duke 
University elaborated a risk score based on clinical symptomatic variables (Pryor et al., 1983, 
1991, from Duke University). A similar score also based in the patient´s history was 
investigated by the Stanford University (Sox et al., 1990).  

Another score denominated ARIC score following the study with the same name, 
Atherosclerosis Risk in Communities (ARIC) (Chambless et al., 2003), was also developed. 
At European level, the Score risk algorithm led by Ian Graham, based on a European 
population of 250,000 people, allows prediction of the risk of atherosclerotic manifestations 
other than cardiovascular diseases, such as stroke and peripheral vascular disease, 
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according to age sex, smoking habit, systolic blood pressure and total cholesterol level 
(Graham, 2004). 

However, these protocols may be improved by the inclusion of genetic information which is 
independent of traditional risk factors (Zdravkovic et al., 2002). Recent studies have 
attempted to assess whether the addition of new emerging risk factors, such as C reactive 
protein, homocysteine and genetic polymorphisms, can improve CHD risk prediction in 
addition to traditional risk factors (Folsom et al., 2006; Koenig et al, 2004; Morrison et al., 
2007; Humphries et al., 2007) This is the goal to achieve through the new millennium genetic 
epidemiology: the development of tests, based on DNA, to determine the genetic 
predisposition to CHD. However, the contribution of an isolated genetic variant is small 
considering the polygenic nature of the disease. Several genetic markers, relevant in the 
pathophisiology of CHD, have been studied, such as the candidate genes variants involving 
several enzymatic pro-atherosclerotic systems, anti-oxidants, inflammatory, pro thrombotic 
and other involving the lipid and carbohydrates metabolism. More recently research has 
centered on genetic variants with strong associations with CHD, identified through genome 
wide association studies (GWA), some with pathophysiological roles that are still unknown, 
such as the single nucleotide polymorphism (SNP), situated at the 9p21 genetic locus 
(McPherson et al., 2007; Ripatti et al., 2010).  

To validate, in our population setting (Madeira Island), the risk conferred by these recently 
discovered genetic factors and to improve assessment information about the magnitude of 
CHD risk associated to traditional risk factors, biochemical risk marker and genetic factors, 
we aimed to obtain a new model of risk score useful in the discrimination of total coronary 
disease risk in this population. 

We therefore performed an epidemiological study, based on 7 genetic variants, some of 
them with a consistent association with CHD. These variants had already been investigated 
in previous works by our research group (Mendonça et al., 2004a, 2004b, 2008a, 2008b). 

2. Combined model of risk score, including genetic and environmental 
information for CHD risk prediction (case-control study) 
2.1 Methodology 

2.1.1 Study design and population  

Case-control study with a total of 1406 Caucasian subjects, average 53.5±9.7 years, 77.0% 
male, native and resident in Madeira Island (Portugal). 

The cases (n=723), mean age 53.7±8.9 years and 79.9% male, were selected consecutively 
following hospital discharge from patients admitted with myocardial infarction or coronary 
artery disease confirmed by coronary angiography showing at least 75% obstruction of at 
least one coronary artery. Myocardial infarction was defined by a positive troponin blood 
test in the setting of symptoms and electrocardiogram changes (both ST-segment elevation 
and non–ST-segment elevation changes) consistent with MI (Joint European Society of 
Cardiology/American College of Cardiology Committee criteria, 2000). The control group was 
comprised of 683 healthy volunteers, mean age 53.3±10.5 years and 73.9% male, selected 
randomly from the electoral register from individuals with no history or suggestion of CHD. 
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The use of the electoral register to select the controls was intended to ensure that they did 
not differ significantly from the cases in terms of gender and age. For each control, a clinical 
observation with reference to the classical risk factors and ECG was registered, but in 
doubtful cases complementary exams such as a stress test, and echocardiogram or an 
angiography, were requested. After the subject’s inclusion, the clinical history of each one 
was recorded, with reference to demographic and other data including age, place of birth 
and residence, family history of CHD, personal history of hypertension or diabetes, 
smoking and alcohol habits, dyslipidemia and quantity and type of physical exercise. 
Their weight, height, waist and hip circumference, heart rate, blood pressure were 
measured. Subjects were considered to have a family history of CHD if it had been 
diagnosed in their father or a brother before the age of 50 or mother or a sister before the 
age of 60 (Sesso et al., 2001). Subjects were classified as having hypertension if they 
reported the fact, were taking antihypertensive medication or had systolic BP of ≥140 
mmHg and/or diastolic BP of ≥90 mmHg, based on the mean of three measurements 
(Chobanian et al., 2003). They were classified as having diabetes if they were taking oral 
anti-diabetic medication or insulin or if their fasting plasma glucose was higher than 7.0 
mmol/l or 126 mg/dl (Report of the Expert Committee on the Diagnosis and 
Classification of Diabetes Mellitus, 1997). Waist measurements were taken at the level of 
the umbilicus and we classified men as having a large waist if it was greater than 102 cm 
(40 inches) and women as having a large waist if it was greater than 88cm (Xavier F. Pi-
Sunyer, 1998). Body mass index (BMI) was calculated as weight in kilograms divided by 
height in meters squared, with obesity defined as a BMI of >30 (Veja, 2002; Pi-Sunyer, 
1998). Subjects were considered to be smokers if they smoked or had ceased less than five 
years previously. Dyslipidemia was defined as total fasting cholesterol of >5.2 mmol/l or 
200 mg/dl, or LDL cholesterol of ≥3.4 mmol/l or 130 mg/dl, HDL ≤ 40 mg/dL, 
triglycerides ≥ 1.5 mmol/L or 150 mg/dL, as well as being considered present in 
individuals taking lipid-lowering medication (NCEP, 2001)). We evaluated physical 
activity by asking subjects if they exercise or play sports in their leisure time and their 
responses were classified as either never/seldom, sometimes, or often/very often 
(Mainous et al., 2007).  

Blood samples were collected from cases and controls for biochemical and genetic analysis. 

The study protocol was approved by the hospital’s Ethics Committee and all participants 
gave their informed consent. 

2.1.2 Biochemical and genetic analysis 

The blood for routine tests, biochemical risk markers: Apo B 100, Homocysteine, Total 
Cholesterol, HDL, LDL, Triglycerides, Lipoprotein (a), CRP (hs) and genetic analysis, were 
collected in all subjects. 

Biochemical analysis: To determine serum glucose, total, HDL and LDL cholesterol and 
triglycerides, blood samples were extracted after 14-16 hours’ fasting, placed in dry tubes 
and centrifuged half an hour later at 3500 g. Serum levels of total, LDL, HDL cholesterol and 
triglycerides were quantified by an enzymatic technique using a Hitachi 911 auto-analyser. 
A direct enzymatic technique was used for HDL and LDL cholesterol. Biochemical risk 
markers lipoprotein (a), apolipoprotein B100, and high-sensitivity C-reactive protein (hs-
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according to age sex, smoking habit, systolic blood pressure and total cholesterol level 
(Graham, 2004). 

However, these protocols may be improved by the inclusion of genetic information which is 
independent of traditional risk factors (Zdravkovic et al., 2002). Recent studies have 
attempted to assess whether the addition of new emerging risk factors, such as C reactive 
protein, homocysteine and genetic polymorphisms, can improve CHD risk prediction in 
addition to traditional risk factors (Folsom et al., 2006; Koenig et al, 2004; Morrison et al., 
2007; Humphries et al., 2007) This is the goal to achieve through the new millennium genetic 
epidemiology: the development of tests, based on DNA, to determine the genetic 
predisposition to CHD. However, the contribution of an isolated genetic variant is small 
considering the polygenic nature of the disease. Several genetic markers, relevant in the 
pathophisiology of CHD, have been studied, such as the candidate genes variants involving 
several enzymatic pro-atherosclerotic systems, anti-oxidants, inflammatory, pro thrombotic 
and other involving the lipid and carbohydrates metabolism. More recently research has 
centered on genetic variants with strong associations with CHD, identified through genome 
wide association studies (GWA), some with pathophysiological roles that are still unknown, 
such as the single nucleotide polymorphism (SNP), situated at the 9p21 genetic locus 
(McPherson et al., 2007; Ripatti et al., 2010).  

To validate, in our population setting (Madeira Island), the risk conferred by these recently 
discovered genetic factors and to improve assessment information about the magnitude of 
CHD risk associated to traditional risk factors, biochemical risk marker and genetic factors, 
we aimed to obtain a new model of risk score useful in the discrimination of total coronary 
disease risk in this population. 

We therefore performed an epidemiological study, based on 7 genetic variants, some of 
them with a consistent association with CHD. These variants had already been investigated 
in previous works by our research group (Mendonça et al., 2004a, 2004b, 2008a, 2008b). 

2. Combined model of risk score, including genetic and environmental 
information for CHD risk prediction (case-control study) 
2.1 Methodology 

2.1.1 Study design and population  

Case-control study with a total of 1406 Caucasian subjects, average 53.5±9.7 years, 77.0% 
male, native and resident in Madeira Island (Portugal). 

The cases (n=723), mean age 53.7±8.9 years and 79.9% male, were selected consecutively 
following hospital discharge from patients admitted with myocardial infarction or coronary 
artery disease confirmed by coronary angiography showing at least 75% obstruction of at 
least one coronary artery. Myocardial infarction was defined by a positive troponin blood 
test in the setting of symptoms and electrocardiogram changes (both ST-segment elevation 
and non–ST-segment elevation changes) consistent with MI (Joint European Society of 
Cardiology/American College of Cardiology Committee criteria, 2000). The control group was 
comprised of 683 healthy volunteers, mean age 53.3±10.5 years and 73.9% male, selected 
randomly from the electoral register from individuals with no history or suggestion of CHD. 
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The use of the electoral register to select the controls was intended to ensure that they did 
not differ significantly from the cases in terms of gender and age. For each control, a clinical 
observation with reference to the classical risk factors and ECG was registered, but in 
doubtful cases complementary exams such as a stress test, and echocardiogram or an 
angiography, were requested. After the subject’s inclusion, the clinical history of each one 
was recorded, with reference to demographic and other data including age, place of birth 
and residence, family history of CHD, personal history of hypertension or diabetes, 
smoking and alcohol habits, dyslipidemia and quantity and type of physical exercise. 
Their weight, height, waist and hip circumference, heart rate, blood pressure were 
measured. Subjects were considered to have a family history of CHD if it had been 
diagnosed in their father or a brother before the age of 50 or mother or a sister before the 
age of 60 (Sesso et al., 2001). Subjects were classified as having hypertension if they 
reported the fact, were taking antihypertensive medication or had systolic BP of ≥140 
mmHg and/or diastolic BP of ≥90 mmHg, based on the mean of three measurements 
(Chobanian et al., 2003). They were classified as having diabetes if they were taking oral 
anti-diabetic medication or insulin or if their fasting plasma glucose was higher than 7.0 
mmol/l or 126 mg/dl (Report of the Expert Committee on the Diagnosis and 
Classification of Diabetes Mellitus, 1997). Waist measurements were taken at the level of 
the umbilicus and we classified men as having a large waist if it was greater than 102 cm 
(40 inches) and women as having a large waist if it was greater than 88cm (Xavier F. Pi-
Sunyer, 1998). Body mass index (BMI) was calculated as weight in kilograms divided by 
height in meters squared, with obesity defined as a BMI of >30 (Veja, 2002; Pi-Sunyer, 
1998). Subjects were considered to be smokers if they smoked or had ceased less than five 
years previously. Dyslipidemia was defined as total fasting cholesterol of >5.2 mmol/l or 
200 mg/dl, or LDL cholesterol of ≥3.4 mmol/l or 130 mg/dl, HDL ≤ 40 mg/dL, 
triglycerides ≥ 1.5 mmol/L or 150 mg/dL, as well as being considered present in 
individuals taking lipid-lowering medication (NCEP, 2001)). We evaluated physical 
activity by asking subjects if they exercise or play sports in their leisure time and their 
responses were classified as either never/seldom, sometimes, or often/very often 
(Mainous et al., 2007).  

Blood samples were collected from cases and controls for biochemical and genetic analysis. 

The study protocol was approved by the hospital’s Ethics Committee and all participants 
gave their informed consent. 

2.1.2 Biochemical and genetic analysis 

The blood for routine tests, biochemical risk markers: Apo B 100, Homocysteine, Total 
Cholesterol, HDL, LDL, Triglycerides, Lipoprotein (a), CRP (hs) and genetic analysis, were 
collected in all subjects. 

Biochemical analysis: To determine serum glucose, total, HDL and LDL cholesterol and 
triglycerides, blood samples were extracted after 14-16 hours’ fasting, placed in dry tubes 
and centrifuged half an hour later at 3500 g. Serum levels of total, LDL, HDL cholesterol and 
triglycerides were quantified by an enzymatic technique using a Hitachi 911 auto-analyser. 
A direct enzymatic technique was used for HDL and LDL cholesterol. Biochemical risk 
markers lipoprotein (a), apolipoprotein B100, and high-sensitivity C-reactive protein (hs-
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CRP) were quantified by nephelometry using a Behring BN 100 automatic system. 
Homocysteine was measured by fluorescence polarized immunoassay using an Abbot IMX 
automatic device. To measure fibrinogen, samples were also collected with the patient 
fasting and placed in a tube containing sodium citrate, and measurements were taken with a 
Behring BSC automatic analyser.  

Genetic analysis: For both patients and controls, genomic DNA was extracted from an  
80 μL aliquot of whole blood collected in tubes containing EDTA using standard 
phenol/chloroform methodologies with ethanol precipitation. The genotypes chosen for this 
study, were screened for their association with CHD, already investigated in previous 
studies (ACE I/D, AGT 235 M/T, ATIR 1166 A/C, MTHFR 677 C/T, PON 192 Q/R, Apo E 
(ε4), rs1333049 G/C). 

The genotypic analysis was effectuated using probes oligonucleotydes marked with specific 
fluorescence for each one of the alleles in a test that combines the stipulated PCR technique 
and TaqMan (7300 SDS Software, Applied Biosystems).  

2.1.3 Statistical analysis 

Allele frequencies were deduced from the genotype distribution. To test deviation of the 
Hardy Weinberg Equilibrium (HWE), was performed by Pearson’s ² tests, using the 
observed genotype frequencies and the expected genotype frequencies. The student T test 
and one way ANOVA procedures were used for means comparison between groups. 
Multiple comparisons were performed by the adequate post hoc (Tukey). Genotypes 
distributions and allele frequencies were compared between the cases and the controls using 
a ² test. Strength of the association was expressed by odds ratio (OR) as well as their 95% 
confidence intervals (CI). 

We constructed a Genetic Risk Score (GRS) using a coding value of “0” for original non risk 
homozygote, “1” for heterozygote and “2” for mutated risk homozygote, and summing 
these values for each single nucleotide polymorphism (SNP). The obtained score was 
divided into five quintiles (0-4; 4-5; 5-6; 6-7; ≥7) and these was compared in patient and 
control population (using independent T-Student test) and odds ratio and 95% Confidence 
Intervals, were determined. To investigate independent variables associated with coronary 
heart disease, a multivariate logistic regression model (forward Wald), containing the 
traditional risk factors, the biochemical markers and GRS), was constructed. Finally, a 
receiver operating characteristic (ROC) curve, based on sensitivity and specificity of the 
multivariable model, was computed, to estimate CHD susceptibility and Hosmer-
Lemeshow goodness-of-fit test, estimated the model calibration. 

3. Results 
3.1 Basal characteristics of the population 

As expected, the cases were more likely to be smokers, diabetics and hypertensives. They 
had a higher alcohol intake, higher values for glycemia, triglycerides, dyslipidemia, body 
mass index, high-sensitivity C-reactive protein (hs-CRP), lipoprotein (a) and lower values 
for HDL cholesterol (Table 1). 
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Table 1. Basal characteristics of the population. 

3.2 Selection of the used polymorphisms and genetic risk score  

The genotypes chosen for this study, were screened for their association with CHD, already 
investigated in previous studies (ACE I/D, AGT 235 M/T, ATIR 1166 A/C, MTHFR 677 
C/T, PON 192 Q/R, Apo E (ε4) and rs1333049 G/C). 

The genetic risk score based on 7 SNPs variants (ACE I/D, AGT 235 M/T, ATIR 1166 A/C, 
MTHFR 677 C/T, PON 192 Q/R, Apo E (ε4), rs1333049 G/C), was calculated for 1406 
individuals and ranged from 11 and 0 in the whole population. The GRS average was 
5.03±1.84 in the whole population. CHD patients had higher GRS than control population 
(5.41±1.73 vs. 4.63±1.87, p<0.0001).  

In the last GRS quintile (score ≥7) including more than a quarter of the patients, the CHD 
risk was three times higher than in the reference group. 

3.3 Independent variable associated with CHD and risk prediction models of CHD 

The association of the GRS with CHD was tested in a multivariate analysis containing the 
traditional risk factors and comprising the GRS. After logistic regression model the GRS 
stayed in the equation as an independent risk marker associated with increased risk of CHD; 
(OR=1.333; p<0.0001). Diabetes type 2, dyslipidemia, arterial hypertension and alcohol, also 
remained in the equation as independent risk factors of CHD (Table 3).  

 Total (n=1406) Cases (n=723) Controls (n=683) p-value 
Age (Years) 53.5 ± 9.7 53.7 ± 8.9 53.3 ± 10.5 0.387 
Sex M (%) 1083(77.0%) 578 (79.9%) 505 (73.9%) 0.007 
Hypertension (%) 704 (50.1%) 416 (57.5%) 288 (42.2%) <0.0001 
Diabetes (%) 324 (23.0%) 240 (33.2%) 324 (23.0%) <0.0001 
Obesity (%) 397(28.2%) 231(32.0%) 166 (24.3%) <0.0001 
Smoking (%) 484 (34.4%) 325 (45.0%) 159 (23.3%) <0.0001 
Alcohol gr/ day 0.8 1.6 0.0 <0.0001 
Dyslipidemia (%) 1246 (88.6%) 694 (96.0%) 552 (80.8%) <0.0001 
Glycemia mg/dl 102.0 107.0 98.0 <0.0001 
Triglycerides mg/dl 132.0 152.0 115.0 <0.0001 
HDL mg/dl 44.6 ± 14.6 38.5 ± 10.3 51.2 ± 15.7 <0.0001 
Systolic BP (mm Hg) 135.5 ± 20.4 136.4 ± 20.2 134.4 ± 20.6 0.040 
Diastolic BP (mm Hg) 81.2 ± 11.3 81.7 ± 11.2 80.8 ± 11.5 0.206 
Fibrinogen (mm Hg) 348.9 ± 94.1 344.9 ± 96.6 341.1 ± 96.7 0.397 
Lp(a (mg/dl)) 16.5 20.8 15.2 0.010 
(hs) CRP mg/dl 2.0 3.0 1.6 <0.0001 
Genetic Risk Score 5.03 ± 1.84 5.4 ± 1.7 4.6 ± 1.9 <0.0001 
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CRP) were quantified by nephelometry using a Behring BN 100 automatic system. 
Homocysteine was measured by fluorescence polarized immunoassay using an Abbot IMX 
automatic device. To measure fibrinogen, samples were also collected with the patient 
fasting and placed in a tube containing sodium citrate, and measurements were taken with a 
Behring BSC automatic analyser.  

Genetic analysis: For both patients and controls, genomic DNA was extracted from an  
80 μL aliquot of whole blood collected in tubes containing EDTA using standard 
phenol/chloroform methodologies with ethanol precipitation. The genotypes chosen for this 
study, were screened for their association with CHD, already investigated in previous 
studies (ACE I/D, AGT 235 M/T, ATIR 1166 A/C, MTHFR 677 C/T, PON 192 Q/R, Apo E 
(ε4), rs1333049 G/C). 

The genotypic analysis was effectuated using probes oligonucleotydes marked with specific 
fluorescence for each one of the alleles in a test that combines the stipulated PCR technique 
and TaqMan (7300 SDS Software, Applied Biosystems).  

2.1.3 Statistical analysis 

Allele frequencies were deduced from the genotype distribution. To test deviation of the 
Hardy Weinberg Equilibrium (HWE), was performed by Pearson’s ² tests, using the 
observed genotype frequencies and the expected genotype frequencies. The student T test 
and one way ANOVA procedures were used for means comparison between groups. 
Multiple comparisons were performed by the adequate post hoc (Tukey). Genotypes 
distributions and allele frequencies were compared between the cases and the controls using 
a ² test. Strength of the association was expressed by odds ratio (OR) as well as their 95% 
confidence intervals (CI). 

We constructed a Genetic Risk Score (GRS) using a coding value of “0” for original non risk 
homozygote, “1” for heterozygote and “2” for mutated risk homozygote, and summing 
these values for each single nucleotide polymorphism (SNP). The obtained score was 
divided into five quintiles (0-4; 4-5; 5-6; 6-7; ≥7) and these was compared in patient and 
control population (using independent T-Student test) and odds ratio and 95% Confidence 
Intervals, were determined. To investigate independent variables associated with coronary 
heart disease, a multivariate logistic regression model (forward Wald), containing the 
traditional risk factors, the biochemical markers and GRS), was constructed. Finally, a 
receiver operating characteristic (ROC) curve, based on sensitivity and specificity of the 
multivariable model, was computed, to estimate CHD susceptibility and Hosmer-
Lemeshow goodness-of-fit test, estimated the model calibration. 

3. Results 
3.1 Basal characteristics of the population 

As expected, the cases were more likely to be smokers, diabetics and hypertensives. They 
had a higher alcohol intake, higher values for glycemia, triglycerides, dyslipidemia, body 
mass index, high-sensitivity C-reactive protein (hs-CRP), lipoprotein (a) and lower values 
for HDL cholesterol (Table 1). 
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Table 1. Basal characteristics of the population. 

3.2 Selection of the used polymorphisms and genetic risk score  

The genotypes chosen for this study, were screened for their association with CHD, already 
investigated in previous studies (ACE I/D, AGT 235 M/T, ATIR 1166 A/C, MTHFR 677 
C/T, PON 192 Q/R, Apo E (ε4) and rs1333049 G/C). 

The genetic risk score based on 7 SNPs variants (ACE I/D, AGT 235 M/T, ATIR 1166 A/C, 
MTHFR 677 C/T, PON 192 Q/R, Apo E (ε4), rs1333049 G/C), was calculated for 1406 
individuals and ranged from 11 and 0 in the whole population. The GRS average was 
5.03±1.84 in the whole population. CHD patients had higher GRS than control population 
(5.41±1.73 vs. 4.63±1.87, p<0.0001).  

In the last GRS quintile (score ≥7) including more than a quarter of the patients, the CHD 
risk was three times higher than in the reference group. 

3.3 Independent variable associated with CHD and risk prediction models of CHD 

The association of the GRS with CHD was tested in a multivariate analysis containing the 
traditional risk factors and comprising the GRS. After logistic regression model the GRS 
stayed in the equation as an independent risk marker associated with increased risk of CHD; 
(OR=1.333; p<0.0001). Diabetes type 2, dyslipidemia, arterial hypertension and alcohol, also 
remained in the equation as independent risk factors of CHD (Table 3).  

 Total (n=1406) Cases (n=723) Controls (n=683) p-value 
Age (Years) 53.5 ± 9.7 53.7 ± 8.9 53.3 ± 10.5 0.387 
Sex M (%) 1083(77.0%) 578 (79.9%) 505 (73.9%) 0.007 
Hypertension (%) 704 (50.1%) 416 (57.5%) 288 (42.2%) <0.0001 
Diabetes (%) 324 (23.0%) 240 (33.2%) 324 (23.0%) <0.0001 
Obesity (%) 397(28.2%) 231(32.0%) 166 (24.3%) <0.0001 
Smoking (%) 484 (34.4%) 325 (45.0%) 159 (23.3%) <0.0001 
Alcohol gr/ day 0.8 1.6 0.0 <0.0001 
Dyslipidemia (%) 1246 (88.6%) 694 (96.0%) 552 (80.8%) <0.0001 
Glycemia mg/dl 102.0 107.0 98.0 <0.0001 
Triglycerides mg/dl 132.0 152.0 115.0 <0.0001 
HDL mg/dl 44.6 ± 14.6 38.5 ± 10.3 51.2 ± 15.7 <0.0001 
Systolic BP (mm Hg) 135.5 ± 20.4 136.4 ± 20.2 134.4 ± 20.6 0.040 
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Fibrinogen (mm Hg) 348.9 ± 94.1 344.9 ± 96.6 341.1 ± 96.7 0.397 
Lp(a (mg/dl)) 16.5 20.8 15.2 0.010 
(hs) CRP mg/dl 2.0 3.0 1.6 <0.0001 
Genetic Risk Score 5.03 ± 1.84 5.4 ± 1.7 4.6 ± 1.9 <0.0001 
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Fig. 1. CHD genetic risk (OR) conferred by each isolated polymorphism and the GRS 
obtained by the addition of all the 7 risk alleles of the studied variants. 

 

 GRS by 
Quintiles 

Cases (n=723) Controls (n=682) Odds ratio (CI 
95%) 

P value 

1º - [0-4[ 90 (12.4%) 184 (27.0%) Reference ------- 
2º - [4-5[ 127 (17.6%) 118 (17.3%) 2.20 (1.52 – 3.19) <0.0001 
3º - [5-6[ 172 (23.8%) 151 (22.1%) 2.33 (1.65 – 3.30) <0.0001 
4º - [6-7[ 151 (20.9%) 121 (17.7%) 2.55 (1.78 – 3.67) <0.0001 
5º - ≥7 183 (25.3%) 108 (15.8%) 3.46 (2.41 – 4.98) <0.0001 

Table 2. Association between the SGR by quintiles and CHD risk (OR) in the studied 
population. 

 

Variables B S.E. Wald df Odds Ratio (IC 95%) Valor-p 
Diabetes 2 1.072 0.153 49.310 1 2.922 (2.166-3.941) <0.0001 
Dyslipidemia 1.713 0.231 54.946 1 5.545 (3.526-8.723) <0.0001 
AHT 0.265 0.123 4.652 1 1.304 (1.025-1.659) 0.031 
Alcohol 0.010 0.002 40.435 1 1.010 (1.007-1.014) <0.0001 
GRS 0.287 0.034 70.725 1 1.333 (1.246-1.425) <0.0001 
Constant -3.499 0.301 135.090 1 0.030 <0.0001 

Table 3. Independent variables associated with coronary heart disease risk. 
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Afterwards, two predictive models of CHD risk were constructed and the area under the 
receiver operating characteristic (AUC) curves for the constructed model which included 
both genetic and traditional risk factors was compared with the AUC for the model, 
which included only the traditional risk factors. The top chart including the GRS 
increased the AUC over the bottom chart which was only based on traditional risk factors 
(Figure 2 and 3). 
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Fig. 2. ROC curve, based on sensitivity and specificity of the multivariable model, with 
traditional risk factors and GRS. 

 
Fig. 3. ROC curve, based on sensitivity and specificity of the multivariable model, with 
traditional risk factors and without GRS. 
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Afterwards, two predictive models of CHD risk were constructed and the area under the 
receiver operating characteristic (AUC) curves for the constructed model which included 
both genetic and traditional risk factors was compared with the AUC for the model, 
which included only the traditional risk factors. The top chart including the GRS 
increased the AUC over the bottom chart which was only based on traditional risk factors 
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Fig. 2. ROC curve, based on sensitivity and specificity of the multivariable model, with 
traditional risk factors and GRS. 

 
Fig. 3. ROC curve, based on sensitivity and specificity of the multivariable model, with 
traditional risk factors and without GRS. 
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In the model with GRS (Figure 2), the AUC was 75%, indicating good CHD discrimination 
and the goodness-of-fit statistic test value was 6.186; p=0.626, indicating a good calibration 
of the model. In the model without the GRS (Figure 3) the AUC was 69.3%. 

4. Discussion 
Risk prediction is an important part of cardiovascular disease prevention and the ability to 
identify high risk individuals who do not present with the traditional risk factors enable 
clinicians to personalize strategies for prevention and treatment.  

Risk prediction is based on the knowledge of the conventional risk factors (high blood 
pressure, smoking, blood cholesterol level) and in the family history. However the fact that 
some individuals with coronary disease are of low risk when considering the classic risk 
factors forced the scientific community to go further in the predictive models. The GRS used 
in this work comprises SNPs selected from candidate genes and others identified through 
large-scale genomic association studies, and introduced the concept that the addition of a 
GRS can improve the prediction of CHD beyond that supplied by traditional risk factors, 
especially in the population fringe with few classic risk factors. 

It was based essentially in variants which had shown association with coronary disease not 
only in the published literature in general but also in previous studies in our Funchal 
research group, already mentioned. The fact that these genes have shown, an association 
with CHD in our population makes them of great value in CHD risk prediction, in our 
population. 

In the present work the risk associated with each single polymorphism is small with the 
exception of angiotensin convertion enzyme (ACE DD) and the SNP rs1333049, (OR=1.8 
p<0.0001 and 1.4 p<0.0001, respectively). However, although the risk associated to each 
isolated variant was modest, the sum of the risk alleles, represented by GRS, was associated 
with a significant elevation of the risk. To illustrate this finding when the GRS, was codified 
in quintiles, the highest quintile (6 or more risk alleles) presented a 3.5 times higher risk than 
the reference group (OR=3.46 [2.41-4.98]; p<0.0001). 

The availability of clinical genetic testing for cardiovascular disease has only recently 
emerged. In large part, this has stemmed from technological advances in molecular 
sequencing, which have substantially decreased testing costs. While a decade ago the 
sequencing of a single gene might have cost tens of thousands of Euros and taken months of 
effort, the same result can now be obtained with much less time and cost. Sequencing 
technology is now undergoing a period of extremely rapid development that portends 
revolutionary advances in the field. When validated and implemented in clinical testing, 
these advancements could greatly improve our ability to provide genetic diagnoses for 
many conditions. 

In our Human Genetic Laboratory the genotypic analysis was done using oligonucleotides 
probes marked with specific fluorescence for each one of the alleles in a test that combines 
the stipulated PCR technique and TacMan (Applied Biosystems).  

The genotypes were determined by 7300 System SDS Software (Applied Biosystems). The 
calculated material cost is 1.1 Euros by individual sample and by each SNP. This value 
includes all required material and reagents to perform the whole analysis.  
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To establish an appropriate coronary risk score, with reduced costs, in spite of the large 
sample size, we used only SNPs that already had shown functional impact in coronary 
pathophisiology and large prevalence in our population.  

Outsourcing might seem another way to reduce costs and these operating processes are 
gaining acceptance in many hospitals.  

Genome-wide association studies suggest that common genetic variants explain only a modest 
fraction of heritable risk for common diseases, raising the question of whether rare variants 
account for a significant fraction of unexplained heritability. Although DNA sequencing costs 
have fallen markedly, they remain far from what is necessary for rare and novel variants to be 
routinely identified at a genome-wide scale in large cohorts (Sarah Ng et al., 2009). 

Meanwhile, if we are evaluating not a single SNP, but a group of SNPs, creating a genetic 
score based on a small number of genes with reasonable costs, if this score can improve our 
prediction of the coronary artery disease risk, this genetic score could potentially be useful 
in the clinical practice. 

In an epidemiologic study conducted in 2004, with the use of new risk prediction models 
which included genetic information, Khoury et al predicted that the prevention measures 
aiming at a small fraction (about 15%) of the high risk population with few classical risk 
factors, will be performed with the resources currently dedicated to the prevention, used in 
a more judicious way, but will also allow to significantly reduce the global load of coronary 
disease (Khoury et al., 2004). 

The success of a model including a GRS should be measured by its ability to help 
individuals and physicians in making decisions regarding lifestyle advice or 
pharmacological treatment in order to decrease CHD risk and disability.  

In this study, after multivariate logistic regression, the independent predictors of CHD were 
dyslipidemia, type 2 diabetes, hypertension, daily intake of alcohol and GRS. Although after 
multivariate logistic regression the risk of CHD determined by the GRS did not exceed that 
of conventional risk factors, this independent predictor based on genetic risk variants has 
some advantages. 

The genetic analysis is easy to perform and is highly reliable in respect to certain 
biomarkers, most of which require lengthy methods for their determination, more prone to 
biological variation and error. 

One of its greatest benefits will be its usefulness in identifying the 15% of high risk 
individuals who are masked as borderline or apparently low risk and that would not be 
identified in clinical surveys based on current protocols (Framingham, National Cholesterol 
Education Program Adult Treatment Panel III guidelines). In 2003, Akosah et al reported 
that among individuals who have suffered premature myocardial infarction (age <55 years 
male and <65 years female) 70% were considered to be of low risk, and of these 87% had not 
been eligible for treatment with statins (Akosah et al., 2003). 

In the present study the inclusion of the genetic profile represented by GRS greatly 
increased the predictive capacity of the model over the observed in the model which 
included the traditional risk factors only (69.3% to 74.6%), showing the value of the genetic 
profile in the prediction of coronary heart disease risk. It introduces the concept of a GRS 
that aggregates information from multiple genetic variants into a single score and indicates 
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In the model with GRS (Figure 2), the AUC was 75%, indicating good CHD discrimination 
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population. 
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many conditions. 
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the stipulated PCR technique and TacMan (Applied Biosystems).  

The genotypes were determined by 7300 System SDS Software (Applied Biosystems). The 
calculated material cost is 1.1 Euros by individual sample and by each SNP. This value 
includes all required material and reagents to perform the whole analysis.  
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that a GRS can improve the ability to predict incident CHD beyond that afforded by 
traditional non genetic risk factors ( Morrison et al., 2007). 

A potential advantage of genetic profiling over conventional risk factors in the prediction of 
CHD risk is that genetic information is already present at birth. Therefore, genetic profiles 
could theoretically predict CHD risk before conventional risk factors become deleterious 
(Van der Net et al., 2009). 

However, the dream of personalized medicine and predictive indexes may yet be achieved, 
but it seems that will take far more than these first steps on the road to gene discovery. This 
is a topic that surely should be revisited once efforts toward gene discovery, identification of 
functional variants and pathways, and searches for less common variants allowing for 
heterogeneity have progressed (Ioannidis, 2009). 

5. Conclusions 
The result of this study has demonstrated that a GRS, based on the presence of some 
susceptibility gene variants for coronary heart disease, allow the identification of sub-
groups with a significantly higher risk of coronary disease.  

The risk model that includes the GRS, the classical risk factors and some new risk markers, 
increases the GRS predictive power and provides a good estimation of the CHD risk. It 
introduces the concept that a risk model that aggregates information from several genetic 
variants (GRS), the traditional risk factors and some new risk markers, can improve the 
ability to predict incident CHD beyond that supplied by the classical risk factors.  

The proposed model can become a simple and useful tool in the CHD risk stratification, 
giving us an early estimate of the disease susceptibility and prevention.  

Key message 

 Coronary Heart Disease is a complex multifactorial disease. 
 Genetic profile, lifestyle and environmental factors play an important role in its 

development. 
 Its genetic predisposition appears to be the result of the cumulative effects of various 

genetic polymorphisms or allelic combinations that in isolation would only confer a 
light or moderate risk. However, this risk will be modulated (increased or decreased) 
by various gene-gene and gene-environment interactions. 

 Risk prediction of incident CHD is based on the knowledge of the conventional risk 
factors (high blood pressure, smoking, blood cholesterol level) and in the genetic 
profile, which can improve the prediction of incident CHD beyond that supplied by 
traditional risk factors, especially in the population fringe with few classical risk factors.  

 The GRS aggregates information from some genetic variants into a single score and the 
present work indicates that the addition of this GRS to the information obtained by the 
classical risk factors can improve the ability to predict CHD risk 

 With these mixed risk assessment tools, we can identify patients at high risk who would 
get the most benefit from the correction of modifiable risk factors through lifestyle 
interventions or specific medications.  

 In the future, these new technologies and risk algorithms may change the strategies 
followed nowadays by Health Systems, and will permit to significantly reduce the load 
and the global burden of coronary disease. 

Prediction of Coronary Heart Disease Risk  
in a South European Population: A Case-Control Study 

 

37 

6. Summary 
Coronary heart disease (CHD) is the most common cause of death in the industrialized 
countries. As these populations are aging, the prevalence of CHD is arising, and it is 
expected that this tendency will increase, in the future, due to the obesity epidemic that is 
rising all over the world and this will place a considerable burden on healthcare systems. 
The knowledge of new risk models, can improve the diagnosis capacity and prevention as 
well as the early treatment of this condition.  

The aim of this chapter is to obtain a risk model, which includes the classical risk factors and 
the genetic profile through the genetic risk score (GRS), in which the risk of CHD was 
estimated in a South European population. For that purpose a total of 1406 individuals, 723 
consecutive patients with documented CHD in the coronary angiogram ( 53.7±8.9 years, 79.9% 
male) and 683 controls without any clinical manifestation of CHD ( 53.3±10.5 years, 73.9% 
male), randomly selected from electoral rolls, were evaluated. Cases and controls were 
selected with no significantly difference in terms of sex and age. Seven genetic 
polymorphisms, ACE I/D, AGT 235T/M , AT1R1166 A/C, PON Q192R, MTHFR M677C/T, 
Apo E (Ɛ2, Ɛ3, Ɛ4) and 9p21 locus (rs1333049), were determined, using the combined PCR 
stipulated technique with TaqMan (Applied Biosystems). A genetic risk score (GRS) was 
obtained, for each individual, using a coding value of 0 for the original non mutated 
homozygote, 1 for the heterozygote, and 2 for the mutated homozygote. The GRS was created 
by summing these values for each individual. The obtained score was divided into five 
quintiles (0 and 4; 4 and 5; 5-6; 6-7; ≥7) and was compared in patient and control population, 
using independent T-Student test. Case control Odds ratios and 95% Cornfield Confidence 
Intervals were determined. A forward Wald logistic regression model was constructed, 
adjusted for age and gender, having entered all conventional risk factors. Finally, a ROC curve 
was computed, to evaluate the capacity of this model to predict coronary disease susceptibility 
and Hosmer Lemeshow goodness-of-fit test estimated model calibration. 

The mean GRS was 5.03±1.84, in the total population (maximum 11 and minimum 0). CHD 
patients had higher GRS than the control population (5.41±1.73 vs. 4.63±1.87, p<0.0001). In 
the last GRS quintile (score≥7) including more than a quarter of the patients, the CHD risk 
was three times higher than in the reference group. After logistic regression the GRS stayed 
in the equation as an independent risk marker associated with increased risk of CHD; 
(OR=1.333; p<0.0001). Diabetes type 2, dyslipidemia, arterial hypertension and alcohol 
intake, also remained in the equation as independent risk factors of CHD.  

Two receiver operating characteristic (ROC) curve models were constructed and the model 
including both genetic and traditional risk factors was compared with the model which 
included only the traditional risk factors. The first presented increased AUC (75%) over that 
observed when the receiver operating characteristic curve was based only on traditional risk 
factors (69.3%). 

Conclusion: This risk model including the GRS, the classic risk factors and the new risk 
markers, provided a good estimation of the CHD risk. It introduces the concept that a GRS 
that aggregates information from multiple genetic variants can improve the ability to predict 
incident CHD beyond that afforded by traditional non genetic risk factors. The proposed 
model can become a simple and useful tool in the CHD risk stratification, supplying us with 
an early estimation of disease susceptibility and prevention. 
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1. Introduction 
Worldwide, coronary artery disease (CAD) is becoming pandemic (Omran, 1979). Mortality 
from CAD is predicted to reach 23.4 million in 2030. Now days, chronic CAD s estimated to 
affect 16.8 million people in the United States; and 2.65 million people in the UK. CAD was 
the single most frequent cause of death in USA and Western Europe (about 1 in every 5 
deaths).The estimated direct and indirect economic cost of CAD in the United States for 2009 
is $165.4 billion. Moreover, in the developing world, particularly in Ukraine, prevalence  
of CAD is even higher and there is the tendency tends to affect people at a younger age  
and thus could negatively affect the workforce and economic productivity. The morbidity, 
mortality, and socioeconomic importance of CAD make its diagnosis and management 
fundamental for all practicing physicians (Cassar et al., 2009). 

Non-invasive, rapid and reliable diagnosis of coronary artery disease (CAD) and patients 
with chest pain remains a clinical challenge.  

Methods of detecting the presence and assessing the extent of CAD have become 
increasingly important in informing therapies aimed at reducing mortality and morbidity. 
Coronary angiography (CA) is considered to be the ‘gold standard’ for defining the site and 
severity of coronary artery lesions. However, routine use of CA without prior non-invasive 
testing is not advisable, except in those with a high pre-test probability of significant 
disease, partly due to the high cost, but also because of the associated morbidity and 
mortality. The most serious complications of CA are death (0.1–0.2%), non-fatal MI (0.1%) 
and cerebrovascular accidents (0.1%). 

Functional (non-invasive) testing is used as a gateway to angiography for management of 
coronary artery disease. Among those the most important are the following methods: stress 
(usually treadmill or bicycle exercise) electrocardiography, Stress-Echo, MRI myocardial 
perfusion, nuclear perfusion.  
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All existing methods have certain merits and disadvantages. Stress–ECG is widely used for 
non-invasive detection of CAD owing to its availability and low cost. However, a normal 
EET does not exclude CAD and EET is a poor diagnostic test in low-risk populations (such 
as women) owing to its low positive predictive value in a population with a low prevalence 
of the disease. Deaths occur rarely, in <0.05% of tests. Echo is one of the most frequently 
used tools for the investigation of a wide range of cardiological problems. The portability 
and relative affordability of the equipment have led to a very rapid acceptance of the 
technique by the general medical community. The sensitivity, specificity and accuracy of 
stress-echo is in the range 80–85% with the highest sensitivity (>90%) for three-vessel 
disease and the lowest (75%) for single-vessel disease. There are limitations inherent to the 
stress echo technique. Chief among these is the problem of reliably obtaining good images 
and reproducible tomographic slices as the heart rate goes up with increasing rate of 
dobutamine infusion. Furthermore, there may be significant inter-observer variability in 
image interpretation due to the subjective nature of wall motion assessment.  

MRI is a relatively new tool for the examination of the heart compared with the other non-
invasive modalities and clinical value of this method is still doubtful.  

 Nuclear perfusion has an extensive pedigree extending back over a quarter of a century, 
with hundreds of thousands of scans performed worldwide each year. Recent guidelines 
have suggested that the technique could be even more widely employed in the future 
(Sharples et al, 2007). Positron emission tomography (PET) is probably the most sensitive 
method to analyze myocardial perfusion and to detect myocardial ischemia. It is actually 
regarded the non-invasive “gold standard”. Major disadvantages of PET-technique are high 
expenses, attenuation artifacts, use of ionising radiation, radiation and availability in 
specialist centers only.  

Thus there is a need for low-cost, accurate, noninvasive diagnostic tools, more convenient 
and less complicated for both the diagnostics and screening of coronary artery disease.  
Magnetocardiography (MCG) is known as a completely non-invasive and risk- free method 
of measuring cardiac activity. Recent studies has shown significant potential of MCG in 
diagnosis of myocardial ischemia, although analysis of MCG-generated data is not 
standardized yet (Hailer et al, 2005; Kwon et al, 2010; Chaikovsky et al, 2011).  

MCG technology closely related to modern methods of data processing. There is a variety of 
methods and indicators for medical analysis available in the current stage of MCG 
development. MCG analysis can be expressed at several levels of increasing complexity of 
MCG signal transformation (Chaikovsky et al, 2007 ).  

- Level 1. The first level of analysis is similar to routine morphological analysis of the 12–
lead ECG. 

- Level 2. Spectrotemporal analysis. The relative power of a cardiac signal for various 
frequency bands and their spectral variability and time-domain analysis (such as QRS 
duration) of the MCG can be provided at specific measurement points. 

- Level 3. 36 measurement points of the MCG-7 are summarized in an averaged curve. 
Such an approach provides a more generalized representation of myocardial excitation. 
For exam-ple, the areas under the Р-wave or the QRS-complex reflect overall "electrical 
energy" generated due to excitation of atria and ventricles. 

Magnetocardiography in Unshielded Setting: Heart Electrical Image Based on  
2-D and 3-D Data in Comparison with Perfusion Image Based on PET Results – Clinical Cases 

 

45 

- Level 4. Magnetic field mapping. This requires the construction of maps showing the 
distribution of the magnetic field obtained at specific measurement points and precise 
moments of the cardiac cycle. These maps are constructed along the principles of 
geographical or meteorological maps. Areas with identical value of given parameter are 
color filled. There are variety of quantitative and semi-quantitative indicators to 
estimate such maps. 

- Level 5. The representation of all electrical sources as one equivalent dipole. Here it is 
assumed that all electrical activity of the heart originates from one point. 

The sixth, highest level of MCG software development are based on an inverse problem 
solution. This approach allow 2D reconstruction of distributed electrical cardiac sources and 
first steps have been made for 3-D reconstruction. This promising technical progress allow 
to utilize magnetocardiography routinely in the next future, e.g. in patients with “normal” 
or uncertain results of standard testing , especially in patients with high or intermediate pre-
test probability of CAD. 

This study intended to compare MCG-images of “difficult-to-diagnose” patients with 
normal left ventricular function and clinical suspicion of ischemic heart disease with 
perfusion images obtained by the PET-technique. 

2. Method 
The study includes 3 patients (2 female, 1 male, mean age 58 years) and one healthy 
volunteer (male, 47 year). All patients underwent resting and stress ECG, echocardiography, 
PET and coronaroangiography. The healthy volunteer had no history of any cardiovascular 
disease, normal ECG at rest and stress as well as a normal echocardiogram. 

Coronary angiograms were documented in multiple projections according to standard clinical 
practice (Judkins-technique). PET was performed with adenosine to recruite coronary 
reserve. Resting and stress recordings were made using N-13-ammonium as tracer. MCG 
was performed in an unshielded setting using a 7-channel SQUID-magnetometer. Single 
MCG recordings were taken from 36 positions within a 20 by 20 cm rectangular grid with a 
4 cm pitch over the precordial area. The sensor was positioned as close to the chest as 
possible, directly over the heart using the jugulum as landmark. The examination table with 
the patient resting in constant the same position was then moved systematically to each of 
the 36 predetermined positions under the SQUID detector. Data were recorded at each 
registration point for 30 seconds with simultaneous registration of lead II of the surface ECG 
and stored on hard disk for further evaluation. The analysis was based on the “inverse 
problem solution”, i.e reconstruction of the intracardiac sources that originated the  
magnetic field measured. 

3. Inverse problem solution 
3.1 Description of the problem and definition 

The “inverse problem solution” is based on the following physical considerations. 
Magnetocardiographic measurements are made with a sensor moving over a planar grid 
above the body surface. The distance from this planar grid to a signal source inside the heart 
differs from patient to patient. As the magnetic field parameters vary with the source-to-
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- Level 3. 36 measurement points of the MCG-7 are summarized in an averaged curve. 
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- Level 4. Magnetic field mapping. This requires the construction of maps showing the 
distribution of the magnetic field obtained at specific measurement points and precise 
moments of the cardiac cycle. These maps are constructed along the principles of 
geographical or meteorological maps. Areas with identical value of given parameter are 
color filled. There are variety of quantitative and semi-quantitative indicators to 
estimate such maps. 

- Level 5. The representation of all electrical sources as one equivalent dipole. Here it is 
assumed that all electrical activity of the heart originates from one point. 

The sixth, highest level of MCG software development are based on an inverse problem 
solution. This approach allow 2D reconstruction of distributed electrical cardiac sources and 
first steps have been made for 3-D reconstruction. This promising technical progress allow 
to utilize magnetocardiography routinely in the next future, e.g. in patients with “normal” 
or uncertain results of standard testing , especially in patients with high or intermediate pre-
test probability of CAD. 

This study intended to compare MCG-images of “difficult-to-diagnose” patients with 
normal left ventricular function and clinical suspicion of ischemic heart disease with 
perfusion images obtained by the PET-technique. 

2. Method 
The study includes 3 patients (2 female, 1 male, mean age 58 years) and one healthy 
volunteer (male, 47 year). All patients underwent resting and stress ECG, echocardiography, 
PET and coronaroangiography. The healthy volunteer had no history of any cardiovascular 
disease, normal ECG at rest and stress as well as a normal echocardiogram. 

Coronary angiograms were documented in multiple projections according to standard clinical 
practice (Judkins-technique). PET was performed with adenosine to recruite coronary 
reserve. Resting and stress recordings were made using N-13-ammonium as tracer. MCG 
was performed in an unshielded setting using a 7-channel SQUID-magnetometer. Single 
MCG recordings were taken from 36 positions within a 20 by 20 cm rectangular grid with a 
4 cm pitch over the precordial area. The sensor was positioned as close to the chest as 
possible, directly over the heart using the jugulum as landmark. The examination table with 
the patient resting in constant the same position was then moved systematically to each of 
the 36 predetermined positions under the SQUID detector. Data were recorded at each 
registration point for 30 seconds with simultaneous registration of lead II of the surface ECG 
and stored on hard disk for further evaluation. The analysis was based on the “inverse 
problem solution”, i.e reconstruction of the intracardiac sources that originated the  
magnetic field measured. 

3. Inverse problem solution 
3.1 Description of the problem and definition 

The “inverse problem solution” is based on the following physical considerations. 
Magnetocardiographic measurements are made with a sensor moving over a planar grid 
above the body surface. The distance from this planar grid to a signal source inside the heart 
differs from patient to patient. As the magnetic field parameters vary with the source-to-



 
Coronary Artery Diseases 

 

46

plane distance in a nonlinear way, magnetic field maps generated may also vary 
significantly in one and the same patient. To the technical set up with the analysis of the 
biomagnetic field source distribution, directly corresponding with the field registered, this 
problem can be overcome. Therefore  magnetocardiographic information transformation 
should led to the inverse problem solution. 

The full definition of inverse solution is following : inverse task solution in electrodynamics 
(magnetostatics) implies finding of special magnetic sources distribution from the known 
(registered) magnetic field parameters. 

3.2 Steps of solution 

Inverse problems may could be solved in different ways, using simple or more complex 
models of biomagnetic sources. There are the following steps in modeling and 
representation of bioelectrical sources in the heart. 

3.2.1 Localization of the dipole magnetic field source (Primin & Nedayvoda, 1997) 

We use a model of the magnetic dipole as the source of biomagnetic signal in contrast to 
common approaches using the electric dipole as a source. Based on this approach the more 
precise analytical solution of the inverse task could be obtained. The background for the 
analytical solution is to use the properties of the spatial derivatives of the magnetic 
induction vector B matrix in a homogeneous nonmagnetic and nonconductive medium (in 
points of measurements divB=0, curlB=0). In this case, matrices of the first (D1) and second ( 
D2i, i=x,y,z) spatial derivatives of the B vector are symmetrical and possess several 
properties providing analytical solution of the inverse task to be fulfilled first in a new 
(own) and afterwards by reverse transition in a set-point coordinate systems. It is important 
that independent solutions can be obtained for every point in a plane of measurement. As a 
result “effective “ dipole ( i.e dipole which creates the magnetic field with parameters 
corresponding with high degree of accuracy to those of the field registered in the plane of 
measurement) could be localized. It means that three coordinates rz, rx , ry and magnetic 
moment of these dipoles could be determined.  

3.2.2 Reconstruction of currents distribution in the layer  

(Gumenyuk-Sychevskii et al, 1993 ). Distribution of the current density vectors has been 
defined using double integral Fourier transform for the plane arranged at a distance equal to 
rz coordinate of the “effective” source and parallel to the thorax and to the plane of 
measurements.  

3.2.3 Reconstruction of 3-D magnetic dipole density (Primin & Nedayvoda, 2009) 

Method is based on analytical method of inverse solution. Source of biomagnetic signal can 
be represented in the form of N elementary magnetic dipoles. Algorithm allows to make a 
solution on the determination of coordinates and magnetic moment vector for every dipole, 
homogenization of the source and finally representation of the “effective” biomagnetic 
signal source as a 3-D “clouds” of magnetic dipole density. That is way the most suitable 
model for solving of inverse problem in this class of patients is a system of currents, 
distributed in the plane or (what is the best) in the volume. 
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3.2.4 Tomographical (layer-to-layer) reconstruction (Primin et al, 2003; Primin et al, 
2010) 

Knowing density, coordinates and magnetic moments of all elementary magnetic dipoles 
currents distribution as a current density vectors maps could be obtained for any rz 

coordinate i.e for any distance (layer) from the measurement plane. The layer with the 
highest current density values corresponds to the layer possessing maximum number of 
elementary sources. The specificity of our approach is that every further , more advanced 
step of inverse solution based on the results of the preceding step which allows us to 
approach reliable 3-D solution. The results of current distribution in the layer, 
reconstruction of 3-D magnetic dipole density and layer-to-layer reconstruction were used 
for further medical analysis. From all patients 32 CDV maps were generated on equal 
distance within the ST-T interval starting with the J-point.  

3.2.5 Reconstruction of 3-D image of electrical activity in the heart 

This reconstruction have been done for single time moment in the middle of ST-T interval. 
Two approaches for 3-D data representation have been used. One of them represents 
reconstruction of the 2-D CDV maps on the different distance from the probe, in other 
words this reconstruction of electrical activity on layers (methodologically similar to 
tomographical approach in other imaging methods). Other approach represents a 3-D 
distribution of magnetic dipoles density. “Cloud” of these dipoles represent the exited zones 
of myocardium 

4. Results 
 

Healthy volunteer male, 47 years 

Complaints none 

Resting ECG normal 

Echo normal 

Magnetocardiography The 2-D CDV maps within ST-T interval show a highly 
homogeneous distribution of currents with only one main 
current area in each map. Main current density vectors are 
located at the center part of the maps and are directed left-
to-downwards (Fig. 1a). The maps remain stabile over the 
ST-T interval. “ Tomographical “ representation is shown 
on Figure 1b. Homogeneous current distribution with 
similar structure of maps at each layer could be seen. The 
layer with maximal density is located on the middle 
distance from the measurements plane. “Cloud“ of 
magnetic dipole density (Figure 1c) is very compact, 
spherical and located on the center of the cube of sources 
reconstruction 



 
Coronary Artery Diseases 

 

46

plane distance in a nonlinear way, magnetic field maps generated may also vary 
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result “effective “ dipole ( i.e dipole which creates the magnetic field with parameters 
corresponding with high degree of accuracy to those of the field registered in the plane of 
measurement) could be localized. It means that three coordinates rz, rx , ry and magnetic 
moment of these dipoles could be determined.  

3.2.2 Reconstruction of currents distribution in the layer  

(Gumenyuk-Sychevskii et al, 1993 ). Distribution of the current density vectors has been 
defined using double integral Fourier transform for the plane arranged at a distance equal to 
rz coordinate of the “effective” source and parallel to the thorax and to the plane of 
measurements.  

3.2.3 Reconstruction of 3-D magnetic dipole density (Primin & Nedayvoda, 2009) 

Method is based on analytical method of inverse solution. Source of biomagnetic signal can 
be represented in the form of N elementary magnetic dipoles. Algorithm allows to make a 
solution on the determination of coordinates and magnetic moment vector for every dipole, 
homogenization of the source and finally representation of the “effective” biomagnetic 
signal source as a 3-D “clouds” of magnetic dipole density. That is way the most suitable 
model for solving of inverse problem in this class of patients is a system of currents, 
distributed in the plane or (what is the best) in the volume. 
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Fig. 1a. Example of reconstruction of several current density vector maps in the course of the 
ST-T interval of volunteer M.O. 

 
Fig. 1b. 3D current reconstruction at the middle of ST-T interval of volunteer M.O. Upper 
row: axonometric projection of cube of current reconstruction - frontal view  (left) and 
sagittal view (right), Low rows : Current density vectors maps on different distance from 
plane of measurement (from 6 to 25 cm). 
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Fig. 1c. 3-D dipoles density reconstruction at the middle of ST-T interval of volunteer M.O. 
Axonometric projection of cube of current reconstruction with “cloud” of dipoles density. 
Layer with maximal density is marked. 

 

 

Patient J male, 72 years 

Complaints Typical chest pain 

Resting ECG unchanged 

Echo mild LV hypertrophy, otherwise – normal 
echocardiogramm 

Coronaroangiography 1-vesel disease, stenosis (75 %) of proximal-to–mild LAD. 

LV-angio mild LV hypertrophy, otherwise – normal result 

PET reduced myocardial perfusion in the all walls in particular 
in septoapical area 

Magnetocardiography 2-D CDV maps within ST-T interval are presented in 
Figure 2a. Maps are not homogenious, absence of dipole 
structure are seen within the hole ST-T interval. 
“Tomographical” representation (Figure 2b) clearly shows 
two area of activity: one of them is located on the anterior 
part of the cube of reconstraction with maximal intensity 
on the layer of 12cm, another is shifted left- backwards 
with maximal activity on 18 cm. “Cloud“ of magnetic 
dipoles (Figure 2c) generally shifted downwards and also 
clearly divided on two areas 
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Fig. 2a. Example of reconstruction of several current density vector maps in the course of the 
ST-T interval of patient J. 

 
Fig. 2b. 3D current reconstruction at the middle of ST-T interval of patient J. 
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Fig. 2c. 3D dipoles density reconstruction at the middle of ST-T interval of patient J. 
Axonometric projection of cube of current reconstruction with “cloud” of dipoles density. 
Layers with maximal density of upper currents area (right) and lower currents area are 
marked. 

 

Patient L. male, 74 years 
Complaints Atypical chest pain 
Resting ECG unchanged 
Ergometry 125 WT, end point criteria – targeting heart rate achieved 
Echo marginal local contractility disturbances in the anterior 

wall, otherwise – normal echocardiogram 
Coronaroangiography 1-vesel disease, stenosis (50 %) of proximal-to –mild LAD. 
LV-angio marginal local contractility disturbances in the 

anteriolateral wall and septoapical area 
PET reduced myocardial perfusion in the apical, septoapical 

and suproapical areas 
Magnetocardiography 2-D CDV maps within ST-T interval are presented in 

Figure 3a. Maps are not homogein, non-dipole especially at 
the beginning and at the and of ST-T interval, there are 
additional current areas at the upper and lower part of 
maps. “Tomographical” representation (Figure 3b) clearly 
shows two area of activity which are located 
approximately on one depth – 11-12 cm. “Cloud “ of 
magnetic dipoles (Figure 3c) like in previous case generally 
shifted downwards and also clearly divided on two areas, 
one of them is shifted rather up backwards 
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Fig. 2c. 3D dipoles density reconstruction at the middle of ST-T interval of patient J. 
Axonometric projection of cube of current reconstruction with “cloud” of dipoles density. 
Layers with maximal density of upper currents area (right) and lower currents area are 
marked. 
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Fig. 3a. Example of reconstruction of several current density vector maps in the course of the 
ST-T interval of patient L. 

 
Fig. 3b. 3D current reconstruction at the middle of ST-T interval of patient L. 
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Fig. 3c. 3-D dipoles density reconstruction at the middle of ST-T interval of patient L. 
Axonometric projection of cube of current reconstruction with “cloud” of dipoles density. 
Layer with maximal density is marked. 

 

 

Patient T female, 42 years 

Complaints Atypical chest pain 

Resting ECG absolute arrhythmia due to atrial fibrillation, otherwise- 
unchanged ECG 

Ergometry 125 WT, end point criteria – targeting heart rate achieved 

Echo normal echocardiogram 

Coronaroangiography Coronarosclerosis, macroangiopathy formally excluded. 

LV-angio Marginal hypokinesia of apical are, otherwise – normal 
results. 

PET Small local reducing of myocardial perfusion in the 
inferioapical area 

Magnetocardiography 2-D CDV maps within ST-T interval are presented in 
Figure 4a. Maps are not homogein, absence of dipole 
structure are seen within the hole ST-T interval. 
“Tomographical” representation (Figure 4b) shows one 
but non-compact, distributed  are of activity with fuzzy 
contours. “Cloud“ of magnetic dipoles (Figure 4c) 
located approximately on the central part of the cube of 
source reconstruction but also non-compact and non-
spherical 
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Fig. 4a. Example of reconstruction of several current density vector maps in the course of the 
ST-T interval of patient T. 
 

 
Fig. 4b. 3D current reconstruction at the middle of ST-T interval of patient T. 
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Fig. 4c. 3-D dipoles density reconstruction at the middle of ST-T interval of patient T. 

Axonometric projection of cube of current reconstruction with “cloud” of dipoles density. 
Layer with maximal density is marked. 

5. Discussion 
Methods of MCG-data analysis based on inverse solution are able to give the most valuable 
information. However some methodological aspects should be taken into consideration  for 
optimal using of this approach. 

It is well known that the inverse solution in classical setting up has no unambiguous 
solution. The task is simplified and can acquire the uniqueness with definition of the 
“functional relationships” between magnetic field measured and sources reconstructed. In 
other words, definition of the field source models (point dipole, current layer distributed in 
a plane, current distributed in a volume) determines the relationships between field sources 
and magnetic field values and distribution in the plane of measurement.  

It is rather complex to choose the field source model. This choice of the source model is 
determined on the one hand by the excitation area dimensions, distance from the sensor 
(registration point), diameter of the magnetic flux transformation coil and on the other hand 
by physiological characteristic of the process under investigation. In other words to 
substantiate the model of the biomagnetic signal source, the volume of the active heart 
tissue where the source is distributed should be considered in relationship with field 
parameters registered in points of the plane of measurements. For instant „ point dipole“ 
model is correct in the cases of small, focal sources in a heart muscle stipulated by excitation 
of the Gis-Purkinje conducting system and arrhythmogenic focuses. In contrast, perfusion 
insufficiency, first of all because of CAD, is resulting in electrophysiological changes of more 
extended zones of myocardium. Therefore the most suitable model for solving of inverse 
problem in this class of patients is a system of currents, distributed in the plane or, what is 
the best, in the volume.  

This is especially true when ventricular repolarisation period is analysed. Repolarisation is a 
diffuse process i.e. large zones of the whole myocardium are excited simultaneously in the 
case of normal ventricular myocardium. Pathological processes will led to the 
asynchronisation of the repolarisation process in the normal and affected zones of 
myocardium. In other words we could say that different zones of myocardium are in the 
different electrical stage due to the difference in the conduction velocity.   
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Fig. 4a. Example of reconstruction of several current density vector maps in the course of the 
ST-T interval of patient T. 
 

 
Fig. 4b. 3D current reconstruction at the middle of ST-T interval of patient T. 
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Fig. 4c. 3-D dipoles density reconstruction at the middle of ST-T interval of patient T. 

Axonometric projection of cube of current reconstruction with “cloud” of dipoles density. 
Layer with maximal density is marked. 
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That is why the  concept of clinical analysis of electrical images obtained is based on of 
homogeneity, "electromagnetic symmetry“ evaluation. Highly homogeneous type of 
electrical currents within the whole ST-T interval in 2-d mode and  at the middle of ST-T 
interval in the 3-D mode we could see in the healthy volunteer maps. In the framework of 
our concept we could assume that this maps reflect absence of myocardial zones with 
different electrical properties. The most non–homogeneous structure of current maps we 
could see in patient J. This is especially clear when 3-D image is analysed – two zones of 
activity located on two different levels of cube of reconstruction – more upwards and more 
downwards. This patient shown the most pronounced coronary stenosis and the most 
severe perfusion insufficiency by PET. 

The maps of patient  L. also not homogeneous especially at the beginning of ventricular 
repolarisation. 3-D image also shows two zones, both located on one level – a little bit 
upwards. Perfusion insufficiency was found in the apical and suproapical areas.  

2-d maps and 3-d reconstruction of patient T could be settled on the intermediate position 
between maps of healthy volunteers and maps of patients with CAD in the sense of 
inhomogeneity of electrical images. At the same time only minor perfusion insufficiency 
(probably due to microangiopathy ) in the apical was found. From pathophysiological point 
of view this inhomogeneity could be explained by the the presence of myocardial ischemia 
at rest. Indeed the absence of ischemia under resting conditions is generally accepted to be 
the explanation for a normal ECG at rest in CAD patients. Keeping in mind that ischemia is 
a dynamic process with an important temporal continuum starting with changes on 
molecular basis followed by some unspecific changes in the 12 lead standard ECG 
progressing, leading to wall motion disturbances, and angina as a last step, it could be 
possible that this new method is able to detect signs of ischemia in a very early phase of 
such a dynamic process. 

Perfusion insufficiency proved based on PET results confirms presence of myocardial ischemia 
regardless to normal results of ECG and other routine tests. In what way insufficiently perused 
myocardial zones could represent themselves on 3-d current images. Generally two variants 
could be supposed : In the case of affected but viable myocardium areas of additional 
pathological electrical activity could overlap these zones or be located near by, representing so-
called “ currents of injury”. In the case of non-viable myocardium, loosing electrical properties 
completely, electrical “defect” could be seen on 3-d electrical images.  

To find a correlation between 3-d electrical images these areas and myocardial segments in 
pathological conditions ( different stage of perfusion insufficiency, hibernation  stunning 
and so on) will be the main subject of further studies. It is also important from 
methodological point of view to present digital information in “absolute terms” like it is 
achieved already in other diagnostic methods. “Absolute terms “ for magnetocardiography, 
analyzing homogeneity of electrical properties of myocardium, is dispersion of conduction 
velocity within certain physiological periods of cardio cycle, first of all within ventricular 
repolarization. 

In the near future such software, directly representing zones of hypo-, hyper- and normal 
conduction as well as diagnostic indicators might be developed to show a complete 3-D 
electrical image of the heart. The fact that CAD patients, presumably with ischemia but with 
a normal results of the routine tests, might be identified on the basis of a completely 
noninvasive method is of great clinical interest. 
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The original results of earlier studies with a multichannel MCG system inside a shielded 
setting, were always limited by the expensive costs of the system itself and by the lack of 
patient e.g. c.q. physician acceptance. The present data show the results of a much less 
expensive system not requiring a shielded room. A further confirmation of these results in a 
greater population would be an important step towards the aim to restrict invasive 
procedures like coronary angiography to those patients in whom the diagnosis of CAD is 
confirmed prior to the procedure and in whom interventional therapy appears to be 
indicated.  

A main limitation of this study is small number of cases analyzed. Then, the analysis of 3-D 
magnetocardiographic images is rather subjective. As long as the score system depends to 
some degree on the experience of the observers, with the need for a training procedure, the 
implementation of an automatic process following the described criteria should improve 
this aspect. 

Conclusion: presented cases shows a certain clinical potential of joint analysis  of heart 
electrical images based on MCG and perfusion images based on PET. Further investigation 
will be done to make this diagnostical approach useful in a clinical routine.  
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1. Introduction 

Exercise stress testing is commonly used for assessing the presence and severity of 
coronary ischemia including heart rate (HR) and blood pressure (BP) responses as well as 
exertional symptoms estimation (Vivekananthan et al., 2000). Cardiopulmonary exercise 
test (CPET) indices, obtained by direct measurement of exercise respiratory gas exchange, 
may provide additional important clinical information for further and more quantitative 
evaluation of the ischemic response. Among these indices are the ventilatory anaerobic 
threshold (VAT), oxygen consumption (VO2) and the oxygen pulse (O2-P) measured 
during exercise. These indices mainly reflect cardiac problems (Milani et al., 1995, 2006). 
However, recovery cardiopulmonary indices have been found to be an important tool for 
assessing the overall exercise capacity in patients with chronic heart failure (CHF). These 
indices differ significantly from healthy subjects. The kinetics of post exercise VO2 has 
been demonstrated to be delayed in relation to the severity of the disease and to be closely 
related to exercise capacity (Koike et al., 1998). Patients with severe CHF or dilated 
cardiomyopathy, demonstrated a prolonged recovery period to the baseline levels of VO2 
(Pavia et al., 1999; De Groot et al., 1999). Similar results were found in patients with mitral 
stenosis (Lim et al., 1998). This chapter is based on our five studies, and concerns a 
quantitative functional assessment of ischemic response in patients with documented 
coronary artery disease (CAD). The ischemic response was tested using various classic 
and novel cardiopulmonary indices. The first study demonstrates four O2-P curve 
variables, achieved during exercise, which correlate well with different degrees of 
ischemic response. In the second study, the functional results following percutaneous 
transluminal coronary angioplasty (PTCA) were assessed in chronic CAD patients. In the 
third study there is a similar assessment of the effect of controlled exercise training in 
chronic CAD patients. In the fourth study the means by which ischemia can be improved, 
as a result of regular exercise training is explained. The most recent study deals with 
recovery indices of VO2 kinetics and their contribution to quantitatively assessing varying 
degrees of CAD.  
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2. Assessment of the relationship between ischemic response by exercise 
multigated radionuclide test and the O2-P curve characteristics of the CPET  
Four defined variable O2-P curves were observed during CPET in different degrees of 
ischemic response in order to compare them with left ventricular ejection fraction (LVEF) 
[rest] – [exercise] response, as measured by multigated equilibrium 99mTc radionuclide 
cineangiography (MUGA) in ischemic patients. The hypothesis here was based on the direct 
relationship between the O2-P and the stroke volume (SV) according to the Fick formula: 

VO2 = CO x (a-v) O2 content  O2-P = SV x (a-v) O2 content 

As VO2/HR = O2-P; and CO/HR = SV 

The O2-P response during exercise, represented by its curve, is expected to increase till its 
peak in healthy subjects. In patients with varying degrees of CAD, different quantitative 
ischemic responses may variate the curve shape accordingly. In the case of left ventricular 
(LV) dysfunction, a flat curve response is expected.  

2.1 Methods  

46 patients, 39 men and 7 women, mean age 59.2+/-11 years, with no hypertrophic, valvular 
or pericardial disease participated in this study. MUGA exercise tests were performed in all 
patients and followed by a CPET within 2-3 weeks under the same medical regimen while 
stopping medications like beta-blockers, calcium channel blockers or nitrates 24 hours prior 
to all tests. 

2.1.1 MUGA test 

Muga was performed to determine LV ejection fraction (EF) at rest and at peak exercise, using 
a supine bicycle ergometer with increments of 25W every 2 min. Patients were asked to 
continue until the predefined endpoint such as appearance of symptoms, volitional fatigue, 
significant ST changes on ECG or attainment of target HR. 10 mg of stannous pyrophosphate 
was injected prior to the study, followed 15 min later by 20-25 mCi of 99mTc. Data were 
recorded with a small-field-of-view scintillation camera and a digital processor. The camera 
was interfaced to an inter-technique cine data system (Apex-SP409; Elcint, Haifa, Israel). The 
detector was located at 45 degrees left anterior oblique projection. The cardiac cycle was 
divided into 24 frames yielding an average time per frame of 20-30 mins. Calibration was set to 
4,000 kilo-counts for rest and exercise for all frames. 2,000 kilo-counts were used at exercise. 
After rest, the study was repeated during supine exercise until peak load was reached. The 
work load was then immediately decreased by 50% to allow the patient’s upper body to 
remain as immobile as possible, with a stable uniform R-R interval on ECG. Following this, 
ventricular scintigraphy was started. This procedure was based on the assumption that if an 
ischemic response is observed during exercise, recovery is not expected within such a short 
time after peak exercise. According to the ischemic response degree, the patients were 
classified into four groups: Group 1 (n=10, control), normal findings, defined as LVEF>55% 
and LVEFexercise–LVEFrest > 5%; Group 2 (n=10), mild ischemia, LVEF>55% and 
0%<LVEFexercise–LVEFrest<5%; Group 3 (n=9), LV dysfunction, LVEF<35% at rest, and 
group 4 (n=17), significant ischemia, LVEF>55%, LVEFexercise–LVEFrest<0.  
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2.1.2 CPET  

An upright symptom-limited test was performed on an electronically-braked cycle 
ergometer (Ergoline-800). After two minutes of free pedaling, exercise was initiated at 20W 
followed by increased stepwise of 10-20W every minute until a predefined end-point was 
reached (i.e., symptoms, volitional fatigue or attainment of target HR). Cardiopulmonary 
data were collected by an on-line metabolic chart (CPX Medical Graphics, Minn., USA). 
Patients breathed through a low-resistance, two-way valve (Hans-Rudolph, Mo., USA) 
connected to the expiratory limb. The breath-by-breath signals were integrated by a 
computer to yield 30-second averages of HR, minute ventilation (Ve), VO2, carbon dioxide 
output (VCO2) and O2-P (=VO2/HR). Peak- VO2 and peak- O2-P were related to normal 
predicted values (Wasserman et al., 1987). VAT was defined as the point at which the 
ventilatory equivalent of oxygen (Ve/VO2) increases in the absence of such an increase of 
ventilatory equivalent of carbon dioxide (Ve/VCO2); or as described for the V-slope method, 
which uses regression analysis to present the inflection point on a plot of VCO2 vs. VO2 
(Beaver et al., 1986). BP was measured with a cuff sphygmomanometer at the test beginning, 
and at least twice during exercise and peak exercise. 12-lead ECGs were recorded at each 
one-minute interval throughout the test. 

 
Fig. 1. The four O2-P curve variables. Type A (top left): normal curve, 10 points; Type B (top 
right): normal curve, lower values, 8 points; Type C (bottom left): flat curve, low values, 5 
points; Type D (bottom right): descending curve, 3 points. Dashed curve refers to O2-P 
response. Continuous curve refers to the HR response. The dash-dot horizontal line refers  
to predicted O2-P values.  

The O2-P curve appearance was scored on a 10-point scale as follows: Type A, a normal 
curve (10 points); Type B, a normal ascending curve with relatively low values, not reaching 
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the predicted value at peak exercise (8 points); Type C, an ascending curve reaching a low 
peak, then flattening through the remainder of exercise on a lower level than the predicted 
one (5 points), and type D, an ascending curve which may reach the predicted level briefly, 
then decreases towards the end of the exercise (3 points). These four curves are shown in 
Figure 1. The hypothesis was, as mentioned above, that type B correlates with mild to 
moderate ischemic response, curve D correlates with significant ischemia while curve C 
tends to correlate with LV dysfunction, since these curves reflect the SV dynamics during 
exercise.  

2.2 Results  

The peak-HR achieved was similar for both tests in all four groups. Since the supine MUGA 
was the first test done, in which patients usually achieve a lower sub-maximal HR, the CPET 
was limited to this peak-HR as well. A significant relationship between the MUGA grouping 
according to exercise response vs. the O2-P-curve scoring were demonstrated (Table 1; 
p<0.001). Figure 2 shows the linear regression between these two factors, defined by the 
equation: 

Y = -2.1X + 11.85 

Where Y represents O2-P-curve scoring and X represents MUGA grouping.  

O2-P-C 
Scores 

MUGA Grouping Total 
Group 1 
(n=10) 

Group 2 
(n=10) 

Group 3 
(n=9) 

Group 4 
(n=17) 

10 9 2 0 0 11 
8 1 6 1 1 9 
5 0 2 8 3 13 
3 0 0 0 13 13 

Total 10 10 9 17 46 

Table 1. Relationship between MUGA grouping and O2-P-curve scoring 

 
Fig. 2. Correlation between the MUGA grouping (X-axis) and the O2-P-C score (Y-axis).  
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2.3 Conclusions  

The present study demonstrates the physiological meaning of the O2-P curve scoring which 
showed a significant correlation with the MUGA response during exercise. Thus, the 
exercise O2-P-C and its scoring, which reflect the SV response during exercise, may serve  
as a good noninvasive, physiologically-based, parameter for quantitative assessment of 
ischemic patients and to distinguish between good or impaired LV function. This parameter 
was used in some of the following studies presented herein, among other indices, for further 
quantitative evaluation of ischemic patients.  

3. Quantitative assessment of functional results after percutaneous 
transluminal coronary angioplasty by cardiopulmonary exercise indices 
PTCA offers a means of improving the angiographic appearance of coronary arterial 
stenosis. Although a functional change is expected, owing to the augmented capacity of the 
dilated coronary artery to deliver blood to the previously ischemic myocardium, restenosis 
of the dilated vessel may occur. Thus, a recurrence of angina pectoris after successful PTCA 
is of major concern for both the patient and the clinician. Exercise stress testing has become a 
valuable clinical tool to assess myocardial efficacy and patient’s prognosis following PTCA 
(Kent et al., 1982). As a result, traditional modalities are used before and after the PTCA 
procedure, including bicycle ergometer or treadmill exercise test, sequential isotopes 
myocardial perfusion or stress echocardiography (Fioretti et al., 1992), to assess persistence 
(dilated) or recurrence (stenosis) of the ischemic response. The success of PTCA may be 
manifested in global and regional cardiovascular function indices like reduced chest pain, 
increased ejection fraction, reduced abnormal ST segment morphology as well as improved 
wall motion and perfusion defects. Bengston et al., 1990 reported that since 20% of patients 
with restenosis following PTCA had neither recurrent angina nor exercise-induced ischemia, 
then regular exercise testing should be supplemented with more definite indices. This study 
was designed to investigate the potential importance of the CPET indices, such as VO2, 
VAT, O2-P and its curve appearance, on PTCA follow-up, while assessing the functional 
results of this procedure.  

3.1 Methods  

29 patients, candidates for PTCA, 26 men and 3 women aged 41-78 years (mean 63.24+/- 9) 
participated. All patients demonstrated good LV function by echo-Doppler tests, although 2 
patients had suffered a recent non-Q-wave anterior wall myocardial infarction. All patients 
underwent a coronary angiography for further evaluation of ischemic heart disease (IHD) 
before the first CPET. The coronary angiography results are summarized in Table 2. The first 
CPET was performed within 1-2 weeks before PTCA and the second CPET within 2-4 weeks 
following PTCA. The same medication regimen was used on both tests, while stopping 
medications such as beta-blockers, calcium channel blockers and digitalis 24h before each 
test began. It was intended that similar peak-HRs would be achieved for each individual in 
both tests. The PTCA results are summarized in Table 3.  

3.1.1 CPET protocol 

The CPET protocol was performed as described in paragraph 2.1.2. Prior to PTCA, the CPET 
end-point of the patients was the appearance of angina or significant ST-segment 
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the predicted value at peak exercise (8 points); Type C, an ascending curve reaching a low 
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2.3 Conclusions  

The present study demonstrates the physiological meaning of the O2-P curve scoring which 
showed a significant correlation with the MUGA response during exercise. Thus, the 
exercise O2-P-C and its scoring, which reflect the SV response during exercise, may serve  
as a good noninvasive, physiologically-based, parameter for quantitative assessment of 
ischemic patients and to distinguish between good or impaired LV function. This parameter 
was used in some of the following studies presented herein, among other indices, for further 
quantitative evaluation of ischemic patients.  

3. Quantitative assessment of functional results after percutaneous 
transluminal coronary angioplasty by cardiopulmonary exercise indices 
PTCA offers a means of improving the angiographic appearance of coronary arterial 
stenosis. Although a functional change is expected, owing to the augmented capacity of the 
dilated coronary artery to deliver blood to the previously ischemic myocardium, restenosis 
of the dilated vessel may occur. Thus, a recurrence of angina pectoris after successful PTCA 
is of major concern for both the patient and the clinician. Exercise stress testing has become a 
valuable clinical tool to assess myocardial efficacy and patient’s prognosis following PTCA 
(Kent et al., 1982). As a result, traditional modalities are used before and after the PTCA 
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wall motion and perfusion defects. Bengston et al., 1990 reported that since 20% of patients 
with restenosis following PTCA had neither recurrent angina nor exercise-induced ischemia, 
then regular exercise testing should be supplemented with more definite indices. This study 
was designed to investigate the potential importance of the CPET indices, such as VO2, 
VAT, O2-P and its curve appearance, on PTCA follow-up, while assessing the functional 
results of this procedure.  

3.1 Methods  

29 patients, candidates for PTCA, 26 men and 3 women aged 41-78 years (mean 63.24+/- 9) 
participated. All patients demonstrated good LV function by echo-Doppler tests, although 2 
patients had suffered a recent non-Q-wave anterior wall myocardial infarction. All patients 
underwent a coronary angiography for further evaluation of ischemic heart disease (IHD) 
before the first CPET. The coronary angiography results are summarized in Table 2. The first 
CPET was performed within 1-2 weeks before PTCA and the second CPET within 2-4 weeks 
following PTCA. The same medication regimen was used on both tests, while stopping 
medications such as beta-blockers, calcium channel blockers and digitalis 24h before each 
test began. It was intended that similar peak-HRs would be achieved for each individual in 
both tests. The PTCA results are summarized in Table 3.  

3.1.1 CPET protocol 

The CPET protocol was performed as described in paragraph 2.1.2. Prior to PTCA, the CPET 
end-point of the patients was the appearance of angina or significant ST-segment 
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depression, fatigue or target HR. After the PTCA, the CPET was terminated at a similar 
peak-HR as in the first test, even in the absence of the above pre-PTCA end-points, in order 
to compare the CPET indices under similar conditions.  

3.1.2 PTCA 

PTCA was performed within 1-2 weeks after the first CPET if the coronary lesions showed a 
stenosis of > 70% diameter and were responsible for myocardial ischemia. Successful PTCA 
was defined as a reduction in stenosis to < 50% 

 Coronary angiography Age 
years Sex Patient 

No. respective stenosis 
diameter, % diseased vessel(s) 

90, 100, 80  LAD, CX, M1 78  m 1 
100RCA64m          2 
75, 85, 80, 95 SEPT, D1, CX, RCA69f3 
95, 85, 80 D1, D2, PL64f4 
85, 50, 60 LAD, D2, RCA67m5 
90, 100CX, RCA67m6 
99RCA72m7 
60, 100, 85, 70, 95 LM, LAD, CX, LPD, M170m8 
100, 75, 70 LAD, CX, RCA71m9 
60, 100, 95 LAD, D2, RAM60m10 
80, 40CX, LAD75m11 
70LAD (+ recent MI)55m12 
50, 90, 99 CX, M1, M266m13 
70, 75, 100 LAD, CX, RCA62m14 
75, 100CX, RCA62m15 
100RCA (mid)59m16 
80, 70LAD, D245m17 
100, 70M3, RCA71m18 
70, 90, 95, 90, 99, 90 LAD, D1, D2, M1, RPD, PL54m19 
95, 50, 60, 90 LAD, CX, M1, Inter.76m20 
95LAD (+ recent MI)57m21 
90, 100, 60 RCA, LAD, CX75f22 
95LAD41m23 
90LAD60m24 
95, 90CX, LAD52m25 
70, 90, 95, 99, 90 LAD, D1, D2, RPD, PL54m26 
90, 100, 90, 40 LAD, M1, M2, RCA61m27 
95D169m28 
85M161m29 

LAD = Left anterior descending; CX = circumflex; M1 = 1st marginal; M2 = 2nd marginal; SEPT = 
septal; MI = myocardial infarction; D1 = 1st diagonal; D2 = 2nd diagonal; PL = posterior lateral branch; 
LM = left main; RAM = ramus intermediate; RCA = right coronary artery; RPD = right posterior 
descending; LPD = left posterior descending. 

Table 2. Patient basic data and coronary angiography findings prior to PTCA (n=29).  
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 Stenosis of vessels, % Vessel(s) subjected 
to PTCA 

Patient No. 
after PTCA before PTCA 
100100CX1 
100100RCA2 
2095RCA3 
085D24 
085LAD5 
1090CX6 
1099RCA7 
085CX8 
20100LAD9 
095RAM10 
080CX11 
2070LAD (+ recent MI)12 
0, 0, 050, 90, 99CX, M1, M213 
070LAD14 
1075CX15 
0100RCA(mid)16 
1080LAD17 
070RCA18 
090M119 
095LAD20 
095LAD (+ recent MI)21 
090RCA22 
095LAD23 
090LAD24 
095CX25 
0, 070, 99 LAD, RPD26 
20, 090, 90 M2, LAD27 
3595D128 
1085M129 

LAD = Left anterior descending; CX = circumflex; M1 = 1st marginal; M2 = 2nd marginal; D1 = 1st 
diagonal; D2 = 2nd diagonal; RAM = ramus intermediate; MI = myocardial infarction; RCA = right 
coronary artery; RPD = right posterior descending. 

Table 3. PTCA results in all patients, individually (n=29). 

 

p value After PTCABefore PTCAVariables 
NS 132.0±17.2128.7±16.9Peak-HR, b.p.m.
<0.0001 1,686.2±390.11,526.8±470Peak-VO2, ml/min
<0.0005 13.44±2.912.40±2.73Peak-O2-P , ml/beat
<0.001 8.85±1.267.62±1.92O2-P -Curve, points 
<0.0005 1,089.8±150.9993.1±177.6VAT, ml/min 

Table 4. Summarized CPET results before and after successful PTCA (n=27) 
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Patient 
No. 

peak-HR, b.p.m peak-VO2, 
ml/min 

Peak-O2-P, 
ml/beat 

O2-P-C, 
points 

VAT, ml/min 

before 
PTCA 

after 
PTCA 

before 
PTCA 

after 
PTCA 

before 
PTCA 

after 
PTCA 

before 
PTCA 

after 
PTCA 

before 
PTCA 

after 
PTCA 

1  115  112  1,490  1,431   13  13  8  8  984  960  
2  115  116  1,443  1,369   13 12  8  8  1,013  1,027  
3  116  120  1,376  1,585   12 13.5  8  8  899  991  
4  126  130  1,054  1,106   8  9  5  8  778  871  
5  130  140  1,558  1,597   11  11  5  8  879  961  
6  105  110  1,102  1,558   11  14  8  10  873  1,192  
 7   125  122  1,374  1,520  12  14  8  10  875  1,008  
8  140  150  1,975  1,985  13  13  10  10  870  1,067  
9  105  107  1,048  1,050  10  10  8  8  724  883  
10  120  130  1,486  1,543  11  12  8  8  986  1,012  
11  115  125  1,480  1,754  13  14  10  10  968  1,081  
12  125  135  1,652  1,693  14  14  5  8  1,210  1,185  
13  100  100  1,320  1,569  13  15  8  10  780  1,008  
14  130  135  1,724  1,887  13  15  5  8  1,168  1,222  
15  135  135  1,885  2,080  15  17  8  10  1,224  1,230  
16  160  150  2,659  2,580  18  18  10  10  1,161  1,128  
17  180  180  1,476  1,647  9  10  8  8  856  910  
18  130  120  1,751  1,680  14  14  10  10  885  966  
19  133  135  2,076  2,251  15  17  8  10  1,310  1,365  
20  116  125  1,675  1,702  15  14  10  10  1,108  1,319  
21  140  160  1,680  1,615  12  11  5  5  980  1,061  
22  122  122  974  1,004  8  9  8  8  726  810  
23  150  155  1,298  1,472  9  10  5  8  925  1,093  
24  121  124  956  1,179  11  13  5  8  925  990  
25  124  130  1,336  1,770  12  14  5  8  1,080  1,190  
26  135  137  2,251  2,412  17  18.5  10  10  1,365  1,407  
27  145  146  1,623  1,695  11  12  8  10  959  1,093  
28  130  128  1,317  1,363  10  11  8  10  1,082  1,176  
29  118  115  2,120  2,232  18  20  10  10  1,219   1,208 
In patients 1 and 2, PTCA was unsuccessful. 

Table 5. Individual cardiopulmonary indices before and after PTCA (n=29). 

3.2 Conclusions  

After successful PTCA, patients generally showed improvement or absence of perfusion 
defects and thus achieved higher levels of exercise. The major findings of the present study, 
as summarized in tables 4 & 5, support this observation: 1) There was a significant 
functional aerobic improvement following a successful PTCA, as demonstrated by the CPET 
indices 2-4 weeks after the procedure and 2) This functional improvement occurred with 
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similar peak-HRs in both CPETs, inferring that an increase in O2-P is responsible, since VO2 
= HR x O2-P. It is concluded that CPET carried out following PTCA is an effective, short-
term, noninvasive method for quantitative functional assessment of the PTCA results. 
Further studies are required to determine the long-term effects and prognostic-predicting 
value for restenosis or for acute coronary events. 

4. Quantitative assessment of functional results following a controlled 
exercise training program in CAD patients by cardiopulmonary exercise 
indices 
Aerobic exercise training is widely used in patients with CAD, with and without LV 
dysfunction. It is intended to improve physiological fitness, exercise threshold and anginal 
symptoms. As a result of exercise training, the maximal VO2 may increase by 10-30% or 
more (Clausen & Trap-Jenaen, 1970; Redwood et al., 1972; & Sullivan et al., 1988a). 
However, not all patients experience improved exercise tolerance and for some there is a 
negative impact (O’Callaghan et al., 1984; Froelicher et al., 1984; & Grodzinski et al., 1987). 
One of the most challenging aspects of designing exercise programs for patients with CAD 
is the prescription of appropriate exercise intensity. It must be effective (not too low) yet not 
too intense as to be a cardiovascular risk (American College of Sports Medicine, 1990; Kohl 
et al., 1992). It has been shown that the HR at the VAT level is an optimal target HR for 
exercise (Gordon & Scott, 1995). This study evaluated the effect of an exercise program, 
prescribed on the basis of HR at the VAT, in patients with varying degrees of CAD, with 
good or impaired LV function, by CPET indices. 

4.1 Methods 

Over a 36-month period, 52 male patients, aged 38-75 years, with CAD, completed a 6-9 
month supervised, telemetry-monitored, exercise training program. In all patients the CAD 
was chronic, without any recent coronary events. LV function (expressed by LVEF) was 
determined by a resting MUGA test. Good LV function was defined when LVEF>45% (32 
patients), and LV dysfunction, when LVEF<35% (20 patients). The patients were divided 
into four groups on the basis of a coronary angiogram and the MUGA test. Groups 1-3 
included those with a good LV function as follows: Group 1, 10 patients with single-vessel 
disease (excluding proximal LAD coronary artery obstruction); Group 2, 12 patients with 
two-vessel disease, and Group 3, 10 patients with 3-vessel disease. Group 4 included 20 
patients with LV dysfunction. The CAD extent was determined by the number of vessels 
with >50% occlusion. All participants underwent a CPET before and after the exercise 
training program. The CPET protocol was as described above (paragraph 2.1.2) using the 
modified Balke treadmill protocol (Froelicher et al., 1974) instead of the bicycle. 

4.1.1 Exercise training protocol  

All participants completed the exercise program. Each participant was assigned two to 
three, 30- to 40-min sessions a week of continuous treadmill and bicycle exercise. The 
training HR was maintained at the VAT level as calculated from the CPET data. Each 
session was preceded and followed by warm-up and cool-down periods. During exercise, 
the patients were electrocardiographically monitored by single-lead telemetry (Nihon-
Kohden; Life Scope 6).  



 
Coronary Artery Diseases 

 

66

Patient 
No. 

peak-HR, b.p.m peak-VO2, 
ml/min 

Peak-O2-P, 
ml/beat 

O2-P-C, 
points 

VAT, ml/min 

before 
PTCA 

after 
PTCA 

before 
PTCA 

after 
PTCA 

before 
PTCA 

after 
PTCA 

before 
PTCA 

after 
PTCA 

before 
PTCA 

after 
PTCA 

1  115  112  1,490  1,431   13  13  8  8  984  960  
2  115  116  1,443  1,369   13 12  8  8  1,013  1,027  
3  116  120  1,376  1,585   12 13.5  8  8  899  991  
4  126  130  1,054  1,106   8  9  5  8  778  871  
5  130  140  1,558  1,597   11  11  5  8  879  961  
6  105  110  1,102  1,558   11  14  8  10  873  1,192  
 7   125  122  1,374  1,520  12  14  8  10  875  1,008  
8  140  150  1,975  1,985  13  13  10  10  870  1,067  
9  105  107  1,048  1,050  10  10  8  8  724  883  
10  120  130  1,486  1,543  11  12  8  8  986  1,012  
11  115  125  1,480  1,754  13  14  10  10  968  1,081  
12  125  135  1,652  1,693  14  14  5  8  1,210  1,185  
13  100  100  1,320  1,569  13  15  8  10  780  1,008  
14  130  135  1,724  1,887  13  15  5  8  1,168  1,222  
15  135  135  1,885  2,080  15  17  8  10  1,224  1,230  
16  160  150  2,659  2,580  18  18  10  10  1,161  1,128  
17  180  180  1,476  1,647  9  10  8  8  856  910  
18  130  120  1,751  1,680  14  14  10  10  885  966  
19  133  135  2,076  2,251  15  17  8  10  1,310  1,365  
20  116  125  1,675  1,702  15  14  10  10  1,108  1,319  
21  140  160  1,680  1,615  12  11  5  5  980  1,061  
22  122  122  974  1,004  8  9  8  8  726  810  
23  150  155  1,298  1,472  9  10  5  8  925  1,093  
24  121  124  956  1,179  11  13  5  8  925  990  
25  124  130  1,336  1,770  12  14  5  8  1,080  1,190  
26  135  137  2,251  2,412  17  18.5  10  10  1,365  1,407  
27  145  146  1,623  1,695  11  12  8  10  959  1,093  
28  130  128  1,317  1,363  10  11  8  10  1,082  1,176  
29  118  115  2,120  2,232  18  20  10  10  1,219   1,208 
In patients 1 and 2, PTCA was unsuccessful. 

Table 5. Individual cardiopulmonary indices before and after PTCA (n=29). 

3.2 Conclusions  

After successful PTCA, patients generally showed improvement or absence of perfusion 
defects and thus achieved higher levels of exercise. The major findings of the present study, 
as summarized in tables 4 & 5, support this observation: 1) There was a significant 
functional aerobic improvement following a successful PTCA, as demonstrated by the CPET 
indices 2-4 weeks after the procedure and 2) This functional improvement occurred with 
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similar peak-HRs in both CPETs, inferring that an increase in O2-P is responsible, since VO2 
= HR x O2-P. It is concluded that CPET carried out following PTCA is an effective, short-
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4. Quantitative assessment of functional results following a controlled 
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4.1 Methods 
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month supervised, telemetry-monitored, exercise training program. In all patients the CAD 
was chronic, without any recent coronary events. LV function (expressed by LVEF) was 
determined by a resting MUGA test. Good LV function was defined when LVEF>45% (32 
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4.1.1 Exercise training protocol  

All participants completed the exercise program. Each participant was assigned two to 
three, 30- to 40-min sessions a week of continuous treadmill and bicycle exercise. The 
training HR was maintained at the VAT level as calculated from the CPET data. Each 
session was preceded and followed by warm-up and cool-down periods. During exercise, 
the patients were electrocardiographically monitored by single-lead telemetry (Nihon-
Kohden; Life Scope 6).  
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4.2 Results  

The variables at baseline and for the four groups are summarized in Table 6. There were 
no significant differences concerning age or LVEF among groups 1-3. Although the HR for 
group 3 (three-vessel disease) was lower than in the other groups, it was still relative to 
the VAT level. The CPET indices before and after the exercise program are summarized in 
Table 7. In groups 1 and 2, no significant changes occurred in the standard exercise 
variables; testing time, peak-HR, maximal ST segment depression and recovery time. 
Nevertheless, there were significant improvements in the cardiopulmonary indices; peak- 
VO2, peak- O2-P, O2-P curve levels, and VAT levels. By contrast, group 3 showed 
significant changes only in the O2-P curve, while group 4 (LV dysfunction), showed 
significant improvements in all cardiopulmonary indices except the standard exercise test 
variables (as did groups 1 and 2).  

 

Group 4 
(LV 
dysfunction) 

Group 3 
(3-vessel 
disease) 

Group 2 
(2-vessel 
disease) 

Group 1 
(1-vessel 
disease) 

Variable 

20 101210Number of cases

60±6 58±7.557±853±10Age, years 

29±6 53±854±756±9Mean LVEF at rest, %

102 92101104Mean training HR , beats/min

65 596360Training HR/peak-HR,%

59 545857Training HR/HR-max.-
predicted,% 

Table 6. Baseline variables and data from the exercise training program of the four groups 

4.3 Conclusions 

A 6-9 month exercise training program, determined by HR at the VAT, significantly 
improves the overall circulatory and cardiac function, as assessed by CPET indices, in CAD 
patients with one- or two-vessel disease as well as in patients with LV dysfunction, most 
probably by a peripheral circulatory mechanism in the latter ones. Such improvements were 
not achieved in patients with three-vessel disease and may be explained by the limitation of 
significant ischemia which occurred even at this relatively low intensity of exercise. Once 
again, the CPET was shown to be a sensitive and effective tool for quantitative assessment of 
exercise training results in CAD patients, in contrast to the routine exercise test variables. It 
appears, as the PTCA results also demonstrated, that patients with one- or two-vessel 
disease benefit from an exercise program. This leads us to the next study in which the 
functional cardiopulmonary indices are evaluated and compared in trained versus 
untrained CAD patients seeking further explanation of the beneficial effects of exercise for 
chronic CAD patients.  
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ETT = exercise treadmill time; max HR = maximal heart rate; max ST  = maximal ST segment 
depression; rec. time = time of recovery of ST changes; NS = non significant, statistically 

Table 7. CPET indices before and after the exercise training program in the four groups. 

p After training Before training Index 
Group 1: One-vessel disease (n=10) 

NS8.1±1.17.6±1.3ETT, min 
NS169±17168±22Peak-HR, beats/min
NS0.9±1.21.15±1.3Max ST , mm 
NS3.2±4.23.1±4.1Rec. time, min 
<0.005 180±36148±37Max. load, W 
<0.0001 25.7±4.620.5±3.9Peak-VO2, ml/min/kg
<0.0005 15.9±2.512.4±2.1Peak-O2 pulse, ml/min/beat
<0.01 9.3±1.67.2±2O2 pulse curve, points
<0.01 51±1140.3±6VAT, % of VO2 max

Group 2: Two-vessel disease (n=12)
NS6.8±1.56.54±1.9ETT, min 
NS153±21157±20Peak-HR, beats/min
<0.1(borderline) 1.5±1.11.92±1.1Max ST , mm 
NS8.3±57.9±3Rec. time, min 
<0.025 127±29109±35Max. load, W 
<0.025 19±416±5Peak-VO2, ml/min/kg
<0.0005 14.3±3.111.3±3.6Peak-O2 pulse, ml/min/beat
<0.005 9.25±1.57.25±2.4O2 pulse curve, points
<0.1(borderline) 48±743±9.3VAT, % of VO2 max

Group 3: Three-vessel disease (n=10)
<0.1(borderline) 6.35±1.55.5±1.6ETT, min 
NS153±22152±24Peak-HR, beats/min
NS2.2±0.82.35±1Max ST , mm 
NS9.7±310.3±4Rec. time, min 
NS103±22110±28Max. load, W 
NS15.9±2.216.7±2.4Peak-VO2, ml/min/kg
NS12.6±2.212.3±2.2Peak-O2 pulse, ml/min/beat
0.005 8.2±1.95.4±1.5O2 pulse curve, points
NS39±9.543±4.7VAT, % of VO2 max

Group 4: LV dysfunction CAD (n=20)
NS8±2.27.4±3ETT, min 
NS154±17152±20Peak-HR, beats/min
NS1.2±1.41±1.2Max ST , mm 
NS2.7±2.82.5±3Rec. time, min 
<0.005 155±40131±27Max. load, W 
<0.001 22.5±519±3Peak-VO2, ml/min/kg
<0.0005 14±2.512.2±2.1Peak-O2 pulse, ml/min/beat
<0.05 8.5±2.47.2±2.5O2 pulse curve, points
<0.05 49±741±8VAT, % of VO2 max
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5. Quantitative functional assessment and comparison of trained versus 
untrained CAD patients by combined CPET and 99mTC-Sestamibi myocardial 
imaging  
Several studies, amongst many, have confirmed the overall benefit of exercise training in 
reducing the risk of CAD (Sesso et al., 2000; Blair et al., 1993). Additional studies have 
shown specific benefits of exercise training in CAD patients: Improved endothelial 
function with CHF (Hambrecht et al., 1998) or without CHF (Walther et al., 2004; 
Hambrecht et al., 2000); improved C-reactive protein values (Church et al, 2002); and 
increased cytokine- activity (Goldhammer et al., 2005). It has been established that 
exercising at the HR of the VAT level has a favorable effect (Gordon & Scott, 1995). 
However, the means by which exercise achieves this remains unclear. Does it enhance the 
development of collateral coronary blood supply to the ischemic myocardium? Or can the 
improvement in cardiopulmonary function be readily explained by other mechanisms 
such as a more “cost-effective” metabolic-physiologic demand-supply balance. According 
to the Fick formula (paragraph 2), O2-P, which is simply VO2 divided by HR, is directly 
related to SV. If O2-P is significantly increased with exercise, it follows that exercise 
improves SV. Theoretically this could be induced by improved myocardial perfusion (e.g., 
by augmented collateral circulation). However, until now there is a lack of evidence to 
show that exercise training indeed, exerts such a beneficial effect on myocardial oxygen 
supply. Alternatively, the increase in SV, especially if accompanied by a decrease in HR at 
VAT level, could simply reflect an improved and a more effective myocardial VO2 as a 
result of exercising, which may be accompanied by an objective evidence of reduced 
myocardial ischemia. This could occur simply as a result of a significant decrease in HR 
during exercise. In this study, an assessment and comparison of the functional CPET 
indices in trained vs. untrained CAD patients was carried out. The CPET was followed by 
evaluation of the degree of ischemia in every patient by 99mTC sestamibi myocardial 
perfusion imaging (MIBI-SPECT), while using the same exercise testing for both studies. It 
was assumed that a decrease in myocardial oxygen demand could explain the improved 
functional capacity observed after exercise training in chronic CAD patients, irrespective 
of its possible effects on collateral blood flow. 

5.1 Methods  

44 men aged 40-83, a mean 62+/-12 years, with a recent coronary angiogram participated. 
They were divided into three age-coordinated groups: Group I, nine patients with normal 
coronary arteries at the coronary angiography (control group); Group II, 20 patients with 
significant 1-3 vessel disease who did not participate in any exercise training program 
(untrained group), and Group III, 15 patients also with significant 1-3 vessel disease, yet 
who completed a 3-6 month supervised, telemetry-monitored exercise training program 
prescribed by the HR at the VAT (trained group). All 35 CAD participants had chronic CAD, 
without any previous acute coronary events. All had normal LV function (LVEF>50%), 
documented by multigated acquisition angiography (MUGA) or LV angiography. All 44 
participants underwent a CPET together with a MIBI-SPECT study using standardized 
techniques. A single exercise test was used for both studies. Beta-blockers and calcium 
channel antagonists were stopped 24 hours prior to testing.  
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5.1.1 CPET protocol  

This test was performed as described in paragraph 2.1.1.  

5.1.2 MIBI-SPECT protocol  

MIBI myocardial perfusion tomography was performed with a same-day "rest-stress" 
imaging protocol (Tailefer, 1990). The first myocardial perfusion imaging was done at rest, 
one hour after the injection of MIBI 7-8 mc. The second imaging was done 1-2 hours later, 
after exercise and additional injection of MIBI 21-22 mc at peak-exercise. Tomographic 
imaging acquisition was performed over a 180-degree arc, from the -45-degree right anterior 
oblique to the +135-degree left posterior oblique with an S-P-4x digital camera (Elscint Ltd, 
Haifa, Israel) fitted with an all-purpose collimator. The degree of ischemia was scored on a 
4-point scale as follows: 0-no ischemia; 1-mild; 2-moderate, and 3-severe ischemia. Only 
stress-imaging defects that showed partial or complete resolution on corresponding rest 
images were considered as "reversible ischemia". 

5.2 Results  

The basic data and summary of results for all three groups are shown in Table 8, and the 
extent of disease in the trained and untrained patients is shown in Table 9. There was an 
almost equal distribution of 1-, 2- and 3-vessel disease within groups II and III with no 
significant difference in the extent of disease between the groups (Table 9). Nevertheless, 
significantly less ischemia was observed in the trained patients (group III) in comparison to 
the untrained patients (group II) (0.8+0.65 vs. 1.79+0.95; p<0.001), as also demonstrated in 
Figure 3, along with a significantly greater peak-VO2 (1989+422 vs. 1608+296 ml/min; 
p<0.001). Since peak-VO2 equals peak-O2-P x HR, and a highly significant increase in peak-
O2-P was observed in the trained vs. the untrained group (139+29% vs. 94+11% of predicted 
values; p<0.001) concomitantly with a significantly lower peak-HR (70+11% vs. 84+9% of 
predicted values; p<0.001), it indicates that the increase of peak-O2-P contributes more to the 
increase of peak-VO2 than the reduction of peak-HR deletes from its level. The Peak-VO2 
and O2-P were not significantly different in the trained group (group III) vs. the control 
group (group I). The relationship between the peak-VO2, peak-O2-P and peak-HR within the 
three groups is demonstrated in Figure 4.  
 

 Group I (n=9) 
(no disease) 

Group II (n=20) 
(untrained) 

Group III (n=15) 
(trained) 

Age(yrs) 
No. of occluded vessels 
Ischemic degree (score) 
Peak-VO2 (ml/min) 
Peak- O2-P (%pred.) 
Peak-HR (%pred.) 

64+7 
0 
0 
2171+536† 
125+24* 
89+7† 

61+8 
1.95+.83 
1.79+.95‡ 
1608+296‡ 
94+11‡ 
84+9‡ 

64+9 
1.93+.85 
0.8+.65 
1989+422 
139+29 
70+11 

    

*p<0.05 group I vs. group II; † p<0.01 group I vs. group III; ‡ p<0.001 group II vs. group III. 

Table 8. Basic data and summary of results. 
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  Group II (untrained) Group III (trained)  

1-vessel disease 
2-vessel disease 
3-vessel disease 
 

 7(35%) 
7(35%) 
6(30%) 
 

6(40%) 
4(27%) 
5(33%) 
 

 

Total  20(100%) 15(100%)  

Table 9. Extent of coronary disease on angiography in trained and untrained patients. 

5.3 Exercise training in chronic and stable CAD 

Exercise training is a highly valuable non-pharmacological treatment for patients with 
chronic stable angina. It reduces myocardial ischemia and, on the clinical level, reduces the 
frequency of anginal attacks while also improving functional capacity and long-term 
outcomes (Nigam & Tardif, 2008). As regular exercise has been shown to improve 
myocardial perfusion and to retard disease progression in patients with stable CAD and 
even with ischemic cardiomyopathy (Belardinelli et al., 1998), a randomized study was 
conducted (Hambrecht et al., 2004) to compare the effects of exercise versus percutaneous 
coronary intervention with stenting on clinical symptoms, angina-free exercise capacity, 
myocardial perfusion and cost-effectiveness. It was concluded that a 12-month program of 
regular physical exercise in patients with stable CAD resulted in superior event-free 
survival and exercise capacity at a lower cost, due to reduced re-hospitalizations and 
repeated revascularizations. What is the contribution of our study? 

What is not clear from previous studies is the dominant mechanism that underlies the 
cardiovascular improvement induced by an exercise program. Is the improvement mainly 
dominated by enhanced myocardial blood flow (by increased coronary collateralization for 
example, as well as by augmentation in endothelial function) or is it due to decreased 
myocardial oxygen demand and improved metabolic cost effect balance? (The improved 
ischemic burden evidenced by perfusion studies is compatible with either one of these 
possibilities). This study does not deny the former possibility of increased myocardial 
perfusion, since it does not address this issue. However, it does show that the reduced 
ischemic burden seen in perfusion studies can be attributed substantially, if not completely, 
to the improved metabolic-physiologic state of the myocardium that accrues from exercise 
training. It is shown here that SV (as indicated by O2-P) is significantly higher in the CAD 
patients after a 3-6 month training program (group III) than in group II patients, who were 
not subjected to training yet had similar severity of CAD, and also similar to SV levels of 
subjects without CAD (group I, control). Furthermore, peak-VO2 is also significantly higher 
in the trained group than in the untrained one, indicating an improvement in functional 
capacity. Simultaneously, peak-HR is also significantly lower in the trained group at a 
higher degree of exercise, as expressed by higher peak VO2, than in the untrained group 
(Figure 4). This peak-HR decrease indicates that exercise training decreases myocardial 
oxygen demand, and the combination of this with the cardio-pulmonary data suggests that 
the beneficial effect of regular exercise is mediated, at least substantially, by a significant 
decrease in peak-HR along with the significant increase in peak-O2-P (related to SV) and 
peak-VO2 (functional capacity). This metabolic-physiological advantage to the myocardium 

Quantitative Functional Assessment  
of Ischemic Patients by Cardiopulmonary Exercise and Recovery Indices 

 

73 

is expressed by the significant improvement of ischemia demonstrated by MIBI-SPECT 
imaging at the peak-HR that was simultaneously reached during the CPET. Thus, there is no 
need to invoke an improvement in myocardial blood flow to explain the beneficial effect of 
exercise training in chronic CAD. The results of this study need to be further validated by 
more extensive study. 
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Fig. 3. Comparison of number of occluded coronary vessels and scoring of ischemic degree 
(Tecnetium-Sestamibi test) between groups II (untrained) and III (trained). 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Comparison of the relationship among peak- VO2, peak- O2-P and peak-HR within 
groups I (control), II (untrained) and III (trained). 
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  Group II (untrained) Group III (trained)  

1-vessel disease 
2-vessel disease 
3-vessel disease 
 

 7(35%) 
7(35%) 
6(30%) 
 

6(40%) 
4(27%) 
5(33%) 
 

 

Total  20(100%) 15(100%)  

Table 9. Extent of coronary disease on angiography in trained and untrained patients. 
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6. Quantitative assessment of patients with varying degrees of coronary 
artery disease by cardiopulmonary exercise and recovery indices 
Recovery indices of CPET are important tools for assessing the exercise capacity of patients 
with CHF, which differ significantly from healthy subjects, as shown in our former study 
(Klainman et al., 2004). The kinetics of post-exercise VO2 is shown to be delayed in 
relationship to the severity of the disease and closely related to exercise capacity (Cerretelli 
et al., 1996; Hayashida et al., 1993; Sietsema et al., 1994). The ability to estimate 
quantitatively the severity of CAD by a non-invasive test, such as the CPET, might be of 
great value for directing further management of these patients. In this study we measured 
three recovery O2 kinetic indices as detailed below, in order to compare patients with 
varying degrees of CAD. 

6.1 Methods 

62 ambulatory patients were selected in this study on the basis of the following criteria: 

 All patients were men to avoid gender physiological discrepances. 
 All patients have performed a coronary angiogram within two months prior or post a 

CPET (which has been done in all patients as well). 
 All the CPETs were well qualified for collecting relevant data for the purpose of the 

study. 
 No patients with a history of pulmonary, valvular or peripheral vascular diseases, CHF, 

left ventricular dysfunction, or chronic atrial fibrillation were selected.  
 All patients stopped all relevant medications: beta-blockers, calcium channel 

antagonists and nitrates at least 24 hours prior to the CPET.  

17 patients who demonstrated a normal coronary angiogram were defined as the control 
group (group A). The other 45 patients had documented CAD based on stenosis of 60% and 
above, in at least one major coronary artery, excluding the left main or proximal LAD 
stenosis. On the basis of the coronary angiogram results, patients were divided into three 
additional groups: B, 26 patients with mono-artery disease (1VD); C, 11 patients with two-
vessel disease (2VD), and D, 8 patients with three-vessel disease (3VD). 

6.1.1 CPET protocol 

The exercise protocol was carried out as described in paragraph 2.1.1. Data were recorded 
during exercise and recovery periods until the respiratory exchange ratio (RER) of 1 or less 
was reached. Three recovery indices were defined as follows: 1) half-time recovery of VO2 
(1/2tRec- VO2), which is the time, in seconds, of peak- VO2 reaching half of its value. 2) half-
time recovery of oxygen pulse (1/2tRec- O2-P), which is the time, in seconds, of peak- O2-P 
reaching half of its value, and 3) total-time recovery of VO2 (TtRec- VO2), which is the time, 
in minutes, from peak exercise end-point till obtaining an RER value of 1 or less.  

6.1.2 Statistical analysis 

Data were analyzed by the SAS system, using the Duncan's Multiple Range Test to compare 
the variables of each group. Values were calculated as mean +/- 1 standard deviation (SD). 
P values <0.05 were considered statistically significant. P values of 0.06-0.1 were considered 
as borderline. Values of > 0.1 were not significant. 
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6.2 Results 

The mean age of all patients (n=62) was 65.75+/-9.85 years, and when divided into the four 
groups: A) 62.8+/-10.9 y (n=17); B) 67.5+/-9.5 y (n=26); C) 66.9+/-9.3 y (n=11), and D) 65+/-
6.5 y (n=8). No statistical differences of age were found among the groups. Table 10 
summarizes the group data of the CPET as mean +/-1 SD and shows the comparison of the 
exercise and recovery indices among the four groups. This table shows no significant 
differences of peak HR, % pred. HR, Ex. time and peak O2-P among the four groups (lines 2, 
3, 4 and 7 respectively). A significant difference of peak-VO2 was observed only between 
groups A and D, while borderline differences were shown between groups A vs. B; A vs. C; 
D vs. B; and D vs. C (line 5). Similar differences among the groups were observed in peak 
O2-P (% of predicted value) variable (line 8). Significant differences of peak VO2 (% of 
predicted value) were observed between group D vs. A, B and C, but not among A, B and C 
themselves (line 6). Similar differences were shown in VAT variables (lines 9 and 10). Lines 
2-10 summarize the exercise parameters, while lines 11-13 demonstrate the recovery indices. 
Significant differences of 1/2tRec-VO2 were observed between the following groups: A vs. 
C; A vs. D; and B vs. D, while borderline differences were shown between groups: A vs. B; B 
vs. C; and C vs. D (line 11). Similar differences of the indices 1/2tRec- O2-P and TtRec-VO2 
were demonstrated among the groups (lines 12 and 13): Significant differences were 
apparent between A or B vs. C or D, but not between A vs. B or C vs. D. 

D (N=8) C (N=11) B (N=26) A (N=17) Group 1 

117+/-18* 131+/-15* 127+/-20* 146+/-17* Peak HR 2 

76+/-12* 86+/-11* 84+/-13* 92+/-5* % pred. HR 3 

6.8+/-1.9* 7.8+/-1.7* 7.8+/-1.9* 8.3+/-1.9* Ex. Time (min) 4 

18.4+/-6.2† 22+/-6.2¶ 22.5+/-6.6¶ 25+/-6.4* Peak-VO2 (ml/kg/min) 5 

78+/-22† 99+/-18* 110+/-24* 109+/-13* Peak-VO2 (% pred.) 6 

12.5+/-3.2* 14.4+/-4.4* 16+/-5* 15.2+/-2.6* Peak-O2-P (ml/beat) 7 

104+/-25† 115+/-26* 132+/-32¶ 121+/-14* Peak-O2-P (% pred.) 8 

814+/-245† 1027+/-172* 1161+/-234* 1170+/-182* VAT (ml of VO2) 9 

44%+/-8† 55%+/-8* 62%+/-11* 56%+/-5* VAT (% of VO2-max) 10 

134+/-18† 123+/-36§ 100+/-35‡ 84+/-20* 1/2tRec-VO2 (sec.) 11 

174+/-40† 162+/-37† 123+/-34* 101+/-30* 1/2tRec-O2-P (sec.) 12 

9.2+/-1.7† 9.1+/-1.9† 7.9+/-1.4* 7.6+/-1.3* TtRec-VO2 (min.) 13 

Pred.=predicted; Ex.=Exercise; 1/2tRec=1/2 time recovery; TtRec=Total time recovery.  
P values: Significance: * vs § or †; ‡ vs †.  
Borderline: * vs ‡ or ¶; ‡ vs §; § vs †; and † vs ¶. 
Not Significant: * vs *; † vs †; and ¶ vs ¶.  

Table 10. Group comparison of CPET indices during exercise and recovery. 
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6.3 Post-exercise recovery period 

Few data are available in regard to VO2 kinetics in recovery among patients with CAD. 
Traditionally, the rate of VO2 recovery from exercise indicates the oxidative capacity in 
healthy subjects, and its decrease has been related to the oxygen debt following exercise 
(Barstow, 1987; Di Prampero, 1970). This oxygen debt has been considered to involve a first, 
fast alactatic phase and a second, slow lactatic component (Margaria et al., 1933). More 
recently, the term excess post-exercise oxygen consumption has been used to express more 
complex mechanisms which mediate the post-exercise VO2 recovery, and absolve this entity 
from a total dependence on anaerobic metabolism (Gaesser, 1984). A relatively fast recovery 
time of oxygen consumption has been demonstrated in athletes (McCully et al., 1992), while 
a delay of oxygen kinetics is shown in heart failure patients. The later may involve a delay of 
several factors, such as circulatory transport of oxygen to and from metabolizing tissue 
(Koike et al., 1989), pulmonary gas exchange (Sullivan et al., 1988b), or oxygen consumption 
of the exercising/recovering muscles themselves. One important factor, which contributes 
to the delayed recovery of VO2, is the prolonged recovery of the muscle 
phosphate/phosphocreatine ratio, which is determined by the blood flow as well as by the 
oxidative capacity of the exercising muscles (Chati et al., 1994; Sapega et al., 1987; Wiener et 
al., 1986). Other central factors, which may explain the slower VO2 recovery in patients with 
heart failure, are higher cardiac output and increased SV during the early recovery period 
(Koike et al., 1990), which are directly related to VO2 and O2-P respectively, according to the 
Fick formula, as discussed previously. The arterio-venous oxygen difference, which appears 
in the formula, shows a rapid decline after exercise, thus supporting the direct relationship 
between the central factors to VO2 and O2-P (Sumimoto et al., 1991, 1993). Both healthy 
subjects and patients with CAD demonstrated elevated cardiac output and ejection fraction 
during early recovery (Plotnick et al., 1986), and the CAD patient levels were even higher. It 
is suggested that an existence of a transient mismatch between cardiac contractility and 
after-load reduction during recovery, even from mild-intensity exercise, in healthy subjects 
as well as in CAD patients, might be the mechanism of overshoot in cardiac function 
observed in the early-recovery phase (Kano et al., 1999). According to the above, we 
hypothesized that patients with CAD may also demonstrate similar changes in recovery 
indices since ischemic reaction during exercise might be considered as temporary LV 
dysfunction in correlation to the severity of the ischemic reaction. In our study, there are 
significant differences in the recovery VO2 indices between the healthy group and the CAD 
groups, with a clear tendency of delayed recovery in parallel to the severity of the CAD. Our 
results demonstrate such differences, which are emphasized more in group D (3VD), where 
the sub-maximal exercise was mostly limited for the severity of the CAD. This supports 
other studies in which even mild-intensity or sub-maximal exercise was enough for showing 
slower recovery kinetics of VO2 in CAD (Kano et al., 1999) and CHF patients (Cohen-Solal et 
al., 1995) compared to healthy subjects. Our findings do not concur with Pavia et al. which 
do not show significant differences between CAD and healthy subjects. In some patients the 
kinetics of VO2 recovery may be complex and incorrectly described by a single exponential 
curve (Henry, 1951) as opposed to another later report (Hayashida et al., 1993). Thus, 
Cohen-Solal et al. characterized recovery kinetics by measuring the half-time of VO2 
recovery, while also measuring the time for RER to reach level 1 or less (Lim et al., 1998). In 
this study, the three recovery indices, mentioned above (paragraph 6.1.1) were measured. 
All three indices differ significantly among the four groups studied. The 1/2tRec- VO2 
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shows a significant systematic progression of increased time from group A (control group) 
to group D, while the two other indices show only a tendency for such a progression. 
Moreover, these last two indices differ significantly between groups A or B vs. C or D. 
Group B appears closer to A while C appears closer to D, inferring that mono-artery disease 
should be considered for further conservative treatment rather than invasive procedures. 
Such significant differences were not demonstrated in most of the exercise indices (Table 1, 
lines 2-10). These findings validate the recovery indices as even more important than those 
in quantitative functional evaluation of varying degrees of CAD.  

6.4 Conclusions  

We have concluded that recovery cardiopulmonary indices of VO2 kinetics are important in 
evaluating patients with CAD and may differ functionally according to the degree of 
disease. Thus, additional recovery measurement indices are recommended for the standard 
CPET in order to obtain a more comprehensive and quantitative assessment of the 
functional degree of CAD, which seems to correlate with the anatomical findings of the 
coronary angiogram. Additional studies are recommended to further establish these 
findings. 

6.5 Clinical applications  

The present study provides a simple, non-invasive physiological tool for evaluating the 
severity of ischemia in patients with CAD, following and in addition to the anatomical 
results of the coronary angiogram. Furthermore, this tool may be used for identifying 
patients with varying degrees of ischemia, prior to coronary angiogram and accordingly, 
indicate them for further treatment - conservative or invasive. 

7. Summary  
In the five studies reported in this chapter, we emphasize the important contribution of 
cardiopulmonary indices, during both exercise and recovery, for quantitative functional 
assessment of patients with CAD. The most important indices for measuring ischemic 
exercise responses were: Peak-VO2; peak-O2-P; VAT; O2-P curve characteristics, all 
measured during exercise; and three relatively new indices, measured during the recovery 
period: total-time and half-time recovery kinetics of VO2, and half-time recovery of O2-P. 
Using these indices it was shown that it is possible to quantitatively assess the functional 
results following invasive procedures like PTCA in chronic CAD patients as well as 
exercise training results in similar patients. The results from these two groups support the 
assertion that benefits of regular exercise training are not inferior to the invasive 
procedure, at least in patients with one- or two-vessel CAD. Also illustrated here is a 
possible mechanism for better understanding the training effect in those patients. It is 
suggested that the increase in the O2-P, which reflects an increase in SV following exercise 
training program, causes a gradual decrease in exercise HR, while maintaining the same 
or an even higher VO2 level during exercising. As a consequence, there is a decrease in 
myocardial oxygen demand. This metabolic-physiologic advantage to the myocardium is 
expressed by significant improvement of ischemia as demonstrated by MIBI-SPECT 
imaging at peak-HR in trained patients compared to untrained ones. Finally, it has been 
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(Koike et al., 1990), which are directly related to VO2 and O2-P respectively, according to the 
Fick formula, as discussed previously. The arterio-venous oxygen difference, which appears 
in the formula, shows a rapid decline after exercise, thus supporting the direct relationship 
between the central factors to VO2 and O2-P (Sumimoto et al., 1991, 1993). Both healthy 
subjects and patients with CAD demonstrated elevated cardiac output and ejection fraction 
during early recovery (Plotnick et al., 1986), and the CAD patient levels were even higher. It 
is suggested that an existence of a transient mismatch between cardiac contractility and 
after-load reduction during recovery, even from mild-intensity exercise, in healthy subjects 
as well as in CAD patients, might be the mechanism of overshoot in cardiac function 
observed in the early-recovery phase (Kano et al., 1999). According to the above, we 
hypothesized that patients with CAD may also demonstrate similar changes in recovery 
indices since ischemic reaction during exercise might be considered as temporary LV 
dysfunction in correlation to the severity of the ischemic reaction. In our study, there are 
significant differences in the recovery VO2 indices between the healthy group and the CAD 
groups, with a clear tendency of delayed recovery in parallel to the severity of the CAD. Our 
results demonstrate such differences, which are emphasized more in group D (3VD), where 
the sub-maximal exercise was mostly limited for the severity of the CAD. This supports 
other studies in which even mild-intensity or sub-maximal exercise was enough for showing 
slower recovery kinetics of VO2 in CAD (Kano et al., 1999) and CHF patients (Cohen-Solal et 
al., 1995) compared to healthy subjects. Our findings do not concur with Pavia et al. which 
do not show significant differences between CAD and healthy subjects. In some patients the 
kinetics of VO2 recovery may be complex and incorrectly described by a single exponential 
curve (Henry, 1951) as opposed to another later report (Hayashida et al., 1993). Thus, 
Cohen-Solal et al. characterized recovery kinetics by measuring the half-time of VO2 
recovery, while also measuring the time for RER to reach level 1 or less (Lim et al., 1998). In 
this study, the three recovery indices, mentioned above (paragraph 6.1.1) were measured. 
All three indices differ significantly among the four groups studied. The 1/2tRec- VO2 
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shows a significant systematic progression of increased time from group A (control group) 
to group D, while the two other indices show only a tendency for such a progression. 
Moreover, these last two indices differ significantly between groups A or B vs. C or D. 
Group B appears closer to A while C appears closer to D, inferring that mono-artery disease 
should be considered for further conservative treatment rather than invasive procedures. 
Such significant differences were not demonstrated in most of the exercise indices (Table 1, 
lines 2-10). These findings validate the recovery indices as even more important than those 
in quantitative functional evaluation of varying degrees of CAD.  

6.4 Conclusions  

We have concluded that recovery cardiopulmonary indices of VO2 kinetics are important in 
evaluating patients with CAD and may differ functionally according to the degree of 
disease. Thus, additional recovery measurement indices are recommended for the standard 
CPET in order to obtain a more comprehensive and quantitative assessment of the 
functional degree of CAD, which seems to correlate with the anatomical findings of the 
coronary angiogram. Additional studies are recommended to further establish these 
findings. 

6.5 Clinical applications  

The present study provides a simple, non-invasive physiological tool for evaluating the 
severity of ischemia in patients with CAD, following and in addition to the anatomical 
results of the coronary angiogram. Furthermore, this tool may be used for identifying 
patients with varying degrees of ischemia, prior to coronary angiogram and accordingly, 
indicate them for further treatment - conservative or invasive. 

7. Summary  
In the five studies reported in this chapter, we emphasize the important contribution of 
cardiopulmonary indices, during both exercise and recovery, for quantitative functional 
assessment of patients with CAD. The most important indices for measuring ischemic 
exercise responses were: Peak-VO2; peak-O2-P; VAT; O2-P curve characteristics, all 
measured during exercise; and three relatively new indices, measured during the recovery 
period: total-time and half-time recovery kinetics of VO2, and half-time recovery of O2-P. 
Using these indices it was shown that it is possible to quantitatively assess the functional 
results following invasive procedures like PTCA in chronic CAD patients as well as 
exercise training results in similar patients. The results from these two groups support the 
assertion that benefits of regular exercise training are not inferior to the invasive 
procedure, at least in patients with one- or two-vessel CAD. Also illustrated here is a 
possible mechanism for better understanding the training effect in those patients. It is 
suggested that the increase in the O2-P, which reflects an increase in SV following exercise 
training program, causes a gradual decrease in exercise HR, while maintaining the same 
or an even higher VO2 level during exercising. As a consequence, there is a decrease in 
myocardial oxygen demand. This metabolic-physiologic advantage to the myocardium is 
expressed by significant improvement of ischemia as demonstrated by MIBI-SPECT 
imaging at peak-HR in trained patients compared to untrained ones. Finally, it has been 
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shown how the recovery O2 kinetic indices may contribute, in addition to the exercise 
indices, to quantitative comparison among varying degrees of CAD, as expressed during 
CPET. All indices mentioned above, further validate the CPET as an effective, non-
invasive, and essential tool for quantitative functional assessment of CAD patients and, 
accordingly, may even provide an indication of further treatment required – conservative 
or invasive, in chronic and stable patients.  
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1. Introduction 
Left bundle branch block (LBBB) is a common conduction abnormality. Its prevalence 
increases from 0.4% at age 50 to 6.5% at age 80. (Eriksson, Hansson et al. 1998) LBBB  
is seen in many diseases such as coronary artery disease (CAD), hypertension,  
valvular heart disease, non-ischemic cardiomyopathies and conduction tissue 
defects/degenerations. (Nisse 1929; Jain and Mehta 2003) Identifying CAD in patients with 
LBBB has been the subject of many studies and remains a clinical challenge.  

The conduction abnormality caused by LBBB alters the ventricular activation sequence, 
resulting in distortion of the QRS complex, and secondary changes in the ST segment and T-
wave on the surface ECG. Presence of LBBB is known to mask the ECG features of CAD. 
Since approximately 50% of LBBB patients have underlying CAD, identifying the ECG 
differences between CAD and non-CAD patients with LBBB would have considerable 
clinical impact in risk stratifying LBBB and in the detection of underlying CAD.  

Hayat et al reported that myocardial blood velocity was markedly reduced in LBBB patients 
with CAD compared with those without. (Hayat, Dwivedi et al. 2008) Whether CAD can 
modify the QRS-ST-T patterns over time in the presence of LBBB is unclear. The first part of 
this study, therefore, was designed to compare QRS morphology and ST-T changes between 
CAD and non-CAD patients to determine if there were any subtle ECG pattern differences 
between the two groups.  

The consequence of LBBB is the delay of left ventricular (LV) contraction, altered septal 
motion, and reduced diastolic filling time.(Strauss, Selvester et al.; Grines, Bashore et al. 
1989) These effects impair the pump function and stimulate negative LV remodeling. 
(Sweeney, van Bommel et al.) An inverse relationship between the QRS duration and left 
ventricular ejection fraction has been observed in LBBB patients in the presence of 
mechanical asynchrony. (Roshan, Pati et al. 2008) This finding provides the basis for cardiac 
resynchronization therapy (CRT) in heart failure patients. (Strauss, Selvester et al.) It is 
unclear, however, if such a relationship is more pronounced when underlying CAD exists. 
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The second part of this study, therefore, was to examine the correlation between QRSd and 
LV ejection fraction (EF) in patients with LBBB, and to determine if this relationship is 
altered by CAD. 

2. Methods 
2.1 Materials and methods 

A retrospective study in accordance with compliance guidelines was conducted after 
obtaining the approval of the Institutional Review Board of the Lankenau Medical Center. 
Patients’ identifiable information was removed for the data analysis. 

The LBBB diagnosis was first made by the automated interpretation of the ECG system. 
Then it was over-read by a cardiologist to confirm the diagnosis. LBBB ECGs were retrieved 
from the ECG library and from patients who underwent cardiac catheterization between 
January 1st 2005 and June 30th 2010. Electronic medical records were reviewed to extract 
demographic and clinical information. A cardiac catheterization database containing 
patients who had undergone diagnostic coronary angiography, percutaneous coronary 
intervention (PCI) and/or coronary artery bypass grafting (CABG) was interrogated. 
Patients were classified as having CAD if they had history of PCI, CABG or if they had ≥50% 
luminal diameter stenosis of a major coronary artery on angiography.  

2.2 ECG evaluation 

To determine whether LBBB ECG morphology is different between CAD and non-CAD 
groups, the resting supine 12-lead ECG (AC filter 60Hz, 25 mm/sec, 10 mm/mV) was 
evaluated for six aspects: 1) Pathologic Q waves. 2) QRS duration (QRSd), amplitude and 
axis. 3) Among patients with leftward QRS axis  -45 degrees, QRS morphology was further 
evaluated for the presence of left anterior fascicular block (LAFB) pattern (Figure 1) 

 
ECG from a 69-year-old man with CAD and EF 31% demonstrating QRS-ST-T pattern typical to 
divisional LBBB: QRSd = 188 ms. The LAFB pattern is shown as QRS axis > -45 degree, rS in II, III and 
aVF with deflection of SIII > SII; and broad and notched R wave in I and qR in aVL with RaVL > RI; Poor R 
progression with rS in V6 and T wave opposite to the direction of QRS complex in precordial leads.  

Fig. 1. Poor R progression V1-6 in a CAD patient with LBBB 
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4) Low QRS voltage in the limb leads was considered if QRS amplitude was  0.5 mV in six 
limb leads. 5) Poor R wave progression was diagnosed if the S wave was the dominant 
deflection in the QRS complex, i.e. in rS waveform, from right to left precordial leads and if the 
ratio of R/S was < 1 in V1-V4 or beyond. 6) Presence of ischemic ST-T changes such as ST 
elevation accompanying T wave inversion, or ST depression with upright T wave in the same 
lead. For patients with injury or ischemic ST-T changes, short term follow-up ECGs were 
evaluated to determine whether these ST-T changes were resolved. 

2.3 QRSd-EF relationship 

Cardiac output was estimated by one of two methods: 1) 2-D echocardiography using 
modified Simpson’s biplane method, or 2) post-stress, nuclear perfusion imaging the single 
photon emission computed tomography (gated SPECT). The QRSd was obtained from 
automated interpretation of each ECG tracing and QRSd-EF curve was plotted. 

2.4 Statistical analysis  

Comparisons of CAD and non-CAD groups were performed using NCSS 2007 biomedical 
statistical software (Kaysville, UT). A two-sample t test was applied for descriptive analysis 
in quantitative measures showing normal distribution of data points. Nonparametric tests 
Mann-Whitney U or Wilcoxon Rank Tests were used for difference in medians if the 
normality was rejected. A chi square (X2) statistic was used to compare categorical variables. 
For the ECG changes that were more prevalent in one group than the other, sensitivity, 
specificity, positive and negative predictive values were calculated for the assessment of 
predictive accuracy. Univariate linear regression analysis was performed when appropriate. 
A p value <0.05 was considered statistically significant.  

3. Results 
LBBB was found in 3.7% (134/3582) of all patients screened. Among LBBB patients, 72% 
(96/134) had evidence of CAD. Patients with CAD were older (76  9 vs. 65  13 years, p 
<0.001) and more commonly of male gender (53% vs. 43%, p < 0.05).  

3.1 ECG patterns  

Table 1 demonstrates that in patients with LBBB, leftward QRS axis, QS wave in V1, poor R 
wave progression, and broad/notched/slurred R wave in V6 are prevalent in both CAD 
and non-CAD groups. RS morphologies (rS, rs or Rs) in V6 was the second most common 
waveform (Figure 1) next to broad/notched/slurred R wave in this lead, seen in 40% of 
CAD and 26% of non-CAD patients. Though it is less frequent, low QRS voltage is more 
common in CAD patients. Ischemic ST-T changes were infrequently seen in the CAD group. 
Among all ECG variables assessed, none reached statistical significance except T wave 
inversion in V4, present in 13.5% in CAD and in none of the non-CAD patients (p < 0.05). 
Clinical assessment of those with T wave inversion in V4 revealed that those patients were 
indeed having acute coronary events at the time the ECGs were taken. Since acute ischemic 
ST-T changes were infrequently seen in the CAD group, the sensitivity and negative 
predictive value (NPV) were low though the specificity and positive predictive value (PPV) 
were relatively high (Table 2).  
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*Median [95% LCL; UCL] 

Table 1. QRS-ST-T morphology in LBBB patients with and without CAD 

 

ECG changes Sensitivity Specificity PPV NPV 

T wave inversion in V2-3 30% 100% 100% 5.2% 
T wave inversion in V4 32% 100% 100% 13.5% 
ST elevation with inverted T wave 30% 100% 100% 5.2% 
ST depression with upright T wave 31% 83% 93% 15.6% 

PPV: positive predictive value; NPV: negative predictive value 

Table 2. The predictive accuracy of CAD by presence of ischemic ST-T changes 

3.2 QRSd-EF relationship 

The median QRSd values (Table 1) in our study cohort were well above 120 ms, indicating 
all patients had complete LBBB. The EF values (0.350.15 vs 0.390.17, p=NS) were similar 
between CAD and non-CAD groups. Figures 2 A-B demonstrate that an increased QRSd 
was inversely related to EF in both the CAD (Slope=-0.36, R2 = 0.1, correlation = -0.319, 
p<0.005) and the non-CAD groups (Slope = -0.52, R2 = 0.37, correlation = -0.61, p<0.001). 

4. Discussion 
CAD is one of the most common findings in patients with LBBB. Recognizing CAD-
associated ECG changes is of clinical importance. Among all the criteria proposed, 
(Havelda, Sohi et al. 1982; Fesmire 1995; Sgarbossa, Pinski et al. 1996) the Sgarbossa criteria 
(Sgarbossa, Pinski et al. 1996) seem very promising with good predictive values reported by 
the investigators. Since it is mainly targeted at ST-T changes at an acute or sub-acute phase 

QRS-ST-T Morphology CAD Non-CAD p Value 
QRSd; ms 148 [142;154]* 140 [136; 150] NS 

Left axis deviation (-30 to -60) 54% 42% NS 
QS in V1 62.5% 68% NS 

Low QRS voltage  11% 5% NS 
Poor R progression 86% 87% NS 

Broad/notched/slurred R wave in V6 60% 74% NS 
T wave inversion in V2-3 5% 0 NS 

QRS in LAFB pattern 21% 24% NS 
T wave inversion in V4 13.5% 0 <0.05 

ST elevation with inverted T wave  5% 0 NS 
ST depression with upright T wave 16% 8% NS 
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of myocardial infarction, when applied to identify both acute and chronic ischemia, a low 
sensitivity was reported (Shlipak, Lyons et al. 1999; Gunnarsson, Eriksson et al. 2001).  

Our study examined ECG changes associated with acute coronary syndromes (ACS) as well 
as in patients with stable CAD. Consistent with previous studies, there were no QRS-ST-T 
pattern differences between the patients with and without CAD.  

Regardless of etiology poor R wave progression is highly prevalent in our study cohort 
(Table 1, Figure 1).  

This ECG wave pattern reflects the right ventricle to septum and to left ventricle activation 
sequence in LBBB. Reversal of this pattern has been used in evaluating the effectiveness of 
CRT.(Sweeney, van Bommel et al.) Although broad/notched/slurred R waves are 
predominant in V6, we found that RS morphology (rS, rs or Rs) is the second most common 
waveform in V6, seen in 40% of CAD patients and 26% of non-CAD patients with LBBB. rS 
in V6, is part of poor R progression and can be well explained by the right to left activation 
sequence. (Sweeney, van Bommel et al.)  
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A. LBBB with CAD: QRSd = (164) + (-0.36) EF; the correlation between QRSd and EF is -0.32; the 
estimated slope is -0.36 [95% CI: -0.60 lower limit; -0.12 upper limit]; the estimated intercept is 164 [95% 
CI: 154 lower limit; 173 upper limit]. 
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Fig. 2. QRSd-EF relationship in LBBB patients with and without CAD. 

Depending on the blocking sites LBBB can be divided into pre-divisional, divisional and 
intramural subtypes.(Runge, Dorner et al. 1973; Jazayeri, Caceres et al. 1989; Childers, 
Lupovich et al. 2000) Pre-divisional block is at the level of left bundle trunk, divisional is at 
fascicular level and intramural at the intramyocardial Purkinje network. The lower level 
block is often associated with myocardial involvement and worse prognosis. In our study 
cohort, 21% of CAD and 24% non-CAD patients had LAFB ECG pattern, indicating the 
presence of divisional LBBB with complete blockage at LAF and partial blockage at left 
posterior fascicular branch level. Together they account for 42.6% of LBBB patients with 
leftward QRS axis.  

Ischemic ST-T changes were only seen in patients with ACS. Since the majority of CAD 
patients do not have ACS at the time ECGs are taken, the sensitivity and negative predictive 
value (NPV) are low though the specificity and positive predictive value (PPV) are high 
(Table 2).  

The second part of this study examined the correlation between QRS duration and LVEF in 
LBBB patients with and without CAD. LBBB patients are more predisposed to having LV 
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systolic dysfunction.(Littmann and Symanski 2000; Talreja, Gruver et al. 2000) LBBB patients 
also have a higher mortality(Huvelle, Fay et al.) when compared to patients who also have LV 
systolic dysfunction without LBBB.(Abdel-Qadir, Tu et al.) This in part can be attributed to the 
higher than normal incidence of CAD, hypertension, cardiomyopathy and valvular heart 
disease in patients with LBBB.(Abdel-Qadir, Tu et al.) These co-morbidities may be responsible 
for the LBBB itself. However, LBBB results in alteration of both the systolic and diastolic 
properties of the LV. The alterations in the diastolic filling time and septal wall motion cause 
both systolic and diastolic dysfunction (Grines, Bashore et al. 1989), therefore reduce the global 
cardiac performance. This effect, as shown in this study, is possibly exaggerated by and is 
positively proportional to the QRS duration. Moreover, we demonstrated that the negative 
correlation between QRS duration and LVEF is present in both patients with and without 
CAD, further proof of the negative outcome independently caused by LBBB.  

5. Conclusions 
Other than acute ischemic ST-T changes seen in patients with ACS, the overall LBBB 
morphology is not different in patients with and without CAD. Increased QRS duration in 
LBBB has a significant negative correlation with LVEF in both CAD and non-CAD patients. 
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1. Introduction 
Repolarization alternans (RA), an electrophysiologic phenomenon consisting on every-
other-beat changes of the repolarization morphology (amplitude, shape, and, sometimes, 
polarity) unaccompanied by gross changes in the heart-cycle length, is generally recognized 
as a promising electrocardiographic (ECG) predictor of sudden cardiac arrest (SCA; 
Bloomfield et al., 2006, Chow et al. 2006, Ikeda et al., 2006, Klingenheben et al., 2000, Leino et 
al., 2009, Maeda et al., 2009, Narayan, 2006, Rosenbaum et al., 1994, Sakaki et al., 2009, 
Salerno-Uriarte et al., 2007, Stein et al., 2008), that is one of the leading causes of death in 
developed countries (over 300,000 lives per year in the U.S.; Montagnana at al., 2008, Zheng 
et al., 2001). On the ECG tracing, RA consists of an alternation of either the ST-segment 
(Nearing et al., 1991, Rosenbaum et al., 1994), or the T-wave, or even the U-wave (Habbab & 
el-Sherif, 1992). Macroscopic and, thus, visible RA (like that reported in Fig. 1) is quite rare. 
After being first reported by Hering in the early 1900s (Hering, 1909), RA has later on been 
occasionally observed in patients affected by various diseases, among which ischemia 
(Kleinfeld & Rozanski, 1977), long QT syndrome (Schwartz & Malliani, 1975, Zareba et al., 
1994) and ventricular arrhythmias (Verrier et al., 2003). Recent investigations on RA rely on 
automatic detection of microvolt RA from the digital ECG signal by means of specifically 
designed techniques, among which the spectral method (implemented in the commercial 
ECG machine CH2000 and Heartwave, Cambridge Heart Inc., Bedford, MA; Smith et al., 
1988, Rosenbaum et al., 1994, Rosenbaum et al., 1996), the complex demodulation method 
(Nearing et al., 1991, Nearing & Verrier, 1993), the modified moving average method 
(implemented in the commercial ECG machine CASE-8000, GE Medical Systems, 
Milwaukee, WI; Nearing & Verrier, 2002), the Laplacian likelihood ratio method (Martínez 
& Olmos, 2005, Martínez et al., 2006), our adaptive match filter method (Burattini et al., 
2008, Burattini et al., 2009b) and others (Burattini et al., 1999, Martínez & Olmos, 2005). 
Microvolt RA has been found to be much more common than visible RA (Adachi et al., 1999, 
Chow et al., 2007, Ikeda et al., 2006, Klingenheben et al., 2000, Narayan et al., 2006, Narayan 
et al., 2007, Reddy et al., 1984) and linked to inducible (Narayan and Smith, 2000, 
Rosenbaum et al., 1994, Smith et al., 1988) as well as spontaneous (Bloomfield et al., 2006, 
Klingenheben et al., 2000, Maeda et al., 2009, Narayan, 2006, Verrier et al., 2003) ventricular 
arrhythmias.  
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The pathophysiology underlying microvolt RA in humans has not been delineated yet. 
Several experimental settings have shown that RA may reflect spatial (Banville & Gray, 
2002, Chinushi et al., 1998, Narayan, 2006) or temporal (Narayan, 2006, Pastore et al., 1999) 
dispersion of repolarization, both preceding ventricular fibrillation (Weiss et al., 1999, Smith 
& Cohen, 1984). Indeed, spatial variations in repolarization (action potential duration, APD) 
or conduction velocity may prevent depolarization in myocytes that are still repolarizing 
from their last cycle, causing the typical 2:1 behavior (Banville & Gray, 2002, Chinushi et al., 
1998). RA may also results from an alternation of the APD (temporal dispersion of 
repolarization), which can occur when the relationship of the APD to its preceding diastolic 
interval (i.e. the APD restitution curve) has a slope greater than one. Under these conditions, 
mainly occurring in the presence of fast heart rates, small changes of the diastolic interval 
may cause large APD fluctuations that facilitate alternans (Pastore et al., 1999).  

 
Fig. 1. ECG tracing affected by macroscopic RA. 

Alternans derived from the cardiac spatial and temporal dispersion of repolarization 
projects onto body-surface ECG RA, which shows (Selvaraj et al., 2007) an heterogeneous 
temporal location along the JT segment, constituted by the ST-segment and T-wave 
complex. Characterization of this heterogeneity is a matter of major interest, since 
controversial results have been reported after attempting to identify an association of RA to 
different diseases. According to Narayan & Smith (Narayan & Smith, 1999) RA has been 
found to be more specific for inducible ventricular tachycardia when distributed late, rather 
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than elsewhere, throughout the JT segment. In other studies (Martínez et al., 2006, Nearing 
et al., 1994) RA has been found to be located within the ST segment and the first half of the T 
wave in patients undergoing left anterior descending artery occlusion (LAD) and left 
circumflex artery occlusion (LCX), and to occur a little further on along the JT segment in 
patients undergoing right coronary artery occlusion (RCA). Eventually, RA heterogeneity 
along the entire JT segment has been observed in patients with cardiomyopathy (Selvaraj et 
al., 2007). To the best of our knowledge, quantitative investigations on RA location along the 
repolarization segment in the coronary artery disease have not been reported yet. Such an 
investigation was the aim of the present study. 

Considering that our adaptive match filter (AMF) based method has been successfully used 
in previous clinical (Burattini et al., 2008, Burattini et al., 2009a, Burattini et al., 2010) and 
simulation (Burattini et al., 2006, Burattini et al., 2009b, Burattini et al., 2011) studies for 
characterization of T-wave alternans (which can be considered a special case of RA limited 
to the T-wave), this method was applied in the present study to Holter ECGs recordings 
from coronary artery disease (CAD) patients and control healthy (CH) subjects in order to: 
A) automatically identify and quantitatively characterize RA in terms of both amplitude and 
location with respect to the T-wave apex; and B) define a physiological RA region which 
allows discrimination of abnormal (RA+) from normal RA cases. 

2. Methods 
2.1 Study populations and clinical data 

Our clinical data belong to the Intercity Digital Electrocardiology Alliance (IDEAL) Study 
databases, available at the Telemetric and Holter ECG Warehouse database (http://thew-
project.org). The IDEAL protocol was approved by the Research Subject Review Board of 
the University of Rochester (Rochester, NY) and the study was conducted following 
required rules for human subjects’ research principles, according to the Declaration of 
Helsinki, as well as to Title 45, U.S. Code of Federal Regulations, Part 46, Protection of 
Human Subjects, Revised November 13, 2001, effective December 13, 2001.  

Two populations were considered, which consist of 201 coronary artery disease (CAD; 166 
men) patients and 167 control-healthy (CH; 86 men) subjects, respectively. Namely, a patient 
was classified as belonging to the CAD-group if: 

1. having positive angiogram (at least one vessel with critical narrowing >75%) with either 
exercise induced ischemia on ECG or evidence of previous myocardial infarction;  

2. being in stable phase of the ischemic heart disease with digital ECG recordings 
performed on an outpatients basis. Stable post-MI patients should be enrolled at least 2 
month after the index event;  

3. not having evidence of congenital heart failure. Patients with clinical or echocardiographic 
evidence for congestive heart failure (LVD >60 mm, EF <40%) were excluded;  

4. being in sinus rhythm (no atrial flutter/fibrillation, no pacemaker rhythm, no 
atrioventricular block, no sick sinus syndrome); 

5. not having dilated cardiomyopathy (left ventricular diameter >60 mm and ejection 
fraction <40%);  

6. not having coronary instability (unstable angina requiring hospitalization with evolving 
ischemic changes in standard ECG);  
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location with respect to the T-wave apex; and B) define a physiological RA region which 
allows discrimination of abnormal (RA+) from normal RA cases. 
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project.org). The IDEAL protocol was approved by the Research Subject Review Board of 
the University of Rochester (Rochester, NY) and the study was conducted following 
required rules for human subjects’ research principles, according to the Declaration of 
Helsinki, as well as to Title 45, U.S. Code of Federal Regulations, Part 46, Protection of 
Human Subjects, Revised November 13, 2001, effective December 13, 2001.  

Two populations were considered, which consist of 201 coronary artery disease (CAD; 166 
men) patients and 167 control-healthy (CH; 86 men) subjects, respectively. Namely, a patient 
was classified as belonging to the CAD-group if: 

1. having positive angiogram (at least one vessel with critical narrowing >75%) with either 
exercise induced ischemia on ECG or evidence of previous myocardial infarction;  

2. being in stable phase of the ischemic heart disease with digital ECG recordings 
performed on an outpatients basis. Stable post-MI patients should be enrolled at least 2 
month after the index event;  

3. not having evidence of congenital heart failure. Patients with clinical or echocardiographic 
evidence for congestive heart failure (LVD >60 mm, EF <40%) were excluded;  

4. being in sinus rhythm (no atrial flutter/fibrillation, no pacemaker rhythm, no 
atrioventricular block, no sick sinus syndrome); 

5. not having dilated cardiomyopathy (left ventricular diameter >60 mm and ejection 
fraction <40%);  

6. not having coronary instability (unstable angina requiring hospitalization with evolving 
ischemic changes in standard ECG);  
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7. not having congestive heart failure (left ventricular diameter >60 mm and ejection 
fraction <40%);  

8. not having had coronary artery bypass surgery (CABG) in the past. Patients with a 
history of non-CABG coronary revascularization (percutaneous transluminal coronary 
angioplasty, stent, atherectomy) were eligible to be enrolled;  

9. not having major comorbidity such as malignancy, severe haptic, renal or cerebral 
disease.  

Instead, a subject was classified as belonging to the CH-group when fulfilling the following 
criteria: 

1. not having overt cardiovascular disease or history of cardiovascular disorders 
(including stroke, transient ischemic attack, and peripheral vascular disease);  

2. no having history of high blood pressure (>150/90 mmHg);  
3. not taking medication;  
4. not being affected by other chronic illness (e.g. diabetes, asthma, chronic obstructive 

pulmonary disease, etc.);  
5. being diagnosed as being healthy if evaluated by a physician for cardiovascular-related 

syndrome (chest pain, palpitation, syncope); 
6. having normal physical examination;  
7. having sinus rhythm in 12-lead ECG without any suspicious abnormalities (e.g. signs of 

ventricular hypertrophy, inverted T-wave, intraventricular conduction disturbances);  
8. having normal echo and normal ECG exercise testing in presence of suspicious ECG 

changes;  
9. not being pregnant. 

Clinical parameters such as age, body max index (BMI), systolic (SAP) and diastolic (DAP) 
arterial pressure were measured in each subject, whereas the ventricular ejection fraction 
(LVEF, in %) was determined only for the CAD patients. Therapeutic treatments were also 
reported. In addition, a 20-minute, 3-lead (pseudo-orthogonal configuration, with bipolar 
leads X, Y, Z corresponding to limb lead I, augmented limb lead aVF, and precordial lead 
V3, respectively) digital Holter ECG recording was obtained from each individual in supine 
and resting conditions, making use of Burdick recorders (Burdick Inc., Milton, WI; sampling 
frequency: 200 Hz, resolution: 10 µV). ECG tracings were used to determine the heart rate 
(mRR; computed as the mean time interval RR between two consecutive sinus beats in a 5-
min window) and heart-rate variability (sdRR; determined as the standard deviation of the 
RR intervals in a 5-min window) as well as RA parameters (see below).  

2.2 RA identification and characterization  

Repolarization alternans (RA) was identified in the first 5 minutes of each ECG recording. 
More specifically, ECG segments consisting of 16 consecutive heart beats were recursively 
(every 2 s) submitted to a preprocessing stage performing noise removal, R-peak detection, 
baseline removal and identification, and replacement of ectopic or noisy beats (Burattini et 
al., 2006, Martínez. & Olmos, 2005), before being processed by our heart-rate adaptive match 
filter for RA identification (see below). Only 16-beat ECG strings characterized by a stable 
heart rate (RR-interval standard deviation less than 10% mean RR interval) and by the 
presence of a low level of noise or ectopic beats (no more than 1 replaced beats in each ECG 
string) were considered eligible for the subsequent RA analysis.  
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In the presence of a fixed heart rate (and, thus, of a constant time-interval RR between two 
consecutive sinus beats) RA is, by definition, characterized by a specific frequency of half 
heart rate: fRA=0.5 cycles per beat, or fRA= 1/(2×RR) Hz. In clinical cases in which heart rate 
may be considered stable but presenting some physiological variation, the RA phenomenon 
is assumed to be characterized by a narrow frequency band, 2×dfRA wide, centered around 
fRA= 1/(2×meanRR) (Fig. 2; Burattini et al., 2006, Burattini et al., 2008, Burattini et al., 2009a, 
Burattini et al., 2010). On this basis, our AMF is designed as a pass-band filter with its 
passing band centered in fRA (Burattini et al., 2006, Burattini et al., 2008).  

Technically, the AMF is implemented as a 6th order bidirectional Butterworth band-pass 
filter having the passing band 0.12 Hz wide (i.e. dfRA=0.06 Hz) and centered at a frequency 
that adapts to mean RR interval. More specifically, our AMF is a cascade of a low-pass filter 
(LPF) with cut-off frequency fLPF= fRA+ dfRA, and a high-pass filter (HPF) with a cut-off 
frequency fHPF= fRA-dfRA. The squared module of the AMF transfer function is expressed by 
the following equation: 
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Being the AMF applied in a bidirectional fashion, no group delay occurs. Thus, the AMF is 
expected to detect RA by filtering out noise as well as every other ECG component but the 
RA typical one.  

The input signal of the AMF is the 16-beat ECG tracing over which fRA has been computed. 
In the absence of RA, the output of the AMF, called RA signal (Fig. 2), is a zero constant 
signal. Instead, in the presence of RA, the RA signal is a sinusoidal signal, possibly 
amplitude-modulated, characterized by the same length of the ECG and by a frequency 
equal to fRA. 

The time occurrences of the sinusoid maxima or minima, which are expected to fall inside 
the JT intervals when pertaining to RA, provide the center of mass of the alternations in each 
beat, and, thus, a localization of the alternans inside the repolarization (Fig. 3). After having 
identified a reference point (Tref), inside the repolarization segment, as the T-wave apex for 
monophasic T waves, or as the amplitude-weighted mean point between T apexes for 
biphasic T waves, an RA delay (RAD, in ms) parameter was computed, for each beat, as the 
difference between the instant at which Tref occurs and the instant at which the sinusoidal 
RA signal maximum or minimum occurs. Thus, a negative RAD value indicates the 
presence of early repolarization, which mostly involves the ST segment or the first half of 
the T wave. Instead, an RAD value close to zero indicates the presence of central RA, which 
mostly occurs over the T-wave apex. Eventually, a positive RAD value indicates the 
presence of late RA, characterized by the alternation of the final portion of the T wave. 
Within the same beat, the amplitude value of the sinusoidal RA signal provides an estimate 
of the RA amplitude (RAA, in µV).  
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signal. Instead, in the presence of RA, the RA signal is a sinusoidal signal, possibly 
amplitude-modulated, characterized by the same length of the ECG and by a frequency 
equal to fRA. 

The time occurrences of the sinusoid maxima or minima, which are expected to fall inside 
the JT intervals when pertaining to RA, provide the center of mass of the alternations in each 
beat, and, thus, a localization of the alternans inside the repolarization (Fig. 3). After having 
identified a reference point (Tref), inside the repolarization segment, as the T-wave apex for 
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the T wave. Instead, an RAD value close to zero indicates the presence of central RA, which 
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presence of late RA, characterized by the alternation of the final portion of the T wave. 
Within the same beat, the amplitude value of the sinusoidal RA signal provides an estimate 
of the RA amplitude (RAA, in µV).  
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Fig. 2. Block diagram describing the AMF-based procedure for characterization of RA in 
terms of RAA and RAD parameters.  

In the present study, RA analysis was initially performed in each ECG lead as follows. RAD 
and RAA values were first averaged over the 16 beats of each single-lead ECG segment 
(M16b_RAD_X and M16b_RAA_X, M16b_RAD_Y and M16b_RAA_Y, and M16b_RAD_Z 
and M16b_RAA_Z for leads X, Y, and Z, respectively); the resulting values were then 
averaged over the entire 5 minutes of each single-lead recording (M5m_RAD_X and 
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M5m_RAA_X, M5m_RAD_Y and M5m_RAA_Y, and M5m_RAD_Z and M5m_RAA_Z for 
leads X, Y, and Z, respectively). Eventually, the latter values were averaged over the three 
leads (M5m_RAD and M5m_RAA) for a comprehensive RA characterization relative to a 
single patient.  

 
Fig. 3. Simulated ECG tracing (solid lines) and relative RA signal (dotted lines) at the output 
of the heart-rate adaptive match filter (AMF) in the presence of early (panel A), central 
(panel B), and late (panel C) repolarization alternans.   

2.3 Definition of an RA normality region  

The M5m_RAD and M5m_RAA distributions over the CH population were used to identify 
an RA normality region delimited by three thresholds. Two of them (THR_RADmin and 
THR_RADmax) were defined for the M5m_RAD parameter as the 0.5th and the 99.5th 
percentiles of the M5m_RAD distribution, respectively. The third one (THR_RAA) was 
defined for the non-negative M5m_RAA parameter as the 99.5th percentile of the M5m_RAA 
distribution. A subject, independently of the belonging population, was classified as 
characterized by normal RA levels if the following conditions were simultaneously satisfied:  

 

5 _ _ min
5 _ _ max
5 _ _       

M m RAD THR RAD
M m RAD THR RAD
M m RAA THR RAA


 
 

 (2) 

These conditions define a physiologic RA region in the M5m_RAD vs. M5m_RAA plane 
(Fig. 4). Thus, no satisfaction of at least one condition denotes an abnormal RA case (RA+).  
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Fig. 4. Definition of a physiologic RA region in the M5m_RAD vs. M5m_RAA plane (shaded 
area in the upper panel). RA cases falling outside the physiologic RA region are considered 
abnormal RA cases (RA+). The ECG beat in the lower panel shows RA location along the JT 
interval.  

2.4 Statistics  

To be independent of normal distributions, non-parametric tests were used to perform 
comparisons among quantities. In the specific, comparisons between the distributions of the 
clinical and ECG parameters over the two populations (CAD vs. CH) were performed using 
the Wilcoxon rank sum test for equal medians. The Kruskal-Wallis test was used to perform 
the one-way ANOVA test to evaluate if, in a population, the RA parameters distributions 
over the three ECG leads were characterized by the same median value. Information about 
which pairs of leads had different median values was obtained using the multiple 
comparison procedure. The χ2 test was used to compare number of treated subjects between 
the two populations. Eventually, the existence of a possible relationship of the RA 
parameters with the clinical or the other ECG parameters was evaluated computing the 
correlation coefficient ρ. Statistical significance level was set at 5%. 

3. Results 
A summary of the clinical and ECG parameter values characterizing the CAD and the CH 
populations are reported in Table 1, where pharmaceutical treatments are also specified. 
Compared to the CH subjects, the CAD patients were significantly older and characterized 
by significantly higher BMI, SAP, and DAP, and by significantly lower heart rate (longer 
mRR) and heart-rate variability (lower sdRR).  
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 CAD patients 
(201) 

CH subjects 
(167) 

P value 

Clinical  
parameters:    

Age (years) 58±11 38±15 <10-32 

BMI (kg/m2) 27±4 24±5 <10-13 

SAP (mmHg) 129±18 118±12 <10-11 

DAP (mmHg) 79±10 75±8 <10-3 

LVEF 58±11 NA - 
    

Treatments:    

Beta blocker 150 0 <0.005 
Digoxin 0 0 NS 
Diuretic 11 0 <0.01 

ACE inhibitor 57 0 <0.005 
Antiarrhythmic 6 0 NS 

    
ECG  
parameters:    

mRR (ms) 960±155 904±140 <10-3 

sdRR (ms) 37±40 43±24 <10-6 
M5m_RAD_X (ms) -29±52 -25±29 NS 
M5m_RAA_X (µV) 17±10 15±5 NS 
M5m_RAD_Y (ms) -34±51 -24±30 NS 
M5m_RAA_Y (µV) 21±12 20±8 NS 
M5m_RAD_Z (ms) -38±44 -32±31 NS 
M5m_RAA_Z (µV) 18±9 15±5 <10-3 

M5m_RAD(ms) -33±37 -27±23 NS 
M5m_RAA (µV) 19±9 17±15 <0.05 

Table 1. Clinical parameters, therapeutic treatments and ECG parameters relative to the 
CAD patients and the CH subjects. NA: not available; - : not applicable; NS: not significant. 

Some levels of RA were detected in all 201 CAD patients and 167 CH subjects. In both 
populations, RA amplitude values were significantly greater in lead Y (CAD: 
M5m_RAA_Y=21±12 µV; CH: M5m_RAA_Y=20±8 µV) than in leads X and Z (CAD: 
M5m_RAA_X=17±10 µV, M5m_RAA_Z=18±9 µV, P<10-5; CH: M5m_RAA_X=15±5 µV, 
M5m_RAA_Z=15±5 µV, P<10-9). Instead, comparable values of RA delay were measured 
over the leads in the CAD patients (M5m_RAD_X=-29±52 ms, M5m_RAD_Y=-34±51 ms, 
M5m_RAD_Z=-38±44 ms), while the CH subjects were characterized by a significantly 
lower RA delay value in lead Z (M5m_RAD_Z=-32±31 ms) compared to both lead X and Y 
(M5m_RAD_X=-25±29 ms, M5m_RAD_Y=-24±30 ms, P<0.01). Although RA amplitude 
appears systematically higher for the CAD patients than for the CH subjects in all leads, 
statistically significant differences were observed only in correspondence of lead Z 
(M5m_RAA_Z). No significant differences were found between the two populations in 
terms of RAD parameters, independently of the lead.  
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A comprehensive description of the RA phenomenon in the two populations was provided 
by M5m_RAA and M5m_RAD parameters. In the specific, the CAD population showed RA 
episodes characterized by higher amplitude (CAD M5m_RAA: 19±9 µV, CH M5m_RAA: 
17±5 µV, P<0.05; Table 1) and comparable delay (CAD M5m_RAD: -33±37 µV,  
CH M5m_RAD: -27±23 µV; Table 1). Still, M5m_RAD and M5m_RAA standard deviation 
values (Table 1) as well as the their distribution histograms (Fig. 5) indicate a greater 
M5m_RAD and M5m_RAA variability among the CAD patients than the CH subjects. 
According to these results, RA is localized over the first half of the T wave in most cases of 
the CH population, and only occasionally overcomes the T-wave apex. Instead, among the 
CAD patients, RA is distributed along the entire repolarization segment (ST/T wave), with 
several cases occurring over the ST segment or over the T-wave right-hand side. 

 
Fig. 5. Histograms of M5m_RAD and M5m_RAA distributions for the CAD (panels A and 
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variability among the CAD patients than the CH subjects. 

The definition of an RA normality region (Fig. 6) delimited by THR_RADmin=-82 ms, 
THR_RADmax=28 ms, and THR_RAA=35 µV (as defined in Methods) allowed the 
identification of 29 (14.4%) RA+ CAD patients with abnormal M5m_RAD. Specifically, 22 
(10.9%) had abnormally low M5m_RAD (M5m_RAD <THR_RADmin) while the remaining 
7 (3.5%) had abnormally high M5m_RAD (M5m_RAD >THR_RADmax). RA+ CAD patients 
characterized by abnormally high M5m_RAA (M5m_RAA >THR_RAA) were 11 (5.5%). 
Among these, 4 were also characterized by abnormally low M5m_RAD. Thus, altogether, 36 
(17.9%) RA+ cases were identified among the CAD patients. By contrast, only 3 (1.8%) cases 
at the verge of abnormal condition were identified among the CH subjects (Fig. 6).  
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Correlative analysis showed that, in both CAD and CH populations, RA parameters 
distributions were not significantly linked to the other clinical and ECG (|ρ|≤0.44; Table 2) 
parameters distributions. Moreover, CAD patients under pharmaceutical treatments 
showed RA levels comparable to those characterizing not-treated patients (Table 3).  

 CAD patients 
(201) 

CH subjects 
(167) 

 M5m_RAD 
(ms) 

M5m_RAA (µV) M5m_RAD 
(ms) 

M5m_RAA 
(µV) 

Clinical 
parameters: 

    

Age (years) 0.11 -0.01 0.20* -0.28* 
BMI (kg/m2) 0.19* -0.10 -0.09 -0.30* 
SAP (mmHg) 0.11 -0.08 -0.06 -0.11 
DAP (mmHg) 0.16* -0.07 -0.11 -0.16* 

LVEF -0.17* 0.01 - - 
     
ECG  
parameters: 

    

mRR (ms) -0.44* 0.29* -0.42* 0.20* 
sdRR (ms) 0.00 0.10 -0.35* 0.39* 

Table 2. Correlation coefficient values linking RA parameters with the other clinical and 
ECG parameters. - : not applicable; *: statistically significant (P<0.05). 

 
Fig. 6. Representation of the RA cases for CH subjects (o) and the CAD patients (*) in 
relation to the RA normality region (internal solid-line square) in the M5m_RAD vs. 
M5m_RAA plane.  
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A comprehensive description of the RA phenomenon in the two populations was provided 
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Table 3. Comparison of clinical and ECG parameteres between CAD patients under vs. not 
under pharmaceutical treatment. *: statistical signisficance (P<0.05) when comparing treated 
vs. not treated CAD patients groups.  
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4. Discussion 
Our study represents the first attempt to quantify RA heterogeneity in the coronary artery 
disease (CAD) in terms of the traditional RA amplitude as it combines with a temporal 
parameter that allows RA localization along the JT segment as a delay from the T-wave 
apex. This characterization was accomplished by analyzing RA in 5-minute resting ECG 
recordings by means of our AMF-based technique, previously tested for T-wave alternans 
detection and quantification in both simulated and clinical settings (Burattini et al., 2006, 
Burattini et al., 2008, Burattini et al., 2009a, Burattini et al., 2009b, Burattini et al., 2010, 
Burattini et al., 2011). 

Previous studies reported by others identified temporal RA localization in cases other than 
CAD, either by computing the time-interval from the R peak to the RA instant of occurrence 
(Martínez et al., 2006, Nearing et al., 1994, Selvaraj et al., 2007) or by identifying three 
windows of half JT duration (localized at the beginning, at the middle and at the end of 
repolarization, respectively) and, subsequently, determining which of these was more 
affected by RA (Narayan & Smith, 1999). The former approach has the major limitation of 
not taking into account the physiological variability of the RR interval and the JT duration, 
so that the same time interval localizing RA can be associated to different alternating 
portions of the JT segment. The latter approach tries to overcome this limitation by use of 
three windows half-overlapped. However, because of the large variability characterizing the 
ST segment in clinical cases, the middle window does not necessarily include the T-wave 
apex, as it is expected to do. Our AMF-based approach resolves these limitations by 
measuring the “delay” (RAD) of the alternans with respect to the T-wave apex, so that large 
negative values of RAD are necessarily due to RA occurring along the ST segment and the 
T-wave left-hand side. Instead, RAD values close to zero indicate the presence of RA mainly 
localized over the T wave, while positive values of RAD indicate alternation of the T-wave 
right-hand side. Since each portion of the JT segment pertains to a specific phase of the 
ventricular repolarization, our AMF-based method is expected to provide a more accurate 
identification of the ventricular repolarization phase involved in the alternation.  

Besides RA heterogeneity characterization, our AMF-based method has the further 
peculiarity of relying on the RA continuity hypothesis. Other techniques, such as the 
spectral method, the RA identification technique most commonly used in clinics (Smith et 
al., 1988, Rosenbaum et al., 1994, Rosenbaum et al., 1996), and the Laplacian likelihood ratio 
method (Martínez & Olmos, 2005, Martínez et al., 2006) ascribe to noise the low-TWA levels, 
not associated with cardiac instability, which are even detected under physiological 
conditions. This methodological approach aroused from the early hypothesis that RA could 
be an on–off phenomenon, usually not present in health (Bloomfield et al., 2002). After the 
recent experimental study by Pruvot et al.(Pruvot et al., 2004) who demonstrated the 
possibility of inducing various levels of RA, some of which not necessarily associated to 
cardiac instability, the hypothesis that RA is a phenomenon characterized by a continuously 
changing amplitude and/or location from physiological to pathological condition has 
gained increasing consideration. This assumption requires the set up of methods, like our 
AMF-based one, that allow identification of an RA normality region to improve reliability in 
the discrimination of non-physiological or abnormal RA (RA+) levels potentially at risk of 
cardiac instability. In the present study the RA normality region was delimited by three 
thresholds (THR_RADmin, THR_RADmax, THR_RAA, respectively), computed from the 
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RA parameters distribution over the CH population (Burattini et al., 2008, Burattini et al., 
2009a). More specifically, THR_RADmin and THR_RADmax were defined as the 0.5th and 
99.5th percentiles of the M5m_RAD distribution, whereas one other threshold was defined as 
the 99.5th percentile over the THR_RAA distribution, being it a non-negative parameter. Use 
of percentiles, rather than mean and SD, makes the procedure independent of the 
assumption of normal distribution for parameter estimates. These threshold definitions 
strongly optimize specificity rather than sensitivity. The rationale for our choice is that, as 
mentioned above, RA was initially supposed not be present in healthy conditions 
(Bloomfield, 2002), so that the number of positive detections among healthy subjects was 
forced to be negligible (Burattini et al., 2008). Due to our recent studies highlighting the 
hypothesis that RA is a phenomenon characterized by an amplitude continuously changing 
from physiological to abnormal conditions (Burattini et al., 2009a, Burattini et al., 2010), 
identification of thresholds levels at 0.5th and 99.5th percentile may be too restrictive and, 
thus, not appropriate for an optimal identification of abnormal RA cases. Optimization of 
thresholds for RA+ identification in relation to risk stratification, however, is beyond the 
scope of this work, which is mainly focused on RA characterization in the coronary artery 
disease. 

With this aim, our AMF-based technique was applied to ECG tracings from CAD patients, 
who, compared to CH subjects, are known to show increased levels of T-wave alternans 
(Bigger & Bloomfield, 2007, Bloomfield et al., 2006, Burattini et al., 2009a, Burattini et al., 
2010, Ikeda et al., 2006, Zacks et al., 2007) and to be prone to experience major cardiac 
events related to it (Narayan et al., 2006). Our results indicate that, in agreement with 
what previously found (Burattini et al., 2008, Burattini et al., 2009a, Burattini et al., 2010), 
RA affects all subjects, either diseased or healthy, with different characteristics though. 
First of all, the CAD patients were, on average, characterized by higher RA amplitude 
than the CH subjects ( CAD: 19±9 µV, CH: 17±15 µV; P<0.05). The most interesting results, 
however, concern the RA localization, which was distributed all over the entire JT 
segment (ST segment, or T-wave left-hand side, or T-wave right-hand side) in the CAD 
patients, whereas it occurred mainly over the T-wave left-hand side, and occasionally in 
correspondence of the T-wave apex, among the CH subjects. Similarly to our CAD 
patients, RA was found to be distributed all along the JT segment also in the 
cardiomyopathy (Selvaraj et al., 2007). In spite of the fact that our choice of the threshold 
values delimiting the RA normality region tends to minimize the number of RA+ cases, 
the greater RA heterogeneity observed in our CAD patients compared with CH subjects 
allowed discrimination of a relevant percentage (17.9%) of RA+ cases in the coronary 
artery disease (Fig. 6). In these abnormal cases RA was characterized by high amplitude 
(5.5%), as previously reported in other studies on the CAD (Narayan et al., 2006), or 
occurred either early (11.0%), as in other diseased states (Martínez et al., 2006, Nearing et 
al., 1994), or late (3.5%) along the JT segment. According to Narayan & Smith (1999), RA 
occurring late is mainly associated to ventricular tachycardia. Thus, the characterization 
of RA in terms of both RA amplitude (generally used to discriminate RA+ cases in most 
studies using other techniques) and RA delay (a parameters which instead is a peculiarity 
of our AMF-based method) allowed a significant increment in the identification of RA+ 
cases among the CAD patients, which raised from 11 (identified when using only the RA 
amplitude parameter) to 36.  
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According to our results, increased RA heterogeneity observed in the CAD population was 
not associated to other clinical factors (age, BMI, SAP, DAP and LVEF) or pharmaceutical 
treatments (beta blocker, digoxin, diuretic, and ACE inhibitor), with the only exception of 
heart rate. Indeed, a significant, though low (-0.44≤ρ≤-0.42; P<0.05), correlation was found 
between M5m_RAD and RR in both populations, indicating that early RA tends to 
characterize patients with prolonged RR. Instead, a negligible correlation (0.20≤ρ≤0.29, 
P<0.05) was found between M5m_RAA and RR distributions. This result is complementary 
and not in contradiction with the findings from several other studies, which have previously 
related RA amplitude to hart rate (Bloomfield et al., 2002, Narayan & Smith, 1999, Narayan 
& Smith, 2000, Smith et al., 1988). Such studies have indeed demonstrated that, within a 
subject, RA increases when heart rate is forced to increase (by pacing, exercise or drug) over 
90 beats/min (Bloomfield et al., 2002). Identification of RA at rest, as in the present study, 
was often neglected because it requires sophisticated RA identification methods, such as our 
AMF-based one (Burattini et al., 2011), suitable to detect low levels of RA even in the 
presence of physiological levels of heart-rate variability (heart-rate variability is indeed 
strongly reduced at high heart rates).  

5. Conclusion 
Our quantitative investigation of RA heterogeneity in CAD patients yields the conclusion 
that, compared to the CH subjects, the former population shows higher RA amplitude and 
greater variability of RA localization along the JT segment. Especially, in the coronary artery 
disease, the RA occurs not only over the left-hand side of the T wave, as it is generally 
observed in health, but also along the ST segment (early repolarization) or along the T-wave 
right-hand side (late repolarization). Identification of patients characterized by RA occurring 
in early or late repolarization is relevant since in the literature these kinds of RA phenomena 
are associated to an increased risk of ventricular arrhythmias. Thus, our AMF-based  
method appears as a useful tool to identify RA characteristics that help enhancing 
pathophysiological interpretation and, with it, the ability to discriminate patients at 
increased risk of sudden cardiac death, who might be appropriately treated before they 
experience a major cardiac event. 
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1. Introduction 
Coronary artery disease is a major health problem and a major cause of death in most 
industrialized and developing countries. On the other hand, recent basic and clinical studies 
have illustrated that oxidative stress plays an important role in the progression of coronary 
atherosclerosis (Kunsch C & Medford RM., 1999; Azumi H et al., 2002). Oxidative stress 
leads to oxidation of products in vivo and numerous oxidation products have been 
investigated and their significance examined in atherosclerotic disease (Steinberg D et al., 
1997; Ehara S et al., 2001). 7-Ketocholesterol is known to be a major component of the 
cholesterol oxidation product, oxysterols, and is found in high concentrations in 
atherosclerotic plaques which contribute to the development of atherosclerosis (Brown AJ & 
Jessup W., 1998; Smith LL et al., 1996). Thus, 7-ketocholesterol is considered to be an 
important target factor in the prevention of coronary events and reflects the pathogenesis of 
coronary artery disease, and therefore has clinical applications. However, the clinical 
significance of blood 7-ketocholesterol concentrations (7KCHO) are not fully understood, 
because it is difficult to analyze these concentrations accurately. In the present study, we 
established a measuring system for serum 7-ketocholesterol concentrations (s-7KCHO) 
using gas chromatography mass spectrometry technique and attempted to clarify the 
clinical significance of s-7KCHO in the progression of coronary atherosclerosis using 
coronary angiography and intra-vascular ultrasound (IVUS).  

2. Measurement of s-7KCHO 
7KCHO was purchased from Sigma Chemicals Co. (St. Louis, MO, USA). 
24,25,25,25,26,26,26,-d7-7-Ketocholesterol (d7-7KCHO) was prepared by Isotec (Miamisburg, 
OH, USA), and used as an internal standard. Dried pyridine was purchased from Merck 
(Darmstadt, Germany). Serum blood samples were stored immediately at −80°C , and were 
used as samples for the s-7KCHO assay within 1 week. A 500 μl aliquot of serum was mixed 
with 50 μl internal standard stock solution (10 μg/ml of d7-7KCHO dissolved in 1 ml 
toluene/ethyl acetate = 1:1, v/v), and 3 ml of diethyl ether/hexane (2:3, v/v) containing 
0.01% BHT. The mixture was flushed with nitrogen gas and mixed in a rotary shaker for 
30 min at room temperature. After centrifugation at 2000 × g for 15 min, the organic phase 
was collected and dried under nitrogen gas. The residue was dissolved in 1 ml of 
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toluene/ethyl acetate (1:1, v/v), and applied to 3 ml “Diol” extraction columns (Bakerbond 
Spe, J.T. Baker Inc., Phillipsburg, NJ) that had been conditioned with the same solvent. After 
collection of the first eluted fraction under mild vacuum, the columns were eluted with 
another 2 ml of the same solvent. Three ml the of eluent was dried under nitrogen gas, and 
the residues were dissolved in 2 ml of diethyl ether, following which 500 μl of 20% 
potassium hydroxide dissolved in methanol was added. After mixing in a rotary shaker for 
3 h, the mixture was neutralized by 20% acetic acid. To separate the organic phase from the 
aqueous phase, 1 ml of water was added and centrifuged. The organic phase was s 
eparated, added again to 1 ml of water, and centrifuged. The pooled organic fractions  
were dried under nitrogen gas. Dried samples were derivatized with 200 μl of  
o-methylhydroxylamine/hydrochloride dissolved in dried pyridine at 70°C for 2 h, and 100 
μl of N,O-bis(trimethyl-silyl)trifluoroacetamide (BSTFA) at 70°C for 2 h. Then 1 μl aliquots 
were injected into a Varian GC/MS system consisting of a gas chromatography (CP-3800), 
an ion trap mass spectrometry (Saturn-2000), and an auto-sampler (CP-8400). The whole 
instrument set was controlled by a computer. The column used was a commercial product 
“WCOT Fused Silica (30 m × 0.25 mm i.d.) Coating CP-SIL 8 CB Low Bleed/MS” (Varian 
Inc., Palo Alto, CA, USA). Helium was used as carrier gas at a flow rate of 0.8 ml/min. The 
injection temperature was set at 270 °C (split ratio 1:4) and the initial column temperature at 
60 °C. The analysis was run by holding the initial temperature for 1 min, and then increasing 
it at a rate of 20°C/min up to 280°C and 10°C/min up to 300°C. Thereafter the temperature 
was held at 300 °C for 10 min and was then increased again at a rate of 15 °C/min until 
330 °C. The total running time was 31 min. The transfer line was maintained at 250 °C and 
the ion source at 220 °C. The electron ionization was performed by 70 eV ionized energy. 
The number of monitoring ions used was 471 for 7KCHO and 478 for internal standard (d7-
7KCHO). In this assay system, recovery test was 95%, intra-assay coefficients of variation 
were <5%, and the detection limit of the assay was 6.2ng/ml.  

3. Angiographic study 
3.1 Study population 

One hundred and thirty-nine subjects with coronary artery disease (CAD; subjects with 
stable angina pectoris or acute myocardial infarction) and 43 subjects with normal coronary 
arteries were enrolled. We examined relation of s-7-KCHO and findings of coronary 
angiography or coronary risk factors. 

3.2 Methods of coronary angiography  

Coronary angiography was performed by transfemoral or transbrachial approaches using a 
standard technique. Two experienced angiographers who were single blinded to the study 
reviewed all coronary angiograms. The severity of coronary stenosis was assessed with a 
worst-view projection. The percentage of luminal narrowing was recorded according to the 
American Heart Associations reporting system. Significant stenotic lesion was defined as 
≥75% diameter stenosis, and the extent of coronary atherosclerosis was classified by the 
number of vessels with significant stenotic lesions. Lesions in the left main trunk were not 
observed in the present study. Of the study population, 68 subjects suffered from acute 
myocardial infarction (AMI). All AMI subjects had confirmed culprit lesion, which was a 
total or subtotal occlusion by coronary angiography. Diagnosis of AMI was based on: (1) a 
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clinical history of central chest pressure pain, or tightness for 30 min or more, (2) ST-
segment elevation greater than 0.1 mV in at least one standard or precordial lead, and (3) a 
rise in the serum creatine kinase concentration to more than twice the normal laboratory 
value. All subjects with normal coronary artery (NCA) were performed coronary 
angiography for evaluation of chest pain and/or abnormality of electrocardiograph and 
NCA was defined as the absence of significant stenosis and spastic reaction which was 
provoked by intracoronary administration of acetylcholine. 

3.3 Results 

Patient characteristics are shown in Table 1. Age, proportion of male subjects, diabetes 
mellitus and smoking were significantly higher in subjects with CAD than in those with 
NCA. Considering the serum lipid concentrations, there were significantly higher TC, LDL-
C and triglyceride concentrations in subjects with NCA than in those with CAD; however, 
the serum lipid data were similar in subjects without antihyperlipidemic treatment (data not 
shown). HDL-C concentrations were significantly lower in subjects with CAD than in those 
with NCA. hs-CRP concentrations were significantly higher in subjects with CAD than in 
those with NCA.  

 
Data are expressed mean ± SD( ): % 
*p<0.05 vs NCA, **p<0.01 vs NCA 
NCA: Normal coronary artery 
CAD: Coronary artery disease 
BMI: body mass index 
LDL: low-density lipoprotein 
HDL: high-density lipoprotein 

Table 1. Baseline clinical characteristics 
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Data are expressed mean ± SD *p<0.01 vs NCA 

Fig. 1. Comparisons of 7-ketocholesterol concentrations between subjects with normal 
coronary artery and coronary artery disease  

 

Data are expressed mean ± SD  
*p<0.05 vs 1VD 
1VD (n=85): 1-vessel disease 
2VD (n=36): 2-vessel disease 
3VD (n=18): 3-vessel disease 

Fig. 2. Relation of 7-ketocholesterol concentrations and number of affected vessels. 

Comparisons of s-7KCHO between NCA and CAD subjects are shown in Fig. 1. s-7KCHO 
were significantly higher in subjects with CAD than in those with NCA (p < 0.01) (NCA: 
19.0 ± 11.3 ng/ml, CAD: 32.4 ± 23.1 ng/ml). We also examined s-7KCHO in subjects without 
taking statins. s-7KCHO were significantly higher in subjects with CAD than in those with 
NCA (p < 0.01) (NCA: 17.7 ± 9.6 ng/ml, CAD: 35.4 ± 25.4 ng/ml). The relationship between 
s-7KCHO and the number of affected vessels is shown in Fig. 2. s-7KCHO were significantly 
higher in subjects with 2 or 3 vessel disease than those with single vessel disease (p < 0.05, p 
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< 0.05, respectively) (1-vessel disease: 28.0 ± 21.1 ng/ml, 2-vessel disease: 39.0 ± 25.6 ng/ml, 
3-vessel disease: 41.3 ± 23.2 ng/ml). Comparisons of s-7KCHO between subjects with stable 
angina pectoris and those with AMI are shown in Fig. 3. s-7KCHO were significantly higher 
in subjects with AMI than in those with stable angina pectoris even though the number of 
affected vessels were similar in the two groups (p < 0.01) (Stable angina pectoris: 26.1 ± 15.2 
ng/ml, AMI: 39.1 ± 27.7 ng/ml). 

 

Data are expressed mean ± SD  
*p<0.01 vs stable AP  
Stable AP (n=69): stable angina pectoris 
AMI (n=68): acute myocardial infarction 

Fig. 3. Comparisons of 7-ketocholesterol concentrations between subjects with stable angina 
pectoris and acute myocardial infarction. 

 
Table 2. Correlation between 7-keto cholesterol concentration and serum parameters. 

Correlation between serum parameters and s-7KCHO in CAD subjects were shown in Table 2. 
There were no significant correlations between TC or LDL cholesterol concentrations and s-
7KCHO. Conversely, s-7KCHO had significant correlations with HDL-cholesterol and hs-CRP 
concentrations. Other coronary risk factors such as age, sex, hypertension, diabetes mellitus, 
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obesity, smoking, and family history of CAD were not related to s-7KCHO (data not shown). 
We also examined relationship between statin use and s-7KCHO. Subjects with statin use 
showed higher s-7KCHO than those without statin use, although the difference was not 
significant (p=0.09) (without statin use: 28.9 ± 19.9 ng/ml, statin use: 35.4 ± 25.7 ng/ml). 

Multivariate analysis revealed that s-7KCHO were selected as an independent variable for 
CAD (p < 0.01, Table 3). In CAD subjects, the presence of acute myocardial infarction, 
number of affected vessels, and high sensitive C-reactive protein concentrations strongly 
correlated with s-7KCHO (p < 0.01, < 0.05, < 0.05, respectively, Table 4).  

 
OR: odds ratio, CI: confidence interval, (n=182) 

Table 3. Results of multivariate logistic regression analysis for coronary artery disease. 

 
R2=0.27, F value=3.8, p<0.0001, (n=139) 

Table 4. Results of multiple regression analysis for 7-ketocholesterol concentrations in 
subjects with coronary artery disease. 

Our angiographic study indicated that high s-7KCHO were closely associated with acute 
myocardial infarction. On the other hand, recent clinical studies using IVUS have clarified 
that coronary artery plaque already exists in subjects with normal coronary artery, which is 
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diagnosed by coronary angiography. Furthermore, it has been reported that almost 70% of 
culprit lesion on acute myocardial infarction, now called acute coronary syndrome, which is 
highly correlated with mortality, occurs in less than 50% of angiographic stenosis (Falk E et 
al., 1995). Therefore, it is difficult to predict the occurrence of acute coronary syndrome and 
it is important that we consider the presence of coronary atherosclerosis; especially presence 
of vulnerable plaque, before angiographic stenosis. IVUS studies have clarified the future of 
plaque on acute coronary syndrome; plaque volume is large and shows abnormal plaque 
quality (Yamagishi M et al., 2000; Namiki N et al., 1999; Kotani J et al., 2003) such as 
eccentricity, lipid pool and mild calcified lesions. Therefore, next, we examined relation of s-
7KCHO and coronary plaque in angiographic normal stage using IVUS.  

4. IVUS study 
4.1 Study population 

66 subjects with normal coronary artery diagnosed by coronary angiography were enrolled. 
Proxymal range of left anterior descending coronary artery was observed by intravascular 
ultrasound using auto-pullback methods and examined relation of s-7KCHO and coronary 
plaque. 

4.2 Methods of IVUS study 

Coronary angiography was performed the transfemoral approach using a standard 
technique. Two experienced angiographers reviewed all coronary angiograms and 
confirmed that there were no stenotic lesion, and consequently performed IVUS study. To 
avoid spasm, 1 to 2 mg of nitroglycerin was administrated before insertion of the 0.014-
inch coronary guidewire and IVUS catheter through a coronary guiding catheter. After 
the IVUS catheter was inserted more than 20 mm beyond proximal of left descending 
coronary artery (LAD), a motorized auto pullback was performed at 1 mm/second 
velocity and the percent plaque volume was calculated for 20 mm length of LAD proximal 
side as plaque quantity. We also evaluated plaque quality, such as eccentricity, 
calcification and lipid pool into plaque. Eccentricity was identified when the minimum 
dimension of plaque thickness/dimension of the other side plaque thickness at max 
plaque area was less than 0.5. Calcification was defined when a high echo area with back 
reflection was detected and lipid pool was defined as when echo lucent zone was detected 
during the observation period. 

4.3 Results 

There were significantly positive correlation between s-7-KCHO and %Plaque volume 
(r=0.37, p<0.001, Fig. 4.); furthermore, multiple regression analysis showed that high s-7-
KCHO were selected as independent variables for %Plaque volume (p<0.05). On the other 
hand, subjects with high s-7-KCHO (≧20ng/ml, n=33) were detected high incidence of 
abnormal plaque quality such as eccentric plaque (76%), mild calcified lesion (64%) and 
lipid pool (30%) (Table 5). Fig. 5. shows the relationship of high s-7-KCHO and degree of 
calcification. Subjects with high s-7-KCHO had mild degree and plural number of 
calcification into plaque. 
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CAD (p < 0.01, Table 3). In CAD subjects, the presence of acute myocardial infarction, 
number of affected vessels, and high sensitive C-reactive protein concentrations strongly 
correlated with s-7KCHO (p < 0.01, < 0.05, < 0.05, respectively, Table 4).  

 
OR: odds ratio, CI: confidence interval, (n=182) 

Table 3. Results of multivariate logistic regression analysis for coronary artery disease. 

 
R2=0.27, F value=3.8, p<0.0001, (n=139) 

Table 4. Results of multiple regression analysis for 7-ketocholesterol concentrations in 
subjects with coronary artery disease. 

Our angiographic study indicated that high s-7KCHO were closely associated with acute 
myocardial infarction. On the other hand, recent clinical studies using IVUS have clarified 
that coronary artery plaque already exists in subjects with normal coronary artery, which is 
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diagnosed by coronary angiography. Furthermore, it has been reported that almost 70% of 
culprit lesion on acute myocardial infarction, now called acute coronary syndrome, which is 
highly correlated with mortality, occurs in less than 50% of angiographic stenosis (Falk E et 
al., 1995). Therefore, it is difficult to predict the occurrence of acute coronary syndrome and 
it is important that we consider the presence of coronary atherosclerosis; especially presence 
of vulnerable plaque, before angiographic stenosis. IVUS studies have clarified the future of 
plaque on acute coronary syndrome; plaque volume is large and shows abnormal plaque 
quality (Yamagishi M et al., 2000; Namiki N et al., 1999; Kotani J et al., 2003) such as 
eccentricity, lipid pool and mild calcified lesions. Therefore, next, we examined relation of s-
7KCHO and coronary plaque in angiographic normal stage using IVUS.  

4. IVUS study 
4.1 Study population 

66 subjects with normal coronary artery diagnosed by coronary angiography were enrolled. 
Proxymal range of left anterior descending coronary artery was observed by intravascular 
ultrasound using auto-pullback methods and examined relation of s-7KCHO and coronary 
plaque. 

4.2 Methods of IVUS study 

Coronary angiography was performed the transfemoral approach using a standard 
technique. Two experienced angiographers reviewed all coronary angiograms and 
confirmed that there were no stenotic lesion, and consequently performed IVUS study. To 
avoid spasm, 1 to 2 mg of nitroglycerin was administrated before insertion of the 0.014-
inch coronary guidewire and IVUS catheter through a coronary guiding catheter. After 
the IVUS catheter was inserted more than 20 mm beyond proximal of left descending 
coronary artery (LAD), a motorized auto pullback was performed at 1 mm/second 
velocity and the percent plaque volume was calculated for 20 mm length of LAD proximal 
side as plaque quantity. We also evaluated plaque quality, such as eccentricity, 
calcification and lipid pool into plaque. Eccentricity was identified when the minimum 
dimension of plaque thickness/dimension of the other side plaque thickness at max 
plaque area was less than 0.5. Calcification was defined when a high echo area with back 
reflection was detected and lipid pool was defined as when echo lucent zone was detected 
during the observation period. 

4.3 Results 

There were significantly positive correlation between s-7-KCHO and %Plaque volume 
(r=0.37, p<0.001, Fig. 4.); furthermore, multiple regression analysis showed that high s-7-
KCHO were selected as independent variables for %Plaque volume (p<0.05). On the other 
hand, subjects with high s-7-KCHO (≧20ng/ml, n=33) were detected high incidence of 
abnormal plaque quality such as eccentric plaque (76%), mild calcified lesion (64%) and 
lipid pool (30%) (Table 5). Fig. 5. shows the relationship of high s-7-KCHO and degree of 
calcification. Subjects with high s-7-KCHO had mild degree and plural number of 
calcification into plaque. 
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Fig. 4. Correlation between 7-keto cholesterol concentration and %Plaque volume. 

 

 
Table 5. 7-ketocholesterol concentrations and abnormality of plaque quality. 

 
Relatioship Between Serum 7-Ketocholesterol Concentrations and Coronary Artery Disease 

 

119 

 
Fig. 5. Feature of calcification in subjects with high 7-ketocholesterol concentrations. 

5. Discussion 
In angiographic study, s-7KCHO were significantly higher in subjects with CAD than in 
those with NCA; furthermore, multiple regression analysis revealed that s-7KCHO were 
selected as independent variable for the presence of CAD as a subordinate factor. The 
presence of AMI, number of affected vessels, and hs-CRP concentrations strongly correlated 
with s-7KCHO in CAD subjects. Furthermore, IVUS study indicated that s-7KCHO reflected 
vulnerable coronary plaque which is not detectable by coronary angiography. 

7KCHO is excessive in advanced atherosclerotic plaques (Brown AJ & Jessup W., 1998), and 
contributes to the development of atherosclerosis (Smith LL et al., 1996). Furthermore, 
7KCHO causes apoptosis (Miyashita Y et al., 1997) and inhibits migration of smooth muscle 
cells (Oyama T et a.l, 2001). These findings suggest that accumulation of 7KCHO in 
atherosclerotic lesions may decrease the amount of cells and render atherosclerotic plaques 
unstable. Thus, 7KCHO is important not only in the progression of coronary atherosclerosis 
but is also the cause of plaque rupture which is a major factor of AMI. In the present study, 
s-7KCHO reflected the severity of coronary atherosclerosis, estimated by coronary 
angiography; furthermore, s-7KCHO strongly correlated with presence of AMI and 
vulnerable coronary plaque. Therefore, s-7KCHO may reflect 7KCHO in the coronary artery 
plaque and is expected to be a predictor of AMI occurrence which is strongly associated 
with mortality.  

Hypercholesterolemia is established as one of the most important coronary risk factors; 
however, the average serum TC or LDL-C concentration in subjects with CAD often appears 
to be within the normal range. The present study also indicated that serum TC or LDL-C 
concentrations were not higher in CAD subjects than in NCA subjects. Furthermore, there is 
no relationship between serum TC or LDL-C concentrations and s-7KCHO. Another study 
also indicated that blood 7KCHO had no relationship with blood cholesterol concentrations 
in CAD subjects (Tomasik A et al., 2000). Therefore, these results suggest that s-7KCHO is a 
different marker from blood cholesterol concentrations even though 7KCHO were oxidation 
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cells (Oyama T et a.l, 2001). These findings suggest that accumulation of 7KCHO in 
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unstable. Thus, 7KCHO is important not only in the progression of coronary atherosclerosis 
but is also the cause of plaque rupture which is a major factor of AMI. In the present study, 
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angiography; furthermore, s-7KCHO strongly correlated with presence of AMI and 
vulnerable coronary plaque. Therefore, s-7KCHO may reflect 7KCHO in the coronary artery 
plaque and is expected to be a predictor of AMI occurrence which is strongly associated 
with mortality.  

Hypercholesterolemia is established as one of the most important coronary risk factors; 
however, the average serum TC or LDL-C concentration in subjects with CAD often appears 
to be within the normal range. The present study also indicated that serum TC or LDL-C 
concentrations were not higher in CAD subjects than in NCA subjects. Furthermore, there is 
no relationship between serum TC or LDL-C concentrations and s-7KCHO. Another study 
also indicated that blood 7KCHO had no relationship with blood cholesterol concentrations 
in CAD subjects (Tomasik A et al., 2000). Therefore, these results suggest that s-7KCHO is a 
different marker from blood cholesterol concentrations even though 7KCHO were oxidation 
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products of cholesterol. This allows us to predict coronary events which are not detectable 
by serum TC or LDL-C concentrations if we can measure s-7KCHO in the clinic. In a basic 
study, degenerative LDL such as small sized LDL or glycated LDL was shown to be easily 
oxidized (de Graaf J et al., 1991; Lyons TJ., 1992), consequently, promoting atherosclerotic 
lesion. Some clinical studies emphasized an increase in degenerative LDL in CAD (Austin 
MA & Krauss RM., 1984; Krauss RM., 1994). 7KCHO may relate to oxidation products of 
degenerative LDL, however, the relationship is not fully understood. Therefore, further 
studies are required to investigate the significance of s-7KCHO from the perspective of 
precise lipid profiles. 

Among the serum lipid concentrations, only HDL-C had significant relationship with  
s-7KCHO. A number of studies reported that low HDL-C concentrations were inversely 
related to the risk of cardiovascular disease (Castelli WP et al., 1986; Rhoads GG et al., 1976) 
and the present study may indicate that HDL retards the progression of coronary 
atherosclerosis by decreasing 7KCHO in the coronary vessel wall or blood flow. The 
relationship between HDL-C concentrations and s-7KCHO in coronary atherosclerosis is not 
fully understood. Recently, however, Terasaka reported that HDL exerted a protective effect 
against apoptosis induced by 7KCHO using ATP-binding cassette transporter ABCG1+/+ 
mice (Terasaka N et al., 2007). The ATP-binding cassette transporter ABCG1 was recently 
shown to promote efflux of cholesterol from macrophage to HDL and reverse the 
relationship between HDL-C concentrations and s-7KCHO. This may be partly explained by 
the role of ATP-binding cassette transporter ABCG1.  

In the present study, there was a significant correlation between s-7KCHO and hs-CRP 
concentrations in CAD subjects. Furthermore, these two factors had a significant 
association with each other after adjustment of related factors. Thus, this result suggests 
that s-7KCHO are closely associated with inflammation in coronary atherosclerosis. 
Recent clinical investigations showed that inflammation plays an important role in the 
progression of atherosclerosis (Ross R., 1999; Libby P et al., 2002) and epidemiological 
studies clarified the link between high levels of CRP concentration and cardiovascular 
events (Ridker PM et al., 2002; Matsumoto K et al., 2003). Paul et al. showed that CRP is 
present in the human arterial intima of the atherosclerotic lesion by histological 
examination (Paul A et al., 2004); furthermore, Kobayashi et al. reported that, by using a 
sample of directional coronary atherectomy, expression of CRP was colocalized with 
p22phox and CRP directly induced p22phox expression generating reactive oxygen 
species in cultured smooth muscle cells (Kobayashi S et al., 2003). Therefore, CRP may 
promote the production of 7-KCHO in coronary artery plaques; consequently, increasing 
s-7KCHO. However, some reports indicate that oxysterol influences proinflammatory 
properties (Wang N et al., 1996; Liu Y et al., 1997). Joffre et al. reported that 7KCHO 
enhanced interleukin-8 gene expression using porcine retinal pigment epithelial cells 
(Joffre C et al., 2007). Interleukin-8 is a proinflammatory and chemotactic cytokine which 
might play a crucial role in the recruitment of monocytes and T lymphocytes into the 
arterial subendothelial space, consequently, promoting atherosclerotic lesion (Terkeltaub 
R et al., 1998). Furthermore, interleukin-8 could have a potential atherogenic role by 
inhibiting the local tissue inhibitor of metalloproteinase-1 expression, thereby leading to 
an imbalance between matrix metalloproteinases and metalloproteinase-1 at focal sites  
of atherosclerotic plaque, and to local extracellular degradation, causing the rupture  
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of atheromatous plaques (Moreau M et al., 1999). Thus, 7KCHO and inflammation in 
coronary atherosclerosis are closely associated with each other and may promote 
vulnerable plaque formation. 

In IVUS study, calcification was frequently detected in subjects with high s-7KCHO 
compared with low s-7KCHO.  

Calcification into plaque is vulnerable and has been controversial. However, some clinical 
studies have shown that coronary calcification, which is detected by computed tomography 
is a powerful predictor for cardiac events (Kondos GT et al., 2003; Greenland P et al., 2004). 
Raggi et al (Raggi P et al., 2003) reported that coronary calcification identified by electron-
beam computed tomography was highly prevalent in patients with acute myocardial 
infarction; thus, coronary calcification might be indicated in the presence of vulnerable 
plaque. Furthermore, a recent IVUS study (Ehara S et al., 2004) reported that culprit lesion 
on acute coronary syndrome had significantly high incidence of mild calcification than those 
with stable angina pectoris. Therefore, our results can be interpreted as follows: from the 
viewpoint of calcification, subjects with high s-7KCHO already have vulnerable plaque in 
early stage coronary atherosclerosis. 

6. Conclusion 
Our data which is accurately measured s-7KCHO indicate that high s-7KCHO are closely 
associated with not only progression of coronary atherosclerosis but also formation of 
vulnerable plaque. To achieve the clinical usefulness, simple and reliable methods to 
measure blood 7KCHO concentrations are needed and examination of many clinical studies 
investigating the significance of s-7KCHO in diagnosis and treatment are required. 
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products of cholesterol. This allows us to predict coronary events which are not detectable 
by serum TC or LDL-C concentrations if we can measure s-7KCHO in the clinic. In a basic 
study, degenerative LDL such as small sized LDL or glycated LDL was shown to be easily 
oxidized (de Graaf J et al., 1991; Lyons TJ., 1992), consequently, promoting atherosclerotic 
lesion. Some clinical studies emphasized an increase in degenerative LDL in CAD (Austin 
MA & Krauss RM., 1984; Krauss RM., 1994). 7KCHO may relate to oxidation products of 
degenerative LDL, however, the relationship is not fully understood. Therefore, further 
studies are required to investigate the significance of s-7KCHO from the perspective of 
precise lipid profiles. 

Among the serum lipid concentrations, only HDL-C had significant relationship with  
s-7KCHO. A number of studies reported that low HDL-C concentrations were inversely 
related to the risk of cardiovascular disease (Castelli WP et al., 1986; Rhoads GG et al., 1976) 
and the present study may indicate that HDL retards the progression of coronary 
atherosclerosis by decreasing 7KCHO in the coronary vessel wall or blood flow. The 
relationship between HDL-C concentrations and s-7KCHO in coronary atherosclerosis is not 
fully understood. Recently, however, Terasaka reported that HDL exerted a protective effect 
against apoptosis induced by 7KCHO using ATP-binding cassette transporter ABCG1+/+ 
mice (Terasaka N et al., 2007). The ATP-binding cassette transporter ABCG1 was recently 
shown to promote efflux of cholesterol from macrophage to HDL and reverse the 
relationship between HDL-C concentrations and s-7KCHO. This may be partly explained by 
the role of ATP-binding cassette transporter ABCG1.  

In the present study, there was a significant correlation between s-7KCHO and hs-CRP 
concentrations in CAD subjects. Furthermore, these two factors had a significant 
association with each other after adjustment of related factors. Thus, this result suggests 
that s-7KCHO are closely associated with inflammation in coronary atherosclerosis. 
Recent clinical investigations showed that inflammation plays an important role in the 
progression of atherosclerosis (Ross R., 1999; Libby P et al., 2002) and epidemiological 
studies clarified the link between high levels of CRP concentration and cardiovascular 
events (Ridker PM et al., 2002; Matsumoto K et al., 2003). Paul et al. showed that CRP is 
present in the human arterial intima of the atherosclerotic lesion by histological 
examination (Paul A et al., 2004); furthermore, Kobayashi et al. reported that, by using a 
sample of directional coronary atherectomy, expression of CRP was colocalized with 
p22phox and CRP directly induced p22phox expression generating reactive oxygen 
species in cultured smooth muscle cells (Kobayashi S et al., 2003). Therefore, CRP may 
promote the production of 7-KCHO in coronary artery plaques; consequently, increasing 
s-7KCHO. However, some reports indicate that oxysterol influences proinflammatory 
properties (Wang N et al., 1996; Liu Y et al., 1997). Joffre et al. reported that 7KCHO 
enhanced interleukin-8 gene expression using porcine retinal pigment epithelial cells 
(Joffre C et al., 2007). Interleukin-8 is a proinflammatory and chemotactic cytokine which 
might play a crucial role in the recruitment of monocytes and T lymphocytes into the 
arterial subendothelial space, consequently, promoting atherosclerotic lesion (Terkeltaub 
R et al., 1998). Furthermore, interleukin-8 could have a potential atherogenic role by 
inhibiting the local tissue inhibitor of metalloproteinase-1 expression, thereby leading to 
an imbalance between matrix metalloproteinases and metalloproteinase-1 at focal sites  
of atherosclerotic plaque, and to local extracellular degradation, causing the rupture  
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of atheromatous plaques (Moreau M et al., 1999). Thus, 7KCHO and inflammation in 
coronary atherosclerosis are closely associated with each other and may promote 
vulnerable plaque formation. 

In IVUS study, calcification was frequently detected in subjects with high s-7KCHO 
compared with low s-7KCHO.  

Calcification into plaque is vulnerable and has been controversial. However, some clinical 
studies have shown that coronary calcification, which is detected by computed tomography 
is a powerful predictor for cardiac events (Kondos GT et al., 2003; Greenland P et al., 2004). 
Raggi et al (Raggi P et al., 2003) reported that coronary calcification identified by electron-
beam computed tomography was highly prevalent in patients with acute myocardial 
infarction; thus, coronary calcification might be indicated in the presence of vulnerable 
plaque. Furthermore, a recent IVUS study (Ehara S et al., 2004) reported that culprit lesion 
on acute coronary syndrome had significantly high incidence of mild calcification than those 
with stable angina pectoris. Therefore, our results can be interpreted as follows: from the 
viewpoint of calcification, subjects with high s-7KCHO already have vulnerable plaque in 
early stage coronary atherosclerosis. 

6. Conclusion 
Our data which is accurately measured s-7KCHO indicate that high s-7KCHO are closely 
associated with not only progression of coronary atherosclerosis but also formation of 
vulnerable plaque. To achieve the clinical usefulness, simple and reliable methods to 
measure blood 7KCHO concentrations are needed and examination of many clinical studies 
investigating the significance of s-7KCHO in diagnosis and treatment are required. 
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1. Introduction 
1.1 Carotid stenosis and atheromatous process 

Carotid artery stenosis due to atherosclerosis is a major complication of hyperlipidemia, 
diabetes mellitus and hypertension. Moreover, the extent of carotid intima media thickness 
is a measure of atheromatosis and therefore of cardiovascular disease (CVD).  

The effect of cholesterol in the process of atheromatosis is now well established. High levels 
of total cholesterol (TC), as well as of low-density lipoprotein (LDL), very low-density 
lipoprotein (VLDL), intermediate-density lipoprotein (IDL), lipoprotein a (Lp-α), and 
triglycerides (TG), coupled with decreased levels of high-density lipoprotein (HDL) are 
responsible for the creation of atheromatous plaques (Assmann & Schulte, 1992; Hokanson 
& Autsin, 1996; Katsouras et al., 2001). Of the above factors, LDL cholesterol, and especially 
the oxidized LDL (oxLDL) is considered as the most important contributor of atheromatosis 
(Anderson et al., 1996).  

The atheromatous process is completed in the following three stages: 

1. In the first stage, LDL cholesterol enters the vessel wall, binds to glucosaminoglucanes, 
which are part of the extracellular matrix of the intima. This binding is facilitated by 
apolipoprotein B-100 (ApoΒ–100). The accumulation of LDL in the vessel wall 
contributes to the formation of fatty strikes. Following adhesion to the vessel wall, LDL 
undergoes oxidation by free radicals produced locally, the molecule is altered and 
chemokines are produced by adjacent vessel wall cells, such as monocyte 
chemoattractant protein-1 (MCP–1), together with growth factors, which are 
responsible for the accumulation of monocytes and macrophages. The latter cause 
further oxidation of LDL, resulting in negative charge, recognition by scavenger 
receptors located on macrophage membrane and increased uptake of LDL inside the 
macrophages, as these receptors are not inhibited by increased intracellular 
concentration of cholesterol. The final result is an enormous accumulation of LDL in the 
macrophages, which are transformed to foam cells. These cells represent the first step in 
the atheromatous process (Durrington & Sinderman, 2002) (figure 1). 

2. During the second stage, the atheromatous plaque is formed. Foam cells produce 
growth factors and together with oxLDL result to the attraction of smooth muscle cells. 
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The latter are then differentiated to fibroblasts and start producing collagen. This 
collagen covers foam cells, which either are destroyed or are forced to apoptosis. The 
final result is the formation of a pool of extracellular cholesterol trapped under a fibrous 
capsid (figure 2). The part which is close to the yet intact vessel wall is the active site of 
the plaque, where the foam cells are produced. As the plaque extents to the inner layers 
of the vessel wall, the point of foam cell formation becomes instable and may cause 
rapture of the plaque (Durrington & Sinderman, 2002) (figure 3).  

3. In the third stage, that of the complicated lesion, the rapture of the fibrous capsid of the 
atheromatous plaque leads to massive evacuation of the cholesterol reservoir. The 
artery may occult due to the accumulation of platelets and subsequent clotting, leading 
to acute ischemia or infarction (figure 4). If not so, then the plaque will be further 
enlarged (Durrington & Sinderman, 2002). 

 
Fig. 1. Atherogenesis. Fatty strikes are characterized by macrophages containing an excess of 
lipids (foam cells). Foam cells are derived by blood monocytes which are attracted to vessel 
intima and start phagocytosing lipoproteins, such as oxLDL. The conversion of fatty strike 
to atheroma depends on proliferation and differentiation of smooth muscle cells to 
fibroblasts. The latter produce collagen resulting in intima thickening. As the lesion extents 
further, foam cells are destroyed releasing large amounts of cholesterol trapped in a fibrous 
capsid. The active site of atheroma is the point which is adjacent to normal endothelium, 
where foam cells are formed (adopted with persmission from Durrington & Sinderman, 
2002). 
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Avoiding the formation and the instability of the atheromatous plaque is top priority for 
patients at risk for cardiovascular events. Statins may contribute towards this direction 
(Corti et al., 2002; Nissen et al., 2004) 

 
Fig. 2. Advanced atheromatous plaque causing arterial lumen occlusion of 70% (adopted 
from Durrington & Sinderman, 2002). 

 
Fig. 3. The point of the atheromatous plaque, on which active enlargement occurs: formation 
of new foam cells and increased cholesterol uptake contribute to increased plaque instability 
(adopted from Durrington & Sinderman, 2002). 
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Fig. 4. A raptured ahteromatous plaque, in which the cholesterol reservoir has evacuated 
itself under the fibrous capsid. A clot in the endothelial surface at the site of rapture occults 
the lumen completely (adopted from Durrington & Sinderman, 2002).  

1.2 Oxidized LDL 

Oxidized LDL cholesterol in humans is found mainly in two types:  

a. conjugated form, attached to the atheromatous plaque and  
b. circulating form found in serum.  

Oxidized LDL is produced following oxidation of LDL by free radicals and other oxidadive 
factors, a procedure called oxidative stress. The circulating oxLDL is the measurable fraction 
of oxLDL in plasma. Oxidized LDL is a key element of the pathway leading to the formation 
of the atheromatous plaque and has been extensively studied both as a marker of 
atheromatosis and as a possible target of therapeutic intervention. Circulating oxLDL is 
considered a risk marker for atherosclerosis (Toshima, 2000) and coronary heart disease 
(CHD) ( Ehara et al., 2001; Holvoet et al., 2003; Toshima et al., 2000). Increased oxLDL levels 
in circulation and the vessel wall are associated with endothelial dysfunction (Penny et al., 
2001) in such patients (Ehara et al., 2001; Holvoet et al., 1999; Nishi et al., 2002), contributing 
to atheromatous plaque instability (Ehara et al., 2001).  

Oxidative modification of LDL leads to rapid focal accumulation in macrophages (Witztum 
& Steinberg, 1991), which is the first step of the atheromatous process. The increased 
retention time of LDL in the intima offers enhanced probability to be oxidized by free 
radicals produced by endothelium, smooth muscle cells or macrophages (Steinbrecher et al., 
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1984). Oxidized LDL then acts chemotactic for monocytes and smooth muscle cells through 
binding to scavenger receptors (D. Li et al., 2002), leading to the formation of foamy cells. 
Oxidized LDL is also capable to elicit endothelial dysfunction by altering the secretory 
activity of endothelial cells (D. Li et al., 2002), inhibiting the nitric oxide-mediated 
vasodilatation through reduction of the expression of endothelial nitric-oxide synthase 
(eNOS), inducing the expression of adhesion molecules on the endothelium thus mediating 
the adhesion of monocytes to intima (D. Li et al., 2002), and inducing the expression of 
inflammatory cytokines (Steinberg, 1997). Indeed, oxLDL is a potent inducer of 
inflammation (Steinberg et al., 1989), contributing to the chronic inflammatory process 
which results to atherosclerosis  (Ross, 1999). 

1.3 Statins 

The 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors, or statins, reduce serum 
TC, LDL cholesterol, apolipoprotein B (apoB), and, to a lesser degree, TG and Lp-a levels. 
Statins also have pleiotropic effects (Bellosta et al., 2000), such as the modulation of 
inflammatory molecules and monocyte maturation and differentiation (Bellosta et al., 2000), 
the suppression of smooth muscle-cells migration and proliferation (Bellosta et al., 2000), the 
reduction of the monocyte adhesion to the endothelium (Weber et al., 1997), the restoration 
of the impaired endothelium-dependent vessel wall relaxation (Jarvisalo et al., 1999), and 
the modification of cell-mediated LDL oxidation (Giroux et al., 1993; Aviram et al., 1998). All 
of the above mechanisms contribute to the reversion of atheromatosis. Undeniably, statins 
reduce the incidence of coronary events and are a cornerstone in the primary and secondary 
prevention of CHD (D.Y. Li et al., 2001). Previous studies have detected some efficacy in 
reducing the circulating oxLDL levels, but whether this effect is due to the reduction of LDL 
or is an independent, pleiotropic phenomenon remains a matter of controversy (Kwak & 
Mach, 2001; Robinson et al., 2005). Furthermore, little is known about the definite clinical 
benefit of such oxidative marker reduction.  

The aim of the present study was to evaluate the efficacy of atorvastatin in reducing 
stenosis, to investigate the effect on oxLDL and to search for possible associations of oxLDL 
modification with changes of stenosis in patients managed conservatively and in pre-treated 
with percutaneous catheter interventional procedures patients with carotid atheromatosis. 
We hypothesise that atorvastatin therapy will confer remission of oxLDL levels in vivo and 
this will be associated with significant reduction of carotid artery stenosis.  

2. Patients and methods 
Between January 2005 and February 2008 a total of 100 patients were randomly selected 
from the lipid clinic and the carotid angioplasty clinic of a large tertiary hospital in Athens 
for inclusion in the study. Informed consent was obtained from each patient at recruitment 
according to our institutional policies. Eligible were patients with carotid artery 
atheromatosis from various causes (not only dyslipidemia) and with a range of predisposing 
factors. Exclusion criteria included: acute cardiovascular disease, severe or unstable angina 
pectoris, clinically evident cardiac failure, severe arrhythmias, recent surgical procedures, 
inflammatory diseases, active liver disease or liver impairment, excessive alcohol 
consumption (>4 drinks /day) or history of alcohol abuse, known allergic reaction to statins, 
poorly controlled diabetes mellitus as defined by a haemoglobin A1c (HbA1c) level of >7 %, 
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factors. Exclusion criteria included: acute cardiovascular disease, severe or unstable angina 
pectoris, clinically evident cardiac failure, severe arrhythmias, recent surgical procedures, 
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uncontrolled hypertension indicated by systolic blood pressure (SBP) >140 mmHg and/or 
diastolic pressure >85 mmHg, history of deep vein thrombosis, bleeding tendency, serum 
triglycerides >350 mg/dl, evidence of thyroid dysfunction, use of systemic steroids or other 
anabolics, pernicious anaemia, impaired vitamin B12 or folate acid levels, abnormal serum 
urate at baseline, serum creatinine phosphokinase elevation of >1.5 fold at baseline, 
pregnancy or lactation, and end-stage renal disease or dialysis.  

Patients were allocated into two groups according to the degree of carotid artery stenosis: 
those with arterial lumen occlusion of ≥70% in at least one common or internal carotid 
vessel consisted group A; those with stenosis <70% comprised group B. Patients in both 
groups were naive to statin therapy or if otherwise, a 6-month washout period was allowed 
before enrolment in the study. Group A underwent percutaneous transluminal carotid 
angioplasty with stenting by the same interventional cardiologist, prior to the initiation of 
statin therapy. Those patients were additionally administered clopidrogrel and salicylate. 
Both groups had to follow an American Heart Association step II diet and were encouraged 
to exercise.  

According to the study protocol, all patients were placed on atorvastatin once daily at 
bedtime in individualised doses, tittered to achieve and maintain serum LDL cholesterol 
levels of <100 mg/dl (and ideally <70 mg/dl, if hypertension, renal impairment, smoking, 
hyperlipidemia, symptomatic peripheral arterial obstructive disease, or diabetes mellitus 
were present). Patients were prescribed statins even in the absence of hyperlipidemia, as the 
aim of the study was to investigate the effect of statin on oxLDL and carotid stenosis in a 
common atherogenic patient population. The most common doses used to achieve the above 
levels of LDL ranged between 10 to 40 mg, while seldom it was required to administer 
higher doses such as 60 mg (median atorvastatin dose for the total population = 20 mg, 
range 10 – 60 mg). The use of other drugs known to act synergistically with statins causing 
rhabdomyolysis was prohibited during the study. Adverse events were assessed in every 
visit in a non-specific manner: every newly reported symptom was documented as possible 
adverse reaction due to statin therapy and subsequently evaluated by an expert in clinical 
biochemistry. Adherence to the medication regimen was assessed indirectly by the low LDL 
levels compared with baseline.  

Medical anamnesis, anthropometrics, smoking habits, blood pressure, and laboratory 
investigations comprising of complete blood count, fasting glucose, HbA1c, liver and kidney 
biochemistry, detailed lipid profile (TC, LDL cholesterol, HDL cholesterol, serum TG, apoB, 
and apolipoprotein A), urate, B12 and folate, thyroid function tests, homocysteine, Lp-a, and 
oxLDL were obtained at baseline and during follow-up visits, which were arranged at 
baseline, one, three, and six months; the final assessment was carried out in 12 months. 
Blood samples were collected after an at least 12-hour fast and a light, low-fat meal the night 
before sample collection was advised. Venous blood samples were collected in standard 
biochemistry vacutainer tubes. For the analysis of homocysteine and whole blood count, 
ethylenediaminetetraacetic acid (EDTA) vacutainer was used. Serum for biochemistry 
analysis was obtained by centrifugation (4000 g) at 4°C for 7 min and was immediately 
tested.  

Lipid profiles (TC, HDL, TG) were determined using commercially available enzymatic 
colourimetric methods (Dade Behring, Newark, USA) with a Dade Behring analyser. LDL 
was calculated with the use of Friedewald's formula as all had TG <350 mg/dl (Puccetti et 
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al., 2002). For the measurement of circulating oxLDL, a commercially available kit 
(Mercodia, Uppsala, Sweden), based on a double antibody (4E6 and mouse monoclonal 
antiapoB) (Holvoet et al., 1996) capture ELISA test, was used. This method primarily detects 
malondialdehyde LDL (MDA-LDL). The normative range (reference range) in our lab was 
31-61 mU/l. Apolipoprotein A, B and Lp-a were measured using immuno-nephelometry 
with rabbit antisera (Dade Behring, Newark, USA) in a Dade Behring analyser.  

The evaluation of stenosis was conducted by Triplex ultrasonography using an Apogee 800 
plus scanner with a 7.5 MHz transducer (ATL Inc., Bothell WA, USA) at baseline and 12 
months. The stenosis was calculated in three sections in each common and internal carotid 
artery, and the final measure was the mean value of the three. The value of stenosis in the 
most occluded vessel was used in the statistical analysis. Specifically, the internal carotid 
artery (ICA) and common carotid artery (CCA) bilaterally were evaluated for each patient 
using coloured and grey Doppler ultrasonography. An effort was made to completely 
visualize the vessels. Additionally, the pulse wave was estimated with Doppler 
phasmatometry as well as the blood flow velocity of the two vessels. Results were recorded 
in a validated form. Stenosis was defined as the presence of visual plaque in coloured or 
grey Doppler. The degree of stenosis was calculated by measuring the decrease of the lumen 
diameter and the maximum systolic blood flow velocity. In difficult cases, other parameters 
were taken into account, such as ICA/CCA max blood flow velocity ratio and the ICA end-
diastolic velocity. A degree of stenosis >70% was considered as sever and angioplasty was 
advised. A degree of stenosis between 60 – 70% was defined as high, between 50 – 60% as 
moderate and <50% as mild. High, moderate and mild stenoses were treated conservatively. 
The intima media thickness (IMT) and plaque morphology were not studied due to specific 
lab requirements, not readily available in our institution.  

2.1 Statistical analysis 

Continuous variables were presented as mean values ± standard deviation, while qualitative 
variables were presented as absolute and relative frequencies. Normality tests were applied 
using the Kolmogorov-Smirnov criterion as well as Shapiro-Wilk test. Univariate analysis 
was initially applied to test the associations of oxLDL with carotid stenosis for each patient 
group as well as to identify first order correlations with various clinical parameters. 
Correlations between skewed continuous or discrete variables were evaluated using 
Spearman's p-coefficient, whereas correlations of normally distributed variables were 
evaluated by calculating the Pearson's r-coefficient. Comparisons between normally 
distributed, continuous variables and categorical variables were made using the Student t-
test. Analysis of categorical data was carried out with the [chi]2 test or Fischer's exact test 
when appropriate. 

The association of oxLDL with carotid stenosis was also tested through multiple Cox 
proportional hazard model. The results obtained were presented as Hazard Ratios (HR) and 
the 95% Confidence Intervals (CI). A backward elimination procedure was applied to all 
multivariate models (using P<5% as the threshold for removing a variable from the models). 
All models were adjusted for age, gender, SBP and TC. Kaplan-Meier curves concerning 
stenosis over the study period were plotted and Log rank test was performed. All reported 
P-values were based on two-sided tests and compared to a significance level of 5%. STATA 
8.0 software (Stata Corporation, 2003, Texas, USA) was used for the analysis.  
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uncontrolled hypertension indicated by systolic blood pressure (SBP) >140 mmHg and/or 
diastolic pressure >85 mmHg, history of deep vein thrombosis, bleeding tendency, serum 
triglycerides >350 mg/dl, evidence of thyroid dysfunction, use of systemic steroids or other 
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and apolipoprotein A), urate, B12 and folate, thyroid function tests, homocysteine, Lp-a, and 
oxLDL were obtained at baseline and during follow-up visits, which were arranged at 
baseline, one, three, and six months; the final assessment was carried out in 12 months. 
Blood samples were collected after an at least 12-hour fast and a light, low-fat meal the night 
before sample collection was advised. Venous blood samples were collected in standard 
biochemistry vacutainer tubes. For the analysis of homocysteine and whole blood count, 
ethylenediaminetetraacetic acid (EDTA) vacutainer was used. Serum for biochemistry 
analysis was obtained by centrifugation (4000 g) at 4°C for 7 min and was immediately 
tested.  

Lipid profiles (TC, HDL, TG) were determined using commercially available enzymatic 
colourimetric methods (Dade Behring, Newark, USA) with a Dade Behring analyser. LDL 
was calculated with the use of Friedewald's formula as all had TG <350 mg/dl (Puccetti et 
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al., 2002). For the measurement of circulating oxLDL, a commercially available kit 
(Mercodia, Uppsala, Sweden), based on a double antibody (4E6 and mouse monoclonal 
antiapoB) (Holvoet et al., 1996) capture ELISA test, was used. This method primarily detects 
malondialdehyde LDL (MDA-LDL). The normative range (reference range) in our lab was 
31-61 mU/l. Apolipoprotein A, B and Lp-a were measured using immuno-nephelometry 
with rabbit antisera (Dade Behring, Newark, USA) in a Dade Behring analyser.  

The evaluation of stenosis was conducted by Triplex ultrasonography using an Apogee 800 
plus scanner with a 7.5 MHz transducer (ATL Inc., Bothell WA, USA) at baseline and 12 
months. The stenosis was calculated in three sections in each common and internal carotid 
artery, and the final measure was the mean value of the three. The value of stenosis in the 
most occluded vessel was used in the statistical analysis. Specifically, the internal carotid 
artery (ICA) and common carotid artery (CCA) bilaterally were evaluated for each patient 
using coloured and grey Doppler ultrasonography. An effort was made to completely 
visualize the vessels. Additionally, the pulse wave was estimated with Doppler 
phasmatometry as well as the blood flow velocity of the two vessels. Results were recorded 
in a validated form. Stenosis was defined as the presence of visual plaque in coloured or 
grey Doppler. The degree of stenosis was calculated by measuring the decrease of the lumen 
diameter and the maximum systolic blood flow velocity. In difficult cases, other parameters 
were taken into account, such as ICA/CCA max blood flow velocity ratio and the ICA end-
diastolic velocity. A degree of stenosis >70% was considered as sever and angioplasty was 
advised. A degree of stenosis between 60 – 70% was defined as high, between 50 – 60% as 
moderate and <50% as mild. High, moderate and mild stenoses were treated conservatively. 
The intima media thickness (IMT) and plaque morphology were not studied due to specific 
lab requirements, not readily available in our institution.  

2.1 Statistical analysis 

Continuous variables were presented as mean values ± standard deviation, while qualitative 
variables were presented as absolute and relative frequencies. Normality tests were applied 
using the Kolmogorov-Smirnov criterion as well as Shapiro-Wilk test. Univariate analysis 
was initially applied to test the associations of oxLDL with carotid stenosis for each patient 
group as well as to identify first order correlations with various clinical parameters. 
Correlations between skewed continuous or discrete variables were evaluated using 
Spearman's p-coefficient, whereas correlations of normally distributed variables were 
evaluated by calculating the Pearson's r-coefficient. Comparisons between normally 
distributed, continuous variables and categorical variables were made using the Student t-
test. Analysis of categorical data was carried out with the [chi]2 test or Fischer's exact test 
when appropriate. 

The association of oxLDL with carotid stenosis was also tested through multiple Cox 
proportional hazard model. The results obtained were presented as Hazard Ratios (HR) and 
the 95% Confidence Intervals (CI). A backward elimination procedure was applied to all 
multivariate models (using P<5% as the threshold for removing a variable from the models). 
All models were adjusted for age, gender, SBP and TC. Kaplan-Meier curves concerning 
stenosis over the study period were plotted and Log rank test was performed. All reported 
P-values were based on two-sided tests and compared to a significance level of 5%. STATA 
8.0 software (Stata Corporation, 2003, Texas, USA) was used for the analysis.  
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3. Results 
3.1 Patients’ characteristics 

A total of 612 patients were evaluated, of which 123 fulfilled the eligibility criteria; finally, 
100 had complete data to enter the analysis, 76 males and 24 females, median age 68 years 
(range 45-81). Diabetes mellitus was recorded in 26 of the 100 patients and hypertension in 
66. Twenty patients had metabolic syndrome according to the national cholesterol education 
programme-adult treatment panel III (NCEP-ATP III) criteria (National Cholesterol 
Education Program (NCEP), 2001). Active smoking (defined as current of discontinued as 
far back as 5 years) was reported by 58 patients. Mean atorvastatin dose at baseline was 
24.31±11.49 mg for group A and 20.62±10.39 mg for group B (p=0.1). By the end of the study 
period, the respective mean values were significantly increased to 30.45±16.27 mg for group 
A (p=0.044) and 28.75±17.57 mg for group B (p=0.007). 

Each of the study group (A and B) comprised 50 patients. The two groups were comparable 
with regard of their baseline characteristics (table 1).  

3.2 Lipid profile and oxidzed LDL 

Mean serum TC, LDL-cholesterol, TG, Lp-a, homocysteine, and oxLDL were significantly 
reduced at 12 months compared to baseline (table 2). Specifically, mean oxLDL dropped 
from 62.26±22.03 to 44.49±21.75 mU/l (p<0.001). A marked decrease was noticed during the 
first 6 months and a plateau thereafter (figure 5).  

Characteristic Total  Group A Group B P value 

Males / females 72 / 28 36 / 14 36 / 14  

Mean age in years ± SD 67.57±7.15 68.46±5.71 66.68±8.31 0.21 

Number of pts with DM (percentage) 37 (37%) 18 (36%) 19 (38%) 0.83 

Number of pts with HTN (percentage) 67 (67%) 36 (72%) 31 (62%) 0.29 

Number of smokers (percentage) 54 (54%) 29 (54%) 25 (46%) 0.33 

Number of pts with CAD (percentage) 51 (51%) 24 (47%) 27 (53%) 0.55 

Mean ± SD TC (mg/dl)  232.23±47.8 235.24±49.2  229.22±46.7 0.53 

Mean ± SD LDL cholesterol (mg/dl) 151.27±41.7 154.16±42.8 148.84±40.9 0.52 

Mean ± SD HDL cholesterol (mg/dl) 51.97±12.7 52.12±12.1 51.82±13.4 0.9 

Mean ± SD TG (mg/dl) 145.59±73.1 146.04±73.2 145.14±73.7 0.95 

Mean ± SD oxLDL (mU/l) 64.66±24.8 65.8±25.3 63.53±24.5 0.65 

Mean ± SD homocysteine (mU/l) 13.99±4.8 13.5±4.6 14.47±5.1 0.32 

Pts: patients, DM: diabetes mellitus, HTN: arterial hypertension, MS: metabolic syndrome, SD: standard 
deviation, LDL: low density lipoprotein, HDL: high density lipoprotein, CAD: coronary artery disease, 
TC: total cholesterol, TG: triglycerides, oxLDL: oxidized LDL 

Table 1. Study population baseline characteristics. 
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A significant correlation between LDL and oxLDL levels was detected (Pearson's correlation 
coefficient r=0.7, p<0.01) (figure 6). Similar correlation was found between oxLDL and apoB 
levels (r=0.65, p<0.001), while no significant correlation was shown with Lp-a.  

Between smokers mean oxLDL was reduced from 60.68±24.09 at baseline to 45.84±24.89 mU/l 
at the end of study period (difference 14.84 mU/l, p = 0.0036). Similarly, between non-smokers 
it was reduced from 69.33±25.11 to 40.36±5.6 mU/l (difference 28.97 mU/l, p<0.001). Non-
smokers had approximately double decline of oxLDL levels compared to smokers. Carotid 
artery stenosis was reduced between smokers from 29.68±25.59% at baseline to 23.06±21.71% 
at 12 months (p = 0.002). Non-smokers also presented significant reduction of stenosis during 
the study period (24.67 ± 26.22% vs 20 ± 21.45%, p = 0.004). Non-smokers and smokers had 
similar decline of carotid stenosis in 12 months (6.61% vs 4.67%, table 3). 

Investigations  Total  Group A Group B 
TC (mg/dl) baseline 
TC (mg/dl) 12 months 
p value 

232.23 ± 47.8 
153.36±17.2 
<0.0001 

235.24±49.1 
154.24±16.9 
<0.0001 

229.22±46.7 
152.48±17.7 
<0.0001 

LDL cholesterol (mg/dl) baseline 
LDL cholesterol (mg/dl) 12 months 
p value 

151.5±41.7 
79.75±12.7 
<0.0001 

154.16±42.8 
79.54±13.2 
<0.0001 

148.84±40.9 
79.96±12.3 
<0.0001 

TG (mg/dl) baseline 
TG (mg/dl) 12 months 
p value 

145.59 ± 73.1  
111±53.1 
0.0002 

146.04±73.2 
112.1±54.7 
0.01 

145.14±73.7 
109.9±51.96 
0.0069 

OxLDL (mU/l) baseline 
OxLDL (mU/l) 12 months 
p value 

64.67±24.8 
43.38±18.9 
<0.0001 

65.8±25.3 
42.16±17.6 
<0.0001 

63.53±24.6 
44.65±26.1 
0.0007 

HDL cholesterol (mg/dl) baseline 
HDL cholesterol (mg/dl) 12 months 
p value 

51.97±12.7 
51.32±15.5 
0.74 

52.12±12.1 
52.22±16.3 
0.97 

51.82±13.4 
50.42±14.8 
0.62 

Homocysteine (mg/dl) baseline 
Homocysteine (mg/dl) 12 months 
p value 

13.99±4.8 
11.89±3.5 
0.0006 

13.5±4.6 
11.88±3.8 
0.057 

14.48±5.1 
11.9±3.4 
0.0036 

Apolipoprotein A (mg/dl) baseline 
Apolipoprotein A (mg/dl) 12 months 
p value 

156.57±26.7 
160.35±25.3 
0.3 

156.46±27.3 
162.02±23.7 
0.28 

156.68±26.4 
158.68±27.1 
0.7 

Apolipoprotein B (mg/dl) baseline 
Apolipoprotein B (mg/dl) 12 months 
p value 

129.95±31.3 
77.1±11.8 
<0.0001 

131.84±31.4 
77.58±13.1 
<0.0001 

128.05±31.4 
76.62±10.47 
<0.0001 

Lp-a (mg/dl) baseline 
Lp-a (mg/dl) 12 months 
p value 

25.08±23.8 
27.72±29.1 
0.48 

25.67±24.1 
29.42±29.8 
0.49 

24.47±23.8 
26.01±28.7 
0.77 

LDL: low density lipoprotein, HDL: high density lipoprotein, TC: total cholesterol, TG:triglycerides, 
oxLDL: oxidized LDL, Lp-a: lipoprotein a  

Table 2. Comparison of mean ± standard deviation and respective P-values of measured 
laboratory investigations at baseline and 12 months, in the total population, and the two 
groups. 
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3. Results 
3.1 Patients’ characteristics 

A total of 612 patients were evaluated, of which 123 fulfilled the eligibility criteria; finally, 
100 had complete data to enter the analysis, 76 males and 24 females, median age 68 years 
(range 45-81). Diabetes mellitus was recorded in 26 of the 100 patients and hypertension in 
66. Twenty patients had metabolic syndrome according to the national cholesterol education 
programme-adult treatment panel III (NCEP-ATP III) criteria (National Cholesterol 
Education Program (NCEP), 2001). Active smoking (defined as current of discontinued as 
far back as 5 years) was reported by 58 patients. Mean atorvastatin dose at baseline was 
24.31±11.49 mg for group A and 20.62±10.39 mg for group B (p=0.1). By the end of the study 
period, the respective mean values were significantly increased to 30.45±16.27 mg for group 
A (p=0.044) and 28.75±17.57 mg for group B (p=0.007). 

Each of the study group (A and B) comprised 50 patients. The two groups were comparable 
with regard of their baseline characteristics (table 1).  

3.2 Lipid profile and oxidzed LDL 

Mean serum TC, LDL-cholesterol, TG, Lp-a, homocysteine, and oxLDL were significantly 
reduced at 12 months compared to baseline (table 2). Specifically, mean oxLDL dropped 
from 62.26±22.03 to 44.49±21.75 mU/l (p<0.001). A marked decrease was noticed during the 
first 6 months and a plateau thereafter (figure 5).  

Characteristic Total  Group A Group B P value 

Males / females 72 / 28 36 / 14 36 / 14  

Mean age in years ± SD 67.57±7.15 68.46±5.71 66.68±8.31 0.21 

Number of pts with DM (percentage) 37 (37%) 18 (36%) 19 (38%) 0.83 

Number of pts with HTN (percentage) 67 (67%) 36 (72%) 31 (62%) 0.29 

Number of smokers (percentage) 54 (54%) 29 (54%) 25 (46%) 0.33 

Number of pts with CAD (percentage) 51 (51%) 24 (47%) 27 (53%) 0.55 

Mean ± SD TC (mg/dl)  232.23±47.8 235.24±49.2  229.22±46.7 0.53 

Mean ± SD LDL cholesterol (mg/dl) 151.27±41.7 154.16±42.8 148.84±40.9 0.52 

Mean ± SD HDL cholesterol (mg/dl) 51.97±12.7 52.12±12.1 51.82±13.4 0.9 

Mean ± SD TG (mg/dl) 145.59±73.1 146.04±73.2 145.14±73.7 0.95 

Mean ± SD oxLDL (mU/l) 64.66±24.8 65.8±25.3 63.53±24.5 0.65 

Mean ± SD homocysteine (mU/l) 13.99±4.8 13.5±4.6 14.47±5.1 0.32 

Pts: patients, DM: diabetes mellitus, HTN: arterial hypertension, MS: metabolic syndrome, SD: standard 
deviation, LDL: low density lipoprotein, HDL: high density lipoprotein, CAD: coronary artery disease, 
TC: total cholesterol, TG: triglycerides, oxLDL: oxidized LDL 

Table 1. Study population baseline characteristics. 
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A significant correlation between LDL and oxLDL levels was detected (Pearson's correlation 
coefficient r=0.7, p<0.01) (figure 6). Similar correlation was found between oxLDL and apoB 
levels (r=0.65, p<0.001), while no significant correlation was shown with Lp-a.  

Between smokers mean oxLDL was reduced from 60.68±24.09 at baseline to 45.84±24.89 mU/l 
at the end of study period (difference 14.84 mU/l, p = 0.0036). Similarly, between non-smokers 
it was reduced from 69.33±25.11 to 40.36±5.6 mU/l (difference 28.97 mU/l, p<0.001). Non-
smokers had approximately double decline of oxLDL levels compared to smokers. Carotid 
artery stenosis was reduced between smokers from 29.68±25.59% at baseline to 23.06±21.71% 
at 12 months (p = 0.002). Non-smokers also presented significant reduction of stenosis during 
the study period (24.67 ± 26.22% vs 20 ± 21.45%, p = 0.004). Non-smokers and smokers had 
similar decline of carotid stenosis in 12 months (6.61% vs 4.67%, table 3). 

Investigations  Total  Group A Group B 
TC (mg/dl) baseline 
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p value 

232.23 ± 47.8 
153.36±17.2 
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235.24±49.1 
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146.04±73.2 
112.1±54.7 
0.01 

145.14±73.7 
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43.38±18.9 
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51.32±15.5 
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50.42±14.8 
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Homocysteine (mg/dl) baseline 
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13.99±4.8 
11.89±3.5 
0.0006 

13.5±4.6 
11.88±3.8 
0.057 

14.48±5.1 
11.9±3.4 
0.0036 

Apolipoprotein A (mg/dl) baseline 
Apolipoprotein A (mg/dl) 12 months 
p value 

156.57±26.7 
160.35±25.3 
0.3 

156.46±27.3 
162.02±23.7 
0.28 

156.68±26.4 
158.68±27.1 
0.7 

Apolipoprotein B (mg/dl) baseline 
Apolipoprotein B (mg/dl) 12 months 
p value 

129.95±31.3 
77.1±11.8 
<0.0001 

131.84±31.4 
77.58±13.1 
<0.0001 

128.05±31.4 
76.62±10.47 
<0.0001 

Lp-a (mg/dl) baseline 
Lp-a (mg/dl) 12 months 
p value 

25.08±23.8 
27.72±29.1 
0.48 

25.67±24.1 
29.42±29.8 
0.49 

24.47±23.8 
26.01±28.7 
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LDL: low density lipoprotein, HDL: high density lipoprotein, TC: total cholesterol, TG:triglycerides, 
oxLDL: oxidized LDL, Lp-a: lipoprotein a  

Table 2. Comparison of mean ± standard deviation and respective P-values of measured 
laboratory investigations at baseline and 12 months, in the total population, and the two 
groups. 
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Fig. 5. Time curve of change of total cholesterol, LDL cholesterol, triglycerides and oxidized 
LDL levels during the observation period.  

 
LDL: low density lipoprotein cholesterol, oxLDL: oxidized LDL, CI: confidence intervals. 

Fig. 6. Correlation of low density lipoprotein with oxidized LDL levels at baseline (Pearson’s 
correlation coefficient r=0.7, p<0.001). 

0

50

100

150

Ox 
LDL 
%  

50 100 150 200 250
LDL

 Ox LDL 95% CI
Fitted values 

p<0.001

Correlation LDL with Ox LDL 

 
Oxidized Low Density Lipoprotein, Statin Therapy and Carotid Stenosis 

 

135 

In further analysis, the group of smokers was subdivided to mild (≤5 cigarettes/day), 
moderate (5 – 15 cigarettes/day) and heavy (≥15 cigarettes/day) smokers. The statistical 
significant reduction of oxLDL levels and degree of carotid stenosis was apparent in the 
subgroup of mild smokers (oxLDL at baseline 48.24±8.74 mU/l vs 41.54±9 mU/l at 12 
months, p = 0.027 and stenosis at baseline 27.63±25.68% vs 23.42±21.74% at 12 months, p = 
0.009), while it was not apparent in the subgroups of moderate and heavy smokers (oxLDL 
at baseline 86.82±37.7 mU/l vs 42.92±10.77 mU/l at 12 months, p = 0.077 and stenosis at 
baseline 34±31.9% vs 22±24.9% at 12 months, p = 0.186, for moderate smokers; respective 
values for oxLDL were 66.29±15.88 mU/l vs 34.81±5.48 mU/l, p = 0.06 and for stenosis 
32.14±24.13% vs 22.86±22.8%, p = 0.174, for heavy smokers). The above described effect of 
smoking was taken into consideration during Cox-regression analysis. 

 Smokers P value Non Smokers P value 
OxLDL (mU/l) 

baseline 
12 months 
difference 

 
60.68±24.09 
45.48±24.89 

14.84 

0.0036 

 
69.33±25.11 
40.36±5.6 

28.97 

0.001 

Stenosis (%) 
baseline 

12 months 
difference 

 
29.68±25.59 
23.06±21.71 

6.61 

0.002 

 
24.67±26.22 

20±21.45 
4.67 

0.004 

Correlation of oxLDL 
change with stenosis 
change in 12 months 

 
Pearson’s 
r = 0.412 

0.021 
 

Pearson’s 
r = 0.198 

0.03 

oxLDL: oxidized LDL. 

Table 3. Comparison of mean oxidized LDL values and degree of carotid stenosis change 
during the 1 year follow-up period, between smokers and non-smokers. 

Within group B, the subgroup of patients with high degree of stenosis (>60%) had oxLDL 
63.47±19.18 mU/l at baseline, while those with moderate and mild degree of stenosis (<60%) 
had 40.32±20.72 mU/l (p<0.001). Corresponding values at 12-months were 33.18±17.78 
mU/l and 38.81±29.02 mU/l, representing a marked decline for patients with >60% initial 
stenosis and a far less decline for patients with <60% initial stenosis; yet those differences 
were not statistically significant (table 4). 

 Stenosis >60<70% Stenosis <60% P value 

Baseline 
Mean oxLDL 

 
63.47±19.18 mU/l 

 
40.32±20.72 mU/l 

 
< 0.001 

12 months             
Mean oxLDL 

 
33.18±17.78 mU/l 

 
38.81±29.02 mU/l 

 
NS 

LDL: low density lipoprotein cholesterol, oxLDL: oxidized LDL, NS: non significant. 

Table 4. Comparison of mean oxidized LDL levels at baseline and 12 months within patients 
of group Β (n = 50), according to degree of stenosis at enrollment. 
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Fig. 5. Time curve of change of total cholesterol, LDL cholesterol, triglycerides and oxidized 
LDL levels during the observation period.  

 
LDL: low density lipoprotein cholesterol, oxLDL: oxidized LDL, CI: confidence intervals. 

Fig. 6. Correlation of low density lipoprotein with oxidized LDL levels at baseline (Pearson’s 
correlation coefficient r=0.7, p<0.001). 
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In further analysis, the group of smokers was subdivided to mild (≤5 cigarettes/day), 
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32.14±24.13% vs 22.86±22.8%, p = 0.174, for heavy smokers). The above described effect of 
smoking was taken into consideration during Cox-regression analysis. 
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3.3 Anthropometrics 

Body mass index (BMI), weight, waist circumference and waist:hip ratio did not change 
significantly during the study period.  

3.4 Carotid stenosis 

Patients in group A had null stenosis at recruitment due to prior angioplasty with stenting. 
At the end of the 12-month statin therapy, no case of clinically important restenosis (>70%) 
was reported in this group (as restenosis was defined any increase of the carotid lumen 
diameter >5%). Patients in group B had mean percentage of stenosis at baseline 47.6±13.2%, 
which was significantly reduced following 12-month statin therapy (37.7±15.7%, p<0.001) 
(table 5).  

 Baseline 12 months P value 

Mean (%) carotid stenosis ± standard 
deviation 47.6 ± 13.2 37.7 ± 15.7 0.001 

Table 5. Change of the percentage of carotid artery stenosis between baseline and 12months 
for patients in group B. 

3.5 Association of stenosis with oxidized LDL 

Group B patients in the highest quartile of oxLDL values had a 12-month risk ratio for 
restenosis of 1.025, 95%CI=1.006-1.044, p=0.0083 (figure 7). After adjusting for gender, 
age, smoking, SBP, TC, and LDL levels, these patients demonstrated a HR for restenosis of 
4.319 compared with those in the lowest quartile (p<0.001, figure 7). This means that an 
increase of oxLDL by one unit increases the degree of carotid stenosis by 2.5%, for 
patients in group B. A weak but significant correlation was detected between oxLDL 
levels and the degree of carotid artery stenosis (r=0.17, p=0.018). Similar correlation was 
found between LDL cholesterol levels and carotid stenosis (r=0.18, p=0.0085). The 
strength of Pearson’s correlation of mean oxLDL change with degree of carotid stenosis 
change during the 12-month period was greater for smokers compared to non-smokers 
(table 3).  

3.6 The effect of LDL levels 

Patients in group B who achieved LDL levels <70 mg/dl during the observation period had 
a greater (28.08±28% vs 22.31±22.7%, difference 5.77%, p = 0.06) reduction of carotid stenosis 
compared to those with LDL levels between 70 and 100 mg/dl (26.98±25.3% vs 21.35±21.3%, 
difference 5.63%, p < 0.001), but this difference was not statistically significant. Thus, in 
conservatively treated group B, further reduction of LDL than the limit of 100 mg/dl was 
not associated with additional improvement of stenosis.  
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4. Discussion 
This study demonstrates that atorvastatin administered in indivudualised doses, tittered to 
maintain serum LDL cholesterol levels <100 mg/dl, significantly decreased lipid profile and 
oxLDL, reduced carotid artery stenosis in patients managed conservatively and prevented 
restenosis in patients with prior angioplasty. Oxidized LDL in this study correlated 
positively with the degree of carotid artery stenosis; it was also shown by multivariate 
analysis that oxLDL represented an independent risk factor for restenosis. To our 
knowledge this is the first prospective study with a long observation period of 12 months to 
report such a clear, significant reduction of oxLDL levels following atorvastatin therapy for 
carotid atheromatosis of various causes and to report an association of the degree of oxLDL 
reduction with remission of carotid stenosis. It is also of major importance that this robust, 
long-standing decline of oxLDL was achieved with doses of atorvastatin used in everyday 
clinical practice. Interestingly, this beneficial effect was completed in the first six months, 
while practically no further reduction was noticed past this time point.  

 
oxLDL=0: low quartile of oxLDL levels, oxLDL=1: high quartile of oxLDL levels, 0=baseline, 1=one 
month, 2=three months, 3=six months, 4=twelve months. 

Fig. 7. Kaplan Meier survival analysis for the estimation of the risk ratio for restenosis 
according to the levels of oxidized LDL (oxLDL). With red line those with oxLDL levels in 
the highest quartile of the values. With blue line those with oxLDL levels in the lowest 
quartile of the measurements (risk ratio 1.025, logrank test p<0.001).  

The mechanism by which statins modulate oxLDL levels has been controversial in the 
literature. Moreover, the association of oxLDL level modification with improvement of 
carotid atheromatosis and clinical outcome is not unequivocally established by large, 
double-blinded, randomised trials. Under this perspective, the present observational study 
provides reasonable evidence that reducing oxLDL may independently improve carotid 
stenosis. 
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3.3 Anthropometrics 

Body mass index (BMI), weight, waist circumference and waist:hip ratio did not change 
significantly during the study period.  

3.4 Carotid stenosis 

Patients in group A had null stenosis at recruitment due to prior angioplasty with stenting. 
At the end of the 12-month statin therapy, no case of clinically important restenosis (>70%) 
was reported in this group (as restenosis was defined any increase of the carotid lumen 
diameter >5%). Patients in group B had mean percentage of stenosis at baseline 47.6±13.2%, 
which was significantly reduced following 12-month statin therapy (37.7±15.7%, p<0.001) 
(table 5).  

 Baseline 12 months P value 

Mean (%) carotid stenosis ± standard 
deviation 47.6 ± 13.2 37.7 ± 15.7 0.001 

Table 5. Change of the percentage of carotid artery stenosis between baseline and 12months 
for patients in group B. 
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restenosis of 1.025, 95%CI=1.006-1.044, p=0.0083 (figure 7). After adjusting for gender, 
age, smoking, SBP, TC, and LDL levels, these patients demonstrated a HR for restenosis of 
4.319 compared with those in the lowest quartile (p<0.001, figure 7). This means that an 
increase of oxLDL by one unit increases the degree of carotid stenosis by 2.5%, for 
patients in group B. A weak but significant correlation was detected between oxLDL 
levels and the degree of carotid artery stenosis (r=0.17, p=0.018). Similar correlation was 
found between LDL cholesterol levels and carotid stenosis (r=0.18, p=0.0085). The 
strength of Pearson’s correlation of mean oxLDL change with degree of carotid stenosis 
change during the 12-month period was greater for smokers compared to non-smokers 
(table 3).  

3.6 The effect of LDL levels 

Patients in group B who achieved LDL levels <70 mg/dl during the observation period had 
a greater (28.08±28% vs 22.31±22.7%, difference 5.77%, p = 0.06) reduction of carotid stenosis 
compared to those with LDL levels between 70 and 100 mg/dl (26.98±25.3% vs 21.35±21.3%, 
difference 5.63%, p < 0.001), but this difference was not statistically significant. Thus, in 
conservatively treated group B, further reduction of LDL than the limit of 100 mg/dl was 
not associated with additional improvement of stenosis.  
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4. Discussion 
This study demonstrates that atorvastatin administered in indivudualised doses, tittered to 
maintain serum LDL cholesterol levels <100 mg/dl, significantly decreased lipid profile and 
oxLDL, reduced carotid artery stenosis in patients managed conservatively and prevented 
restenosis in patients with prior angioplasty. Oxidized LDL in this study correlated 
positively with the degree of carotid artery stenosis; it was also shown by multivariate 
analysis that oxLDL represented an independent risk factor for restenosis. To our 
knowledge this is the first prospective study with a long observation period of 12 months to 
report such a clear, significant reduction of oxLDL levels following atorvastatin therapy for 
carotid atheromatosis of various causes and to report an association of the degree of oxLDL 
reduction with remission of carotid stenosis. It is also of major importance that this robust, 
long-standing decline of oxLDL was achieved with doses of atorvastatin used in everyday 
clinical practice. Interestingly, this beneficial effect was completed in the first six months, 
while practically no further reduction was noticed past this time point.  
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Fig. 7. Kaplan Meier survival analysis for the estimation of the risk ratio for restenosis 
according to the levels of oxidized LDL (oxLDL). With red line those with oxLDL levels in 
the highest quartile of the values. With blue line those with oxLDL levels in the lowest 
quartile of the measurements (risk ratio 1.025, logrank test p<0.001).  

The mechanism by which statins modulate oxLDL levels has been controversial in the 
literature. Moreover, the association of oxLDL level modification with improvement of 
carotid atheromatosis and clinical outcome is not unequivocally established by large, 
double-blinded, randomised trials. Under this perspective, the present observational study 
provides reasonable evidence that reducing oxLDL may independently improve carotid 
stenosis. 
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Carotid IMT is a validated measure of carotid atherosclerosis. It is well established that 
carotid atherosclerosis, serves as an independent surrogate marker for CHD (Vasankari et 
al., 2001) and CVD (van Tits et al., 2006). Nevertheless, in the present study it was preferred 
to estimate the degree of carotid stenosis with a more direct approach, because this is more 
readily available in most hospital settings and because there is an obvious relation with 
clinical symptoms and signs. Besides, it represents a reliable method with sufficient 
reproducibility and it is practically the method of choice when evaluated patients candidate 
for endarterectomy or angioplasty. Evaluating carotid stenosis in turn, is an established 
method for estimating coronary risk (Vasankari et al., 2001) and cardiovascular risk (van 
Tits et al., 2006). Other parameters of vessel wall function, such as IMT and plaque 
morphology, even if clearly associated with cardiovascular risk in the literature, require well 
equipped laboratory and are not readily available in our hospital. Future research on the 
field should, ideally, comprise such measurements.  

Oxidized LDL has long been recognized as a risk factor for carotid atherosclerosis in 
asymptomatic men (Liu et al., 2004) and has also been linked with CVD (Robbesyn et al., 
2004). Oxidized LDL levels (Papathanasiou et al., 2008), autoantibodies against epitopes of 
oxLDL (Papathanasiou et al., 2008) and oxLDL:LDL ratio (Vasankari et al., 2001) are 
independently associated with increased risk for coronary atheromatosis and ischemic heart 
disease. Increased levels of oxLDL (Ehara et al., 2001) and MDA-LDL (Holvoet et al., 1999) 
in such cases are related to plaque instability. On the other hand, it has been reported that 
oxLDL is weakly associated with carotid IMT, but not with carotid plaque occurrence 
(Hulthe & Fagerberg, 2002). Oxidized LDL impairs endothelium relaxation (Harrison et al., 
1987) by inhibition of the expression of eNOS and of the transport pathways of nitric oxide 
(NO) from the endothelial cell, reduces the responsiveness of smooth muscle cell to NO 
(Keaney et al., 1996), inhibits the NO-mediated vasodilation (Harrison et al., 1987; Simon et 
al., 1990; Steinberg, 1997), induces the expression of adhesion molecules (Frostegard et al., 
1990), acts directly chemotactic to circulating monocytes (Steinberg, 1997), stimulates 
endothelial cells to produce MCP-1 (Cushing et al., 1990), facilitates monocyte adhesion to 
intima (Mehta et al., 1995), exhibits cytotoxic properties against endothelial cells (Steinberg, 
1997), and induces the expression of inflammatory molecules (Steinberg, 1997). All of the 
above contribute directly to dysfunction of the endothelium (Witztum & Steinberg, 1991) 
and foam cell formation, which is the first step in the development of fatty streaks (Ross, 
1999), the first visible step of atherosclerosis. These effects are mediated by preferential 
binding of oxLDL with type A scavenger receptors (SRA, SRA-II and CD36) on 
subendothelial resident macrophages and smooth muscle cells (Li et al., 1995) and lectin-like 
oxLDL receptor-1 (LOX-1) on endothelial cells (Sawamura et al., 1997) rather than the 
typical LDL receptor, resulting in an unrestricted uptake of cholesterol. 

Statins reduce the incidence of cardiovascular events, an effect attributable to their 
hypocholesterolemic properties (Archbold & Timmis, 1999). However, the extent of clinical 
benefit and accumulating laboratory evidence suggest additional mechanisms of action, the 
so-called pleiotropic effects (Bellosta et al., 2000). The most important among such effects are 
the suppression of smooth muscle cell migration and proliferation (Bellosta et al., 1998), the 
reduction of monocyte adhesion to the vascular endothelium (Weber et al., 1997), the 
improvement of endothelial function (Jarvisalo et al., 1999), the inhibition of cell-mediated 
LDL oxidation (Aviram et al., 1998; Giroux et al., 1993), the immuno-modulation of 
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monocyte maturation and differentiation, and the modification of production of 
inflammatory cytokines (Rothe et al., 1999).  

Atorvastatin suppresses cellular uptake of oxLDL from differentiating monocytes by 
reducing the expression of LOX-1 and scavenger receptors (Fuhrman et al., 2002) and 
accelerates the LDL-receptor-mediated removal of the non oxidized LDL particles 
(Vasankari et al., 2005). Hydroxymetabolites of atorvastatin protect the LDL against 
oxidation (van Tits et al., 2006). The antioxidant potency of atorvastatin metabolites has been 
confirmed by the reduction of IgG antibodies against LDL, a marker well-associated with 
CHD (Aviram et al., 1998). It has even been reported that these active atorvastatin 
metabolites may have greater anti-atherosclerotic effects than other statin molecules (Mason 
et al., 2004).  

In acute coronary syndromes, atorvastatin therapy was linked to modulation of short- and 
long-term immune response towards LDL due to inhibition of lipoprotein-associated 
phospholipase A2 (Lp-LPA2) enzyme (Papathanasiou et al., 2008). The apparent benefit 
from statin therapy after acute coronary events may also be attributed to the stabilization of 
the plaque and removal of oxLDL from the vessel wall (Tsimikas et al., 2004). Increased 
mobilization of oxidized phospholipids from the vessel wall, transient binding with apoB-
100 particles and clearance from the circulation may be the possible underlying mechanism. 
Under this perspective the increase in oxLDL:apoB ratio detected with atorvastatin therapy 
might represent a marker of oxLDL efflux from the vessel wall. Removal of oxLDL 
contributes to improved endothelial function as oxLDL is highly immunogenic and 
vasoconstrictive. In our study there was no significant change in oxLDL:apoB ratio. 
Atorvastatin also inhibits the oxLDL-mediated LOX-1 expression by endothelial cells, the 
uptake of oxLDL in endothelium and the oxLDL-mediated reduction of protein kinase B 
(PKB) phosphorylation (Li et al., 2001). The activation of PKB is critical for the expression of 
eNOS, which promotes vessel relaxation. However, a meta-analysis provided no clear 
evidence that statin therapy have a favourable effect on oxLDL (Balk et al., 2003).  

In STAT trial (Mulder et al., 2007) the antibodies against oxLDL were equally decreased with 
both aggressive and conventional lipid-lowering therapy. This indicates that the statin-related 
reduction of oxLDL is not a dose-dependent phenomenon, a finding which is in agreement 
with our results. It might therefore represent a pleiotropic effect, independent -at least 
partially- from the hypo-cholesterolemic action. A study by Orem et al. (2002) detected a 
significant decrease of autoantibodies against oxLDL with low doses of atorvastatin (10 mg), 
similar to doses used in our study. In statin exposed patients, intensification of the regimen 
offers no additional benefit and only those with LDL >125 mg/dl benefited from a more 
aggressive statin therapy (Mulder et al., 2007). Statins have a dose-related response with 
regard to clinical outcome, but this dose-related response has not been confirmed with regard 
to oxidative stress (Ky et al., 2008). This might alternatively be explained by the hypothesis 
that statins achieve their uttermost benefit on oxLDL within a certain time point (Mulder et al., 
2007), after which further continuation of treatment serves only the purpose of maintenance. 
Atorvastatin has been shown to reduce small dense LDL subfractions, remnant-like particles 
cholesterol and oxLDL, and improve endothelial function, after just few weeks of therapy 
(Miyagishima et al., 2007; Sakabe et al., 2003). Such time-related effect has not been fully 
elucidated, but may possibly account for our finding that in the first six months there was an 
accelerated decline of oxLDL levels followed by a milder reduction rate thereafter.  
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monocyte maturation and differentiation, and the modification of production of 
inflammatory cytokines (Rothe et al., 1999).  
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CHD (Aviram et al., 1998). It has even been reported that these active atorvastatin 
metabolites may have greater anti-atherosclerotic effects than other statin molecules (Mason 
et al., 2004).  
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from statin therapy after acute coronary events may also be attributed to the stabilization of 
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100 particles and clearance from the circulation may be the possible underlying mechanism. 
Under this perspective the increase in oxLDL:apoB ratio detected with atorvastatin therapy 
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contributes to improved endothelial function as oxLDL is highly immunogenic and 
vasoconstrictive. In our study there was no significant change in oxLDL:apoB ratio. 
Atorvastatin also inhibits the oxLDL-mediated LOX-1 expression by endothelial cells, the 
uptake of oxLDL in endothelium and the oxLDL-mediated reduction of protein kinase B 
(PKB) phosphorylation (Li et al., 2001). The activation of PKB is critical for the expression of 
eNOS, which promotes vessel relaxation. However, a meta-analysis provided no clear 
evidence that statin therapy have a favourable effect on oxLDL (Balk et al., 2003).  
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both aggressive and conventional lipid-lowering therapy. This indicates that the statin-related 
reduction of oxLDL is not a dose-dependent phenomenon, a finding which is in agreement 
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accelerated decline of oxLDL levels followed by a milder reduction rate thereafter.  
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Additional pleiotropic effects of statins have been reported in the literature and might 
account for the observed beneficial effects in the current study. Lysophosphatidylcholine is 
elevated during LDL oxidation and is responsible for some of the biological effects of 
oxLDL. Atorvastatin alters the ability of oxLDL to impair the endothelium relaxation, by 
modulating the hydrolysis of phosphatidylcholine to lysophosphatidylcholine when LDL is 
being oxidized (Zhu et al., 2000). Statins remove predominately "aged LDL" from plasma, 
which is more prone to oxidation (Orem et al., 2002), through stimulation of hepatic LDL 
receptor activity and inhibition of very-low density lipoprotein (VLDL) and LDL production 
by the liver cells (Orem et al., 2002). Statins also reduce oxygen species generation (Ky et al., 
2008). Atorvastatin promotes adipocyte uptake of oxLDL in rabbits by increasing the 
expression of CD36 and peroxisome proliferators-activated receptor γ (PPARγ) in 
adipocytes (Zhao & Zhang, 2004). The increased expression of such receptors by adipocytes 
results to internalization of oxLDL and clearance from plasma, converting adipocytes to an 
oxLDL-buffering pool (Zhao & Zhang, 2004). Reduction of oxLDL in patients with CHD 
with atorvastatin 10 mg parallel with an increase of adiponectin, which has anti-atherogenic, 
anti-inflammatory and anti-diabetic properties through reduction of insulin resistance 
(Miyagishima et al., 2007). The CARDS study reported a significant degree of preventive 
activity of atorvastatin against myocardial infarction in eucholesterolemic diabetic patients, 
conceivably attributed to such improvement of insulin sensitivity (Miyagishima et al., 2007). 
Statins also diminish the expression of CD40 and CD40 ligand in vascular cells, smooth 
muscle cells and macrophages, which are promoted by oxLDL and are considered 
proatherogenic (Schonbeck et al., 2002). Other anti-inflammatory pathways include 
reduction of C-reactive protein (Hogue et al., 2008), chemokines, major histocompatibility 
complex II molecules, matrix-degrading enzymes, and procoagulant tissue factor 
(Schonbeck et al., 2002). Atorvastatin reverses the oxLDL-mediated inhibition of vascular 
endothelial growth factor-induced endothelial progenitor cell differentiation via the 
phosphatidylinositol 3 kinase/Akt pathway (Imanishi et al., 2003), which restores the 
oxLDL-related inhibition of mature endothelial cells migration (Imanishi et al., 2003). This 
could improve neovascularization and collateral vessel formation in response to tissue 
ischemia. Atorvastatin also suppresses platelet activity (Puccetti et al., 2005) by reducing the 
expression of CD36 and LOX-1, which are present in platelets (Puccetti et al., 2005; 
Sawamura et al., 1997), thus inhibiting the oxLDL-mediated platelet hyperactivity (Puccetti 
et al., 2005). Statins reduce the oxLDL-derived expression of adhesion molecules (E- and P-
selectins, vascular cell adhesion molecule 1 [VCAM-1] and intercellular adhesion molecule 1 
[ICAM-1]) in human coronary artery endothelial cells, through up-regulation of eNOS 
expression, which regulates the expression of adhesion molecules in endothelial cells (Li et 
al., 2002). Statins also diminish the oxLDL-mediated activation of nuclear factor-κΒ (NF-κB) 
(D. Li et al., 2002), which regulates the transcription of adhesion molecule genes (Robbesyn 
et al., 2004). In diabetic patients with dyslipidemia atorvastatin reduced CVD and markers 
of inflammation, adhesion and oxidation, such as C-reactive protein (CRP), soluble ICAM-1, 
soluble VCAM-1, E-selectin, matrix metalloproteinase 9, secretory phospholipase A2 
(sPLA2), and oxLDL, the latter by 38,4% (Hogue et al., 2008). Moreover, the change of 
oxLDL levels correlated with the change of sICAM-1 and E-selectin levels, suggesting that 
statins could possibly counteract the oxLDL-associated increase of NF-κΒ, and therefore, the 
production of such cell adhesion molecules (Hogue et al., 2008). Statins also enhance 
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scavenger receptor expression in macrophages, and increase plaque stability via reduction 
of metalloproteinases (Hogue et al., 2008).  

The reduction of oxLDL and of carotid stenosis in our study was relevant for both smokers 
and non-smokers. However, subsequent subgroup analysis showed that the beneficial effect 
of statin use concerns mostly the subgroup of mild smokers, while no such effect was 
noticed for moderate and heavy smokers. How smoking may diminish the beneficial effect 
of statins on oxLDL and carotid stenosis is not yet clarified in the literature. A reasonable 
assumption might be that, since smoking increases the oxidative stress, it contributes to 
enhanced LDL oxidation (Van Himbergen et al., 2004). Moreover, studies in animal models, 
have demonstrated that smoking alters the immunologic response to oxLDL by reducing the 
production of antibodies against these molecules, i.e. causing a kind of immune suppression 
regarding the response to oxLDL. Thus, it has been shown to increase carotid IMT (Tani et 
al., 2004).  

The Mercodia oxLDL detects the MDA-modified apoB (Holvoet et al., 1996). It has been 
proposed that oxLDL looses its predictive value for CVD when adjustment for apoB level is 
performed (Ky et al., 2008). In several studies though, a significant reduction of Mercodia 
oxLDL with atorvastatin 10 mg was still detected even after adjustment for apoB, (Holvoet 
et al., 2003; Ky et al., 2008; van Tits et al., 2006), while in other studies no adjustment for LDL 
or apoB levels was made (Ky et al., 2008; Sasaki et al., 2002). In our study the oxLDL:apoB 
ratio remained unchanged, but in the multivariate analysis the reduction of oxLDL was still 
significant after adjustment for apoB and LDL levels. 

In patients with familial hypercholesterolemia a lack of association between oxLDL and IMT 
was reported at baseline, however two years therapy with atorvastatin 80 mg was 
associated with regression of carotid IMT (van Tits et al., 2004). The LDL subfraction profile 
and autoantibodies against oxLDL remained unchanged. Nevertheless, the rate of oxidation 
and the amount of dienes formed decreased and this was linked to lessening of 
atherosclerosis. In our study the reduction of carotid stenosis was associated with decreased 
oxLDL levels. Besides, the unchanged oxLDL autoantibodies levels do not preclude the 
reduction of oxLDL, as was indicated in another study involving dialysis patients, where 
atorvastatin therapy reduced plasma oxLDL, whereas oxLDL autoantibodies did not 
changed significantly (van den Akker et al., 2003).  

Disadvantages of the study were the relatively small size, the lack of a control group 
comprising of patients with carotid stenosis not on statin therapy, which would be 
unethical, the fact that researchers were not blinded to the patients’ status, the lack of 
randomization of the dose-schedules and the use of only one method to detect oxLDL. 

5. Conclusion 
This prospective, cross-sectional study with such a long observation period provided 
enough evidence to postulate a favourable effect of low-dose atorvastatin therapy on 
oxLDL, which was additionally associated with improvement of stenosis in patients with 
carotid atheromatosis. We thus, assume that oxLDL may represent a far more sensitive risk 
factor for carotid stenosis, than LDL itself or apoB. Further studying is required to confirm 
such findings and to establish a clear clinical and pathophsiologic link between oxLDL and 
carotid stenosis. 
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scavenger receptor expression in macrophages, and increase plaque stability via reduction 
of metalloproteinases (Hogue et al., 2008).  

The reduction of oxLDL and of carotid stenosis in our study was relevant for both smokers 
and non-smokers. However, subsequent subgroup analysis showed that the beneficial effect 
of statin use concerns mostly the subgroup of mild smokers, while no such effect was 
noticed for moderate and heavy smokers. How smoking may diminish the beneficial effect 
of statins on oxLDL and carotid stenosis is not yet clarified in the literature. A reasonable 
assumption might be that, since smoking increases the oxidative stress, it contributes to 
enhanced LDL oxidation (Van Himbergen et al., 2004). Moreover, studies in animal models, 
have demonstrated that smoking alters the immunologic response to oxLDL by reducing the 
production of antibodies against these molecules, i.e. causing a kind of immune suppression 
regarding the response to oxLDL. Thus, it has been shown to increase carotid IMT (Tani et 
al., 2004).  

The Mercodia oxLDL detects the MDA-modified apoB (Holvoet et al., 1996). It has been 
proposed that oxLDL looses its predictive value for CVD when adjustment for apoB level is 
performed (Ky et al., 2008). In several studies though, a significant reduction of Mercodia 
oxLDL with atorvastatin 10 mg was still detected even after adjustment for apoB, (Holvoet 
et al., 2003; Ky et al., 2008; van Tits et al., 2006), while in other studies no adjustment for LDL 
or apoB levels was made (Ky et al., 2008; Sasaki et al., 2002). In our study the oxLDL:apoB 
ratio remained unchanged, but in the multivariate analysis the reduction of oxLDL was still 
significant after adjustment for apoB and LDL levels. 

In patients with familial hypercholesterolemia a lack of association between oxLDL and IMT 
was reported at baseline, however two years therapy with atorvastatin 80 mg was 
associated with regression of carotid IMT (van Tits et al., 2004). The LDL subfraction profile 
and autoantibodies against oxLDL remained unchanged. Nevertheless, the rate of oxidation 
and the amount of dienes formed decreased and this was linked to lessening of 
atherosclerosis. In our study the reduction of carotid stenosis was associated with decreased 
oxLDL levels. Besides, the unchanged oxLDL autoantibodies levels do not preclude the 
reduction of oxLDL, as was indicated in another study involving dialysis patients, where 
atorvastatin therapy reduced plasma oxLDL, whereas oxLDL autoantibodies did not 
changed significantly (van den Akker et al., 2003).  

Disadvantages of the study were the relatively small size, the lack of a control group 
comprising of patients with carotid stenosis not on statin therapy, which would be 
unethical, the fact that researchers were not blinded to the patients’ status, the lack of 
randomization of the dose-schedules and the use of only one method to detect oxLDL. 

5. Conclusion 
This prospective, cross-sectional study with such a long observation period provided 
enough evidence to postulate a favourable effect of low-dose atorvastatin therapy on 
oxLDL, which was additionally associated with improvement of stenosis in patients with 
carotid atheromatosis. We thus, assume that oxLDL may represent a far more sensitive risk 
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such findings and to establish a clear clinical and pathophsiologic link between oxLDL and 
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1. Introduction 
Myocardial ischemia, or lack of oxygen, is caused by an imbalance between oxygen supply 
and oxygen demand in the heart. This imbalance is usually due to an inability to increase 
coronary blood flow in response to increased myocardial oxygen consumption. The inability 
to increase coronary blood flow is often related to atherosclerosis of the large coronary 
arteries, which leads to a progressive narrowing of the blood vessel lumen and a reduction 
in coronary blood flow. Coronary blood flow may also be restricted by either focal or 
generalized intense vasoconstriction (i.e. vasospasm) in the major coronary arteries. 
Antianginal drugs may effectively relieve or prevent acute ischemic episodes by increasing 
myocardial oxygen supply, decreasing myocardial oxygen demand, or both. 

2. Conventional antianginal 
2.1 Nitrates (short and long acting) and nitrites 

Sir Thomas Lauder Brunton first used amyl nitrite in the treatment of angina pectoris in 
1867. As a medical student, Brunton had became aware of prior clinical findings of Benjamin 
Ward Richardson that inhaled amyl nitrite rapidly increased the action of the heart 
(Richardson, 1864), and also the unpublished observations of Arthur Gamgee demonstrating 
that amyl nitrite greatly lessened ‘arterial tension’ in both animals and man (Brunton, 1867). 
At the same time William Murrell, began using the organic nitrate; glyceryl trinitrate 
(GTN), in the treatment of angina pectoris (Murrell, 1879). With GTN therapy, patients 
would obtain relief from angina with some patients also reporting that their angina could be 
aborted by taking the drug at the onset of symptoms. In the 1920s, Richard Bodo used the 
Starling’s heart–lung preparation to determine the effects of two nitrite preparations on 
coronary flow (Bodo, 1928) as earlier work in myocardial studies demonstrated that nitrite 
preparations produced vasorelaxation (Francois-Frank, 1903; Schloss, 1913; Cow, 1910). By 
the 1930s, nitrites and nitrate esters were established treatments for angina and 
hypertension. Contro and colleagues observed a paradoxical action following inhalation of 
amyl nitrite in patients with coronary artery disease, in that electrocardiograph changes 
resembling myocardial ischemia would occur after administration of amyl nitrite due to a 
sudden drop in blood pressure followed by coronary insufficiency (Contro et al., 1952). 
Finally, the authors suggested that the nitrite could be used as a diagnostic test in patients 
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with borderline or questionable history of coronary artery disease. The nitrites/nitrates are 
classified as agents that directly relax vascular smooth muscle, but can also relax other 
smooth muscles such as bronchial, ureteral, and uterine smooth muscle (Chen et al., 2001; 
Dong et al., 1998; Facchinetti et al., 1996; Yallampalli et al., 1993). 

2.1.1 Mechanisms of action  

It is generally believed that the therapeutic effect of these drugs involves the release of nitric 
oxide (NO) from nitrite, the activation of guanylyl cyclase, and relaxation of blood vessels. 
Interactions with nitroglycerin (GTN) and sulfhydryl-containing receptors are necessary for 
vascular smooth muscle relaxation and repeated administration of GTN produces 
sulfhydryl depletion and the development of tolerance. Subsequent studies have 
demonstrated the release of NO following the decomposition of an intermediate S-
nitrosothiol. Additional studies suggest that an enzymatic mechanism may be responsible 
for the bio-activation of GTN. 

2.1.2 Cardiovascular pharmacological effects 

The most commonly nitrites and nitrates agents at this time include isosorbide dinitrate, 
isosorbide-5-mononitrate, and GTN which are effective in reducing ventricular preload by 
increasing peripheral venous capacitance. These drugs can also decrease pulmonary and 
systemic vascular resistances, but require higher doses than those needed for the increase in 
venous capacitance. These agents can reduce ventricular filling pressure, wall stress and 
myocardial oxygen consumption, and may also improve systolic and diastolic ventricular 
function by improving coronary flow in patients with ischemic cardiomyopathy. However, 
there is, as yet, no convincing evidence that organic nitrates improve mortality in patients 
with acute myocardial infarction. The limitations of this class of agents are well known and 
potentially include adverse hemodynamic effects, drug tolerance, lack of selectivity, and 
limited bioavailability. Nitrates are recommended by the ACC/AHA guidelines as part of 
the initial management of ST elevation myocardial infarction (STEMI) and unstable angina 
(UA)/non-ST elevation myocardial infarction (NSTEMI). Nitrates can provide symptomatic 
relief in acute coronary syndrome (ACS) but are not associated with a survival benefit in 
younger ACS patients. However, nitrate use in the elderly ACS patients is associated with a 
reduction in mortality, heart failure, and left ventricular dysfunction at 6 months follow-up. 
The antianginal properties of nitrates can be attributed to the augmentation of coronary flow 
and to the decrease in the heart’s oxygen consumption that they cause. Nitrates induce 
coronary vasodilatation, leading to better myocardial perfusion. They also produce 
venodilatation, leading to decreased venous return, and thus to reduced cardiac preload. 
Glyceryl trinitrate also exerts antiplatelet effects in patients with stable angina pectoris. 
Short-acting GTN is used sublingually to relieve symptoms of angina. Long-acting nitrates 
can be used in combination with a beta blocker if monotherapy has proven unsuccessful or 
in combination with calcium channel antagonist if beta blockade leads to unacceptable 
adverse drug reactions. During exercise, nitrates increase the delay before the onset of 
angina and the time to 1 mm ST segment depression (TST), but their effects are improved 
when used in combination with another antianginal agent. Nitrates should be administered 
intermittently, with 8 to 12 hours of nitrate-free intervals, to prevent pharmacologic 
tolerance. However, a rebound phenomenon with anginal symptoms is possible during 
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these intervals. Short acting nitrates control angina most effectively when administered in 
the morning. In contrast, long acting nitrates are designed for once per day dosing and 
should normally be administered at bedtime to maintain a therapeutic concentration in the 
plasma throughout the night and the subsequent vulnerable morning hours. The most 
frequent side effect of nitrates is headache, reported by up to 82% of patients in placebo-
controlled trials in a dose-related fashion, with about 10% of patients reporting severe 
symptoms leading to discontinuation of the treatment (Thadani & Rodgers, 2006). 
Hypotension is frequent and usually asymptomatic, although syncope can rarely occur. The 
tolerance phenomenon associated with the chronic use of long-acting nitrates imposes the 
need for an 8–12 hour nitrate-free interval every day, which can occasionally lead to angina 
attacks at night during this period. Nitrates are contraindicated in patients with severe 
aortic stenosis or hypertrophic obstructive cardiomyopathy. Furthermore, concomitant use 
of nitrates and sildenafil can provoke severe potentially life-threatening hypotension, 
making this combination an absolute contraindication. Indeed, patients should be warned 
never to use sildenafil within 24 hours of nitrate consumption. 

2.2 β-adrenoceptor blockers 

β-blockers differ in physicochemical, pharmacokinetic and pharmacodynamic properties. 
Current drugs vary in their selectivity for β1-, β2- and β3-adrenoceptors, and some, such as 
carvedilol and labetalol, are also α1-adrenoceptor antagonists. Some have partial agonist 
activity or intrinsic sympathetic activity (ISA), local anaesthetic properties (membrane-
stabilising activity), potassium (K+) channel blocking activity or antioxidant properties. The 
number of β-blockers available rapidly increased and became the major first-line therapy for 
hypertension. Improvements in the symptomatic management of angina were followed by 
improvements in mortality in acute myocardial infarction and long-term when given post-
myocardial infarction. β-blockers also reduce arrhythmias after both cardiac and non-
cardiac surgery. Thus, β-blockers now have important role in improving both mortality and 
symptom control in ischaemic heart disease, arrhythmias and hypertension (Table 1) 
(Hollenberg, 2005). In patients with stable angina who also manifest congestive heart failure 
symptoms with reduced left systolic function, β‐blockers are particularly beneficial and 
reduce heart failure related mortality by approximately 35% (Klein et al., 2003). 

2.2.1 Properties of β-blockers 

1. Subtype selectivity. The prototypical β-blocker propranolol has similar affinity for β1- 
and β2- adrenoceptors and lower affinity for β3-adrenoceptors. However, even the 
‘cardioselective’ β-blockers, a nomenclature based on their selectivity for β1-
adrenoceptors, are not, because none in clinical use are that selective (13-fold at most) 
(Baker, 2005; Schnabel, 2000). Although bisoprolol and nebivolol are the most β1-
selective and carvedilol having slight β2-selectivity, it is not possible to predict what 
level of selectivity. Most currently available β-blockers (including propranolol) have 
low affinity for the β3-adrenoceptor. There are, however, a subset of drugs comprising 
oxprenolol, carazolol, pindolol, nadolol, tertatolol, carteolol, arotinolol and nebivolol 
that have agonist effects at the β3-adrenoceptor that could be responsible for the nitric 
oxide (NO)-mediated vasodilator properties observed with nebivolol (Baker, 2010). 
Even SR59230A, claimed to be selective for β3-adrenoceptors, has a similar potency at 
all 3 subtypes (Baker, 2010, Michel, 2010). 
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2. Intrinsic sympathomimetic activity (ISA) and partial agonism. Some β-blockers are 
traditionally described as having ISA (Table 2). These drugs block the stimulatory 
effects of high-efficacy agonists, such as catecholamines, but stimulate agonist 
responses of their own. This is evident at both the cellular and tissue level with 
acebutolol, carteolol, penbutolol, pindolol, bucindolol and xamoterol, for which it is 
claimed that bradycardia and bronchoconstriction are less than for other β-
adrenoceptor antagonists. However, drugs with ISA are less advantageous in the 
management of heart failure and migraine. 

3. Low-affinity state of the β1-adrenoceptor. Some β-adrenoceptor antagonists stimulate 
β1-adrenoceptor function by interacting with a low-affinity state of the β1-adrenoceptor 
(Molenaar, 2003) and the β3-adrenoceptor (Baker, 2003). Activation of this low-affinity 
state of the β1-adrenoceptor has been demonstrated in whole animals (Cohen, 2000) and 
humans (Kaumann and Molenaar, 1997). β-adrenoceptor antagonists with similar 
properties include oxprenolol, alprenolol, carazolol, pindolol and carvedilol. These 
ligands either stimulate agonist responses at concentrations much higher than those 
required to fully occupy and block the conventional catecholamine β1-adrenoceptor site, 
or have biphasic concentration–response curves. However, there is currently no 
therapeutic use for this property of β-adrenoceptor antagonists. 

4. Inverse agonism. Many β-adrenoceptor antagonists, at least at the β2-adrenoceptor, are 
in fact inverse agonists (i.e. rather than just occupying the binding site and thus 
blocking the actions of agonists, they are associated with conformations of the receptor 
that turn off signalling) (Swaminath, 2005). 

5. Other properties of β-blockers. Local anaesthetic or membrane-stabilising activity is 
shown by some β-adrenoceptor antagonists, notably propranolol and acebutolol and to 
a lesser extent pindolol and labetalol. This property is unlikely to be important in the 
therapeutic effects of β-blockers because it occurs at much higher concentrations than 
those normally encountered clinically. Individual (rather than class effect) properties of 
certain β-blockers include lipophilicity, K+ channel blockade and antioxidant properties. 
Propranolol, timolol and metoprolol are somewhat lipophilic. Sotalol can block K+ 
channels independently of its β-blocking properties. Carvedilol blocks α1- and β-
adrenoceptors, inhibits apoptosis and possesses antioxidant and free-radical-
scavenging actions. Nebivolol causes NO-dependent vasodilation. These properties 
might contribute to their efficacy in cardiac failure. 

2.2.2 Hemodynamic effects of β-blockers 

β-adrenoceptor antagonists competitively inhibit the binding of endogenous catecholamines 
to β1-adrenoceptors in the heart and most evidence strongly suggests that their anti-ischemic 
effects are due to cardiac depression. Myocardial oxygen demand is determined in large part 
by heart rate and cardiac contractility. Increased heart rate and contractility result in 
increased myocardial oxygen consumption and, conversely, reductions in heart rate and 
contractility lead to a decrease in oxygen consumption. By inhibiting the actions of 
norepinephrine and epinephrine on the heart, the β-adrenoceptor antagonists exert their 
negative dromotropic and intropic effects, and thereby attenuate the myocardial response to 
sympathetic nervous system stimulation that occurs, for example, with increased stress or 
exercise. Though most β-adrenoceptor antagonists lower resting heart rate to some extent, 
the effect on exercise-induced tachycardia is much more pronounced. Thus, for a given 
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degree of physical activity, myocardial oxygen consumption is diminished. It is important to 
note that the β-adrenoceptor antagonists do not change the point of imbalance between 
myocardial oxygen supply and consumption at which angina occurs; rather, they reduce the 
likelihood that this point is reached. By mechanisms that remain poorly understood, β-
adrenoceptor antagonists also decrease peripheral vascular resistance, which leads to a 
reduction in arterial blood pressure and afterload (Hoffman, 2007). Reduced afterload 
results in decreased left ventricular wall tension, which is another major determinant of 
myocardial oxygen demand. This beneficial effect of the β-adrenoceptor antagonists may be 
partially offset, however, by an increase in left ventricular end-diastolic volume that occurs 
due to increased cardiac filling during diastole, but the net effect is to lessen oxygen 
demand. On the other hand myocardial oxygen supply is a function of both oxygen delivery 
(the heart is almost exclusively dependent on aerobic metabolism and an adequate supply of 
oxygen is critical to sustained cardiac activity) and oxygen extraction from the blood. Since 
oxygen extraction from coronary blood is near maximal at rest, there is little reserve to meet 
increased demand due to increased cardiac activity (Tune et al., 2004). Thus, the most 
important determinant of myocardial oxygen supply is total coronary blood flow. β-
adrenoceptor antagonists have little propensity to increase coronary blood flow and 
myocardial oxygen supply, in fact β-adrenoceptor antagonists may increase coronary 
vascular resistance by inhibiting the β2-adrenoceptor-mediated vasodilator effects of 
endogenous catecholamines and leaving α-adrenoceptor-mediated vasoconstriction 
unopposed. Thus, the anti-ischemic effects of the β-adrenoceptor antagonists are largely due 
to their ability to reduce myocardial workload and decrease oxygen consumption, rather 
than to improve myocardial oxygen supply. 

Propranolol Hypertension, ischaemic heart disease, arrhythmias, portal hypertension, 
anxiety, essential tremor, migraine, thyrotoxicosis 

Acebutolol Hypertension, ischaemic heart disease, arrhythmias 
Atenolol Hypertension, ischaemic heart disease, arrhythmias, migraine 
Betaxolol Glaucoma 
Bisoprolol Hypertension, ischaemic heart disease, heart failure 
Carteolol Glaucoma 
Carvedilol Hypertension, ischaemic heart disease, heart failure 
Celiprolol Hypertension 
Esmolol Arrhythmias (short-term) 
Labetolol Hypertension 
Levobunolol Glaucoma 
Metipranolol Glaucoma 
Metoprolol Hypertension, ischaemic heart disease, arrhythmias, migraine 
Nadolol Hypertension, ischaemic heart disease, arrhythmias, migraine, thyrotoxicosis 
Nebivolol Hypertension, heart failure 
Oxprenolol Hypertension, ischaemic heart disease, arrhythmias, anxiety 
Pindolol Hypertension, ischaemic heart disease 
Sotalol Arrhythmias 
Timolol Glaucoma, hypertension, ischaemic heart disease, migraine 

Table 1. Current indications for β-blockers from the British National Formulary September 
2010 (www.bnf.org) 
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2. Intrinsic sympathomimetic activity (ISA) and partial agonism. Some β-blockers are 
traditionally described as having ISA (Table 2). These drugs block the stimulatory 
effects of high-efficacy agonists, such as catecholamines, but stimulate agonist 
responses of their own. This is evident at both the cellular and tissue level with 
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claimed that bradycardia and bronchoconstriction are less than for other β-
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ligands either stimulate agonist responses at concentrations much higher than those 
required to fully occupy and block the conventional catecholamine β1-adrenoceptor site, 
or have biphasic concentration–response curves. However, there is currently no 
therapeutic use for this property of β-adrenoceptor antagonists. 

4. Inverse agonism. Many β-adrenoceptor antagonists, at least at the β2-adrenoceptor, are 
in fact inverse agonists (i.e. rather than just occupying the binding site and thus 
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that turn off signalling) (Swaminath, 2005). 

5. Other properties of β-blockers. Local anaesthetic or membrane-stabilising activity is 
shown by some β-adrenoceptor antagonists, notably propranolol and acebutolol and to 
a lesser extent pindolol and labetalol. This property is unlikely to be important in the 
therapeutic effects of β-blockers because it occurs at much higher concentrations than 
those normally encountered clinically. Individual (rather than class effect) properties of 
certain β-blockers include lipophilicity, K+ channel blockade and antioxidant properties. 
Propranolol, timolol and metoprolol are somewhat lipophilic. Sotalol can block K+ 
channels independently of its β-blocking properties. Carvedilol blocks α1- and β-
adrenoceptors, inhibits apoptosis and possesses antioxidant and free-radical-
scavenging actions. Nebivolol causes NO-dependent vasodilation. These properties 
might contribute to their efficacy in cardiac failure. 

2.2.2 Hemodynamic effects of β-blockers 

β-adrenoceptor antagonists competitively inhibit the binding of endogenous catecholamines 
to β1-adrenoceptors in the heart and most evidence strongly suggests that their anti-ischemic 
effects are due to cardiac depression. Myocardial oxygen demand is determined in large part 
by heart rate and cardiac contractility. Increased heart rate and contractility result in 
increased myocardial oxygen consumption and, conversely, reductions in heart rate and 
contractility lead to a decrease in oxygen consumption. By inhibiting the actions of 
norepinephrine and epinephrine on the heart, the β-adrenoceptor antagonists exert their 
negative dromotropic and intropic effects, and thereby attenuate the myocardial response to 
sympathetic nervous system stimulation that occurs, for example, with increased stress or 
exercise. Though most β-adrenoceptor antagonists lower resting heart rate to some extent, 
the effect on exercise-induced tachycardia is much more pronounced. Thus, for a given 
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degree of physical activity, myocardial oxygen consumption is diminished. It is important to 
note that the β-adrenoceptor antagonists do not change the point of imbalance between 
myocardial oxygen supply and consumption at which angina occurs; rather, they reduce the 
likelihood that this point is reached. By mechanisms that remain poorly understood, β-
adrenoceptor antagonists also decrease peripheral vascular resistance, which leads to a 
reduction in arterial blood pressure and afterload (Hoffman, 2007). Reduced afterload 
results in decreased left ventricular wall tension, which is another major determinant of 
myocardial oxygen demand. This beneficial effect of the β-adrenoceptor antagonists may be 
partially offset, however, by an increase in left ventricular end-diastolic volume that occurs 
due to increased cardiac filling during diastole, but the net effect is to lessen oxygen 
demand. On the other hand myocardial oxygen supply is a function of both oxygen delivery 
(the heart is almost exclusively dependent on aerobic metabolism and an adequate supply of 
oxygen is critical to sustained cardiac activity) and oxygen extraction from the blood. Since 
oxygen extraction from coronary blood is near maximal at rest, there is little reserve to meet 
increased demand due to increased cardiac activity (Tune et al., 2004). Thus, the most 
important determinant of myocardial oxygen supply is total coronary blood flow. β-
adrenoceptor antagonists have little propensity to increase coronary blood flow and 
myocardial oxygen supply, in fact β-adrenoceptor antagonists may increase coronary 
vascular resistance by inhibiting the β2-adrenoceptor-mediated vasodilator effects of 
endogenous catecholamines and leaving α-adrenoceptor-mediated vasoconstriction 
unopposed. Thus, the anti-ischemic effects of the β-adrenoceptor antagonists are largely due 
to their ability to reduce myocardial workload and decrease oxygen consumption, rather 
than to improve myocardial oxygen supply. 
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Celiprolol Hypertension 
Esmolol Arrhythmias (short-term) 
Labetolol Hypertension 
Levobunolol Glaucoma 
Metipranolol Glaucoma 
Metoprolol Hypertension, ischaemic heart disease, arrhythmias, migraine 
Nadolol Hypertension, ischaemic heart disease, arrhythmias, migraine, thyrotoxicosis 
Nebivolol Hypertension, heart failure 
Oxprenolol Hypertension, ischaemic heart disease, arrhythmias, anxiety 
Pindolol Hypertension, ischaemic heart disease 
Sotalol Arrhythmias 
Timolol Glaucoma, hypertension, ischaemic heart disease, migraine 

Table 1. Current indications for β-blockers from the British National Formulary September 
2010 (www.bnf.org) 
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Generation Drugs Specifications 
First Propranolol, Timolol Non-cardioselective 
Second Metoprolol 

Atenolol, Bisoprolol,  
Betaxolol 

Cardioselective, short acting 
Cardioselective, sustained release 
 

Third Labetalol 
 
 
 
Carvedilol 
 
 
 
 
Nebivolol 
 

Non-cardioselective, vasodilation (Higher 
affinity for α1 receptor (α1 receptor blockade) 
than β1 and β2) 

 
Cardioselective, vasodilation (β1 selective, 
decerased selectivity at higher doses, α1 
receptor blockade, increases insulin sensitivity, 
antioxidant properties) 
 
Cardioselective, vasodilation (Higher β1 

selectivity; endothelium‐dependent 
vasodilation via the L‐arginine/nitric oxide 
pathway) 
 

Table 2. Classification of beta blockers that used for treatment of chronic stable angina 

2.2.3 Clinical application of β-blockers in angina  

β-adrenoceptor antagonists are a mainstay in the treatment of chronic stable angina. While 
coronary blood flow (i.e. oxygen supply) may be sufficient to meet myocardial oxygen 
requirements at rest in patients with fixed atherosclerotic lesions, the obstruction prevents 
blood flow from increasing during periods of increased oxygen demand. Under these 
conditions coronary blood flow is already at a maximal level in most patients, thus any 
increase in myocardial work can trigger an episode of acute angina. Precipitating factors 
include physical exertion, emotional stress or excitement, and temperature extremes. By 
decreasing heart rate, myocardial contractility, and afterload, β-adrenoceptor antagonists 
reduce myocardial workload and oxygen consumption at rest as well as during periods of 
exertion or stress. Oral β-adrenoceptor antagonists are widely used in long-term 
maintenance therapy to prevent acute ischemic episodes. Prophylactic use of these agents 
reduces the frequency and severity of acute anginal attacks. Because of their slow onset of 
action, oral β-adrenoceptor antagonists are not appropriate for terminating an acute attack 
of angina once it has begun; sublingual nitroglycerin is the agent most frequently used 
under these conditions. Several β-adrenoceptor antagonists, including propranolol, 
metoprolol, and atenolol, have cardioprotective effects and have been shown to decrease 
mortality after myocardial infarction (Bunch et al., 2005). In patients with variant 
(Prinzmetal's) angina, the major underlying cause of angina is vasospasm of one or more 
coronary arteries. Intense vasoconstriction decreases coronary blood flow, thereby reducing 
myocardial oxygen supply. Coronary vasospasm can occur in arteries with little or no 
atherosclerotic plaque and is not associated with an increase in myocardial oxygen demand. 
Indeed, variant angina may strike at any time of the day or night, including during periods 
of rest or sleep. In contrast to stable angina, variant angina is most often the result of an 
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abrupt decrease in myocardial oxygen supply (i.e. coronary blood flow) rather than an 
increase in myocardial oxygen demand. Unlike nitrates and calcium channel blockers, β-
adrenoceptor antagonists do not directly dilate coronary arteries to increase coronary blood 
flow. Moreover, blockade of vascular β-adrenoceptors inhibits the vasodilator actions of 
endogenous catecholamines and may exacerbate α-adrenoceptor-mediated vasoconstriction 
in coronary arteries. Thus, β-adrenoceptor antagonists may worsen coronary vasospasm and 
are not indicated for treatment of vasospastic angina. β-adrenoceptor antagonists may 
reduce the risk of progression to acute myocardial infarction in patients with unstable 
angina (Braunwald et al., 2002).The pathophysiology of this condition is often complex and 
may involve several underlying factors superimposed upon one another, including rupture 
of atherosclerotic plaques and thrombus formation, constriction of coronary arteries, and 
increased myocardial oxygen demand. In these patients, the beneficial effects of the β-
adrenoceptor antagonists are likely due to a reduction in myocardial oxygen consumption. If 
coronary vasospasm is the major underlying problem, nitrates or calcium channel blockers 
would be more effective and β-adrenoceptor antagonists should be used with caution. When 
used concurrently, β-adrenoceptor antagonists can inhibit the baroreceptor-mediated reflex 
tachycardia and positive inotropic effects that may sometimes occur with organic nitrates. 
Alternatively, organic nitrates increase venous capacitance and can thereby offset β-
adrenoceptor antagonist-mediated increases in left ventricular end-diastolic volume. 
Moreover, organic nitrates are coronary vasodilators and, as such, may prevent the increase 
in coronary vasomotor tone that may potentially result from blockade of vascular β-
adrenoceptors. Dihydropyridine calcium channel blockers are also potent coronary 
vasodilators and provide similar advantages with regard to coronary vascular resistance in 
patients treated simultaneously with β-adrenoceptor antagonists. As with nitrates, 
dihydropyridines may also cause reflex tachycardia that can be alleviated by β-adrenoceptor 
antagonists. Concurrent use of β-adrenoceptor antagonists with the non-dihydropyridine 
calcium channel blockers, verapamil and diltiazem, is much more limited due to the 
potential for severe cardiac depression and must be used with great caution. In the long-
term management of ischemic heart disease, β-adrenoceptor antagonists, with their 
antianginal effects, may also be combined with vasculoprotective drugs such as anti-platelet 
agents (aspirin, clopidogrel), angiotensin-converting enzyme inhibitors, and HMG-CoA 
reductase inhibitors to reduce the risk of ischemic vascular events.  

2.3 Calcium entry blockers (CEBs) 

The mode of action of most conventional antianginal agents involves hemodynamic 
changes, such as a reduction in systemic vascular resistance or coronary vasodilatation or 
negative inotropism, which improve the imbalance in myocardial oxygen supply and 
demand. CEBs bind to and inhibit L-type calcium channels, reducing calcium influx into 
cells. Intracellular calcium deprivation relaxes smooth muscle cells, causing vasodilation in 
the peripheral and coronary beds and increased coronary blood flow. The less selective, 
nondihydropyridine (DHP) CEBs, verapamil and diltiazem, also slow sinoatrial (SA) and 
atrioventricular (AV) nodal conductions to lower heart rate and depress contractility under 
physiological conditions. All the CEBs are effective coronary vasodilators. DHPs lower 
blood pressure and myocardial wall tension to reduce myocardial oxygen consumption. A 
rise in coronary blood flow further contributes to correct myocardial oxygen imbalance. 
These drugs lower the frequency of angina, reduce the need for nitrates, extend treadmill 
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increase in myocardial work can trigger an episode of acute angina. Precipitating factors 
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reduce myocardial workload and oxygen consumption at rest as well as during periods of 
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maintenance therapy to prevent acute ischemic episodes. Prophylactic use of these agents 
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mortality after myocardial infarction (Bunch et al., 2005). In patients with variant 
(Prinzmetal's) angina, the major underlying cause of angina is vasospasm of one or more 
coronary arteries. Intense vasoconstriction decreases coronary blood flow, thereby reducing 
myocardial oxygen supply. Coronary vasospasm can occur in arteries with little or no 
atherosclerotic plaque and is not associated with an increase in myocardial oxygen demand. 
Indeed, variant angina may strike at any time of the day or night, including during periods 
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abrupt decrease in myocardial oxygen supply (i.e. coronary blood flow) rather than an 
increase in myocardial oxygen demand. Unlike nitrates and calcium channel blockers, β-
adrenoceptor antagonists do not directly dilate coronary arteries to increase coronary blood 
flow. Moreover, blockade of vascular β-adrenoceptors inhibits the vasodilator actions of 
endogenous catecholamines and may exacerbate α-adrenoceptor-mediated vasoconstriction 
in coronary arteries. Thus, β-adrenoceptor antagonists may worsen coronary vasospasm and 
are not indicated for treatment of vasospastic angina. β-adrenoceptor antagonists may 
reduce the risk of progression to acute myocardial infarction in patients with unstable 
angina (Braunwald et al., 2002).The pathophysiology of this condition is often complex and 
may involve several underlying factors superimposed upon one another, including rupture 
of atherosclerotic plaques and thrombus formation, constriction of coronary arteries, and 
increased myocardial oxygen demand. In these patients, the beneficial effects of the β-
adrenoceptor antagonists are likely due to a reduction in myocardial oxygen consumption. If 
coronary vasospasm is the major underlying problem, nitrates or calcium channel blockers 
would be more effective and β-adrenoceptor antagonists should be used with caution. When 
used concurrently, β-adrenoceptor antagonists can inhibit the baroreceptor-mediated reflex 
tachycardia and positive inotropic effects that may sometimes occur with organic nitrates. 
Alternatively, organic nitrates increase venous capacitance and can thereby offset β-
adrenoceptor antagonist-mediated increases in left ventricular end-diastolic volume. 
Moreover, organic nitrates are coronary vasodilators and, as such, may prevent the increase 
in coronary vasomotor tone that may potentially result from blockade of vascular β-
adrenoceptors. Dihydropyridine calcium channel blockers are also potent coronary 
vasodilators and provide similar advantages with regard to coronary vascular resistance in 
patients treated simultaneously with β-adrenoceptor antagonists. As with nitrates, 
dihydropyridines may also cause reflex tachycardia that can be alleviated by β-adrenoceptor 
antagonists. Concurrent use of β-adrenoceptor antagonists with the non-dihydropyridine 
calcium channel blockers, verapamil and diltiazem, is much more limited due to the 
potential for severe cardiac depression and must be used with great caution. In the long-
term management of ischemic heart disease, β-adrenoceptor antagonists, with their 
antianginal effects, may also be combined with vasculoprotective drugs such as anti-platelet 
agents (aspirin, clopidogrel), angiotensin-converting enzyme inhibitors, and HMG-CoA 
reductase inhibitors to reduce the risk of ischemic vascular events.  

2.3 Calcium entry blockers (CEBs) 

The mode of action of most conventional antianginal agents involves hemodynamic 
changes, such as a reduction in systemic vascular resistance or coronary vasodilatation or 
negative inotropism, which improve the imbalance in myocardial oxygen supply and 
demand. CEBs bind to and inhibit L-type calcium channels, reducing calcium influx into 
cells. Intracellular calcium deprivation relaxes smooth muscle cells, causing vasodilation in 
the peripheral and coronary beds and increased coronary blood flow. The less selective, 
nondihydropyridine (DHP) CEBs, verapamil and diltiazem, also slow sinoatrial (SA) and 
atrioventricular (AV) nodal conductions to lower heart rate and depress contractility under 
physiological conditions. All the CEBs are effective coronary vasodilators. DHPs lower 
blood pressure and myocardial wall tension to reduce myocardial oxygen consumption. A 
rise in coronary blood flow further contributes to correct myocardial oxygen imbalance. 
These drugs lower the frequency of angina, reduce the need for nitrates, extend treadmill 
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walking time, and improve ischemic ST-segment changes on exercise testing and 
electrocardiographic monitoring. Amlodipine, in particular, may have some independent 
action in relieving diastolic dysfunction other than a reduction in blood pressure. CEBs find 
clinical use in patients who cannot tolerate β-blockers, when they are ineffective, and in 
combination for additive anti-ischemic effects. Although they are effective antianginal 
agents, they do not modify the natural progression of the disease. The large International 
Verapamil-Trandolapril Study (INVEST) trial reported a reduction in number of patients 
with angina from about 65%–25% using verapamil as compared with atenolol, with no 
difference in mortality over a 2-year period (Pepine et al., 2003). When DHPs are used in 
combination with β-blockers, reflex tachycardia from the CCBs is blunted. Long-acting 
DHPs are preferred. If clinically needed, verapamil or diltiazem may be used with caution 
to lower heart rate or slow AV conduction further when ventricular function is preserved. In 
patients with stable angina and hypertension, β-blockers in combination with amlodipine 
and long-acting nifedipine, nicardipine, isradipine, or felodipine offer an advantage. Of all 
agents available, the greatest clinical experience has been with amlodipine and felodipine. 
Short-acting nifedipine has been linked to an increase in myocardial infarction (MI) and 
should be avoided in unstable angina or ACS. The A Coronary Disease Trial Investigating 
Outcome with Nifedipine GITS (ACTION) study showed that long-acting nifedipine 
(gastrointestinal therapeutic system) safely relieved angina and prolonged event-free 
survival in patients with stable angina and hypertension (Poole-Wilson et al., 2004; Sierra 
and Coca, 2008). Verapamil acts chiefly through a negative inotropic action, with less 
associated reflex tachycardia; diltiazem has greater vasodilatory actions than verapamil. 
Both verapamil and diltiazem are contraindicated in patients with uncompensated heart 
failure (HF) because of their negative inotropic effects; amlodipine and felodipine appear 
safe when left ventricle (LV) dysfunction is compensated. Use of non-DPHs after complex 
MIs should be avoided because of the possibility of HF as well (Packer et al., 1996; Goldstein 
et al., 1991). DHPs, particularly nifedipine, are effective in managing Prinzmetal’s variant 
angina along with long-acting nitrates. Although CCBs are effective anti-ischemic agents, in 
patients with UA/ STEMI, they do not improve mortality. Diltiazem and verapamil are 
contraindicated in patients with STEMI accompanied by systolic LV dysfunction and HF. 
Immediate release forms of DHPs-CCBs are contraindicated in STEMI because reflex 
tachycardia increases myocardial oxygen demand and hypotension potentially lowers 
coronary perfusion pressure. Also, they should not be used in UA/STEMI without a β-
blocker. Common side effects of headache, dizziness, flushing, and edema are due to 
vasodilation. Interaction with other negative chronotropic or inotropic agents to produce 
bradycardia, heart block, or HF has been reported. CCBs may also suppress lower 
esophageal sphincter contraction and worsen symptoms of gastroesophageal reflux disease. 
CEBs inhibit the CYPA4 enzyme in the liver and, therefore, may raise levels of statins and 
many other drugs, which may be overlooked (Kones, 2010). Cimetidine and grapefruit juice 
may raise the effective level of CEBs. Since magnesium is a calcium antagonist, magnesium 
supplements may enhance the actions of CEBs, particularly nifedipine. Chronotherapy with 
CCBs has been designed to achieve the highest plasma concentration during the most 
vulnerable time period while maintaining an adequate therapeutic dose throughout the 
remainder of the 24 hour period and has been marketed in the US since 1996. A variety of 
CCBs delivery formulations (e.g., with controlled-onset and/or extended release) have been 
approved by the FDA, and may be beneficially prescribed to lower blood pressure, heart 
rate and rate-pressure product between 6:00 A.M. and noon depending on the time of 
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administration. Another study demonstrated an improvement in the duration of exercise 
with evening doses of this diltiazem preparation versus morning dosing. 

3. Novel antianginal 
New drugs based on novel mechanisms of action have emerged (Chaitman, 2005). 

3.1 Ranolazine  

Ranolazine (approved by the US Food and Drug Administration) is a unique anti‐ischaemic 
drug that does not significantly affect haemodynamic parameters (Siddiqui et al., 2006). It 
was originally believed to modify the use of substrate by the ischaemic myocardium from 
lipids to glucose, thereby increasing metabolic efficiency. However, recent studies suggest 
that it inhibits the late sodium current (INA) and the accumulation of intracellular sodium 
and congruent cellular calcium overload via the sodium/calcium exchanger. As opposed to 
treatment with calcium channel antagonists and β‐blockers, the ranolazine‐induced 
improvement in diastolic function occurs without a decrease in systolic function. Clinical 
studies of the anti‐ischaemic effect of ranolazine monotherapy in patients with stable angina 
showed a significant increase in exercise duration and an improved 1 mm ST-segment 
depression compared with atenolol. As an adjunct to standard doses of anti‐ischaemia drugs 
(atenolol, amlodipine, diltiazem), ranolazine had an additional antianginal and 
anti‐ischaemic effect, without causing significant hemodynamic changes. The ERICA study 
addressed the incremental benefit of adding ranolazine to maximal amlodipine regimen. 
Ranolazine significantly reduced the frequency of angina and GTN consumption compared 
with placebo. It also has another potentially favorable effect-namely, a dose‐related 
reduction in haemoglobin (HbA1c %) concentrations in diabetic patients. More comparative 
trials of ranolazine with other antianginal agents and studies of its effects on long‐term 
morbidity and mortality are needed. So far, results indicate that ranolazine may serve as a 
useful alternative or adjunct to conventional antianginal treatment. Adverse effects include 
constipation, nausea, and dizziness. Postural hypotension due to α‐adrenergic receptor 
blocking has also been reported. Increases in QT- interval were observed but not associated 
torsade de points. 

3.2 Trimetazidine  

Trimetazidine (1-[2,3,4-trimethoxybenzyl] piperazine dihydrochloride) selectively inhibits 
the mitochondrial long chain 3-ketoacyl coenzyme A thiolase. It is widely used for the 
prophylactic treatment of episodes of angina pectoris at recommended daily doses ranging 
from 40–60 mg. Trimetazidine is a pure metabolic agent that induces the myocardium to 
shift from free fatty acids to predominantly glucose utilisation in order to increase adenosine 
triphosphate (ATP) generation per unit oxygen consumption. The antianginal properties of 
trimetazidine were previously shown in acute and chronic experimental conditions in which 
the cardioprotective effects were related to the positive effects on energy metabolism, 
hydroionic balance, coronary microcirculation, and oxidative stress. Efficacy studies 
reported that trimetazidine reduced ischemia during exercise stress tests, but there was no 
improvement in outcome. In a Cochrane meta‐analysis of 23 studies including 1378 patients, 
trimetazidine was associated with a significant reduction in weekly angina episodes and 
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walking time, and improve ischemic ST-segment changes on exercise testing and 
electrocardiographic monitoring. Amlodipine, in particular, may have some independent 
action in relieving diastolic dysfunction other than a reduction in blood pressure. CEBs find 
clinical use in patients who cannot tolerate β-blockers, when they are ineffective, and in 
combination for additive anti-ischemic effects. Although they are effective antianginal 
agents, they do not modify the natural progression of the disease. The large International 
Verapamil-Trandolapril Study (INVEST) trial reported a reduction in number of patients 
with angina from about 65%–25% using verapamil as compared with atenolol, with no 
difference in mortality over a 2-year period (Pepine et al., 2003). When DHPs are used in 
combination with β-blockers, reflex tachycardia from the CCBs is blunted. Long-acting 
DHPs are preferred. If clinically needed, verapamil or diltiazem may be used with caution 
to lower heart rate or slow AV conduction further when ventricular function is preserved. In 
patients with stable angina and hypertension, β-blockers in combination with amlodipine 
and long-acting nifedipine, nicardipine, isradipine, or felodipine offer an advantage. Of all 
agents available, the greatest clinical experience has been with amlodipine and felodipine. 
Short-acting nifedipine has been linked to an increase in myocardial infarction (MI) and 
should be avoided in unstable angina or ACS. The A Coronary Disease Trial Investigating 
Outcome with Nifedipine GITS (ACTION) study showed that long-acting nifedipine 
(gastrointestinal therapeutic system) safely relieved angina and prolonged event-free 
survival in patients with stable angina and hypertension (Poole-Wilson et al., 2004; Sierra 
and Coca, 2008). Verapamil acts chiefly through a negative inotropic action, with less 
associated reflex tachycardia; diltiazem has greater vasodilatory actions than verapamil. 
Both verapamil and diltiazem are contraindicated in patients with uncompensated heart 
failure (HF) because of their negative inotropic effects; amlodipine and felodipine appear 
safe when left ventricle (LV) dysfunction is compensated. Use of non-DPHs after complex 
MIs should be avoided because of the possibility of HF as well (Packer et al., 1996; Goldstein 
et al., 1991). DHPs, particularly nifedipine, are effective in managing Prinzmetal’s variant 
angina along with long-acting nitrates. Although CCBs are effective anti-ischemic agents, in 
patients with UA/ STEMI, they do not improve mortality. Diltiazem and verapamil are 
contraindicated in patients with STEMI accompanied by systolic LV dysfunction and HF. 
Immediate release forms of DHPs-CCBs are contraindicated in STEMI because reflex 
tachycardia increases myocardial oxygen demand and hypotension potentially lowers 
coronary perfusion pressure. Also, they should not be used in UA/STEMI without a β-
blocker. Common side effects of headache, dizziness, flushing, and edema are due to 
vasodilation. Interaction with other negative chronotropic or inotropic agents to produce 
bradycardia, heart block, or HF has been reported. CCBs may also suppress lower 
esophageal sphincter contraction and worsen symptoms of gastroesophageal reflux disease. 
CEBs inhibit the CYPA4 enzyme in the liver and, therefore, may raise levels of statins and 
many other drugs, which may be overlooked (Kones, 2010). Cimetidine and grapefruit juice 
may raise the effective level of CEBs. Since magnesium is a calcium antagonist, magnesium 
supplements may enhance the actions of CEBs, particularly nifedipine. Chronotherapy with 
CCBs has been designed to achieve the highest plasma concentration during the most 
vulnerable time period while maintaining an adequate therapeutic dose throughout the 
remainder of the 24 hour period and has been marketed in the US since 1996. A variety of 
CCBs delivery formulations (e.g., with controlled-onset and/or extended release) have been 
approved by the FDA, and may be beneficially prescribed to lower blood pressure, heart 
rate and rate-pressure product between 6:00 A.M. and noon depending on the time of 
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administration. Another study demonstrated an improvement in the duration of exercise 
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improved exercise time to 1 mm ST-segment depression compared to placebo (Ciapponi et 
al., 2005). In patients with stable angina who experienced concomitant erectile dysfunction, 
trimetazidine plus sildenafil was both safe and more effective in controlling episodes of 
ischaemia during sexual activity than nitrates alone. These data indicate that trimetazidine is 
safe and effective for the treatment of symptoms of stable angina, either as monotherapy or 
adjunctive treatment. The Di Napoli study (2005) indicated that trimetazidine added to 
usual treatment improved the functional status of patients with ischaemic dilated 
cardiomyopathy, as shown by their distribution in the NYHA class after 18 months of 
treatment. Compared with control patients maintained with their usual treatment, 
trimetazidine treated patients’ functional improvement was associated with a significant 
increase in left ventricle ejection fraction and a significant effect on ventricular remodelling. 
These effects were significant starting from 12 months and were maintained after 18 months 
of treatment. Bonello et al., (2007) demonstrates that pretreatment with a 60 mg acute oral 
loading dose of trimetazidine before elective percutaneous coronary intervention limits 
myocardial damage, as shown by a lower total amount of troponin (cTnI) release after 
coronary angioplasty.  

3.3 Ivabradine  

Few agents were developed for If inhibition in the past; the first of which is Alinidine, a 
clonidine derivative, that was soon abandoned due to its relative inotropic action (Ogiwara 
et al., 1988). Later, zetabradine, a benzazepinone derivative also went out of contention due 
to unacceptable ocular side effects and QTc prolongation (Frishman et al., 1995; Frishman et 
al., 2003). Ivabradine, a unique specific If current inhibitor, was first described by Thollon et 
al., more than two decades ago (Thollon et al., 1994). The If current inhibitor ivabradine was 
approved for the treatment of stable angina pectoris by the European Medicines Agency 
(EMEA) in 2005. Ivabradine is an inhibitor of the selective cardiac pacemaker 
hyperpolarized-activated If current, one of the most important pacemaker currents in the 
sinoatrial node (DiFrancesco & Camm 2004; Zaza & Rocchetti 2005). Ivabradine has no 
negative inotropic or hypotensive effects and is therefore a pure heart rate-lowering agent, 
in contrast to beta blockers. The pure heart rate-reducing effect of ivabradine offers the 
advantage of not disturbing hemodynamic parameters or left ventricular systolic and 
diastolic functions. Moreover, the increase in the duration of diastole is greater with 
ivabradine than with atenolol for a given heart rate (Colin et al. 2003), a beneficial 
phenomenon considering that most of the coronary perfusion occurs during diastole. 
Double‐blind trials showed that ivabradine treatment increased exercise time to 1 mm ST-
segment depression and limited angina compared to placebo, and had similar clinical effects 
to atenolol or amlodipine—namely, a two‐third reduction in the number of anginal episodes 
and an increase in total exercise duration. Ivabradine offers clear therapeutic benefit for a 
whole range of patients with stable angina, including those with contraindication or 
intolerance to β‐blockers; however, its effect on survival remains to be explored. Visual 
symptoms and sinus bradycardia are the main adverse reactions observed with the use of 
ivabradine. The visual symptoms are mainly phosphenes, which are episodes of enhanced 
brightness in limited areas of the visual field frequently triggered by abrupt changes in light 
intensity. They include photopsia, stroboscopic effect, and non-typical blurred vision, 
among others. However, the symptoms are generally transient, mild, and do not affect daily 
living activities. The visual symptoms are probably caused by the interaction of ivabradine 
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with retinal hyperpolarization-activated h channels, responsible for responses to bright light 
stimuli, which are similar to the f ion channel located in the sinoatrial node (Demontis et al. 
2002; Savelieva & Camm 2006). Sinus bradycardia has been reported by 4.6% of patients 
treated with ivabradine 7.5 mg twice daily (Tardif et al. 2005; Ruzyllo et al. 2007). Severe 
bradycardia (defined as a heart rate less than 40 beat/minute) has been shown to occur in 
0.1% of patients. The QTc-interval was not increased in ivabradine recipients compared with 
atenolol. 

3.4 Fasudil hydrochloride 

[1-(5-isoquinolinesulfonyl)-homopiperazine] is a potent Rho-kinase (an intracellular 
signalling molecule involved in the vascular smooth muscle contractile response) inhibitor 
and vasodilator, used for the treatment of cerebral vasospasm, which is often due to 
subarachnoid hemorrhage, as well as to improve the cognitive decline seen in stroke 
victims. It has been found to be effective for the treatment of pulmonary hypertension. It 
was demonstrated in February 2009 that Fasudil could also be used to enhance memory and 
improve the prognosis of Alzheimer's patients. In patients with stable angina, fasudil 
treatment led to a significantly greater time to >1 mm ST-segment depression, but showed 
no difference from placebo in decreasing the time to angina, frequency of angina, or GTN 
use. In phase 2 dose-finding trials conducted in Japanese patients with stable effort angina, 
fasudil monotherapy at doses ranging from 5 mg three times daily to 40 mg three times 
daily increased maximum exercise time and time to the onset of ≥ 1 mm ST-segment 
depression compared with baseline. Fasudil was well tolerated, with minimal effects on 
blood pressure or heart rate at rest or during exercise (Shimokawa et al., 2002). 
Intracoronary fasudil ameliorate myocardial ischemia induced by intracoronary injection of 
acetylcholine in patients with cardiac syndrome X or microvascular angina (angina with 
normal coronary arteriogram) (Mohri et al., 2003). 

3.5 Molsidomine  

Molsidomine is a nitric oxide donating vasodilator. When compared with placebo, it 
reduced the incidence of anginal attacks and use of sublingual nitrates, and increased 
exercise capacity, in patients with stable angina. Higher doses provided better protection 
from angina, although hypotension was a side effect. These new drugs are not yet in routine 
clinical use; however, they may serve as useful alternatives or adjuncts to conventional 
antianginal treatment. Further studies and longer follow‐up will determine their place in 
preventing death or myocardial infarction. 

3.6 Potassium channel openers (KCOs)  

Potassium-ATP (KATP) channels serve as endogenous homeostatic transducers balancing 
cellular resources in response to altered demand. In the heart, KATP channels protect against 
the metabolic insult of ischemia, and contribute as molecular mediators in the adaptive 
response to distress. Moreover, KATP channels regulate vascular tone, and thereby the 
delivery of metabolic resources to match demand.The possible smooth muscle relaxation 
mechanisms associated with KATP channels in the coronary artery are; in the endothelial cells 
the KATP channels are activated by adenosine and α2-adrenoceptor stimulation and 
contribute to generation of nitric oxide, in the sympathetic neurons opening of presynaptic 
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KATP channels attenuates noradrenaline release. KCOs would enhance these exo-smooth 
muscle actions of the KATP channels and dilate the coronary artery. KCOs are chemically 
diverse, and belong to a number of structural classes. These include: 

-  Benzopyrans (levcromakalim, bimakalim) 
-  Benzothiadiazines (diazoxide) 
- Cyanoguanidines (pinacidil) 
-  Cyclobutenediones (WAY-151616) 
-  Nicotinamides (nicorandil)  
- Pyrimidines (minoxidil) 
-  Tertiary carbonoles (ZD-6169) 
-  Thioformamides (aprikalim) 
- Dihydropyridine-like structures (ZM-244085) 

3.7 Nicorandil  

Nicorandil exerts dual actions: it increases the opening of ATP‐gated K+ channels, thereby 
relaxing smooth muscle and contributing to coronary vasodilatation; and it has a 
nitrate‐donating moiety. As well as anti‐ischaemic effects, nicorandil may have a 
cardioprotective action. Nicorandil may mimic the natural process of ischemic 
preconditioning, which involves ATP‐dependent potassium channels. Several small 
randomized trials of patients with stable angina have shown that nicorandil prolongs the 
time to onset of ST-segment depression and exercise duration during stress testing and 
improves myocardial perfusion at rest and with exercise. In patients, nicorandil has been 
shown to be useful in the management of both stable and unstable angina with minimum 
adverse effects (Simpson et al., 2004). Nicorandil attenuated rest and effort angina, 
prolonged the duration of exercise and the time to onset of angina or ischemic ST-T changes 
(Markham et al., 2000). Long-term use of nicorandil was associated with reduction in 
cardiovascular events and the combined endpoints of death, myocardial infarction and 
hospitalization due to chest pain in patients with stable angina [The IONA Study Group, 
2001]. Nicorandil is an effective anti-anginal agent at a dose of 10 to 40 mg twice a day, 
controlling stable chronic angina in 70 to 80 percent of patients (Simpson et al., 2004). The 
response to nicorandil is maintained for 12 hours, with an efficacy that compares favorably 
with that of nitrates, β-adrenoceptor and CEBs. In patients with unstable angina, nicorandil, 
when added to aggressive anti-anginal treatment, reduces transient myocardial ischemia, 
and arrhythmias when compared to placebo (Patel et al., 1999). In vasospastic angina, 
nicorandil, with potent vasospasmolytic activity, relieves both ergonovine-evoked and 
spontaneous coronary spasm, attenuates episodes of variant angina, suppresses ST-segment 
changes and improves perfusion defects. In MI, nicorandil improves ischemia-induced 
regional wall motion abnormalities, and perfusion in infarct-related areas. In the IONA trial 
of 5126 patients, the administration of nicorandil in addition to standard treatments reduced 
the primary end point (coronary death, MI, or hospitalisation for angina) by 17% after a 
mean follow‐up of 1.6 years. There was also a significant reduction in the incidence of ACS 
and all cardiovascular events (IONA Study Group et al., 2002). In patients undergoing 
angioplasty, nicorandil preconditions the heart, improves coronary hemodynamics, dilates 
stenotic and non-stenotic segments, and ameliorates the “no-reflow” phenomenon (Yasuda 
et al., 2001). Intravenous nicorandil, in conjunction with coronary angioplasty, preserves 
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microvascular integrity and myocardial viability in patients with acute myocardial 
infarction (Simpson et al., 2004). Nicorandil also reduces preload and afterload, enhances 
cardiac endothelial nitric oxide synthase expression and has antiplatelet, fibrinolytic and 
antioxidant properties (Simpson et al., 2004). Unlike GTN, no development of tolerance to 
the antianginal effect of nicorandil has been reported (Simpson et al., 2004). Main side-
effects include headache, gastrointestinal disturbances and dizziness, mucosal ulceration, 
including stomatitis and mouth and anal ulcerations. No evidence of proarrhythmia, 
conduction disturbance, exacerbation of myocardial ischemia, infarction, abrupt withdrawal 
syndrome, symptomatic decrease in blood pressure or change in heart rate has been 
observed (Simpson et al., 2004;The Lona Study Group, 2001). Also, no adverse interaction 
has been reported in patients on oral anticoagulants or hypoglycemic agents. The 
pharmacokinetics of nicorandil is unaltered in the elderly or patients with renal or hepatic 
insufficiency (Simpson et al., 2004). Other KCOs like Levcromakalim, aprikalim and 
KRN4884 relax conduit arteries (internal mammary and gastroepiploic arteries) used as 
coronary artery bypass grafts and could be useful in preventing spasm of bypass grafts in 
patients undergoing surgery for atherosclerotic heart disease. 

3.8 Antiplatelets 

Antiplatelet agents are the cornerstone of treatment for patients with ACS undergoing 
percutaneous coronary intervention (PCI).  

3.8.1 Acetylsalicylic acid (Aspirin) 

Platelet activation and aggregation after vulnerable plaque rupture with resultant 
thromboses of varying degrees are key components in the pathophysiology of ACS. 
Acetylsalicylic acid (ASA), causes irreversible acetylation of serine 529 of cyclooxygenase 
(COX-1) in platelets and the endothelium, thereby preventing thromboxane A2 (TXA2) 
production and resultant platelet aggregation. Studies have shown that ASA reduces the 
risk of angina, death, or MI by approximately 30% in patients with coronary artery disease 
(Collaborative overview of randomised trials of antiplatelet therapy-I, 1994; Antithrombotic 
Trialists’ Collaboration, 2002). Although ASA is beneficial for preventing and treating vascular 
disease, ASA does not prevent all thrombotic events from recurring. Patients who have an 
ischemic event and are taking aspirin actually may have worse outcomes than do patients who 
are not taking aspirin (Alexander et al., 1999). This observation that led to the concept of 
“aspirin resistance (Bhatt and Topol, 2003; Patrono, 2003), a term that has been used when 
ASA is ineffective for protecting patients from thrombotic complications, for prolonging 
bleeding times, or for decreasing TXA2 production. Potential causes of aspirin resistance 
include inadequate dosing, drug interactions, genetic polymorphisms of COX-1 and other 
genes involved in TXA2 production, and upregulation of non-platelet sources of TXA2 
production (Hankey and Eikelboom, 2006). Unfortunately, the optimal treatment for aspirin 
resistance, if any, is unknown. The Altering aspirin therapy after a laboratory finding of 
aspirin resistance could be both safe and helpful (Michelson et al., 2005). Aspirin has been 
shown to be beneficial in the primary prevention, secondary prevention, and treatment of ACS 
because of the important role of platelets in thrombus formation. One study suggested that 
prior aspirin use by those who develop an ACS may actually predispose to worse outcomes 
than those not previously taking aspirin (i.e. aspirin paradox) (Santopinto et al., 2001).  
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From the Thrombolysis In Myocardial Infarction (TIMI) trials database of 66,443 patients, 
Rich et al., (2010) demonstrated that prior aspirin use is associated with a high-risk cohort of 
patients but not associated with increased mortality after an ACS, emphasizing that it is 
likely more a marker as opposed to a pathophysiologic factor related to an increased risk. 
Prior aspirin use was associated with an increase in the risk of recurrent myocardial 
infarction and the composite end point of death/recurrent myocardial infraction/ischemia 
requiring urgent revascularization/recent ischemia requiring hospitalization/stroke. This 
may be attributable to confounders that cannot be corrected for, aspirin resistance, or both.  

3.8.2 Thienopyridines 

Thienopyridines, such as ticlopidine, clopidogrel, and the newer agent prasugrel, block 
P2Y12 receptor signaling to prevent production of adenyl cyclase, thereby inhibiting platelet 
activation through adenosine diphosphate (ADP). They also limit ADP-mediated conversion 
of glycoprotein receptor (GPIIb/IIIa) to its active form. Their mechanism of action is 
independent of and complementary to that of aspirin, and the combination of agents is 
superior to aspirin alone. Because thienopyridines take longer than aspirin to cause 
irreversible antiplatelet effects, a loading dose usually is administered. The thienopyridines 
are prodrugs that must be metabolized in vivo into active form. Both prasugrel and 
clopidogrel require CYP450 metabolism for the generation of active metabolites, but the 
pathways leading to conversion to the active metabolites differ between the prodrugs. 

3.8.2.1 Ticlopidine 

A 1st-generation thienopyridine, in combination with ASA, is associated with reducing rates 
of vascular death and MI by 46% in NSTEMI patients (Balsano et al., 1990). It has also been 
shown to be superior to oral anticoagulants in preventing thrombotic complications after 
coronary stent placement (Urban et al., 1998). However, it is used less frequently than the 
newer thienopyridines in current clinical practice because of its potential for side effects 
primarily rash, nausea, neutropenia, and thrombocytopenia (Love et al., 1998). 

3.8.2.2 Clopidogrel  

Second generation thienopyridine, is the most widely studied and used ADP-receptor-
blocking agent. Initial data regarding clopidogrel are derived from the Clopidogrel versus 
Aspirin in Patients at Risk of Ischaemic Events (CAPRIE) study [1996] which reported a 9% 
relative risk reduction in adverse cardiovascular events (vascular death, MI, or ischemic 
stroke) without a significant increase in bleeding. Also this study showed that the risk of the 
primary composite endpoint (cardiovascular death, MI, or stroke) was reduced 20% with the 
use of clopidogrel compared to aspirin. Clopidogrel has demonstrated considerable success 
in reducing thrombotic complications of ACS and/or PCI compared to aspirin alone and is 
standard of care for the management of patients with ACS and when added in patients 
undergoing PCI. In elderly STEMI patients who receive thrombolytics, a loading dose of 
clopidogrel is not recommended due to increased risk of intracerebral hemorrhage. Loading 
dose of clopidogrel is recommended in elderly STEMI patients only if primary PCI is 
performed. In UA/NSTEMI patients with a history of gastrointestinal bleeding, ASA and 
clopidogrel should be given with other agents, such as proton pump inhibitors (PPIs) that 
minimize the risk of recurrent gastrointestinal bleeding. Clopidogrel therapy must also be 
stopped 4 to 7 days before elective coronary artery bypass grafting (CABG), to prevent 
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excessive intraoperative and post-operative bleeding (Mehta et al., 2006; Chu et al., 2004). As 
a result, clinicians might have to delay giving clopidogrel to patients who are undergoing 
early coronary angiography (within 48 hr of hospital admission) until it is clear that these 
patients will not undergo a coronary artery bypass graft surgery (CABG) procedure within 
the next several days. However, there is growing evidence to support broad variability 
among individual patient responses to clopidogrel. This clopidogrel resistance is associated 
with a higher risk of recurrent ischemic complications (Serebruany et al., 2005). The 
mechanisms underlying the variability of response to clopidogrel may be related to poor 
patient compliance, differences in clopidogrel dosing, gastric absorption problems, and 
varying availability and clearance of the active metabolite (O'queli et al., 2007). Genetic 
factors including polymorphisms of hepatic CYP3A—have received special attention (Frere 
et al., 2008). There have been reports of concerns that proton pump inhibitors (PPIs) may 
interfere with clopidogrel’s ability to inhibit platelet aggregation, thereby increasing the risk 
of rehospitalization or death in association with ACS (Li et al., 2004; Juurlink et al., 2009; Ho 
et al., 2009). Combined use of clopidogrel and PPIs was associated with an increased risk of 
death from or rehospitalization for ACS when compared with use of clopidogrel alone (Ho 
et al., 2009). 

3.8.2.3 Prasugrel  

It is an orally administered P2Y12 receptor antagonist that is more potent, more rapid in 
onset, and more consistent in its inhibition of platelet aggregation than clopidogrel. In 
clinical studies, prasugrel has consistently demonstrated greater and more rapid platelet 
inhibition than clopidogrel in healthy subjects, patients with stable coronary artery disease 
and acute coronary syndrome, and those undergoing percutaneous coronary intervention. 
In addition, subjects who are poor responders to clopidogrel respond adequately to 
prasugrel (Brandt et al., 2007; Weerakkody et al., 2007a; 2007b). In the Assess Improvement 
in Therapeutic Outcomes by Optimizing Platelet Inhibition with Prasugrel-Throm-bolysis in 
Myocardial Infarction (TRITON-TIMI 38) trial, prasugrel significantly reduced the 
composite endpoint of cardiovascular death, nonfatal MI, or non-fatal stroke by 19%, when 
compared with clopidogrel (Wiviott et al., 2007). Prasugrel also reduced MI by 24%, the 
need for urgent revascularization by 34%, and stent thrombosis by 52% (Wiviott et al., 2008). 
However, the beneficial effect also was associated with a 0.5% absolute increase in non-
CABG-related TIMI major bleeding and life-threatening bleeding and a 0.3% absolute 
increase in fatal bleeding (Wiviott et al., 2007). TRITON-TIMI 38 trial showed that patients 
with a history of transient ischemic attack or stroke, those who were 75 years or older, and 
those who weighed less than 60 kg were especially at risk of bleeding mainly during the 
maintenance phase (Wiviott et al., 2008; Murphy et al., 2008). 

3.8.3 Nonthienopyridine antiplatelet agents 
Cangrelor and Ticagrelor are direct and reversible inhibitors of the platelet P2Y12 receptor. 
SCH 530348 is an oral protease-activated receptor-1 antagonist. 

3.8.4 Glycoprotein IIb/IIIa inhibitors 

The final common pathway of platelet activation and aggregation involves a conformational 
change of the GPIIb/IIIa receptors from a resting state to an active state. The activated 
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From the Thrombolysis In Myocardial Infarction (TIMI) trials database of 66,443 patients, 
Rich et al., (2010) demonstrated that prior aspirin use is associated with a high-risk cohort of 
patients but not associated with increased mortality after an ACS, emphasizing that it is 
likely more a marker as opposed to a pathophysiologic factor related to an increased risk. 
Prior aspirin use was associated with an increase in the risk of recurrent myocardial 
infarction and the composite end point of death/recurrent myocardial infraction/ischemia 
requiring urgent revascularization/recent ischemia requiring hospitalization/stroke. This 
may be attributable to confounders that cannot be corrected for, aspirin resistance, or both.  

3.8.2 Thienopyridines 

Thienopyridines, such as ticlopidine, clopidogrel, and the newer agent prasugrel, block 
P2Y12 receptor signaling to prevent production of adenyl cyclase, thereby inhibiting platelet 
activation through adenosine diphosphate (ADP). They also limit ADP-mediated conversion 
of glycoprotein receptor (GPIIb/IIIa) to its active form. Their mechanism of action is 
independent of and complementary to that of aspirin, and the combination of agents is 
superior to aspirin alone. Because thienopyridines take longer than aspirin to cause 
irreversible antiplatelet effects, a loading dose usually is administered. The thienopyridines 
are prodrugs that must be metabolized in vivo into active form. Both prasugrel and 
clopidogrel require CYP450 metabolism for the generation of active metabolites, but the 
pathways leading to conversion to the active metabolites differ between the prodrugs. 

3.8.2.1 Ticlopidine 

A 1st-generation thienopyridine, in combination with ASA, is associated with reducing rates 
of vascular death and MI by 46% in NSTEMI patients (Balsano et al., 1990). It has also been 
shown to be superior to oral anticoagulants in preventing thrombotic complications after 
coronary stent placement (Urban et al., 1998). However, it is used less frequently than the 
newer thienopyridines in current clinical practice because of its potential for side effects 
primarily rash, nausea, neutropenia, and thrombocytopenia (Love et al., 1998). 

3.8.2.2 Clopidogrel  

Second generation thienopyridine, is the most widely studied and used ADP-receptor-
blocking agent. Initial data regarding clopidogrel are derived from the Clopidogrel versus 
Aspirin in Patients at Risk of Ischaemic Events (CAPRIE) study [1996] which reported a 9% 
relative risk reduction in adverse cardiovascular events (vascular death, MI, or ischemic 
stroke) without a significant increase in bleeding. Also this study showed that the risk of the 
primary composite endpoint (cardiovascular death, MI, or stroke) was reduced 20% with the 
use of clopidogrel compared to aspirin. Clopidogrel has demonstrated considerable success 
in reducing thrombotic complications of ACS and/or PCI compared to aspirin alone and is 
standard of care for the management of patients with ACS and when added in patients 
undergoing PCI. In elderly STEMI patients who receive thrombolytics, a loading dose of 
clopidogrel is not recommended due to increased risk of intracerebral hemorrhage. Loading 
dose of clopidogrel is recommended in elderly STEMI patients only if primary PCI is 
performed. In UA/NSTEMI patients with a history of gastrointestinal bleeding, ASA and 
clopidogrel should be given with other agents, such as proton pump inhibitors (PPIs) that 
minimize the risk of recurrent gastrointestinal bleeding. Clopidogrel therapy must also be 
stopped 4 to 7 days before elective coronary artery bypass grafting (CABG), to prevent 
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excessive intraoperative and post-operative bleeding (Mehta et al., 2006; Chu et al., 2004). As 
a result, clinicians might have to delay giving clopidogrel to patients who are undergoing 
early coronary angiography (within 48 hr of hospital admission) until it is clear that these 
patients will not undergo a coronary artery bypass graft surgery (CABG) procedure within 
the next several days. However, there is growing evidence to support broad variability 
among individual patient responses to clopidogrel. This clopidogrel resistance is associated 
with a higher risk of recurrent ischemic complications (Serebruany et al., 2005). The 
mechanisms underlying the variability of response to clopidogrel may be related to poor 
patient compliance, differences in clopidogrel dosing, gastric absorption problems, and 
varying availability and clearance of the active metabolite (O'queli et al., 2007). Genetic 
factors including polymorphisms of hepatic CYP3A—have received special attention (Frere 
et al., 2008). There have been reports of concerns that proton pump inhibitors (PPIs) may 
interfere with clopidogrel’s ability to inhibit platelet aggregation, thereby increasing the risk 
of rehospitalization or death in association with ACS (Li et al., 2004; Juurlink et al., 2009; Ho 
et al., 2009). Combined use of clopidogrel and PPIs was associated with an increased risk of 
death from or rehospitalization for ACS when compared with use of clopidogrel alone (Ho 
et al., 2009). 

3.8.2.3 Prasugrel  

It is an orally administered P2Y12 receptor antagonist that is more potent, more rapid in 
onset, and more consistent in its inhibition of platelet aggregation than clopidogrel. In 
clinical studies, prasugrel has consistently demonstrated greater and more rapid platelet 
inhibition than clopidogrel in healthy subjects, patients with stable coronary artery disease 
and acute coronary syndrome, and those undergoing percutaneous coronary intervention. 
In addition, subjects who are poor responders to clopidogrel respond adequately to 
prasugrel (Brandt et al., 2007; Weerakkody et al., 2007a; 2007b). In the Assess Improvement 
in Therapeutic Outcomes by Optimizing Platelet Inhibition with Prasugrel-Throm-bolysis in 
Myocardial Infarction (TRITON-TIMI 38) trial, prasugrel significantly reduced the 
composite endpoint of cardiovascular death, nonfatal MI, or non-fatal stroke by 19%, when 
compared with clopidogrel (Wiviott et al., 2007). Prasugrel also reduced MI by 24%, the 
need for urgent revascularization by 34%, and stent thrombosis by 52% (Wiviott et al., 2008). 
However, the beneficial effect also was associated with a 0.5% absolute increase in non-
CABG-related TIMI major bleeding and life-threatening bleeding and a 0.3% absolute 
increase in fatal bleeding (Wiviott et al., 2007). TRITON-TIMI 38 trial showed that patients 
with a history of transient ischemic attack or stroke, those who were 75 years or older, and 
those who weighed less than 60 kg were especially at risk of bleeding mainly during the 
maintenance phase (Wiviott et al., 2008; Murphy et al., 2008). 

3.8.3 Nonthienopyridine antiplatelet agents 
Cangrelor and Ticagrelor are direct and reversible inhibitors of the platelet P2Y12 receptor. 
SCH 530348 is an oral protease-activated receptor-1 antagonist. 

3.8.4 Glycoprotein IIb/IIIa inhibitors 

The final common pathway of platelet activation and aggregation involves a conformational 
change of the GPIIb/IIIa receptors from a resting state to an active state. The activated 
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GPIIb/IIIa receptors undergo bivalent binding with soluble ligands, with fibrinogen, and, 
under high shear conditions, with von Willebrand factor, which leads to fibrinogen-
mediated cross-linking of platelets; a key event in thrombus formation and thrombosis. 
GPIIb/IIIa inhibitors are potent inhibitors of platelet aggregation by all types of stimuli (for 
example, ADP, serotonin, collagen, and thrombin). Currently three types of GPIIb/IIIa 
inhibitors are used clinically: abciximab, tirofiban, and eptifibatide.  

3.8.4.1 Abciximab  

It is a recombinant human-murine chimeric Fab-fragment with a half-life of 10 minutes. 
Abciximab was initially studied in percutaneous trans-luminal coronary angioplasty (PTCA) 
trials, in the prestent era of the early 1990s. However, the advent of GPIIb/IIIa inhibitors 
revolutionized the use of catheter-based therapies in the treatment of peripheral artery 
disease, cerebrovascular atherosclerotic disease, and various forms of coronary artery 
disease, as well as stable angina, UA, NSTEMI, and STEMI. Results from the Evaluation of 
c7E3 for the Prevention of Ischemic Complications (EPIC) trial showed that in relatively 
high-risk patients (those with UA, evolving MI, or complex angiographic lesion 
morphology) who were given abciximab, there was a 35% reduction in the primary 
composite end-point (death, MI, or recurrent ischemia) compared with patients who 
received a placebo (EPIC investigation, 1994). The c7E3 Fab Antiplatelet Therapy in 
Unstable Refractory Angina (CAPTURE) trial [1997] showed a 30% relative reduction, 
within 30 days after PTCA, in the primary endpoint of death (any cause), myocardial 
infarction, or recurrent ischemia requiring urgent revascularization. Furthermore, abciximab 
reduced the rate of myocardial infarction before, during, and after PTCA, even in patients 
given nitrates and heparin. Also revealed that abciximab facilitated thrombus resolution and 
prevented recurrent ischemia, as measured by continuous electrocardiographic monitoring. 
The Global Use of Strategies to Open Occluded Coronary Arteries IV–Acute Coronary 
Syndrome (GUSTO IV-ACS) trial studied 7,800 UA/NSTEMI patients who were not 
scheduled to undergo early revascularization. The results of the study showed that 
abciximab administration provided no benefit, even in a subgroup of patients who had 
elevated troponin levels (Simoons et al., 2001). 

3.8.4.2 Tirofiban hydrochloride  

It is a low molecular weight nonpeptide derivative of tyrosine with a half-life of 1.3 hours. In 
the Platelet Receptor Inhibition in Ischemic Syndrome Management (PRISM) study (1998), 
3,232 patients with UA were randomlyassigned to receive either heparin or tirofiban for 48 
hours. Results showed a 32% reduction in the rate of death, MI, or refractory ischemia at 48 
hours (3.8% with tirofiban vs 5.6% with heparin), but there was no significant difference in 
the composite endpoint at 30 days (15.9% in the tirofiban group vs 17% in the heparin 
group). In the Platelet Receptor Inhibition in Ischemic Syndrome Management in Patients 
Limited by Unstable Signs and Symptoms (PRISM-PLUS) trial (1998) 1,915 patients with UA 
and non-Q-wave MI were randomly assigned to receive heparin, tirofiban, or both. Patients 
also received ASA in the absence of any contraindications. The tirofiban only arm was 
stopped prematurely because of excess death at 7 days (4.6% vs 1.1% in the heparin-only 
arm). The greatest benefit was seen in the group receiving both heparin and tirofiban, for 
whom the frequency of the composite endpoint (7-day death, MI, or refractory ischemia) 
was reduced (17.9% vs 12.9% in the heparin-only arm). The observed benefit was sustained 
at 30 days (18.5% vs 22%) and at 6 months (27.7% vs 32%).  
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3.8.4.3 Eptifibatide  

It is a cyclic heptapeptide that selectively inhibits the arginin-glycin-aspartate (RGD) motifs 
sequence of the GPIIb/IIIa receptors and has a half-life of 150 minutes. The Platelet 
Glycoprotein IIb/IIIa in Unstable Angina: Receptor Suppression Using Integrilin Therapy 
(PURSUIT) trial (1998) data showed that the administration of eptifibatide resulted in a 10% 
reduction in the relative risk of death and MI at 30 days in patients who had NSTEMI. 
Boersma and colleagues (2002) clarified the importance of GPIIb/IIIa inhibitors in the 
management of moderate to high-risk UA/NSTEMI patients. Boersma’s meta-analysis 
pooled 31,402 patients from six GPIIb/IIIa trials for ACS. Results showed a 10.8% event rate 
in the GPIIb/IIIa inhibitor group (n=18,297), versus an 11.8% event rate in the placebo 
group (n=13,105), and a 9% reduction in the odds ratio of death or MI. The benefit was 
largest in a subset of patients who had evidence of myocardial necrosis, as suggested by 
elevated troponin levels. The magnitude of the treatment effect also was found to be greater 
in patients who underwent a PCI procedure within 5 days. The Early GPIIb/IIIa Inhibition 
in Non-ST-Segment-Elevation Acute Coronary Syndrome (EARLY ACS) trial (Giugliano et 
al., 2009) studied 9,494 high-risk NSTEMI patients undergoing an invasive procedure at 
study centers in 29 countries were randomly assigned to receive either eptifibatide ≥12 
hours before angiography (the early eptifibatide group) or a matching placebo infusion with 
provisional use of eptifibatide after angiography (the delayed-eptifibatide group). Results 
showed no statistical difference in the primary efficacy endpoint of a composite of death, 
MI, or recurrent ischemia requiring urgent revascularization, or in the occurrence of a 
thrombotic complication during PCI (9.3% in the early-eptifibatide group vs 10% in the 
delayed-eptifibatide group). However, early use of eptifibatide was associated with an 
increased risk of nonfatal bleeding and the need for transfusion (Giugliano et al., 2009). 

3.9 Anticoagulants 

Anticoagulants are effective for reducing the occurrence of major ischemic events in patients 
with ACS. The principal adverse effect associated with their use is bleeding. Bleeding 
during anticoagulant therapy is independently associated with an increased risk of MI and 
death, which further offsets the clinical benefit (Eikelboom et al., 2006; Rao et al., 2004). In 
the treatment of non-ST elevation (NSTE) ACS, enoxaparin, a low-molecular-weight heparin 
(LMWH), reduces the odds of death or non-fatal MI by 16% compared with unfractionated 
heparin (UFH) (odds ratio [OR]: 0.84; 95% C.I: 0.76-0.92) but does not reduce death and 
increases the odds of major bleeding by 25% (OR: 1.25; 95% CI: 1.04-1.50) (Murphy et al., 
2007). In the treatment of STEMI, enoxaparin compared with UFH reduces the odds of death 
or non-fatal MI by 22%, but increases the risk of bleeding by 45% and is not associated with 
a mortality benefit. Another LMWH, reviparin, reduces both reinfarction and mortality 
among patients with acute STEMI compared with standard treatment, but increases the risk 
of life-threatening bleeding (Yusuf et al., 2005). 

3.9.1 Unfractionated heparin (UFH) 

Unfractionated heparin is a glycosaminoglycan comprising multiple different polysaccharide 
chain lengths of varying molecular weights. It exerts its anticoagulative effect by activating 
and accelerating the proteolytic activity of plasma cofactor antithrombin (AT). Heparin 
binds to the lysine site on AT, producing a conformational change at the arginine-reactive 
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GPIIb/IIIa receptors undergo bivalent binding with soluble ligands, with fibrinogen, and, 
under high shear conditions, with von Willebrand factor, which leads to fibrinogen-
mediated cross-linking of platelets; a key event in thrombus formation and thrombosis. 
GPIIb/IIIa inhibitors are potent inhibitors of platelet aggregation by all types of stimuli (for 
example, ADP, serotonin, collagen, and thrombin). Currently three types of GPIIb/IIIa 
inhibitors are used clinically: abciximab, tirofiban, and eptifibatide.  

3.8.4.1 Abciximab  

It is a recombinant human-murine chimeric Fab-fragment with a half-life of 10 minutes. 
Abciximab was initially studied in percutaneous trans-luminal coronary angioplasty (PTCA) 
trials, in the prestent era of the early 1990s. However, the advent of GPIIb/IIIa inhibitors 
revolutionized the use of catheter-based therapies in the treatment of peripheral artery 
disease, cerebrovascular atherosclerotic disease, and various forms of coronary artery 
disease, as well as stable angina, UA, NSTEMI, and STEMI. Results from the Evaluation of 
c7E3 for the Prevention of Ischemic Complications (EPIC) trial showed that in relatively 
high-risk patients (those with UA, evolving MI, or complex angiographic lesion 
morphology) who were given abciximab, there was a 35% reduction in the primary 
composite end-point (death, MI, or recurrent ischemia) compared with patients who 
received a placebo (EPIC investigation, 1994). The c7E3 Fab Antiplatelet Therapy in 
Unstable Refractory Angina (CAPTURE) trial [1997] showed a 30% relative reduction, 
within 30 days after PTCA, in the primary endpoint of death (any cause), myocardial 
infarction, or recurrent ischemia requiring urgent revascularization. Furthermore, abciximab 
reduced the rate of myocardial infarction before, during, and after PTCA, even in patients 
given nitrates and heparin. Also revealed that abciximab facilitated thrombus resolution and 
prevented recurrent ischemia, as measured by continuous electrocardiographic monitoring. 
The Global Use of Strategies to Open Occluded Coronary Arteries IV–Acute Coronary 
Syndrome (GUSTO IV-ACS) trial studied 7,800 UA/NSTEMI patients who were not 
scheduled to undergo early revascularization. The results of the study showed that 
abciximab administration provided no benefit, even in a subgroup of patients who had 
elevated troponin levels (Simoons et al., 2001). 

3.8.4.2 Tirofiban hydrochloride  

It is a low molecular weight nonpeptide derivative of tyrosine with a half-life of 1.3 hours. In 
the Platelet Receptor Inhibition in Ischemic Syndrome Management (PRISM) study (1998), 
3,232 patients with UA were randomlyassigned to receive either heparin or tirofiban for 48 
hours. Results showed a 32% reduction in the rate of death, MI, or refractory ischemia at 48 
hours (3.8% with tirofiban vs 5.6% with heparin), but there was no significant difference in 
the composite endpoint at 30 days (15.9% in the tirofiban group vs 17% in the heparin 
group). In the Platelet Receptor Inhibition in Ischemic Syndrome Management in Patients 
Limited by Unstable Signs and Symptoms (PRISM-PLUS) trial (1998) 1,915 patients with UA 
and non-Q-wave MI were randomly assigned to receive heparin, tirofiban, or both. Patients 
also received ASA in the absence of any contraindications. The tirofiban only arm was 
stopped prematurely because of excess death at 7 days (4.6% vs 1.1% in the heparin-only 
arm). The greatest benefit was seen in the group receiving both heparin and tirofiban, for 
whom the frequency of the composite endpoint (7-day death, MI, or refractory ischemia) 
was reduced (17.9% vs 12.9% in the heparin-only arm). The observed benefit was sustained 
at 30 days (18.5% vs 22%) and at 6 months (27.7% vs 32%).  
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3.8.4.3 Eptifibatide  

It is a cyclic heptapeptide that selectively inhibits the arginin-glycin-aspartate (RGD) motifs 
sequence of the GPIIb/IIIa receptors and has a half-life of 150 minutes. The Platelet 
Glycoprotein IIb/IIIa in Unstable Angina: Receptor Suppression Using Integrilin Therapy 
(PURSUIT) trial (1998) data showed that the administration of eptifibatide resulted in a 10% 
reduction in the relative risk of death and MI at 30 days in patients who had NSTEMI. 
Boersma and colleagues (2002) clarified the importance of GPIIb/IIIa inhibitors in the 
management of moderate to high-risk UA/NSTEMI patients. Boersma’s meta-analysis 
pooled 31,402 patients from six GPIIb/IIIa trials for ACS. Results showed a 10.8% event rate 
in the GPIIb/IIIa inhibitor group (n=18,297), versus an 11.8% event rate in the placebo 
group (n=13,105), and a 9% reduction in the odds ratio of death or MI. The benefit was 
largest in a subset of patients who had evidence of myocardial necrosis, as suggested by 
elevated troponin levels. The magnitude of the treatment effect also was found to be greater 
in patients who underwent a PCI procedure within 5 days. The Early GPIIb/IIIa Inhibition 
in Non-ST-Segment-Elevation Acute Coronary Syndrome (EARLY ACS) trial (Giugliano et 
al., 2009) studied 9,494 high-risk NSTEMI patients undergoing an invasive procedure at 
study centers in 29 countries were randomly assigned to receive either eptifibatide ≥12 
hours before angiography (the early eptifibatide group) or a matching placebo infusion with 
provisional use of eptifibatide after angiography (the delayed-eptifibatide group). Results 
showed no statistical difference in the primary efficacy endpoint of a composite of death, 
MI, or recurrent ischemia requiring urgent revascularization, or in the occurrence of a 
thrombotic complication during PCI (9.3% in the early-eptifibatide group vs 10% in the 
delayed-eptifibatide group). However, early use of eptifibatide was associated with an 
increased risk of nonfatal bleeding and the need for transfusion (Giugliano et al., 2009). 

3.9 Anticoagulants 

Anticoagulants are effective for reducing the occurrence of major ischemic events in patients 
with ACS. The principal adverse effect associated with their use is bleeding. Bleeding 
during anticoagulant therapy is independently associated with an increased risk of MI and 
death, which further offsets the clinical benefit (Eikelboom et al., 2006; Rao et al., 2004). In 
the treatment of non-ST elevation (NSTE) ACS, enoxaparin, a low-molecular-weight heparin 
(LMWH), reduces the odds of death or non-fatal MI by 16% compared with unfractionated 
heparin (UFH) (odds ratio [OR]: 0.84; 95% C.I: 0.76-0.92) but does not reduce death and 
increases the odds of major bleeding by 25% (OR: 1.25; 95% CI: 1.04-1.50) (Murphy et al., 
2007). In the treatment of STEMI, enoxaparin compared with UFH reduces the odds of death 
or non-fatal MI by 22%, but increases the risk of bleeding by 45% and is not associated with 
a mortality benefit. Another LMWH, reviparin, reduces both reinfarction and mortality 
among patients with acute STEMI compared with standard treatment, but increases the risk 
of life-threatening bleeding (Yusuf et al., 2005). 

3.9.1 Unfractionated heparin (UFH) 

Unfractionated heparin is a glycosaminoglycan comprising multiple different polysaccharide 
chain lengths of varying molecular weights. It exerts its anticoagulative effect by activating 
and accelerating the proteolytic activity of plasma cofactor antithrombin (AT). Heparin 
binds to the lysine site on AT, producing a conformational change at the arginine-reactive 
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site that converts AT from a slow, progressive thrombin (factor IIa) inhibitor to a rapid 
inhibitor of thrombin and factor Xa thereby preventing thrombus propagation. Only one 
third of any given dose of heparin actually binds to AT and exerts its anticoagulative effect. 
Heparin also binds to a number of different circulating plasma proteins (acute phase 
reactants), blood cells, and endothelial cells, which contributes to its differing 
anticoagulative effects in different patients. Therefore, close and frequent monitoring of the 
activated partial thromboplastin time is necessary to ensure that a safe therapeutic range  
is maintained. In a double-blind, randomized, placebo-controlled trial involving 479 
UA/NSTEMI patients, the incidence of MI was reduced from 11.9% in the placebo group to 
3.3% in the ASA group, 0.8% in the heparin group, and 1.6% in the heparin plus ASA group 
(Theroux et al., 1988). Similarly, the incidence of refractory angina was reduced from 22.9% 
in the placebo group to 16.5% in the ASA group, 8.5% in the heparin group, and 10.7% in the 
heparin plus ASA group. The combination of heparin plus ASA was found to be no more beneficial 
than heparin alone. Meta-analysis using data from 6 randomized trials that included 1,353 
patients found that patients who received a combination of UFH and ASA had a 33% risk 
reduction in cardiovascular death and MI (95% C.I, 2%–56%) than did patients who received 
a placebo (Oler et al., 1996). The ACC/AHA Guidelines state that patients with NSTEMI should 
receive heparin, unless contraindicated. Most trials of UFH involving UA/NSTEMI patients 
recommend heparin therapy for 2 to 5 days. 

3.9.2 Low-molecular-weight heparin 

Low-molecular weight heparin is derived from heparin by chemical or enzymatic 
depolymerization, which yields fragments approximately one third the size of heparin. Most 
of the fragments contain fewer than 18 saccharide units and catalyze the inactivation of 
factor Xa more than of factor IIa (UFH inhibits factors Xa and IIa equally) (Weitz, 1997). 
Compared with UFH, LMWH has lower plasma-protein binding and therefore, a more 
predictable anticoagulative effect, has a greater bioavailability, is conveniently administered 
in subcutaneous doses (once/day or twice/day), and requires less frequent laboratory 
monitoring. Because LMWH is cleared by the kidneys, dosing should be decreased to half in 
patients with creatinine clearances of <30 ml/min and avoided altogether in patients with 
severe renal insufficiency. LMWHs; ardeparin, dalteparin, enoxaparin, nadroparin, 
reviparin, and tinzaparin are now considered the mainstay of antithrombotic agents for the 
prophylaxis and treatment of venous thrombo-embolism (VTE). Dalteparin, enoxaparin, and 
tinzaparin are all approved by the FDA and currently available in the United States. The 
FDA-approved indications vary among the different LMWHs. Dalteparin and enoxaparin 
are indicated for VTE prophylaxis and ACS treatment, while enoxaparin and tinzaparin are 
indicated for treatment of VTE. As enoxaparin has been available since the early 1980s, it is 
the LMWH most widely studied, as reflected by its extended list of FDA-approved 
indications. Fast Revascularization during Instability in Coronary Artery Disease (FRISC) 
trial found that dalteparin (120 IU/kg with a maximal dose of 10,000 IU, twice daily) was 
associated with a 63% relative risk reduction in death or MI (1.8% in the treatment group vs 
4.8% in the placebo group) in the first six days (Swahn and Wallentin, 1997). At 40 days, 
differences in the incidence of MI and death in patients receiving dalteparin persisted, 
although a sub-group analysis revealed that dalteparin’s effect was mostly confined to 
patients who were nonsmokers. In the Efficacy and Safety of Subcutaneous Enoxaparin in 
Non-Q-wave Coronary Events (ESSENCE) trial found that the risk of death, MI, or recurrent 
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angina in patients with UA/NSTEMA was significantly lower in the enoxaparin (1 mg/kg 
twice daily) patients than in the UFH patients (16.6% vs 19.8%). Even at 30 days, the benefit 
remained (19.8% vs 23%), but at the cost of increased minor bleeding (Cohen et al., 1997). 
There was no significant change in the incidence of major bleeding (6.5% vs 7%). The 
Thrombolysis In Myocardial Infarction 11B (TIMI 11B) trial found that enoxaparin may be 
more effective than UFH for reducing death and serious cardiac ischemic events during the 
acute management of UA/NSTEMI patients, without causing a significant increase in the 
rate of major bleeding (Antman et al., 1999). A meta-analysis of the approximately 22,000 
UA/NSTEMI patients enrolled in six randomized trials comparing enoxaparin and UFH 
showed a relative risk reduction of 9% in the combined endpoint of death or MI at 30 days 
for patients receiving enoxaparin (10.1% vs 11% with UFH). There were no significant 
differences in major bleeding at 7 days (Petesern et al., 2004). Enoxaparin was consistently 
beneficial when an early conservative strategy was implemented. The Superior Yield of the New 
Strategy of Enoxaparin, Revascularization and Glycoprotein IIb/IIIa Inhibitors (SYNERGY) 
trial treat UA/NSTEMI patients with an early-invasive strategy taking the primary endpoint 
was all-cause death or nonfatal MI at 30-day follow-up (Ferguson et al., 2004). The primary 
endpoint occurred in 14.5% of patients receiving UFH and in 14% of patients receiving 
enoxaparin (a nonsignificant 3% risk reduction). Enoxaparin therapy was associated with a 
20% increase in TIMI major bleeding in UA/NSTEMI patients undergoing invasive 
procedures, especially CABG procedures. Blazing et al., (2004) showed that the event rates 
in 3,987 patients receiving the GPIIb/IIIa inhibitor tirofiban were similar to those in patients 
receiving enoxaparin and those receiving UFH. The primary endpoint was a composite of 
death, new MI, or refractory ischemia within 7 days. However, the incidence of TIMI major 
bleeding not related to CABG revealed an event rate of 15% in the enoxaparin group 
compared with 4% in the UFH group. Compared with UFH, enoxaparin appears to be superior in 
reducing ischemic events in UA/NSTEMI patients who are treated with early-conservative strategies.  

3.9.3 Factor X (prothrombinase enzyme) inhibitors 

Fondaparinux is a synthetic sulfated pentasaccharide that binds to AT early in the 
coagulation cascade, thereby indirectly inhibiting factor Xa. Its specificity and selectivity, 
combined with its long half-life and 100% bioavailability, enables once-daily anticoagulation 
without the need to monitor the activated clotting time. Fondaparinux inhibits factor Xa 
within the clot itself without inhibiting platelet function, which prevents thrombus 
progression and enhances AT’s effectiveness in a safe manner. The Organization to Assess 
Strategies for Ischemic Syndromes (OASIS) study showed that fondaparinux was 
statistically equivalent to enoxaparin with respect to the primary efficacy endpoint (death, 
MI, or refractory ischemia) at 9 days (5.8% vs 5.7%, respectively). The composite of death, 
MI, refractory ischemia, or major bleeding at 9 days occurred in 7.3% of fondaparinux 
patients vs 9% of enoxaparin patients. The efficacy was maintained for up to six months. 
Major bleeding at 9 days was significantly lower with fondaparinux than with enoxaparin 
(2.2% vs 4.1%). Results from MICHEL-ANGELO OASIS-5 Steering (2005) showed that 
fondaparinux increased the rate of guiding-catheter thrombus formation (29 episodes 
(0.9%]) with fondaparinux vs 8 episodes with enoxaparin (0.3%).  

Bivalirudin is an FDA-approved direct thrombin inhibitor. The Bivalirudin Angioplasty 
Trial (BAT) compared bivalirudin to heparin and found that bivalirudin had superior 
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site that converts AT from a slow, progressive thrombin (factor IIa) inhibitor to a rapid 
inhibitor of thrombin and factor Xa thereby preventing thrombus propagation. Only one 
third of any given dose of heparin actually binds to AT and exerts its anticoagulative effect. 
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(Theroux et al., 1988). Similarly, the incidence of refractory angina was reduced from 22.9% 
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heparin plus ASA group. The combination of heparin plus ASA was found to be no more beneficial 
than heparin alone. Meta-analysis using data from 6 randomized trials that included 1,353 
patients found that patients who received a combination of UFH and ASA had a 33% risk 
reduction in cardiovascular death and MI (95% C.I, 2%–56%) than did patients who received 
a placebo (Oler et al., 1996). The ACC/AHA Guidelines state that patients with NSTEMI should 
receive heparin, unless contraindicated. Most trials of UFH involving UA/NSTEMI patients 
recommend heparin therapy for 2 to 5 days. 
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Low-molecular weight heparin is derived from heparin by chemical or enzymatic 
depolymerization, which yields fragments approximately one third the size of heparin. Most 
of the fragments contain fewer than 18 saccharide units and catalyze the inactivation of 
factor Xa more than of factor IIa (UFH inhibits factors Xa and IIa equally) (Weitz, 1997). 
Compared with UFH, LMWH has lower plasma-protein binding and therefore, a more 
predictable anticoagulative effect, has a greater bioavailability, is conveniently administered 
in subcutaneous doses (once/day or twice/day), and requires less frequent laboratory 
monitoring. Because LMWH is cleared by the kidneys, dosing should be decreased to half in 
patients with creatinine clearances of <30 ml/min and avoided altogether in patients with 
severe renal insufficiency. LMWHs; ardeparin, dalteparin, enoxaparin, nadroparin, 
reviparin, and tinzaparin are now considered the mainstay of antithrombotic agents for the 
prophylaxis and treatment of venous thrombo-embolism (VTE). Dalteparin, enoxaparin, and 
tinzaparin are all approved by the FDA and currently available in the United States. The 
FDA-approved indications vary among the different LMWHs. Dalteparin and enoxaparin 
are indicated for VTE prophylaxis and ACS treatment, while enoxaparin and tinzaparin are 
indicated for treatment of VTE. As enoxaparin has been available since the early 1980s, it is 
the LMWH most widely studied, as reflected by its extended list of FDA-approved 
indications. Fast Revascularization during Instability in Coronary Artery Disease (FRISC) 
trial found that dalteparin (120 IU/kg with a maximal dose of 10,000 IU, twice daily) was 
associated with a 63% relative risk reduction in death or MI (1.8% in the treatment group vs 
4.8% in the placebo group) in the first six days (Swahn and Wallentin, 1997). At 40 days, 
differences in the incidence of MI and death in patients receiving dalteparin persisted, 
although a sub-group analysis revealed that dalteparin’s effect was mostly confined to 
patients who were nonsmokers. In the Efficacy and Safety of Subcutaneous Enoxaparin in 
Non-Q-wave Coronary Events (ESSENCE) trial found that the risk of death, MI, or recurrent 
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angina in patients with UA/NSTEMA was significantly lower in the enoxaparin (1 mg/kg 
twice daily) patients than in the UFH patients (16.6% vs 19.8%). Even at 30 days, the benefit 
remained (19.8% vs 23%), but at the cost of increased minor bleeding (Cohen et al., 1997). 
There was no significant change in the incidence of major bleeding (6.5% vs 7%). The 
Thrombolysis In Myocardial Infarction 11B (TIMI 11B) trial found that enoxaparin may be 
more effective than UFH for reducing death and serious cardiac ischemic events during the 
acute management of UA/NSTEMI patients, without causing a significant increase in the 
rate of major bleeding (Antman et al., 1999). A meta-analysis of the approximately 22,000 
UA/NSTEMI patients enrolled in six randomized trials comparing enoxaparin and UFH 
showed a relative risk reduction of 9% in the combined endpoint of death or MI at 30 days 
for patients receiving enoxaparin (10.1% vs 11% with UFH). There were no significant 
differences in major bleeding at 7 days (Petesern et al., 2004). Enoxaparin was consistently 
beneficial when an early conservative strategy was implemented. The Superior Yield of the New 
Strategy of Enoxaparin, Revascularization and Glycoprotein IIb/IIIa Inhibitors (SYNERGY) 
trial treat UA/NSTEMI patients with an early-invasive strategy taking the primary endpoint 
was all-cause death or nonfatal MI at 30-day follow-up (Ferguson et al., 2004). The primary 
endpoint occurred in 14.5% of patients receiving UFH and in 14% of patients receiving 
enoxaparin (a nonsignificant 3% risk reduction). Enoxaparin therapy was associated with a 
20% increase in TIMI major bleeding in UA/NSTEMI patients undergoing invasive 
procedures, especially CABG procedures. Blazing et al., (2004) showed that the event rates 
in 3,987 patients receiving the GPIIb/IIIa inhibitor tirofiban were similar to those in patients 
receiving enoxaparin and those receiving UFH. The primary endpoint was a composite of 
death, new MI, or refractory ischemia within 7 days. However, the incidence of TIMI major 
bleeding not related to CABG revealed an event rate of 15% in the enoxaparin group 
compared with 4% in the UFH group. Compared with UFH, enoxaparin appears to be superior in 
reducing ischemic events in UA/NSTEMI patients who are treated with early-conservative strategies.  

3.9.3 Factor X (prothrombinase enzyme) inhibitors 

Fondaparinux is a synthetic sulfated pentasaccharide that binds to AT early in the 
coagulation cascade, thereby indirectly inhibiting factor Xa. Its specificity and selectivity, 
combined with its long half-life and 100% bioavailability, enables once-daily anticoagulation 
without the need to monitor the activated clotting time. Fondaparinux inhibits factor Xa 
within the clot itself without inhibiting platelet function, which prevents thrombus 
progression and enhances AT’s effectiveness in a safe manner. The Organization to Assess 
Strategies for Ischemic Syndromes (OASIS) study showed that fondaparinux was 
statistically equivalent to enoxaparin with respect to the primary efficacy endpoint (death, 
MI, or refractory ischemia) at 9 days (5.8% vs 5.7%, respectively). The composite of death, 
MI, refractory ischemia, or major bleeding at 9 days occurred in 7.3% of fondaparinux 
patients vs 9% of enoxaparin patients. The efficacy was maintained for up to six months. 
Major bleeding at 9 days was significantly lower with fondaparinux than with enoxaparin 
(2.2% vs 4.1%). Results from MICHEL-ANGELO OASIS-5 Steering (2005) showed that 
fondaparinux increased the rate of guiding-catheter thrombus formation (29 episodes 
(0.9%]) with fondaparinux vs 8 episodes with enoxaparin (0.3%).  

Bivalirudin is an FDA-approved direct thrombin inhibitor. The Bivalirudin Angioplasty 
Trial (BAT) compared bivalirudin to heparin and found that bivalirudin had superior 
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clinical outcomes in terms of reducing the rate of death, MI, and revascularization (6.2% vs 
7.9% for bivalirudin versus heparin). Also, bivalirudin was associated with a decreased 
frequency of hemorrhage compared with heparin (3.5% vs 9.3%) (Bittl et al., 2001). In a similar 
study (Comparison of Abciximab Complications with Hirulog Ischemic Events Trial 
[CACHET]), bivalirudin plus provisional abciximab was compared with heparin plus planned 
abciximab (Lincoff et al., 2002). Again, bivalirudin had superior clinical outcomes regarding 
death, MI, revascularization, and major hemorrhage at seven days (14.1% vs 3.5% for heparin 
versus bivalirudin). Bivalirudin is addressed in the guidelines as an option for invasive 
management of ACS. It was studied in 6010 low- to moderate-risk patients undergoing urgent 
or elective PCI in the REPLACE-2 trial (Lincoff et al., 2003). In that study, the primary 
composite endpoint (death, MI, urgent repeat revascularization, or in-hospital major bleeding) 
occurred in 9.2% of patients in the bivalirudin group vs 10% of those in the heparin plus GP 
IIb/IIIa group within 30 days of randomization. There was no significant difference between 
bivalirudin alone compared with heparin plus a GP IIb/IIIa inhibitor for the composite 
ischemia endpoint. In addition, bivalirudin alone was shown to have a significantly lower rate 
of major bleeding and reduced rate of the net clinical outcome (Stone et al., 2006).  

3.10 Thrombolytics 

All available fibrin-specific thrombolytic agents have the same general mechanism of 
fibrinolysis. They have the property of fibrin-enhanced conversion of plasminogen to 
plasmin. When introduced into systemic circulation at pharmacologic concentrations, they 
preferentially bind to fibrin in a thrombus and catalyze cleavage of entrapped plasminogen 
to plasmin. This begins local fibrinolysis with limited systemic proteolysis. These agents 
differ from the prototype streptokinase (nonfibrin-specific) in that they enzymatically cleave 
plasminogen to plasmin, whereas streptokinase causes an indirect conformational change in 
the plasminogen molecule, which then acts as plasmin. Examples of these agents include 
alteplase (rt-PA), reteplase (r-PA) and tenecteplase (TNK) which are approved for treatment 
of acute myocardial infarction. As measured by decreases in plasminogen and fibrinogen 
levels, r-PA, rt-PA, and TNK have increasing fibrin specificity. TNK, is a genetically 
engineered variant of rt-PA. Its name refers to the sites of amino acid modification (T103N, 
N117Q, KHRR 296-299 AAAA). This modification is believed responsible for the increased 
fibrin specificity compared with r-PA and rt-PA. TNK has improved resistance to 
inactivation by plasminogen activator inhibitor-1 (PAI-1) compared with rt-PA (Collen et al., 
1994; Keyt et al., 1994). Plasminogen activator inhibitor-1 is an endogenous substance 
capable of rapidly binding and inhibiting both single-chain and two-chain endogenous 
tissue plasminogen activator (t-PA), and similarly inactivates r-PA and rt-PA (Nordt et al., 
1998). Thrombolytic therapy reduced the mortality of patients with acute myocardial 
infarction. Survival benefit is documented with streptokinase, anistreplase, rt-PA, r-PA, and 
TNK. Thrombolysis trials showed thrombolytics to be beneficial in most patients; however, 
approximately 25% of patients eligible for therapy do not receive it, with those at highest 
risk for death least likely to be treated (Barron et al., 1998). The available data showed the 
efficacy fibrin-specific thrombolytic drugs in establishing the patency in an occluded 
coronary artery. These studies were specifically designed to measure patency rates, not 
mortality rates, as the primary outcome. Also r-pA-rt-PA and TNK improve the survival 
rate and provide similar combined mortality benefit after acute myocardial infarction. In all 
trials the most critical adverse event was bleeding. Intracranial hemorrhage occurred at a 
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rate less than 1% with r-PA, rt-PA, and TNK, with higher frequency in patients older than 75 
years. Other noncerebral major bleeding complication requiring blood transfusion occurred 
at a similar rate with r-PA and rt-PA, and was significantly less with TNK. No other adverse 
events have been reported. Unlike streptokinase, rechallenge with fibrin-specific agents does 
not produce an antigenic response. Contraindications for r-PA, rt-PA, and TNK include 
active internal bleeding; intracranial or intraspinal surgery or trauma within 2 or fewer 
months; intracranial neoplasm, arteriovenous malformation, or aneurysm; bleeding 
diathesis; and severe uncontrolled hypertension. Conditions that may increase the risk of 
bleeding (warnings) are recent major surgery (≤ 10 days), cerebrovascular disease, recent (≥ 
10 days) gastrointestinal or genitourinary bleeding, recent (< 10 days) trauma, hypertension 
(≥ 180 mm Hg systolic, ≥ 110 mm Hg diastolic), acute pericarditis, subacute bacterial 
endocarditis, hemostatic defects secondary to severe hepatic or renal disease, significant 
liver dysfunction, pregnancy, retinopathy, current therapy with oral anticoagulants 
(warfarin), and septic thrombophlebitis. Although advanced age (> 75 yrs) increases the risk 
of bleeding, these patients still experience significant benefit from therapy. 

3.11 Angiotensin converting enzyme inhibitors (ACEIs) 

Angiotensin-converting enzyme inhibitors (ACEIs) have been shown to reduce the rate of 
mortality and to prevent cardiovascular events in patients with coronary artery disease, 
especially after acute myocardial infarction (The EUROPA, 2003; Pfeffer et al., 1995). The 
authors of the EUROPA (European Trial on Reduction of Cardiac Events With Perindopril in 
Stable Coronary Artery Disease) study showed a 14% reduction in total rate of mortality, 
nonfatal MI, unstable angina, and cardiac arrest. ACEIs, through the reduction of angiotensin 
II and increased bradykinin availability, explicate their cardioprotective proprieties on left 
ventricular afterload and remodeling, improving cardiac hemodynamics, and reducing 
ventricular mass (Okin et al., 2003). In addition to lowering blood pressure, ACEIs possess a 
vasculoprotective and anti-ischemic action through their antiatherosclerotic, antithrombotic, 
anti-inflammatory effects (Brasier et al., 2002).Long-term treatment with ACE inhibitors after 
myocardial infarction is associated with improved outcomes, especially in patients with left 
ventricular systolic ejection fraction less than 40%. Elderly ACS patients appear to derive 
greater benefit from ACE inhibitors than their younger counterparts. ARBs should be used as 
an alternative in ACE inhibitor intolerant patients. ACE inhibitors and angiotensin receptor 
blockers (ARBs) are not part of the initial management of ACS patients and should not be 
started until the patient is stabilized and is ready for hospital discharge. Renal function and 
electrolytes should be monitored closely, especially in elderly patients. 

3.12 Lipid lowering agents; HMG-Co reductase inhibitors; Statins 

Statins were initially identified as secondary metabolites of fungi. One of the first natural 
inhibitors of HMG-CoA reductase, ML-236B, was isolated as a metabolite from cultures of 
Penicillium citrinum and was shown to be an extremely potent competitive inhibitor of 
HMG-CoA reductase. Statins are either hydrophilic such as pravastatin and rosuvastatin or 
lipophilic statins e.g. atorvastatin and simvastatin. The beneficial effects of statins extend to 
patients regardless of age, sex, or baseline cholesterol levels. The pleiotropic (pleiotropy” 
comes from the Greek words pleio, which means many, and trepein, which means 
influencing) effects of statins include:  
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clinical outcomes in terms of reducing the rate of death, MI, and revascularization (6.2% vs 
7.9% for bivalirudin versus heparin). Also, bivalirudin was associated with a decreased 
frequency of hemorrhage compared with heparin (3.5% vs 9.3%) (Bittl et al., 2001). In a similar 
study (Comparison of Abciximab Complications with Hirulog Ischemic Events Trial 
[CACHET]), bivalirudin plus provisional abciximab was compared with heparin plus planned 
abciximab (Lincoff et al., 2002). Again, bivalirudin had superior clinical outcomes regarding 
death, MI, revascularization, and major hemorrhage at seven days (14.1% vs 3.5% for heparin 
versus bivalirudin). Bivalirudin is addressed in the guidelines as an option for invasive 
management of ACS. It was studied in 6010 low- to moderate-risk patients undergoing urgent 
or elective PCI in the REPLACE-2 trial (Lincoff et al., 2003). In that study, the primary 
composite endpoint (death, MI, urgent repeat revascularization, or in-hospital major bleeding) 
occurred in 9.2% of patients in the bivalirudin group vs 10% of those in the heparin plus GP 
IIb/IIIa group within 30 days of randomization. There was no significant difference between 
bivalirudin alone compared with heparin plus a GP IIb/IIIa inhibitor for the composite 
ischemia endpoint. In addition, bivalirudin alone was shown to have a significantly lower rate 
of major bleeding and reduced rate of the net clinical outcome (Stone et al., 2006).  

3.10 Thrombolytics 

All available fibrin-specific thrombolytic agents have the same general mechanism of 
fibrinolysis. They have the property of fibrin-enhanced conversion of plasminogen to 
plasmin. When introduced into systemic circulation at pharmacologic concentrations, they 
preferentially bind to fibrin in a thrombus and catalyze cleavage of entrapped plasminogen 
to plasmin. This begins local fibrinolysis with limited systemic proteolysis. These agents 
differ from the prototype streptokinase (nonfibrin-specific) in that they enzymatically cleave 
plasminogen to plasmin, whereas streptokinase causes an indirect conformational change in 
the plasminogen molecule, which then acts as plasmin. Examples of these agents include 
alteplase (rt-PA), reteplase (r-PA) and tenecteplase (TNK) which are approved for treatment 
of acute myocardial infarction. As measured by decreases in plasminogen and fibrinogen 
levels, r-PA, rt-PA, and TNK have increasing fibrin specificity. TNK, is a genetically 
engineered variant of rt-PA. Its name refers to the sites of amino acid modification (T103N, 
N117Q, KHRR 296-299 AAAA). This modification is believed responsible for the increased 
fibrin specificity compared with r-PA and rt-PA. TNK has improved resistance to 
inactivation by plasminogen activator inhibitor-1 (PAI-1) compared with rt-PA (Collen et al., 
1994; Keyt et al., 1994). Plasminogen activator inhibitor-1 is an endogenous substance 
capable of rapidly binding and inhibiting both single-chain and two-chain endogenous 
tissue plasminogen activator (t-PA), and similarly inactivates r-PA and rt-PA (Nordt et al., 
1998). Thrombolytic therapy reduced the mortality of patients with acute myocardial 
infarction. Survival benefit is documented with streptokinase, anistreplase, rt-PA, r-PA, and 
TNK. Thrombolysis trials showed thrombolytics to be beneficial in most patients; however, 
approximately 25% of patients eligible for therapy do not receive it, with those at highest 
risk for death least likely to be treated (Barron et al., 1998). The available data showed the 
efficacy fibrin-specific thrombolytic drugs in establishing the patency in an occluded 
coronary artery. These studies were specifically designed to measure patency rates, not 
mortality rates, as the primary outcome. Also r-pA-rt-PA and TNK improve the survival 
rate and provide similar combined mortality benefit after acute myocardial infarction. In all 
trials the most critical adverse event was bleeding. Intracranial hemorrhage occurred at a 
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rate less than 1% with r-PA, rt-PA, and TNK, with higher frequency in patients older than 75 
years. Other noncerebral major bleeding complication requiring blood transfusion occurred 
at a similar rate with r-PA and rt-PA, and was significantly less with TNK. No other adverse 
events have been reported. Unlike streptokinase, rechallenge with fibrin-specific agents does 
not produce an antigenic response. Contraindications for r-PA, rt-PA, and TNK include 
active internal bleeding; intracranial or intraspinal surgery or trauma within 2 or fewer 
months; intracranial neoplasm, arteriovenous malformation, or aneurysm; bleeding 
diathesis; and severe uncontrolled hypertension. Conditions that may increase the risk of 
bleeding (warnings) are recent major surgery (≤ 10 days), cerebrovascular disease, recent (≥ 
10 days) gastrointestinal or genitourinary bleeding, recent (< 10 days) trauma, hypertension 
(≥ 180 mm Hg systolic, ≥ 110 mm Hg diastolic), acute pericarditis, subacute bacterial 
endocarditis, hemostatic defects secondary to severe hepatic or renal disease, significant 
liver dysfunction, pregnancy, retinopathy, current therapy with oral anticoagulants 
(warfarin), and septic thrombophlebitis. Although advanced age (> 75 yrs) increases the risk 
of bleeding, these patients still experience significant benefit from therapy. 

3.11 Angiotensin converting enzyme inhibitors (ACEIs) 

Angiotensin-converting enzyme inhibitors (ACEIs) have been shown to reduce the rate of 
mortality and to prevent cardiovascular events in patients with coronary artery disease, 
especially after acute myocardial infarction (The EUROPA, 2003; Pfeffer et al., 1995). The 
authors of the EUROPA (European Trial on Reduction of Cardiac Events With Perindopril in 
Stable Coronary Artery Disease) study showed a 14% reduction in total rate of mortality, 
nonfatal MI, unstable angina, and cardiac arrest. ACEIs, through the reduction of angiotensin 
II and increased bradykinin availability, explicate their cardioprotective proprieties on left 
ventricular afterload and remodeling, improving cardiac hemodynamics, and reducing 
ventricular mass (Okin et al., 2003). In addition to lowering blood pressure, ACEIs possess a 
vasculoprotective and anti-ischemic action through their antiatherosclerotic, antithrombotic, 
anti-inflammatory effects (Brasier et al., 2002).Long-term treatment with ACE inhibitors after 
myocardial infarction is associated with improved outcomes, especially in patients with left 
ventricular systolic ejection fraction less than 40%. Elderly ACS patients appear to derive 
greater benefit from ACE inhibitors than their younger counterparts. ARBs should be used as 
an alternative in ACE inhibitor intolerant patients. ACE inhibitors and angiotensin receptor 
blockers (ARBs) are not part of the initial management of ACS patients and should not be 
started until the patient is stabilized and is ready for hospital discharge. Renal function and 
electrolytes should be monitored closely, especially in elderly patients. 

3.12 Lipid lowering agents; HMG-Co reductase inhibitors; Statins 

Statins were initially identified as secondary metabolites of fungi. One of the first natural 
inhibitors of HMG-CoA reductase, ML-236B, was isolated as a metabolite from cultures of 
Penicillium citrinum and was shown to be an extremely potent competitive inhibitor of 
HMG-CoA reductase. Statins are either hydrophilic such as pravastatin and rosuvastatin or 
lipophilic statins e.g. atorvastatin and simvastatin. The beneficial effects of statins extend to 
patients regardless of age, sex, or baseline cholesterol levels. The pleiotropic (pleiotropy” 
comes from the Greek words pleio, which means many, and trepein, which means 
influencing) effects of statins include:  
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1. Improve endothelial function in patients with hypercholesterolemia and atherosclerosis 
via up-regulating eNOS. 

2. Attenuate cytokine-mediated vascular smooth muscle cell (VSMC) proliferation in 
coronary artery smooth muscle cells and also inhibit pathological proliferation such as 
that observed in transplant-associated arteriopathy 

3. Could inhibit cardiac hypertrophy through an antioxidant mechanism involving 
inhibition of Rac1 geranylgeranylation 

4. Exert protective function against ischemic myocardial injury 
5.  Inhibit platelets aggregation 
6. Modulate immune activation and to exert anti-inflammatory effects on the vascular 

wall by decreasing the number of inflammatory cells in atherosclerotic plaques 
7. Contribute to plaque stability by reducing plaque size or by modifying the 

physiochemical properties of the lipid core 
8. Protect the brain from Alzheimer's dementia 

Statins very effective in the reduction of mortality and non-fatal cardiovascular events rates 
in both primary and secondary prevention of ischemic heart disease. Statins via their 
pleotropic effects inhibit the pathogenic pathways of coronary artery disease. They reduce 
total-and LDL-cholesterol accumulation in plaque, endothelial dysfunction, activation of 
inflammation and thrombus formation. An increasing number of observations demonstrate 
that statins may play a beneficial role not only in early secondary prevention but also 
directly in the therapy of ACS i.e. when statin treatment is started as first-line care in 
clinically unstable patient. The study of Ostadal et al., (2010) failed to demonstrate the 
beneficial effect of fluvastatin as first line therapy in acute coronary syndrome on the serum 
markers of inflammation and plaque instability; C-reactive protein, interleukin 6, 
pregnancy-associated plasma protein A (PAPP-A/proMBP). Statins is the most efficacious 
therapies for patients with established coronary disease, and evidences suggest that these 
agents are beneficial in the setting of ACS. Intensive lipid-lowering therapy reduces adverse 
clinical events, including death and MI, compared with moderate-dose therapy in patients 
with acute coronary syndrome (de Lemos et al., 2004). The best recognized and most 
commonly reported adverse effects of statins are muscle adverse effects and include muscle 
pain, fatigue and weakness as well as rhabdomyolysis. Fibrates, particularly gemfibrozil, 
amplify the risk of rhabdomyolysis on statins (most powerfully for cerivastatin), due to their 
effect of impeding statin metabolism and perhaps their additional lipid-modifying effects. 
Concurrent administration of statins with CYP3A4 inhibitors (e.g. cyclosporine, erythromycin, 
azole antifungal and antiretrovirals such as ritonavir.) may raise statin concentrations and risk 
of toxicity, including rhabdomyolysis. Grapefruit juice and perhaps pomegranate juice inhibit 
CYP3A4 and have been presumptively linked to statin rhabdomyolysis. Non muscle statin 
adverse effects include cognitive problems, gastrointestinal and neurological symptoms, 
psychiatric symptoms, sleep problems, glucose elevations. 

4. Miscellaneous 
Perhexiline has been used as an antianginal drug since the early 1970s (Armstrong et al., 
1974) when its mode of action was thought to be via coronary artery vasodilatation mediated 
by calcium channel antagonism (Opie, 1980). Perhexiline is now thought to exert its anti-
anginal action primarily by inhibiting the enzyme carnitine palmitoyltransferase (Kennedy 
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et al., 1996). This inhibition reduces fatty acid metabolism in favour of carbohydrate 
metabolism which increases available energy for the same amount of oxygen. Perhexiline is 
relatively free of negative inotropic effects and does not increase airways resistance and is 
therefore not contraindicated in such situations. Perhexiline has been shown to be superior 
to β-adrenoceptor blockers in its ability to reduce the frequency of anginal attacks and in 
addition, because it has a different mode of action, it provides additional antianginal benefit 
when added to existing agents (Stewart et al., 1996). Its use declined in the mid 1970s 
(Horowitz, 1995) because of the occurrence of severe adverse effects during long-term 
therapy including neuropathy and hepatotoxicity (Cooper et al., 1985). The incidence of 
these adverse effects was noted to be related to plasma perhexiline concentration and it was 
observed that adverse effects could be prevented if plasma concentrations were kept below 
defined values (Pilcher et al., 1985; Horowitz., 1986). 

l-carnitine 

L-carnitine is a naturally occurring amino acid essential for the transport of fatty acids into 
the mitochondria. It involved in oxidation of long-chain fatty acids and stabilization of 
cellular membranes and is also a free-radical scavenger. Skeletal and cardiac muscle use 
fatty acids as main source of energy, therefore, carnitine deficiency mainly manifests as 
dysfunction of the above tissues. Carnitine depletion can also cause hypoglycemia, 
hyperammonemia, hypoketonemia, coma, seizures, and developmental disorders. Cardiac 
muscle contains very high levels of carnitine compared with other tissues. Myocardial 
ischemia has been shown to deplete carnitine levels in the myocardium. When combined 
with elevated levels of fatty acids during ischemia, this leads to elevation of toxic 
metabolites of fatty acid esterification. It has been suggested that depletion of free L-
carnitine in the ischemic myocardium can impair the electrical and contractile activities of 
the heart. Carnitine may make cardiomyocytes more resistant to free radicals. Another 
proposed mechanism is through shifting the metabolism from fatty acid oxidation to 
glucose oxidation. Propionyl L-carnitine (PLC) is a carnitine derivative that may have 
enhanced beneficial effects compared with carnitine. Carnitine significantly reduced left 
ventricular end-diastolic, end-systolic pressures, and infarct size in patients presenting with 
acute myocardial infarction and reduced the mortality rate from heart failure (Iliceto et al., 
1995; Singh et al., 1996). In patients with chronic stable angina, carnitine improved exercise 
tolerance; significant improvements in exercise duration and time needed for ST-segment 
changes to return to baseline (Iyer et al., 2000). 

Ribose 

Ribose is a pentose sugar that has been shown in numerous animal experiments to 
enhance ATP production and improve cardiac function. Ribose can enhance metabolism 
by entering the pentose phosphate pathway and bypassing the rate limiting enzymes  
of glucose-6-phosphate dehydrogenase and 6-phosphogluconate-dehydrogenase. It 
improves the time to ST-segment depression and time to moderate angina, and diastolic 
relaxation by restoring ATP levels (Pliml et al., 1992). Ribose supplementation improves 
diastolic heart function, increases exercise tolerance and enhances patient quality of life. 
These benefits are provided by the role ribose plays in increasing cardiac energy reserves 
that become depressed during ischemia or hypoxia associated with coronary artery 
disease or congestive heart failure. 
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1. Improve endothelial function in patients with hypercholesterolemia and atherosclerosis 
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4. Exert protective function against ischemic myocardial injury 
5.  Inhibit platelets aggregation 
6. Modulate immune activation and to exert anti-inflammatory effects on the vascular 

wall by decreasing the number of inflammatory cells in atherosclerotic plaques 
7. Contribute to plaque stability by reducing plaque size or by modifying the 

physiochemical properties of the lipid core 
8. Protect the brain from Alzheimer's dementia 
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directly in the therapy of ACS i.e. when statin treatment is started as first-line care in 
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beneficial effect of fluvastatin as first line therapy in acute coronary syndrome on the serum 
markers of inflammation and plaque instability; C-reactive protein, interleukin 6, 
pregnancy-associated plasma protein A (PAPP-A/proMBP). Statins is the most efficacious 
therapies for patients with established coronary disease, and evidences suggest that these 
agents are beneficial in the setting of ACS. Intensive lipid-lowering therapy reduces adverse 
clinical events, including death and MI, compared with moderate-dose therapy in patients 
with acute coronary syndrome (de Lemos et al., 2004). The best recognized and most 
commonly reported adverse effects of statins are muscle adverse effects and include muscle 
pain, fatigue and weakness as well as rhabdomyolysis. Fibrates, particularly gemfibrozil, 
amplify the risk of rhabdomyolysis on statins (most powerfully for cerivastatin), due to their 
effect of impeding statin metabolism and perhaps their additional lipid-modifying effects. 
Concurrent administration of statins with CYP3A4 inhibitors (e.g. cyclosporine, erythromycin, 
azole antifungal and antiretrovirals such as ritonavir.) may raise statin concentrations and risk 
of toxicity, including rhabdomyolysis. Grapefruit juice and perhaps pomegranate juice inhibit 
CYP3A4 and have been presumptively linked to statin rhabdomyolysis. Non muscle statin 
adverse effects include cognitive problems, gastrointestinal and neurological symptoms, 
psychiatric symptoms, sleep problems, glucose elevations. 

4. Miscellaneous 
Perhexiline has been used as an antianginal drug since the early 1970s (Armstrong et al., 
1974) when its mode of action was thought to be via coronary artery vasodilatation mediated 
by calcium channel antagonism (Opie, 1980). Perhexiline is now thought to exert its anti-
anginal action primarily by inhibiting the enzyme carnitine palmitoyltransferase (Kennedy 
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et al., 1996). This inhibition reduces fatty acid metabolism in favour of carbohydrate 
metabolism which increases available energy for the same amount of oxygen. Perhexiline is 
relatively free of negative inotropic effects and does not increase airways resistance and is 
therefore not contraindicated in such situations. Perhexiline has been shown to be superior 
to β-adrenoceptor blockers in its ability to reduce the frequency of anginal attacks and in 
addition, because it has a different mode of action, it provides additional antianginal benefit 
when added to existing agents (Stewart et al., 1996). Its use declined in the mid 1970s 
(Horowitz, 1995) because of the occurrence of severe adverse effects during long-term 
therapy including neuropathy and hepatotoxicity (Cooper et al., 1985). The incidence of 
these adverse effects was noted to be related to plasma perhexiline concentration and it was 
observed that adverse effects could be prevented if plasma concentrations were kept below 
defined values (Pilcher et al., 1985; Horowitz., 1986). 

l-carnitine 

L-carnitine is a naturally occurring amino acid essential for the transport of fatty acids into 
the mitochondria. It involved in oxidation of long-chain fatty acids and stabilization of 
cellular membranes and is also a free-radical scavenger. Skeletal and cardiac muscle use 
fatty acids as main source of energy, therefore, carnitine deficiency mainly manifests as 
dysfunction of the above tissues. Carnitine depletion can also cause hypoglycemia, 
hyperammonemia, hypoketonemia, coma, seizures, and developmental disorders. Cardiac 
muscle contains very high levels of carnitine compared with other tissues. Myocardial 
ischemia has been shown to deplete carnitine levels in the myocardium. When combined 
with elevated levels of fatty acids during ischemia, this leads to elevation of toxic 
metabolites of fatty acid esterification. It has been suggested that depletion of free L-
carnitine in the ischemic myocardium can impair the electrical and contractile activities of 
the heart. Carnitine may make cardiomyocytes more resistant to free radicals. Another 
proposed mechanism is through shifting the metabolism from fatty acid oxidation to 
glucose oxidation. Propionyl L-carnitine (PLC) is a carnitine derivative that may have 
enhanced beneficial effects compared with carnitine. Carnitine significantly reduced left 
ventricular end-diastolic, end-systolic pressures, and infarct size in patients presenting with 
acute myocardial infarction and reduced the mortality rate from heart failure (Iliceto et al., 
1995; Singh et al., 1996). In patients with chronic stable angina, carnitine improved exercise 
tolerance; significant improvements in exercise duration and time needed for ST-segment 
changes to return to baseline (Iyer et al., 2000). 

Ribose 

Ribose is a pentose sugar that has been shown in numerous animal experiments to 
enhance ATP production and improve cardiac function. Ribose can enhance metabolism 
by entering the pentose phosphate pathway and bypassing the rate limiting enzymes  
of glucose-6-phosphate dehydrogenase and 6-phosphogluconate-dehydrogenase. It 
improves the time to ST-segment depression and time to moderate angina, and diastolic 
relaxation by restoring ATP levels (Pliml et al., 1992). Ribose supplementation improves 
diastolic heart function, increases exercise tolerance and enhances patient quality of life. 
These benefits are provided by the role ribose plays in increasing cardiac energy reserves 
that become depressed during ischemia or hypoxia associated with coronary artery 
disease or congestive heart failure. 
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Dichloracetate (DCA) 

Dichloroacetate (DCA) can overcome fatty acid inhibition of glucose oxidation by 
stimulating the pyruvate dehydrogenase complex, the rate-limiting enzyme for glucose 
oxidation (Stacpoole et al., 1998). By this effect, DCA enhances contractile function during 
reperfusion and significantly improves cardiac efficiency. The beneficial effect of DCA in 
ischemia-reperfusion injury may be attributed to: 

1. DCA reduces the proton production from glucose metabolism. This was associated with 
an increase in the rate of intracellular pH recovery as well as in improvement in cardiac 
efficiency (Liu et al., 1999).  

2. DCA may exert its beneficial effects by influencing mitochondrial proton leak. Proton 
leak occurs when proton motive force is consumed without ATP synthesis (Brand et al., 
1994). 

In clinical studies, DCA has been shown to increase left ventricular stroke volume in 
patients with coronary artery disease and dramatically improve recovery of cardiac work 
following ischemia. DCA improves acidosis in critically ill patients and, likewise, improves 
myocardial hemodynamics in those with chronic coronary artery disease and congestive 
heart failure; however, its metabolism is variable and clinical data on its use in chronic 
ischemic heart disease are limited (Schofield and Hill, 2001). The use of DCA is limited by its 
low potency (blood levels need to approach millimolar levels) and short half-life. 

Glucose Insulin Potassium (GIK) 

Glucose-insulin-potassium (GIK) therapy is one of the most widely investigated approaches 
used in a clinical setting; it was first reported in 1962 with results from new trials continuing 
to be published. In the 1960's Sodi-Pallares refined the treatment by adding insulin and 
potassium to the infusion, and demonstrated that the treatment was effective for the 
arrhythmias and angina (Sodi-Pallares et al., 1962; 1963).   

The beneficial effects of hyperglycemia and hyperinsulinemia could be due to: 

1. An increase glycolytically derived ATP 

2. An increase in pyruvate dehydrogenase enzyme activity due to decreased plasma 
FFA concentration and elevated insulin levels, resulting in less lactate and H+ 
accumulation 

3. Less accumulation of noxious fatty-acyl CoAs due to lower FFA levels.  

Glucose and insulin infusion was also decrease infarct size and prevent the fall in creatine 
phosphate, ATP and pH in animal models of ischemia/reperfusion injury (Maroko et al., 
1972; Opie and Owen, 1976). Clinical trials with glucose and insulin infusion following 
myocardial infarction) or coronary artery by-pass surgery (Gradinak et al., 1989) have 
generally been favorable. Although in general GIK therapy is found to improve outcome 
after acute myocardial infarction, this is not a uniform observation (Pache et al., 2004). The 
most frequently mechanism underlying the protection associated with increased myocardial 
glucose use are that it improves efficiency by decreasing oxygen consumption and improves 
the coupling between glucose oxidation and glycolysis, thereby reducing intracellular 
acidosis (Liu et al., 2002). Glucose and insulin infusions have been used to raise glycogen 
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levels prior to cardiac surgery. In general, an infusion of glucose and insulin results in 
hyperglycemia (>10 mM), hyperinsulinemia (>80 μU/ml), and low plasma FFA levels (<0.3 
mM) (Wisneski et al., 1990). Hyperglycemia and hyperinsulinemia result in an increase in 
glycogen synthesis. Studies in patients have shown that infusing glucose and insulin 
overnight prior to cardiac surgery results in a 50–70% increase in cardiac glycogen 
concentration and improved clinical outcome from cardiac surgery (Berggren et al., 1982). 
Coronary-artery-bypass graft patients with elevated preoperative myocardial glycogen 
levels had reduced serum levels of myocardial enzymes during the post-operative period 
and a lower incidence of arrhythmias.  

Etomoxir 

Etomoxir (ethyl 2-[6-(4-chlorophenoxy)hexyl]oxirane-2-carboxylate) is an inhibitor of 
carnitine palmitoyltransferase I enzyme (CPT I). It is of potential interest in the treatment of 
diabetes since inhibition of fatty acid oxidation should increase glucose utilization and 
decrease gluconeogenesis. By inhibiting fatty acid oxidation, fatty acid-induced inhibition of 
glycolysis may be overcome, thereby increasing glucose utilization. As a result of inhibition 
the CPT I the myocardial fatty acid oxidation is reduced and thereby relieves fatty acid 
inhibition of pyruvate dehydrogenase enzyme activity, and increases the oxidation of 
glucose and lactate. This has anti-ischaemic efficacy and improves cardiac function during 
the recovery from ischaemia. However, long-term administration of such agent has been 
found to be associated with toxicity problems, and in particular their causing cardiac 
hypertrophy (Rupp et al., 1995). In experimental animal model, etomoxir does not affect 
ventricular mass in rats with left ventricular hypertrophy following aortic banding, and 
actually prevents the impairment in contractile function in this model.  

Diazeniumdiolates (NONOates) 

The first of this class was diethylamine NONOate; DEA/NO synthesized in 1960. However, 
Diazeniumdiolates only became the focus of attention in the NO world in the 1990s when 
their NO donor properties were considered in biological settings (Maragos et al., 1991). An 
attractive feature of this class of compounds is that their decomposition is not catalysed by 
thiols or biological tissue, unless specifically designed to (see below) and, because NO 
release follows simple first-order kinetics, the rate of NO release can be accurately predicted. 
Subsequently, biological activity such as vasodilatation, inhibition of platelet aggregation, 
inhibition of blood coagulation and inhibition of VSMC proliferation closely correlate with 
the amount of NO generated in vitro. At present, NONOates not used clinically, although 
they have been tested frequently in experimental models of cardiovascular disease. The 
primary cardiovascular focus for NONOates has been in the prevention of thrombosis and 
neointimal formation following vascular injury, an inevitable result of interventional 
cardiology techniques, such as balloon angioplasty, bypass grafting or placement of stents. 

S-Nitrosothiols 

The S-nitrosothiol class of NO donors covers a vast array of different compounds which 
contain a single chemical bond between a thiol (sulphydryl) group (R-SH) and the NO 
moiety. Biological activity of S-nitrosothiols is highly influenced by the molecular 
environment of the parent thiol. It is important to acknowledge that a vast number of factors 
are capable of releasing NO from S-nitrosothiols, including light, heat, transition metals, 
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2. DCA may exert its beneficial effects by influencing mitochondrial proton leak. Proton 
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levels prior to cardiac surgery. In general, an infusion of glucose and insulin results in 
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mM) (Wisneski et al., 1990). Hyperglycemia and hyperinsulinemia result in an increase in 
glycogen synthesis. Studies in patients have shown that infusing glucose and insulin 
overnight prior to cardiac surgery results in a 50–70% increase in cardiac glycogen 
concentration and improved clinical outcome from cardiac surgery (Berggren et al., 1982). 
Coronary-artery-bypass graft patients with elevated preoperative myocardial glycogen 
levels had reduced serum levels of myocardial enzymes during the post-operative period 
and a lower incidence of arrhythmias.  

Etomoxir 

Etomoxir (ethyl 2-[6-(4-chlorophenoxy)hexyl]oxirane-2-carboxylate) is an inhibitor of 
carnitine palmitoyltransferase I enzyme (CPT I). It is of potential interest in the treatment of 
diabetes since inhibition of fatty acid oxidation should increase glucose utilization and 
decrease gluconeogenesis. By inhibiting fatty acid oxidation, fatty acid-induced inhibition of 
glycolysis may be overcome, thereby increasing glucose utilization. As a result of inhibition 
the CPT I the myocardial fatty acid oxidation is reduced and thereby relieves fatty acid 
inhibition of pyruvate dehydrogenase enzyme activity, and increases the oxidation of 
glucose and lactate. This has anti-ischaemic efficacy and improves cardiac function during 
the recovery from ischaemia. However, long-term administration of such agent has been 
found to be associated with toxicity problems, and in particular their causing cardiac 
hypertrophy (Rupp et al., 1995). In experimental animal model, etomoxir does not affect 
ventricular mass in rats with left ventricular hypertrophy following aortic banding, and 
actually prevents the impairment in contractile function in this model.  
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The first of this class was diethylamine NONOate; DEA/NO synthesized in 1960. However, 
Diazeniumdiolates only became the focus of attention in the NO world in the 1990s when 
their NO donor properties were considered in biological settings (Maragos et al., 1991). An 
attractive feature of this class of compounds is that their decomposition is not catalysed by 
thiols or biological tissue, unless specifically designed to (see below) and, because NO 
release follows simple first-order kinetics, the rate of NO release can be accurately predicted. 
Subsequently, biological activity such as vasodilatation, inhibition of platelet aggregation, 
inhibition of blood coagulation and inhibition of VSMC proliferation closely correlate with 
the amount of NO generated in vitro. At present, NONOates not used clinically, although 
they have been tested frequently in experimental models of cardiovascular disease. The 
primary cardiovascular focus for NONOates has been in the prevention of thrombosis and 
neointimal formation following vascular injury, an inevitable result of interventional 
cardiology techniques, such as balloon angioplasty, bypass grafting or placement of stents. 
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The S-nitrosothiol class of NO donors covers a vast array of different compounds which 
contain a single chemical bond between a thiol (sulphydryl) group (R-SH) and the NO 
moiety. Biological activity of S-nitrosothiols is highly influenced by the molecular 
environment of the parent thiol. It is important to acknowledge that a vast number of factors 
are capable of releasing NO from S-nitrosothiols, including light, heat, transition metals, 
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thiols, superoxide and enzymes such as xanthine oxidase, superoxide dismutase, protein 
disulphide isomerase and various dehydrogenases. S-nitrosothiols have advantages over 
other classes of NO donors, such as the nitrates, as they have far less stringent metabolic 
requirements and this may be the reason that they do not induce tolerance with long-term 
use (Hanspal et al., 2002). S-Nitrosothiols are not used clinically at present, but there are a 
large number of animal and clinical studies demonstrating their advantageous features, 
especially in the cardiovascular system.  

Plants, herbs, and other natural resources  

Several studies reported that some herbal medicines exert an effect on hemodynamic 
function in human. The effect of these natural plants and herbs are either directly or 
indirectly via their antioxidant properties. The use of such remedies is not free from serious 
adverse effect as well as adverse interactions with other drugs prescribed in acute coronary 
syndrome. The followings are the most common natural substances that exert certain 
pharmacological actions on the cardiovascular system.  

Hawthorn 

It also known as Crataegus laevigata or Crataegus monogyna, is an herb commonly found 
in Europe, western Asia, North America and North Africa. Modern medicinal extracts 
usually incorporate the leaves and flowers of the hawthorn tree, whereas traditional 
preparations use the fruit. Parts of the hawthorn tree contain flavonoids, which decrease the 
likelihood of blood vessel damage. Consuming hawthorn extract may improve angina 
patients' heart function and ability to exercise. It has been used for cardiac and circulatory 
disorders since the first century AD (Weihmayr and Ernst, 1996). Hawthorn berries, flowers 
and leaves of Crataegus laevigata (Poiret) have been used traditionally throughout Europe to 
treat cardiovascular diseases including hypertension, myocardial dysfunction, angina and 
tachycardia (Mills and Bone, 2000). In France, it is also used for insomnia and anxiety 
(British Herbal Medicine Association, 2003). Twentieth century German research revealed 
the efficacy of hawthorn for the treatment of cardiac failure (Pittler et al., 2003), and it is for 
this use that hawthorn is best known. The ethanolic extract of Crataegus oxycantha (COC) is 
traditionally used as a cardiotonic in China, India, and many European countries. COC 
contains oligomeric proanthocyanidins, flavonoids, and polyphenols which are well-known 
for their antioxidant properties (Svedstrom et al., 2002). Human subjects treated with COC 
extract after myocardial infarction have shown improvements in heart rate, reduction in 
blood pressure, and an increase in the left-ventricular ejection volume (Degenring et al., 
2003; Walker et al., 2002). It has also been shown that an alcoholic extract of COC promoted 
improvement in tricarboxylic acid (TCA) cycle enzyme activity and protected the 
mitochondria against isoproteronol-induced cardiac injury (Jayalakshmi and Devaraj, 2004; 
Jayalakshmi et al., 2006). Recently COC extract may reduce the oxidative stress in the 
reperfused myocardium of isolated rat heart preparation, and play a significant role in the 
inhibition of apoptotic pathways (via upregulating the antiapoptotic proteins and 
downregulationg the proapoptotic proteins) to cardioprotection (Swaminathan et al.,2010). 
Hawthorn demonstrated numerous properties that may be beneficial in heart failure 
including anti-arrhythmic activities (Garjani et al., 2000; Chatterjee et al., 1997), and the 
ability to increase coronary blood flow (Occhiuto et al., 1986 (a,b), and cardiac output 
(Brixius et al., 1998). These effects may be mediated by inhibition of phosphodiesterase types 
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III and IV (Schussler et al., 1995), antioxidant activities (Bahorun et al., 2003) and anti-
inflammatory effects (Chatterjee et al., 1997). A meta-analyses of clinical trials concluded 
that hawthorn may be a safe and effective treatment for chronic heart failure (Pittler et al., 
2003). Crataegus extract (hawthorn), raises intracellular calcium, prolongs the action 
potential, and may improve exercise capacity in mild heart failure. It is widely used in 
Europe by heart failure patients as a “natural” remedy. Hawthorn contains no cardioactive 
glycosides. The principle active components are flavonoids: non-toxic phytochemicals that 
are widespread in fruit and vegetables and that have health benefits. It showed low toxicity 
in animal studies and minimal side effects in clinical trials (Mills and Bone, 2005). No drug–
herb interaction has been reported in animal trials, and in a human study no interaction was 
observed between hawthorn and digoxin (Tankanow et al., 2003). Herbal practitioners use 
hawthorn for cardiovascular dysfunction, including mild manifestations in otherwise 
healthy people, without restriction on long-term use. 

Cactus 

Cactus (Opuntia) has been used for many years as a common vegetable and as medicine by 
the Native Americans and Mexicans (Cornett, 2000; Kay, 1996; Knishinsky, 1971; Tesoriere et 
al., 2004). Cactus contains a fruit known as cactus pear (Opuntia ficus-indica) and the plant is 
referred to as nopale (pad). Cactus pear contains pectin, carotenes, betalains, ascorbic acid, 
quercetina and quercetin derivatives all of which have antioxidant activity (Wang, 1988). In 
Chinese medicine, cactus fruit is considered a weak poison and used as medicine for 
treatment of inflammation and pain. It has also been used as a detoxification agent for snake 
bite. Opuntia ficus indica supplementation induced changes in heart rate variability in 
athletes in terms of increasing high and low frequency activities and reducing the heart rate 
(Schmitt et al., 2008). Cactus, also known as Selenicereus grandiflorus, may be effective for 
treating angina. Cactus can be used as a diuretic, cardiac stimulant and spinal and motor 
nerve stimulant. The principle action of cactus is upon the circular muscle fibers of the heart 
and arterioles, or tiny arteries, and that cactus is beneficial for cardiac incompetence, 
congestive heart failure, cardiac weakness, mitral insufficiency and angina. The succulent 
stem is the part of the cactus used for treating heart-related conditions. Overdose may cause 
arrhythmias, chest pain, pericarditis, confusion, headaches, vertigo and gastrointestinal 
symptoms.  

Ammi visnaga (Khella, Khillah) 

Khella, also known as Ammi visnaga, may help treat angina. Khella is an African plant that 
contains spasm-relieving compounds, including khellin. In early studies, purified khellin 
demonstrated an ability to relieve angina-related symptoms, although it is unknown 
whether the whole herb would have similar effects. Khella improves blood supply to the 
myocardium, and increases efficiency of myocardial metabolism--two factors that could 
decrease angina-related pain or discomfort. Khella is often used to treat mild forms of 
angina, mild obstructive pulmonary disease and various problems of the urinary tract. As 
early as 1945 Anrep et al., demonstrated in physiological experiments that khellin is an 
effective coronary vasodilator in doses insufficient to cause any general fall in blood 
pressure. And in the preliminary clinical trial khellin has advantages over the nitrites and 
other reputed vasodilators in that it has a selective action on the coronary vessels, and 
effective doses need not, therefore, lower systemic blood pressure. Its action is slower but 
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thiols, superoxide and enzymes such as xanthine oxidase, superoxide dismutase, protein 
disulphide isomerase and various dehydrogenases. S-nitrosothiols have advantages over 
other classes of NO donors, such as the nitrates, as they have far less stringent metabolic 
requirements and this may be the reason that they do not induce tolerance with long-term 
use (Hanspal et al., 2002). S-Nitrosothiols are not used clinically at present, but there are a 
large number of animal and clinical studies demonstrating their advantageous features, 
especially in the cardiovascular system.  

Plants, herbs, and other natural resources  

Several studies reported that some herbal medicines exert an effect on hemodynamic 
function in human. The effect of these natural plants and herbs are either directly or 
indirectly via their antioxidant properties. The use of such remedies is not free from serious 
adverse effect as well as adverse interactions with other drugs prescribed in acute coronary 
syndrome. The followings are the most common natural substances that exert certain 
pharmacological actions on the cardiovascular system.  
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III and IV (Schussler et al., 1995), antioxidant activities (Bahorun et al., 2003) and anti-
inflammatory effects (Chatterjee et al., 1997). A meta-analyses of clinical trials concluded 
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Chinese medicine, cactus fruit is considered a weak poison and used as medicine for 
treatment of inflammation and pain. It has also been used as a detoxification agent for snake 
bite. Opuntia ficus indica supplementation induced changes in heart rate variability in 
athletes in terms of increasing high and low frequency activities and reducing the heart rate 
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myocardium, and increases efficiency of myocardial metabolism--two factors that could 
decrease angina-related pain or discomfort. Khella is often used to treat mild forms of 
angina, mild obstructive pulmonary disease and various problems of the urinary tract. As 
early as 1945 Anrep et al., demonstrated in physiological experiments that khellin is an 
effective coronary vasodilator in doses insufficient to cause any general fall in blood 
pressure. And in the preliminary clinical trial khellin has advantages over the nitrites and 
other reputed vasodilators in that it has a selective action on the coronary vessels, and 
effective doses need not, therefore, lower systemic blood pressure. Its action is slower but 
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more prolonged than that of the nitrites. It may be given in the form of continuous treatment 
to abolish or reduce the frequency and severity of anginal attacks, or to relieve individual 
severe attacks of pain. 

Vaccinium myrtillus (Bilberry) 

It is a member of the Ericaceous family found in the mountains and forests of Europe and 
North America. Vaccinium myrtillus extracts (VME) contained 15 different anthocyanins 
which possess potent antioxidant properties, stabilize collagen fibers, promote collagen 
biosynthesis and inhibit platelet aggregation. In experimental animal studies VME have 
demonstrated to be of benefit in improving vascular tone, blood flow and vasoprotection 
(Lietti et al., 1976; Colantuoni et al., 1991). In isolated rat heart preparation bilberry extract 
increases the coronary flow, decreases the lactic dehydrogenase enzyme release during 
reperfusion and shorten the duration of arrhythmias (Žiberna et al., 2009).  

Co-Enzyme Q10  

Coenzyme Q10 (CoQ10) is the predominant human form of endogenous ubiquinone. It 
synthesized in the mitochondrial inner membrane. CoQ10 and comprised of a ubiquinone 
head group attached to a tail of 10 five-carbon isoprenoid units that anchors the molecule to 
the mitochondrial membranes. It acts in the in the mitochondrial respiratory chain as 
electrons carrier from complex I and II to complex III. It is antioxidant and plays a role in the 
regulation of membranes physiochemical properties and modulates the endothelial 
function. Supplemental CoQ10 is known to reduce lipid peroxidation (Sugiyama et al., 1980). 
Good evidence supports its use in congestive heart failure, type 2 diabetes, atherosclerosis, 
migraine, and Parkinson disease (Bonakdar and Guarnieri, 2005). Coenzyme Q10 levels are 
reduced by statin therapy because it shares the hepatic mevalonate synthetic pathway with 
cholesterol (Jula et al., 2002). Patients with hypertension have reduced serum levels of CoQ10 

(Yamagami and Shibata, 1975). A meta-analysis of 12 clinical trials of 352 patients concluded 
that CoQ10 lowers blood pressure therefore it would seem acceptable to add CoQ10 to 
conventional anti-hypertensive therapy (Rosenfeldt et al., 2007). CoQ10 supports the 
production of energy in the heart and supports the health of the cardiac muscle.  

Zingiber officinale (Ginger) also strong antioxidants that support the health of the blood 
vessel and help protect the heart and vessels from the damage of free radicals. It reduces the 
levels of triglycerides and low-density lipoprotein-cholesterol, and inhibits the blood 
platelet aggregation. The pharmacologic cardiac effects of ginger are based on its activity as 
hypolipemic agent, anticoagulant and hypotensive. 

Allium sativum (Garlic)  

The health benefits of garlic have been known since at least 1500 B.C. when ancient Chinese 
and Indians used it as a blood-thinning agent. Hippocrates, the father of modern medicine, 
used garlic to treat cervical cancer. Subsequent studies found efficacy of garlic as a 
cardioprotective. Numerous studies documented the hypoglycemic, antiatherogenic and 
antiatherosclerotic properties of garlic (Elkayam et al., 2003; Agarwal, 1996; Banerjee and 
Maulik, 2002). Garlic was also found to be beneficial against ischemic heart disease (Tyrrell. 
1979). A significant number of clinical trials found garlic to lower total as well as LDL 
cholesterol (Kwon et al., 2003) and recently it is useful for lowering high blood pressure 
(McMahon and Vargas, 1993). Many of the physiological effects of garlic are attributed to 
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the volatile sulfur compounds like thiosulfinates, which are also responsible for its pungent 
aroma. Recently, the cardioprotective ability of garlic was attributed to s-allylcysteine 
(Perez-Severiano et al., 2004). Blood pressure reducing properties of garlic have been linked 
to its hydrogen sulphide production and allicin content – liberated from alliin and the 
enzyme alliinase which has angiotensin II inhibiting and vasodilating effects, as shown in 
animal and human cell studies. Bhatti et al (2008) demonstrated that garlic extract 
exaggerated the cardio protection offered by ischemic preconditioning and per se treatment 
with garlic extract also protects the myocardium against ischemia reperfusion induced 
cardiac injury. This effect is probably attributed to the inhibition of platelet aggregation, 
oxidative stress or to fibrinolytic properties. 

Arjun (Terminalia arjuna) has demonstrated great promise for improving heart function and 
reducing angina. Arjun (Terminalia arjuna) is a tree common in Central and South India. Its 
bark has a long history of use in Ayurvedic medicine (the traditional medicine of India) for 
the treatment of heart problems, such as angina. Research demonstrates that arjun may in 
fact be very effective in reducing angina and improving heart function. A one-week, double-
blind, placebo-controlled crossover trial of 58 people evaluated the effectiveness of arjun for 
angina by comparing it against placebo, isosorbide mononitrate (Bharani et al., 2002). The 
results indicated that the herb reduced anginal episodes and increased exercise capacity. A 
subsequent 3-month study compared the effectiveness of arjun against placebo in 40 people 
with a recent heart attack (Dwivedi et al., 2005). All participants in this study suffered from 
ischemic mitral regurgitation. The results showed that use of the herb improved heart 
function and reduced angina symptoms. Another study found benefits with an Ayurvedic 
herbal combination containing arjun (Antani et al., 1990).  

Coleus forskohlii 

Coleus forskohlii (CF) is a plant native to India. Since ancient times, plants of the Coleus 
species have been used as an herbal medicine to treat various disorders of the 
cardiovascular, respiratory, gastrointestinal, and central nervous systems. Forskolin has 
been isolated from the roots of the India-based Coleus Forskohlii. Forskolin is a diterpene that 
acts directly on adenylate cyclase leading to generate cAMP from ATP in the cell. cAMP 
regulates the body's thermogenic response to food, increases the body's basal metabolic rate, 
and increases utilization of body fat and stimulates lipolysis. cAMP stimulates the cardiac 
muscle and dilates the large blood vessels. 

Vitamins 

Ascorbic acid 

It has a favorable redox couple that protects vitamin E and glutathione from oxidation. In 
clinical studies, ascorbic acid supplementation improves nitric oxide-dependent 
vasodilation in human subjects with coronary artery disease, hypertension, 
hypercholesterolemia, and diabetes mellitus (Taddei et al., 1998). 

Vitamin E (alpha-tocopherol) 

Vitamin E is a lipid soluble, chain-breaking radical scavenger family of eight related 
tocopherols and tocotrienols, and is considered the most important antioxidant in cell 
membranes (Herrera and Barbas, 2001). Of the various forms, alpha-tocopherol has the 
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more prolonged than that of the nitrites. It may be given in the form of continuous treatment 
to abolish or reduce the frequency and severity of anginal attacks, or to relieve individual 
severe attacks of pain. 

Vaccinium myrtillus (Bilberry) 

It is a member of the Ericaceous family found in the mountains and forests of Europe and 
North America. Vaccinium myrtillus extracts (VME) contained 15 different anthocyanins 
which possess potent antioxidant properties, stabilize collagen fibers, promote collagen 
biosynthesis and inhibit platelet aggregation. In experimental animal studies VME have 
demonstrated to be of benefit in improving vascular tone, blood flow and vasoprotection 
(Lietti et al., 1976; Colantuoni et al., 1991). In isolated rat heart preparation bilberry extract 
increases the coronary flow, decreases the lactic dehydrogenase enzyme release during 
reperfusion and shorten the duration of arrhythmias (Žiberna et al., 2009).  
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Coenzyme Q10 (CoQ10) is the predominant human form of endogenous ubiquinone. It 
synthesized in the mitochondrial inner membrane. CoQ10 and comprised of a ubiquinone 
head group attached to a tail of 10 five-carbon isoprenoid units that anchors the molecule to 
the mitochondrial membranes. It acts in the in the mitochondrial respiratory chain as 
electrons carrier from complex I and II to complex III. It is antioxidant and plays a role in the 
regulation of membranes physiochemical properties and modulates the endothelial 
function. Supplemental CoQ10 is known to reduce lipid peroxidation (Sugiyama et al., 1980). 
Good evidence supports its use in congestive heart failure, type 2 diabetes, atherosclerosis, 
migraine, and Parkinson disease (Bonakdar and Guarnieri, 2005). Coenzyme Q10 levels are 
reduced by statin therapy because it shares the hepatic mevalonate synthetic pathway with 
cholesterol (Jula et al., 2002). Patients with hypertension have reduced serum levels of CoQ10 

(Yamagami and Shibata, 1975). A meta-analysis of 12 clinical trials of 352 patients concluded 
that CoQ10 lowers blood pressure therefore it would seem acceptable to add CoQ10 to 
conventional anti-hypertensive therapy (Rosenfeldt et al., 2007). CoQ10 supports the 
production of energy in the heart and supports the health of the cardiac muscle.  

Zingiber officinale (Ginger) also strong antioxidants that support the health of the blood 
vessel and help protect the heart and vessels from the damage of free radicals. It reduces the 
levels of triglycerides and low-density lipoprotein-cholesterol, and inhibits the blood 
platelet aggregation. The pharmacologic cardiac effects of ginger are based on its activity as 
hypolipemic agent, anticoagulant and hypotensive. 

Allium sativum (Garlic)  

The health benefits of garlic have been known since at least 1500 B.C. when ancient Chinese 
and Indians used it as a blood-thinning agent. Hippocrates, the father of modern medicine, 
used garlic to treat cervical cancer. Subsequent studies found efficacy of garlic as a 
cardioprotective. Numerous studies documented the hypoglycemic, antiatherogenic and 
antiatherosclerotic properties of garlic (Elkayam et al., 2003; Agarwal, 1996; Banerjee and 
Maulik, 2002). Garlic was also found to be beneficial against ischemic heart disease (Tyrrell. 
1979). A significant number of clinical trials found garlic to lower total as well as LDL 
cholesterol (Kwon et al., 2003) and recently it is useful for lowering high blood pressure 
(McMahon and Vargas, 1993). Many of the physiological effects of garlic are attributed to 
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the volatile sulfur compounds like thiosulfinates, which are also responsible for its pungent 
aroma. Recently, the cardioprotective ability of garlic was attributed to s-allylcysteine 
(Perez-Severiano et al., 2004). Blood pressure reducing properties of garlic have been linked 
to its hydrogen sulphide production and allicin content – liberated from alliin and the 
enzyme alliinase which has angiotensin II inhibiting and vasodilating effects, as shown in 
animal and human cell studies. Bhatti et al (2008) demonstrated that garlic extract 
exaggerated the cardio protection offered by ischemic preconditioning and per se treatment 
with garlic extract also protects the myocardium against ischemia reperfusion induced 
cardiac injury. This effect is probably attributed to the inhibition of platelet aggregation, 
oxidative stress or to fibrinolytic properties. 

Arjun (Terminalia arjuna) has demonstrated great promise for improving heart function and 
reducing angina. Arjun (Terminalia arjuna) is a tree common in Central and South India. Its 
bark has a long history of use in Ayurvedic medicine (the traditional medicine of India) for 
the treatment of heart problems, such as angina. Research demonstrates that arjun may in 
fact be very effective in reducing angina and improving heart function. A one-week, double-
blind, placebo-controlled crossover trial of 58 people evaluated the effectiveness of arjun for 
angina by comparing it against placebo, isosorbide mononitrate (Bharani et al., 2002). The 
results indicated that the herb reduced anginal episodes and increased exercise capacity. A 
subsequent 3-month study compared the effectiveness of arjun against placebo in 40 people 
with a recent heart attack (Dwivedi et al., 2005). All participants in this study suffered from 
ischemic mitral regurgitation. The results showed that use of the herb improved heart 
function and reduced angina symptoms. Another study found benefits with an Ayurvedic 
herbal combination containing arjun (Antani et al., 1990).  

Coleus forskohlii 

Coleus forskohlii (CF) is a plant native to India. Since ancient times, plants of the Coleus 
species have been used as an herbal medicine to treat various disorders of the 
cardiovascular, respiratory, gastrointestinal, and central nervous systems. Forskolin has 
been isolated from the roots of the India-based Coleus Forskohlii. Forskolin is a diterpene that 
acts directly on adenylate cyclase leading to generate cAMP from ATP in the cell. cAMP 
regulates the body's thermogenic response to food, increases the body's basal metabolic rate, 
and increases utilization of body fat and stimulates lipolysis. cAMP stimulates the cardiac 
muscle and dilates the large blood vessels. 

Vitamins 

Ascorbic acid 

It has a favorable redox couple that protects vitamin E and glutathione from oxidation. In 
clinical studies, ascorbic acid supplementation improves nitric oxide-dependent 
vasodilation in human subjects with coronary artery disease, hypertension, 
hypercholesterolemia, and diabetes mellitus (Taddei et al., 1998). 

Vitamin E (alpha-tocopherol) 

Vitamin E is a lipid soluble, chain-breaking radical scavenger family of eight related 
tocopherols and tocotrienols, and is considered the most important antioxidant in cell 
membranes (Herrera and Barbas, 2001). Of the various forms, alpha-tocopherol has the 
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highest bioavailability and protects cell membranes against oxidation by reacting with lipid 
radicals produced during lipid peroxidation chain reactions (Herrera and Barbas, 2001). 
Despite an initial small study demonstrating a therapeutic benefit of vitamin E on reducing 
non-fatal myocardial infarction, more recent, placebo-controlled, large-scale trials of 
antioxidants have been disappointing and have found no clinically benefical effects of long 
term vitamin E supplementation (Brown et al., 2001; Lonn et al., 2005). 

Vitamin D 

Recently data demonstrated that vitamin D insufficiency/deficiency is significantly 
associated with all-cause mortality, at least in the American population. The NHANES III 
database clearly shows: 1) an increase in adjusted all-cause mortality as the serum 25-
hydroxy calciferol (OHD) level falls to less than 30 ng/ml, especially in women; and 2) peak 
protection from death with a 25OHD level in the 35–40 ng/ml range. In fact, most of the 
increase in all-cause mortality can be attributed to cardiovascular disease deaths in this 
population. The prevalence of coronary artery disease, heart failure, and peripheral artery 
disease is significantly increased in a stepwise fashion as the serum 25OHD level drops to 
less than 30 and then 20 ng/ml (Kim et al., 2008). 

Omega-3 polyunsaturated fatty acids 

As early as 1944, Sinclair described the rarity of CHD in Greenland Eskimos despite their 
consumption of diet high in fat and cholesterol (Sinclair, 1953). Sinclair observed that the 
Eskimos had a tendency to bruise and to bleed easily, and subsequently Bang and Dyerberg 
demonstrated that the Eskimos had reduced platelet counts (50 000–80 000/mm3 lower) and 
decreased platelet aggregation, resulting in prolonged bleeding times. Bang and Dyerberg 
(1972;1980) and Dyerberg et al.,(1975) in their study comparing Greenland Eskimos and 
Danish controls, found, as expected, that the Eskimos, who eat about 500 g of fish per 
person per day (compared with 10–20 g/d in Westernized societies), had considerably 
higher levels of omega-3 fatty acids and lower levels of arachidonic acid in plasma, platelets, 
and red blood cell membranes. Interestingly, in addition to reduced rates of coronary heart 
disease, the Greenland Eskimos also had a more favorable lipid profile and low levels of 
blood pressure. Coronary heart disease is also less prevalent in Japan, despite higher 
prevalence of hypertension and smoking, which may be partly due to the Japanese 
population's traditionally high consumption of fish compared to populations in the Western 
world. Even within Japan, the Japanese islanders, who eat three times more fish compared 
to the mainland population, have lower rates of hypertension, coronary heart disease, and 
all-cause mortality (Lavie et al., 1987; Lavie and Milani, 1996). The mechanism of actions of 
Omega-3 PUFA includes: 

1. Significant reduction of triglycerides. 

2. Antiarrhythmic effect. The level of long-chain n-3 fatty acids was significantly and 
inversely related to the risk of sudden coronary death  

3. Significant reduction in mean blood pressure, systemic vascular resistance, 

4. Omega-3 fatty acids may confer cardioprotection in part by improving autonomic 
sympathovagal balance. 
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5. Very high doses of omega-3 fatty acids (i.e. 8 g/d) provide anti-inflammatory effects. 
The anti-inflammatory properties may also play an important role in stabilization of 
unstable plaque in patients with ACS (Lee et al., 2008; Alaswad et al., 2002). 
Eicosapentaenoic acid competes with arachidonic acid for the cyclooxygenase, leading 
to decrease the synthesis of thromboxane A2, which is a strong platelet agonist, and 
increases the synthesis of thromboxane A3, which is relatively inactive, so the net effect 
of high doses of omega-3 fatty acids is platelet inhibition. 

Observational studies have also reported inverse associations of cardiovascular disease with 
dietary intake or plasma concentrations of omega 3 fatty acids (mainly eicosapentanoic acid 
and docosahexaenoic acid), suggesting that supplementation with omega 3 fatty acids might 
exert protective effects on cardiovascular disease (Bucher et al., 2002; Kromhout, 1985). 
These fatty acids have been shown to have beneficial effects on several cardiovascular risk 
factors—including blood pressure, plasma triglyceride concentration, and markers of 
thrombosis and inflammation—and may also have antiarrhythmic effects (Wang et al., 
2006). Although some trials involving patients with a history of cardiovascular diseases or 
with high levels of cardiovascular risk factors have reported positive effects of omega 3 fatty 
acids on cardiovascular events, other trials have reported no effects on arrhythmia or 
mortality (Brouwer et al., 2009; Burr et al., 2003).  

5. Cardiovascular adverse effects of herbal remedies 
Several natural remedies interact with known pharmacological agents that indicated in 
acute coronary syndrome. Among these:  

Aloe vera may cause hypokalemia and inducing digitalis toxicity and cardiac arrhythmias 
in patients with heart failure 

Butcher’s broom is mainly indicated for circulatory disorder and it reduced the effect of α-
adrenoceptor effects in patients with hypertension and heart failure 

Capsicum which is indicated for shingles, trigeminal and diabetic neuralgia may elevate the 
blood pressure in patients treated with monoamine oxidase inhibitors 

Fumitory used as hypotensive agent and enhances the effects of β-adrenoceptors, calcium 
entry blockers and glycosides. 

Ginseng causes high blood pressure 

Gossypol, a male contraceptive increases the effect of diuretics and causes hypokalemia  

Grape fruit juice augments the cardiac effects of calcium entry blockers 

Hawthorn potentiates the actions of glycosides and nitrite 

Irish moss potentiates the antihypertensives effects 

Kelp increases the effects of antihypertensives 

Khella increases the cardiac actions of calcium entry blockers 

Licorice increases the blood pressure and causes hypokelemia which potentiates the  
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highest bioavailability and protects cell membranes against oxidation by reacting with lipid 
radicals produced during lipid peroxidation chain reactions (Herrera and Barbas, 2001). 
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increase in all-cause mortality can be attributed to cardiovascular disease deaths in this 
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demonstrated that the Eskimos had reduced platelet counts (50 000–80 000/mm3 lower) and 
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person per day (compared with 10–20 g/d in Westernized societies), had considerably 
higher levels of omega-3 fatty acids and lower levels of arachidonic acid in plasma, platelets, 
and red blood cell membranes. Interestingly, in addition to reduced rates of coronary heart 
disease, the Greenland Eskimos also had a more favorable lipid profile and low levels of 
blood pressure. Coronary heart disease is also less prevalent in Japan, despite higher 
prevalence of hypertension and smoking, which may be partly due to the Japanese 
population's traditionally high consumption of fish compared to populations in the Western 
world. Even within Japan, the Japanese islanders, who eat three times more fish compared 
to the mainland population, have lower rates of hypertension, coronary heart disease, and 
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2. Antiarrhythmic effect. The level of long-chain n-3 fatty acids was significantly and 
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5. Very high doses of omega-3 fatty acids (i.e. 8 g/d) provide anti-inflammatory effects. 
The anti-inflammatory properties may also play an important role in stabilization of 
unstable plaque in patients with ACS (Lee et al., 2008; Alaswad et al., 2002). 
Eicosapentaenoic acid competes with arachidonic acid for the cyclooxygenase, leading 
to decrease the synthesis of thromboxane A2, which is a strong platelet agonist, and 
increases the synthesis of thromboxane A3, which is relatively inactive, so the net effect 
of high doses of omega-3 fatty acids is platelet inhibition. 

Observational studies have also reported inverse associations of cardiovascular disease with 
dietary intake or plasma concentrations of omega 3 fatty acids (mainly eicosapentanoic acid 
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exert protective effects on cardiovascular disease (Bucher et al., 2002; Kromhout, 1985). 
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Several natural remedies interact with known pharmacological agents that indicated in 
acute coronary syndrome. Among these:  

Aloe vera may cause hypokalemia and inducing digitalis toxicity and cardiac arrhythmias 
in patients with heart failure 
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Lily of the valley increases effects of β-aderenoceptor, calcium entry blockers, digitalis and 
quinidine 

Ma-huang (ephedra) increases heart rate and blood pressure 

Oleander increases the effect of angiotensin converting enzyme inhibitors, antiarrhythmics, 
β-adrenoceptor blockers, calcium entry blockers and cardiac glycosides. 

St. John's wort induces arrhythmias, heart block, hyperkalemia and death 

Strophanthus increases heart rate and blood pressure in patients treated ith monoamine 
oxidase inhibitors 

Yohimbine increases heart rate and induces changes in blood pressure 
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1. Introduction 
1.1 Cardiovascular diseases and Percutaneous Coronary Intervention (PCI) 

Coronary Artery Disease (CAD) is the chronic blocking or narrowing of the coronary 
arteries caused by neointimal hyperplasia of the arterial wall. It has been the number one 
killer in the United States since 1900 and remains a common cause of death in the Western 
world despite therapeutic advances. Approximately 14 million Americans have CAD, 
500,000 people die from acute myocardial infarction, and one million more survive but 
with a 1.5 to 15 times greater risk of mortality or morbidity than the rest of the population 
each year. The annual health care cost of the disease is in excess of $112 billion 1. The 
current levels of predictors of heart disease risk, such as obesity, diabetes, and smoking, 
suggests that this will continue to be a significant public health problem for the 
foreseeable future 2.  

The options for CAD treatments include medications, percutaneous coronary arterial 
interventions (PCI, including angioplasty and stenting), or coronary artery bypass graft 
surgery (CABG). In general, patients with coronary narrowing that does not limit coronary 
artery blood flow receive medications and lifestyle modification to help prevent 
progression. If a patient has coronary atherosclerosis that limits blood flow in the coronary 
arteries, balloon angioplasty and stenting can be offered. In patients with multiple areas of 
coronary artery narrowing or blockage, CABG is generally recommended. 

1.1.1 Coronary Artery Bypass Graft Surgery (CABG) 

Of those patients with coronary artery disease, about 10% undergo CABG surgery. 
Patients with severe narrowing or blockage of the left main coronary artery or those with 
disease involving two or three coronary arteries are generally considered for bypass 
surgery. In a CABG, the surgeon uses a portion of a healthy vessel (either an artery or 
vein) from the leg, chest, or arm to create a detour or bypass around the blocked portion 
of the coronary artery. Depending on how many coronary arteries (and main branches) 
are blocked, patients typically receive 1 to 5 bypasses. The most commonly used bypass 
vessels are the saphenous vein from the leg, the internal mammary artery from the chest, 
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and the radial artery from the arm. During a CABG, a heart-lung machine artificially 
maintains circulation while the surgeon operates on the heart. CABG operations require 
general anesthesia and typically 4 to 7 days in the hospital. It may take up to 3 months to 
fully recover from the surgery. 

1.1.2 Percutaneous Interventions (PCIs) 

Percutaneous Interventions (PCIs), which include percutaneous transluminal coronary 
artery angioplasty (PTCA) and coronary artery stenting (CAS) are the major therapies for 
CAD treatment. PTCA involves insertion of an expandable balloon catheter against a 
primary atherosclerotic plaque or secondary restenotic lesion to increase vessel patency 
and blood flow. Clinical stenting was introduced in 1986 with the Wallstent to repair 
abrupt closure after PTCA and has revolutionized interventional cardiology 3. In CAS,  
the stent (a tiny metal scaffolding) functions to brace the vessel wall and reduce the risk of 
restenosis following angioplasty. CAS reduces the rate of angiographic and clinical 
restenosis compared to PTCA alone. This results in a significant reduction in the 
frequency of major adverse cardiac events (MACE) after PCI driven mainly by a reduction 
in target vessel revascularization (TVR). CAS not only increases procedural success rates, 
but also increases the safety of procedures by decreasing the need for emergency  
CABG surgery. As a result, stents are currently utilized in over 85% of the two million 
PCIs in US and the total direct cost for those life-saving procedures is over $5 billion 
annually.  

1.2 Problems in current DESs 

Since the introduction of the stent, there exist two serious complications: namely, 
thrombosis (subacute and late-stage) and in-stent restenosis (ISR). While subacute 
thrombosis has been controlled with the use of dual anti-platelet therapy, late-stage 
thrombosis occurring in drug-eluting stents (DESs) has been a big concern recently. 
Restenosis remains among the most challenging problems in interventional cardiology. The 
recent development of DESs is a major breakthrough as a potential solution for the 
restenosis problem.  

1.2.1 In-stent Restenosis (ISR) 

Restenosis, the re-narrowing of an opened artery after stenting or PTCA procedure, is due 
to a proliferative response of the intima, a layer of cells that lines the lumen of the vessel 
composed of connective tissue and smooth muscle cells (SMC). In restenosis, vascular 
neointimal hyperplasia results in complete blockage of the original artery and insufficient 
oxygenation of cardiac tissue, leading to cardiac arrhythmia or cardiac arrest. Restenosis 
has been the biggest problem in PCI until the recent successful development of DESs. 
Initially, the restenosis rate in PTCA procedures was over 50% within six months post 
balloon dilation. Stenting lowers this rate to 20-30%. Both Sirolimus (Cypher®, Cordis Inc, 
Fla) and Paclitaxel (Taxus®, Boston Scientific Inc, Natick, MA) coated DESs can 
significantly reduce the rate of restenosis to <10%4-6. However, restenosis in patients with 
high risk such as small vessels, diabetes, and long diffusion diseased arteries still remains 
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unacceptably high (30%-60% in bare metal stents [BMSs] and 6%-18% in DESs)7-9 despite 
DES implantation.  

ISR formation is a multi-factorial, sequential process. Although the detailed mechanism of 
the arterial tissue response to an implanted stent is still under investigation, it is generally 
believed that three stages are involved in the process. 1) Thrombotic Phase (day 0-3): this 
phase is the initial response of the artery tissue to stent implantation characterized with 
rapid activation, adhesion, aggregation and deposition of platelets and neutrophils to form a 
thrombus at the injured site. 2) Recruitment Phase: this phase occurs between days 3 to 8 
and is characterized by an intensive inflammatory cell infiltration. In this phase, 
inflammatory cells are activated and infiltrate into the injured vessel wall. Subsequently, the 
recruited inflammation cells provide the key stimulus for subsequent smooth muscle cell 
(SMC) proliferation and migration. 3) Proliferate Phase: This phase lasts 1 to 3 months 
depending on the thickness of the residual thrombus and the rate of growth. At this stage, 
inflammation cells colonize the residual thrombus, forming a “cap” across the mural 
thrombus. The cells progressively proliferate, resorbing residual thrombus until all 
thrombus is gone and is replaced by the neointima tissue 10-12.  

The process of neointimal growth, which consists of SMCs, extracellular matrix, and 
macrophages recruited over a period of several weeks, is similar to the process of tumor 
tissue growth 13. This pathologic similarity between tumor cell growth and benign 
neointimal formation has led to the discovery of anti-tumor drugs such as Paclitaxel as 
effective agents for the treatment of ISR 12, 13.  

1.2.2 Stent thrombosis 

In spite of restenosis remaining a clinical problem in approximately 10% of patients with 
DES implantation, it can often be successfully treated with repeat implantation. The greatest 
concern, however, has been for stent thrombosis which is associated with a high rate of 
myocardial infarction and death. The rate of early stent thrombosis (less than 30 days 
following implantation) appears similar in both BMSs and DESs (Cypher® and Taxus®) 14. 
However, late stent thrombosis has been increasingly reported beyond 12 months 
following DES implantation with the greatest risk occurring as a result of premature 
discontinuation of anti-platelet therapy 15-19. Although the precise mechanism of late stage 
stent thrombosis is unknown, it is generally believed that the combination of delayed 
endothelialization due to anti-proliferative therapy and persistence of the nonerodable 
polymer contribute to a hypersensitivity reaction, possibly with some residual active drug 
that may not be eluted 20, 21.  

2. The structure and components of a drug eluting stent 
Drug eluting stents are comprised of three major parts: 1) drug delivery platform (metal 
stent) to hold the drug and provide supporting forces for the collapsed artery; 2) drug 
coating polymer to attach the drug on the stent surface; 3) anti restenosis drugs released 
from the stent to inhibit restenosis formation after stent implantation. We review each 
component systemically in order to have an anatomic understanding of drug eluting 
stent.  
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following DES implantation with the greatest risk occurring as a result of premature 
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stent thrombosis is unknown, it is generally believed that the combination of delayed 
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that may not be eluted 20, 21.  
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2.1 Stent platforms 

2.1.1 Stent materials 

2.1.1.1 Non degradable material 

316L stainless steel: 316L stainless steel (316L SS) is the most commonly used metal material 
in stents due to its excellent mechanical properties and corrosion resistance and is used in 
the first generation DESs, Cypher (sirolimus-eluting stent, Cordis, Warren, NJ) and Taxus 
(paclitaxel-eluting stent, Boston Scientific, Natick, MA). However, its ferromagnetic nature 
and low density make it a non-MRI compatible and poorly visible fluoroscopic material. 
Furthermore, the release of nickel, chromate and molybdenum ions is likely to provoke 
immune reactions and inflammatory responses, which may result in ISR22. Therefore, a 
number of materials have been used as coatings to improve its visibility and 
biocompatibility. 

Co-Cr: Co-Cr alloy exhibits superior radial strength and improved radiopacity compared to 
316L SS. It allows for thinner stent struts, which is a significant advantage because the 
thickness of stent struts is a important factor on the reduction of restenosis in BMSs23, 24. At 
the same time, it reduces device profile and consequently improves its deliverability to the 
target lesion. Co-Cr platforms are employed in the second generation DES, Xience V 
(everolimus-eluting stent, Abott Vascular, CA) and Endeavor (zotarolimus-eluting stent, 
Medtronic Vascular, Santa Rosa, CA). 

Ta: The highly stable surface oxide layer, preventing electron exchange between the metal 
and the absorbed biological species25, 26, make Ta an excellent corrosion resistant material. 
Ta has been coated on 316L SS to improve corrosion properties and biocompatibility of 316L 
SS27. Its high density and non-ferromagnetic properties28,29 make Ta an excellent 
fluoroscopically visible and MRI compatible material. However, its poor mechanical 
properties make Ta stents have higher rates of recoil compared to 316L SS based stents and 
result in enhanced neointimal formation30. Although no Ta based stents have been approved 
by FDA for general use to date, a bare Ta stent has been used by Cordis® (Johnson & 
Johnson, USA) in clinical trials and released commercially in Japan, Canada and Europe31. 

Ti: Although Ti has excellent biocompatibility and corrosion resistance, pure Ti is not 
commonly used for making stents due to its low tensile strength and ductility. However, Ti 
alloys might be optimum for stents. Ti-nitride-oxide coating on 316L SS was biologically 
inert, reducing platelet and fibrinogen deposition, and neointimal hyperplasia32. Promising 
results were reported in clinical trials by the Titan stent (Hexacath, France) using  
this coating33,34. Moreover, Ti-based Ta and niobium alloys showed excellent 
haemocompatibility35, indicating they have potential applications for stents. An extensively 
used Ti alloys in stents is Ni-Ti. 

Ni-Ti: Ni-Ti alloy is also a common material for stents which has good biocompatibility, 
radial force and shape memory. However, the release of nickel ions and their toxic effects on 
tissues have been reported36, 37. In addition, it is suspected of producing mild inflammation 
when contacting monocytes38. In order to solve these problems, the surface of Ni-Ti is 
passivated to increase the Ti oxide concentration and decrease the Ni concentration39, 40, and 
it is coated by some materials such as polyurethane41, Ti nitride42 and polycrystalline 
oxides43 to improve the corrosion resistance. Another problem is that the Ni-Ti alloy does 
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not have adequate visibility under fluoroscopy44 though it can be visualized by MRI45. Ni-Ti 
is used by ACT-OneTM (Progressive Angioplasty Systems, USA)46, Paragon (Progressive 
Angioplasty Systems, USA)47, and Radius (Scimed, USA)48 in clinical trials. 

Pt-Ir: The bare stents made from Pt-Ir alloy of 90% platinum and 10% iridium have been 
implanted in animal models, showing excellent radiopacity and a reduction in both 
thrombosis and neointimal proliferation with less inflammatory reactions. However, their 
recoiling percentage was much higher (16%) than the 316L SS stents (5%)49, 50. Though Pt-Ir 
alloy stents have been proved safe and effective in a human clinical trial51, the 
biocompatibility and haemocompatibility of Pt-Ir alloys needs be further investigated. 

2.1.1.2 Biodegradable metallic materials  

Besides the aforementioned non-degradable metallic stents, a new concept is biodegradable 
metallic stent. The recently used biodegradable metallic materials are pure Fe52 and Mg 
alloys53. 

Pure Fe: The degradation of Fe was completed through the oxidation of Fe into ferrous and 
ferric irons which were dissolved into biological media54. It is reported that ferrous ions 
could reduce the proliferation rate of vascular smooth muscle cell in vitro by influencing 
growth-related gene expression and therefore may antagonize restenosis in vivo54. The pure 
Fe (more than 99.5%) stents with strut thickness varied from 100 to 120µm have been 
implanted successfully in rabbit and porcine and endothelialization was observed52, 55. 
However, further investigation is needed on the modification of the composition and design 
of the stent to expedite the degradation process55. 

Mg alloys: Mg and its alloys has been used as orthopedic materials56, but it is a new principle 
to apply these materials to coronary stents53. Unlike pure Fe, pure Mg is not suitable for 
making stents due to mechanical and corrosion properties. There are two Mg alloys, AE2153 
and WE4357, used for making stents. These materials are radiolucent and thus cannot be 
imaged by X-rays. However, they can be visualized by intravascular ultrasound and MRI58. 
The Lekton Magic stent (Biotronik, Switzerland) is made from WE43, which is safe and can 
provide sufficient support to the collapsed arteries within its degradation time (2-3 
months)59,60. It has been implanted in porcine models, and the preliminary clinical data 
showed promising results that after one-month implantation of magic stents, 18 out of 20 
patients had normal flow while 30%-40% restenosis occurred in the other 2 patients57. 
However, mixed results were found in a human study using a Biotronik’s Mg absorbable 
metal stents61,62, indicating further evaluation is needed. 

2.1.2 Stent geometric design 

Self-expanding vs. balloon-expandable: Basically, there are two stent types: the self-expanding 
and the balloon-expandable stents. The self-expanding stent is made of a coil, mesh or 
zigzag configuration that is constrained with an outer sheath. The stent elastically springs 
open to a predetermine size after the sheath is removed. The balloon-expandable stent is 
crimped and premounted on a balloon, and expanded by the inflation of the balloon whose 
diameter determines the size of expanded stent. Though the self-expanding stent will 
expand to a calculated size automatically, it is not recommended and seldom used at 
present because it continues to expand in the weeks after deployment and thus leads to the 
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stent migration to the adventia and the stent cross-sectional area increasing accompanied by 
medial compression63, 64. 

Coil vs. Tube: Generally, the balloon-expandable stent is classified into two groups: the tube 
and the coil design. The tubular stent is cut from a steel tube or a flat sheet of metal which is 
then rolled and welded to form a tube. The coil design is composed of a continuously 
wound wire or a series of flat sheet coils, which has a greater strut width with gaps and 
fewer or no connections between struts compared with the tubular stent65. These 
characteristics make coil stents more flexible but have poor radial strength and the wide gap 
allows tissue prolapse66. As a result, coil design is being replaced by the tube design 
gradually. 

Slotted tube vs. Modular: Tubular balloon-expandable stents also can be divided into two 
types: slotted tube and modular design. Both of them are cut from a tube of metal. A clinical 
study showed slotted tube stents resisted restenosis more than the modular stents (22.1% vs 
25.2%)67. The slotted tube stent also has two kinds: one is closed cell design, and the other 
one is open cell design. The former one is loser to the original concept of slotted tubes, while 
the latter is more like the modular stent. In a clinical study, less platelet activation was 
found in the implantation of closed cell stents than the open cell stents, which may have 
resulted from a greater degree of tissue prolapsed with the open cell stents68.  

Long vs. Short: It has been proven that stent length is associated with restenosis rate and 
clinical events (mainly target lesion revascularization): 20 mm length stent resulted in 22.6% 
angiographic restenosis rate; 27 mm length stent led to 36% angiographic restenosis rate; 
and 43 mm length stent produced 67.5% angiographic restenosis rate69. Similar results were 
found in another clinical study that showed the angiographic restenosis rates were 20.8% 
and 37.3%, respectively, in the implantation of 16 mm and ≥ 32 mm BMSs, and the 
angiographic restenosis rates were 7.2% and 10.3% for the implantation of the same length 
of DESs70. Therefore, stent length is still a problem in DESs. On the one hand, the DESs can 
reduce restesnosis in both long and short lesions compared with BMSs, but a long stent is 
expected to cover all the diseased area. On the other hand, a long DES may increase the 
occurrence of restenosis. 

Wide vs. Narrow: As with stent length, the stent width is another problem in both BMSs and 
DESs. The same study mentioned above showed the angiographic rates were 40.8% in the 
2.5 mm diameter vs. 12.9% in the 3.5 mm diameter BMSs, and 8.8% vs. 5.5% in the same 
diameter DESs70. Although the study suggested that the wide diameter stent is more 
favorable than the narrow one, the width is still a problem which has not been eliminated by 
DESs. 

More struts vs. less: An animal study, of stainless steel stents with different configurations 
implanted in rabbit iliac arteries, indicated that the stents with 12 struts per cross section 
had 50% to 60% less mural thrombus and 2-fold less neointimal area than those of identical 
stents with only 8 struts per cross section71. However, another animal study showed the 
neointimal growth is not related to the number of struts, but associated with the stretching 
of arteries and the injury depth caused by the implantation of stents72. Therefore, further 
research is needed to evaluate the impact of the number of struts in a stent on thrombosis 
and restenosis. 
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Thick vs. thin struts: As discussed above, the injury depth and the stretching of the coronary 
arteries have a great impact upon neointimal growth72, and the two parameters are vary 
inversely with the thickness of the stent struts. Thinner struts slice into tissue more easily 
and hence induce more deep injury to the coronary arteries, but unlike thicker struts, they 
cause less angulations and stretching of the arterial wall. The effect of strut thickness on 
restenosis incidence was evaluated in both ISAR-STEREO and ISAR-STEREO 2 trials23, 24. In 
the ISAR-STEREO trial, 326 patients were implanted with thin-strut stents (strut thickness is 
50 µm) while in the other 325 patients were assigned to receive thick-strut stents (strut 
thickness is 140 µm) randomly. The results showed the incidence of angiographic restenosis 
was 15.0% in the thin-strut group vs. 25.8% in the thick-strut group (P=0.003), clinical 
restenosis was also significantly reduced, with a reintervention rate of 8.6% among thin-
strut patients vs 13.8% among thick-strut patients (relative risk, 0.62; 95% CI, 0.39 to 0.99; 
P=0.03), and no difference was observed in the combined 1-year rate of death and 
myocardial infarction (MI)23. In the ISAR-STEREO 2 trial, a total of 611 patients with 
symptomatic coronary artery disease were randomly assigned to receive two different kind 
of stents in both design and strut thickness: the thin-strut ACS RX Multilink stent with 
interconnected ring design (Guidant, Advanced Cardiovascular Systems, Santa Clara, 
California) (strut thickness 50μm) were implanted into 309 patients while the thick-strut BX 
Velocity stent with closed cell design (Cordis Corp., Miami, Florida) (strut thickness 140μm) 
were implanted into 302 patients. The results showed the incidence of angiographic 
restenosis was 17.9% in the thin-strut group vs. 31.4% in the thick-strut group (p < 0.001), a 
target-vessel revascularization (TVR) due to restenosis was required in 12.3% of the thin-
strut group vs. 21.9% of the thick-strut group (p = 0.002), and no significant difference was 
observed in the combined incidence of death and MI at one year24. Therefore, the stents with 
thinner struts is preferred for the design of new stents as they can reduce angiographic and 
clinical restenosis more than those with thicker struts. 

Square vs. round strut cross-section: Another note worthy stent geometry is the shape of the 
strut cross-section. An in vitro study showed the migration distance of human aortic 
endothelial cells along the surface of the flat pieces of 316L stainless steel with the sharpest 
edge angles of the bottom surfaces (35°) was significantly greater than with larger angles 
(70°, 90°, and 140°, P < 0.05) under static and flow conditions, indicating the edge angle of 
stent struts does influence the rate of endothelialization. The stents with smaller edge angles 
and slopes facilitate endothelialization as compared with the larger angles73. In addition, 
when compared to those with smaller edge angles, the stents with larger angels have 
sharper edges in the direction of blood flow, which may interfere with blood by slicing the 
blood cells. Therefore, the square strut cross-section is not recommended and the round 
strut cross-section without corners or sharp edges is popular at present.  

Rough vs. smooth surface: The stent surface topography is thought to play an important role in 
stent performance. Though some studies showed a smooth, polished surface reduced 
thrombus adhesion and neointimal growth74, it does not mean extremely smooth surfaces 
are optimal for re-endothelialization. Recently, an in vitro study suggested that a stent 
surface with a microscopic pattern of parallel grooves disposed in the direction of blood 
flow leads to a faster re-endothelialization process than the stent with smooth surface75. In 
addition, in a recent animal study, a similar result was observed a stent with a microscopic 
parallel grooves accelerated the endothelialization rate significantly 1 week after 
implantation in porcine carotid arteries compared to smooth stents76, 77. In order to 
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stent migration to the adventia and the stent cross-sectional area increasing accompanied by 
medial compression63, 64. 

Coil vs. Tube: Generally, the balloon-expandable stent is classified into two groups: the tube 
and the coil design. The tubular stent is cut from a steel tube or a flat sheet of metal which is 
then rolled and welded to form a tube. The coil design is composed of a continuously 
wound wire or a series of flat sheet coils, which has a greater strut width with gaps and 
fewer or no connections between struts compared with the tubular stent65. These 
characteristics make coil stents more flexible but have poor radial strength and the wide gap 
allows tissue prolapse66. As a result, coil design is being replaced by the tube design 
gradually. 

Slotted tube vs. Modular: Tubular balloon-expandable stents also can be divided into two 
types: slotted tube and modular design. Both of them are cut from a tube of metal. A clinical 
study showed slotted tube stents resisted restenosis more than the modular stents (22.1% vs 
25.2%)67. The slotted tube stent also has two kinds: one is closed cell design, and the other 
one is open cell design. The former one is loser to the original concept of slotted tubes, while 
the latter is more like the modular stent. In a clinical study, less platelet activation was 
found in the implantation of closed cell stents than the open cell stents, which may have 
resulted from a greater degree of tissue prolapsed with the open cell stents68.  

Long vs. Short: It has been proven that stent length is associated with restenosis rate and 
clinical events (mainly target lesion revascularization): 20 mm length stent resulted in 22.6% 
angiographic restenosis rate; 27 mm length stent led to 36% angiographic restenosis rate; 
and 43 mm length stent produced 67.5% angiographic restenosis rate69. Similar results were 
found in another clinical study that showed the angiographic restenosis rates were 20.8% 
and 37.3%, respectively, in the implantation of 16 mm and ≥ 32 mm BMSs, and the 
angiographic restenosis rates were 7.2% and 10.3% for the implantation of the same length 
of DESs70. Therefore, stent length is still a problem in DESs. On the one hand, the DESs can 
reduce restesnosis in both long and short lesions compared with BMSs, but a long stent is 
expected to cover all the diseased area. On the other hand, a long DES may increase the 
occurrence of restenosis. 

Wide vs. Narrow: As with stent length, the stent width is another problem in both BMSs and 
DESs. The same study mentioned above showed the angiographic rates were 40.8% in the 
2.5 mm diameter vs. 12.9% in the 3.5 mm diameter BMSs, and 8.8% vs. 5.5% in the same 
diameter DESs70. Although the study suggested that the wide diameter stent is more 
favorable than the narrow one, the width is still a problem which has not been eliminated by 
DESs. 

More struts vs. less: An animal study, of stainless steel stents with different configurations 
implanted in rabbit iliac arteries, indicated that the stents with 12 struts per cross section 
had 50% to 60% less mural thrombus and 2-fold less neointimal area than those of identical 
stents with only 8 struts per cross section71. However, another animal study showed the 
neointimal growth is not related to the number of struts, but associated with the stretching 
of arteries and the injury depth caused by the implantation of stents72. Therefore, further 
research is needed to evaluate the impact of the number of struts in a stent on thrombosis 
and restenosis. 
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Thick vs. thin struts: As discussed above, the injury depth and the stretching of the coronary 
arteries have a great impact upon neointimal growth72, and the two parameters are vary 
inversely with the thickness of the stent struts. Thinner struts slice into tissue more easily 
and hence induce more deep injury to the coronary arteries, but unlike thicker struts, they 
cause less angulations and stretching of the arterial wall. The effect of strut thickness on 
restenosis incidence was evaluated in both ISAR-STEREO and ISAR-STEREO 2 trials23, 24. In 
the ISAR-STEREO trial, 326 patients were implanted with thin-strut stents (strut thickness is 
50 µm) while in the other 325 patients were assigned to receive thick-strut stents (strut 
thickness is 140 µm) randomly. The results showed the incidence of angiographic restenosis 
was 15.0% in the thin-strut group vs. 25.8% in the thick-strut group (P=0.003), clinical 
restenosis was also significantly reduced, with a reintervention rate of 8.6% among thin-
strut patients vs 13.8% among thick-strut patients (relative risk, 0.62; 95% CI, 0.39 to 0.99; 
P=0.03), and no difference was observed in the combined 1-year rate of death and 
myocardial infarction (MI)23. In the ISAR-STEREO 2 trial, a total of 611 patients with 
symptomatic coronary artery disease were randomly assigned to receive two different kind 
of stents in both design and strut thickness: the thin-strut ACS RX Multilink stent with 
interconnected ring design (Guidant, Advanced Cardiovascular Systems, Santa Clara, 
California) (strut thickness 50μm) were implanted into 309 patients while the thick-strut BX 
Velocity stent with closed cell design (Cordis Corp., Miami, Florida) (strut thickness 140μm) 
were implanted into 302 patients. The results showed the incidence of angiographic 
restenosis was 17.9% in the thin-strut group vs. 31.4% in the thick-strut group (p < 0.001), a 
target-vessel revascularization (TVR) due to restenosis was required in 12.3% of the thin-
strut group vs. 21.9% of the thick-strut group (p = 0.002), and no significant difference was 
observed in the combined incidence of death and MI at one year24. Therefore, the stents with 
thinner struts is preferred for the design of new stents as they can reduce angiographic and 
clinical restenosis more than those with thicker struts. 

Square vs. round strut cross-section: Another note worthy stent geometry is the shape of the 
strut cross-section. An in vitro study showed the migration distance of human aortic 
endothelial cells along the surface of the flat pieces of 316L stainless steel with the sharpest 
edge angles of the bottom surfaces (35°) was significantly greater than with larger angles 
(70°, 90°, and 140°, P < 0.05) under static and flow conditions, indicating the edge angle of 
stent struts does influence the rate of endothelialization. The stents with smaller edge angles 
and slopes facilitate endothelialization as compared with the larger angles73. In addition, 
when compared to those with smaller edge angles, the stents with larger angels have 
sharper edges in the direction of blood flow, which may interfere with blood by slicing the 
blood cells. Therefore, the square strut cross-section is not recommended and the round 
strut cross-section without corners or sharp edges is popular at present.  

Rough vs. smooth surface: The stent surface topography is thought to play an important role in 
stent performance. Though some studies showed a smooth, polished surface reduced 
thrombus adhesion and neointimal growth74, it does not mean extremely smooth surfaces 
are optimal for re-endothelialization. Recently, an in vitro study suggested that a stent 
surface with a microscopic pattern of parallel grooves disposed in the direction of blood 
flow leads to a faster re-endothelialization process than the stent with smooth surface75. In 
addition, in a recent animal study, a similar result was observed a stent with a microscopic 
parallel grooves accelerated the endothelialization rate significantly 1 week after 
implantation in porcine carotid arteries compared to smooth stents76, 77. In order to 
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determine the relationship between the stent surface topography and outcome in patients 
undergoing implantation of stents with rough and smooth surfaces, a clinical trial of 200 
patients with significant stenosis in native coronary vessels were randomly assigned in a 
double-blind study to receive either a rough or a smooth-surface stent. The study indicated 
rough stent surface does not increase late lumen loss after stent implantation as compared 
with a conventional smooth stent surface, and the angiographic restenosis rates were 25% 
with rough-surface stents vs 35% with smooth surface stents (P=0.19)78. Therefore, a 
relatively rough surface is better for stent performance than a smooth one. 

Symmetry of Deployment: Previous studies suggested that the degree of restenosis is related to 
the symmetry of stent expansion and increased neointimal thickening was found in the 
unevenly deployed stents71, 79. In the presence of calcified lesions, the stents usually were 
expanded asymmetrically80, 81. It is believed that the symmetry of stent deployment might be 
influenced by the balloon folding patterns82. Currently, trefoil or tetrafoil folding is 
common, which prevents excessive expansion of one side of the stent83. 

2.2 Drug delivery vehicles – Coating polymer 

Polymers are large molecule compounds consisting of repeating structural units typically 
connected by covalent chemical bonds, which can be broadly classified into 
nonbiodegradable and biodegradable polymers when used as drug carriers in DESs. 

2.2.1 Non biodegradable polymers 

Both the first and the second generation of DESs are using nonbiodegradable polymers to 
control the drug-elution profile. In the first generation of DES, Cypher (sirolimus-eluting 
stent, Cordis, Warren, NJ) used polyethylene-co-vinyl acetate (PEVA)/poly-n-butyl 
methacrylate (PBMA) to delivery sirolimus, while Taxus (paclitaxel-eluting stent, Boston 
Scientific, Natick, MA) used polystyrene-b-isobutylene-b-styrene (SIBS) to delivery 
paclitaxel. Both stents can reduce restenosis significantly compared to BMSs70,84-86, however, 
an increase in the rate of MI and mortality was reported in patients following 18 months to 3 
years after the implantation of Cypher or Taxus87-90. In the second generation of DES, Xience 
V (everolimus-eluting stent, Abott Vascular, CA) employed a fluoropolymer to carry 
everolimus, while Endeavor (zotarolimus-eluting stent, Medtronic Vascular, Santa Rosa, 
CA) employed phosphorylcholine (PC) to carry zotarolimus. Compared with the respective 
BMS, the target vessel revascularization (TVR) was reduced significantly by both Endeavor 
and Xience V stents91,92. Xience V stents reduced angiographic late loss without an increase 
of stent thrombosis compared with Taxus stents in the SPIRIT III study93, whereas Endeavor 
stents showed a higher incidence of restenosis compared with Cypher stents in the 
ENDEAVOR III trial94. However, both Endeavor and Taxus stents had an equivalent target 
lesion revascularization rate in a later trial95. In addition, there were no cases of very late 
stent thrombosis in earlier ENDEAVOR trials over 4 years indicating Endeavor stents are 
safe in the long-term96. 

2.2.2 Biodegradable polymers 

As nonbiodegradable polymers may lead to inflammatory response97, the biodegradable 
polymers applied for stent coatings to delivery drugs are being investigated. The most 
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commonly used polymers now are polylactic acid (PLA), polyglycolic acid (PGA) and their 
copolymer, polylactic-co-glycolic acid (PLGA)98, 99, which are fully metabolized to water and 
carbon dioxide and excreted via the respiratory system. Despite a series of promising 
preliminary data that was reported100-103, the development of biodegradable polymers in 
DES is still challenging. On the one hand, the degradation of polymers are affected by a 
variety of factors104 such as the pH, the polymer’s size, molecular weight and crystallinity, 
etc, making the drug release control difficult. On the other hand, the accumulated acidic 
products from polymer degradation may result in significant inflammatory response of the 
vessel wall and therefore lead to restenosis. 

2.2.3 Other materials and methods 

Other stents that do not use a polymer at all are still under development. For example, a 
titanium–nitric oxide alloy has been applied to stainless steel stents with encouraging results, 
including decreased platelet adhesion and neointimal hyperplasia compared with BMS34. A 
microporous stainless steel stent (Yukon, Translumina, Germany) allows for dose-adjustable, 
multiple drugs, and on-site coating105 [63]. The system is therapeutically effective with 
rapamycin106. A nanoporous hydroxyapetite (a biocompatible crystalline derivative of calcium 
phosphate) coating, which can be impregnated with anti-restenotic drugs, is currently under 
development107. A stainless steel stent coated with nanoporous aluminium oxide and 
tacrolimus showed disappointing results, however, with evidence of particle debris shed from 
the coating contributing to increased neointimal hyperplasia108. An interesting drug delivery 
system developed recently is composed of magnetic nanoparticles (MNPs) loaded with 
endothelial cells and a 304 grade stainless steel109. The endothelial cells were loaded on 
polylactide modified MNPs and then moved by a magnetic field gradient towards the stent 
surface after injection, which enabled artificial endothelialization and repeated dosing, 
showing promising future. However, further evaluation in animal studies and clinical trials is 
required. 

2.3 Therapeutic agents  

2.3.1 Sirolimus and its analogues 

Sirolimus: Sirolimus (rapamycin), a macrocyclic lactone used in the Cypher stents, binds to 
FK-binding protein 12 and subsequently inhibits the mammalian target of rapamycin 
(mTOR). The mTOR prevents the degradation of p27kip1, a cyclin-depengdent kinase 
inhibitor, thereby inhibits the migration and proliferation of SMCs110, 111. However, the 
mTOR is also a downstream target of the phosphatidylinositol-3 kinase pathway, which 
inhibits the tissue factor in endothelial cells and monocytes112-114. Therefore, the inhibition of 
mTOR by sirolimus leads to increasing expression and activity of tissue factor in endothelial 
cells112. 

Zotarolimus: The former name of zotarolimus is ABT-578, which is one of the sirolimus 
analogues developed by Abbott laboratories. The extremely lipophilic property and low 
water solubility115 make zotarolimus a better candidate for DES than sirolimus. It has been 
employed in Medtronic’s Endeavor stents which was approved by FDA in 2008 and showed 
better endothelialization than Cypher at 14 days post implantation116. It is also used in 
Zomaxx stents developed by Abbott laboratories117. 
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determine the relationship between the stent surface topography and outcome in patients 
undergoing implantation of stents with rough and smooth surfaces, a clinical trial of 200 
patients with significant stenosis in native coronary vessels were randomly assigned in a 
double-blind study to receive either a rough or a smooth-surface stent. The study indicated 
rough stent surface does not increase late lumen loss after stent implantation as compared 
with a conventional smooth stent surface, and the angiographic restenosis rates were 25% 
with rough-surface stents vs 35% with smooth surface stents (P=0.19)78. Therefore, a 
relatively rough surface is better for stent performance than a smooth one. 

Symmetry of Deployment: Previous studies suggested that the degree of restenosis is related to 
the symmetry of stent expansion and increased neointimal thickening was found in the 
unevenly deployed stents71, 79. In the presence of calcified lesions, the stents usually were 
expanded asymmetrically80, 81. It is believed that the symmetry of stent deployment might be 
influenced by the balloon folding patterns82. Currently, trefoil or tetrafoil folding is 
common, which prevents excessive expansion of one side of the stent83. 

2.2 Drug delivery vehicles – Coating polymer 

Polymers are large molecule compounds consisting of repeating structural units typically 
connected by covalent chemical bonds, which can be broadly classified into 
nonbiodegradable and biodegradable polymers when used as drug carriers in DESs. 

2.2.1 Non biodegradable polymers 

Both the first and the second generation of DESs are using nonbiodegradable polymers to 
control the drug-elution profile. In the first generation of DES, Cypher (sirolimus-eluting 
stent, Cordis, Warren, NJ) used polyethylene-co-vinyl acetate (PEVA)/poly-n-butyl 
methacrylate (PBMA) to delivery sirolimus, while Taxus (paclitaxel-eluting stent, Boston 
Scientific, Natick, MA) used polystyrene-b-isobutylene-b-styrene (SIBS) to delivery 
paclitaxel. Both stents can reduce restenosis significantly compared to BMSs70,84-86, however, 
an increase in the rate of MI and mortality was reported in patients following 18 months to 3 
years after the implantation of Cypher or Taxus87-90. In the second generation of DES, Xience 
V (everolimus-eluting stent, Abott Vascular, CA) employed a fluoropolymer to carry 
everolimus, while Endeavor (zotarolimus-eluting stent, Medtronic Vascular, Santa Rosa, 
CA) employed phosphorylcholine (PC) to carry zotarolimus. Compared with the respective 
BMS, the target vessel revascularization (TVR) was reduced significantly by both Endeavor 
and Xience V stents91,92. Xience V stents reduced angiographic late loss without an increase 
of stent thrombosis compared with Taxus stents in the SPIRIT III study93, whereas Endeavor 
stents showed a higher incidence of restenosis compared with Cypher stents in the 
ENDEAVOR III trial94. However, both Endeavor and Taxus stents had an equivalent target 
lesion revascularization rate in a later trial95. In addition, there were no cases of very late 
stent thrombosis in earlier ENDEAVOR trials over 4 years indicating Endeavor stents are 
safe in the long-term96. 

2.2.2 Biodegradable polymers 

As nonbiodegradable polymers may lead to inflammatory response97, the biodegradable 
polymers applied for stent coatings to delivery drugs are being investigated. The most 
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commonly used polymers now are polylactic acid (PLA), polyglycolic acid (PGA) and their 
copolymer, polylactic-co-glycolic acid (PLGA)98, 99, which are fully metabolized to water and 
carbon dioxide and excreted via the respiratory system. Despite a series of promising 
preliminary data that was reported100-103, the development of biodegradable polymers in 
DES is still challenging. On the one hand, the degradation of polymers are affected by a 
variety of factors104 such as the pH, the polymer’s size, molecular weight and crystallinity, 
etc, making the drug release control difficult. On the other hand, the accumulated acidic 
products from polymer degradation may result in significant inflammatory response of the 
vessel wall and therefore lead to restenosis. 

2.2.3 Other materials and methods 

Other stents that do not use a polymer at all are still under development. For example, a 
titanium–nitric oxide alloy has been applied to stainless steel stents with encouraging results, 
including decreased platelet adhesion and neointimal hyperplasia compared with BMS34. A 
microporous stainless steel stent (Yukon, Translumina, Germany) allows for dose-adjustable, 
multiple drugs, and on-site coating105 [63]. The system is therapeutically effective with 
rapamycin106. A nanoporous hydroxyapetite (a biocompatible crystalline derivative of calcium 
phosphate) coating, which can be impregnated with anti-restenotic drugs, is currently under 
development107. A stainless steel stent coated with nanoporous aluminium oxide and 
tacrolimus showed disappointing results, however, with evidence of particle debris shed from 
the coating contributing to increased neointimal hyperplasia108. An interesting drug delivery 
system developed recently is composed of magnetic nanoparticles (MNPs) loaded with 
endothelial cells and a 304 grade stainless steel109. The endothelial cells were loaded on 
polylactide modified MNPs and then moved by a magnetic field gradient towards the stent 
surface after injection, which enabled artificial endothelialization and repeated dosing, 
showing promising future. However, further evaluation in animal studies and clinical trials is 
required. 

2.3 Therapeutic agents  

2.3.1 Sirolimus and its analogues 

Sirolimus: Sirolimus (rapamycin), a macrocyclic lactone used in the Cypher stents, binds to 
FK-binding protein 12 and subsequently inhibits the mammalian target of rapamycin 
(mTOR). The mTOR prevents the degradation of p27kip1, a cyclin-depengdent kinase 
inhibitor, thereby inhibits the migration and proliferation of SMCs110, 111. However, the 
mTOR is also a downstream target of the phosphatidylinositol-3 kinase pathway, which 
inhibits the tissue factor in endothelial cells and monocytes112-114. Therefore, the inhibition of 
mTOR by sirolimus leads to increasing expression and activity of tissue factor in endothelial 
cells112. 

Zotarolimus: The former name of zotarolimus is ABT-578, which is one of the sirolimus 
analogues developed by Abbott laboratories. The extremely lipophilic property and low 
water solubility115 make zotarolimus a better candidate for DES than sirolimus. It has been 
employed in Medtronic’s Endeavor stents which was approved by FDA in 2008 and showed 
better endothelialization than Cypher at 14 days post implantation116. It is also used in 
Zomaxx stents developed by Abbott laboratories117. 
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Everolimus: Everolimus is another sirolimus analogue, which is also used as an 
immunosuppressive agent 118. As with sirolimus, it inhibits smooth muscle cell proliferation 
and in-stent neointimal growth119, 120. However, compared to sirolimus, everolimus has a 
better pharmacokinetic profile and bioavailability when used in organ transplant121. When it 
is used in intracoronary elution, everolimus absorbs to local tissue more rapidly and has a 
longer celluar residence time and activity122. It has been used in another FDA approved 
stent, Xience V, which also showed better endothelialization than Cypher at 14 days post 
implantation of stents116.  

Biolimus A9: Biolimus A9 has similar immunosuppressive potency to sirolimus, but it is 
absorbed by vessel walls more readily and enters cells more rapidly123, 124. It has been 
investigated in two PLA coated stainless steel stents, Biomatrix (Biosensors International, 
Singapore) and Nobori (Terumo, Japan) 124-126. The biolimus-eluting stent has been proven to 
be safe and effective in reducing neointimal proliferation when compared to BMSs and 
Taxus in the Nobori 1 trial126. 

2.3.2 Paclitaxel and its analogues 

Paclitaxel: Paclitaxel, a lipophilic diterpenoid, binds to β-subunit of the tubulin heterodimer, 
promoting tubulin polymerization and cell cycle arrest, thus inhibiting the migration and 
proliferation of SMCs127, 128. Notwithstanding, an important regulator of endothelial and 
monocytic tissue factor induction113, 114, c-Jun NH2-terminal kinase, is also activated by 
paclitaxel129, 130, and, consequently, enhances the activity of tissue factor in endothelial cells 130. 

Coroxane: To improve the solubility of paclitaxel and reduce non-drug-related toxicties131, a 
protein-engineered nanoparticle albumin bound paclitaxel (nab-paclitaxel) named Coroxane 
was developed by Abraxis Bioscience Inc.. The phase 1 study has been conducted showing 
10-30 mg/m2 doses of the drug are safe for humans132. The phase II study is ongoing. 

Docetaxel: Docetaxel is a semi-synthetic analogue of paclitaxel used for the treatment of 
ovarian, breast and non-small cell lung cancer133. Compared to paclitaxel, docetaxel has 
better anti-proliferative properties134, however, it has dose-dependent cytotoxicity135. 

2.3.3 Others 

Tacrolimus: Tacrolimus (FK-506 or Fujimycin or Prograf), a hydrophobic macrolide 
immunosuppressant drug, is a T cell inhibitor resulting in cell apoptosis by holding cells in 
the G0 phase of the cell cycle and has a different mechanism from that of sirolimus136, 137 . 
Moreover, unlike the mTOR inhibitors and paclitaxel, tacrolimus does not increase 
expression of tissue factor since it has a preferential effect on SMCs as suppressed 
endothelial cells112, 130, 138, 139. Although some studies showed that tacrolimus-eluting stents 
can significantly reduce neointimal proliferation108, 140, a study on Janus, a new design of 
tacrolimus-eluting stent (Sorin Biomedica Cardio, Italy), indicated the performance of Janus 
was no better than a BMS141. Other tacrolimus-eluting stents and their long term outcomes 
are still under investigation142. 

Pimecrolimus: Pimecrolimus (SDZ ASM 981), an analogue of ascomycin, has similar effects and 
mechanism of tacrolimus. It has received substantial interest for its significant anti-
inflammatory activity, immunomodulatory capabilities and low systemic immunosuppressive 
potential143. 
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Curcumin: Curcumin, a component of turmeric, exhibits a variety of biological activities such 
as anti-proliferative activity, anti-inflammatory, anti-oxidant activity, wound healing ability, 
and anti-microbial activity144-146. Thus, curcumin is an excellent candidate in the application 
of coronary stents to inhibit the proliferation of SMCs and prevent inflammatory response, 
and hence prevent the occurrence of restenosis.  

Resveratrol: Resveratrol (3, 5, 4′- trihydroxystilbene), is a phytoalexin found in various plants, 
such as grapes, berries, peanuts and wines, and has many biological activities including 
anti-fungal, anti-bacterial, anti-viral, anti-oxidant, and anti-inflammatory activity147, 148. It is 
most important, however, that resveratrol has the potential to be used as a therapeutic agent 
in DES to inhibit thrombosis and restenosis because of its ability to block the aggregation of 
human platelets and prevent the proliferation of vascular smooth muscle cells149-152. 

CD 34 antibody: Contrary to SMC inhibition, a novel prohealing technology is used in the 
GenousTM stent (Orbus Neich, Fort Lauderdale, Florida), which is a stainless steel stent 
coated with murine monoclonal antihuman CD34 antibodies that attracts endothelial 
progenitor cell to enhance re-endothelialization. The reported results indicate that the 
GenousTM stent is effective and promising153-156. 

Anti-VEGF: Another similar concept is the bevacizumab-eluting stent (Biocompatibles Ltd., 
London, UK)157. Bevacizumab, a specific anibody of vascular endothelial growth factor 
(VEGF), was coated on the surface of BiodivYsio stent to inhibit the development of the vaso 
vasorum and thereby promote atheromatous plaque stability. Further investigation is in 
progress. 

Drug Combinations: Besides developing new individual drugs to inhibit thrombosis and 
restenosis, combining the known effective drugs together on the stents is a novel method. 
For example, pimecrolimus and paclitaxel were loaded together on Symbio stents; heparin 
and sirolimus were coated on Synchronnium stents; genistein were combined with 
sirolimus158.  

3. Current commercially available and investigational DESs 
Currently, four drug-eluting stents have been approved by the FDA for the U.S. market 
including: Sirolimus coated Cypher® stent (Cordis, Inc.), Paclitaxel coated Taxus® stent 
(Boston Scientific, Inc.), Zotarolimus coated Endeavour® stent(Medtronic, Minneapolis, 
MN) and Everolimus coated Xience® Stent (Abbott, Redwood city, California). Cook, MIV 
Therapeutics, Inc. and a few others including MicroMedical Group, Inc. have been working 
hard to enter the stent market as well. The table below provides a summary of currently 
available and investigational DESs and their status.  

Among currently available nonbiodegradable DESs, both Cypher® and Taxus® stents have 
been well- accepted by clinical cardiologists and patients. The incidences of in-stent 
restenosis in both stents are effectively confined to less than 10%. However, the common 
problem faced with both stents is late-stage thrombosis which occurs at approximately 0.4% 
after one year of implantation. Endeavour® and Xience® are relatively new to the market, 
and therefore their long-term clinical safety and efficacy need to be further investigated. 

Cypher® and Taxus® stents, the first generation of DESs, are constructed from 316L 
stainless steel, while recently approved Endeavour® and Xience® stents are made from 
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Everolimus: Everolimus is another sirolimus analogue, which is also used as an 
immunosuppressive agent 118. As with sirolimus, it inhibits smooth muscle cell proliferation 
and in-stent neointimal growth119, 120. However, compared to sirolimus, everolimus has a 
better pharmacokinetic profile and bioavailability when used in organ transplant121. When it 
is used in intracoronary elution, everolimus absorbs to local tissue more rapidly and has a 
longer celluar residence time and activity122. It has been used in another FDA approved 
stent, Xience V, which also showed better endothelialization than Cypher at 14 days post 
implantation of stents116.  

Biolimus A9: Biolimus A9 has similar immunosuppressive potency to sirolimus, but it is 
absorbed by vessel walls more readily and enters cells more rapidly123, 124. It has been 
investigated in two PLA coated stainless steel stents, Biomatrix (Biosensors International, 
Singapore) and Nobori (Terumo, Japan) 124-126. The biolimus-eluting stent has been proven to 
be safe and effective in reducing neointimal proliferation when compared to BMSs and 
Taxus in the Nobori 1 trial126. 

2.3.2 Paclitaxel and its analogues 

Paclitaxel: Paclitaxel, a lipophilic diterpenoid, binds to β-subunit of the tubulin heterodimer, 
promoting tubulin polymerization and cell cycle arrest, thus inhibiting the migration and 
proliferation of SMCs127, 128. Notwithstanding, an important regulator of endothelial and 
monocytic tissue factor induction113, 114, c-Jun NH2-terminal kinase, is also activated by 
paclitaxel129, 130, and, consequently, enhances the activity of tissue factor in endothelial cells 130. 

Coroxane: To improve the solubility of paclitaxel and reduce non-drug-related toxicties131, a 
protein-engineered nanoparticle albumin bound paclitaxel (nab-paclitaxel) named Coroxane 
was developed by Abraxis Bioscience Inc.. The phase 1 study has been conducted showing 
10-30 mg/m2 doses of the drug are safe for humans132. The phase II study is ongoing. 

Docetaxel: Docetaxel is a semi-synthetic analogue of paclitaxel used for the treatment of 
ovarian, breast and non-small cell lung cancer133. Compared to paclitaxel, docetaxel has 
better anti-proliferative properties134, however, it has dose-dependent cytotoxicity135. 

2.3.3 Others 

Tacrolimus: Tacrolimus (FK-506 or Fujimycin or Prograf), a hydrophobic macrolide 
immunosuppressant drug, is a T cell inhibitor resulting in cell apoptosis by holding cells in 
the G0 phase of the cell cycle and has a different mechanism from that of sirolimus136, 137 . 
Moreover, unlike the mTOR inhibitors and paclitaxel, tacrolimus does not increase 
expression of tissue factor since it has a preferential effect on SMCs as suppressed 
endothelial cells112, 130, 138, 139. Although some studies showed that tacrolimus-eluting stents 
can significantly reduce neointimal proliferation108, 140, a study on Janus, a new design of 
tacrolimus-eluting stent (Sorin Biomedica Cardio, Italy), indicated the performance of Janus 
was no better than a BMS141. Other tacrolimus-eluting stents and their long term outcomes 
are still under investigation142. 

Pimecrolimus: Pimecrolimus (SDZ ASM 981), an analogue of ascomycin, has similar effects and 
mechanism of tacrolimus. It has received substantial interest for its significant anti-
inflammatory activity, immunomodulatory capabilities and low systemic immunosuppressive 
potential143. 
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Curcumin: Curcumin, a component of turmeric, exhibits a variety of biological activities such 
as anti-proliferative activity, anti-inflammatory, anti-oxidant activity, wound healing ability, 
and anti-microbial activity144-146. Thus, curcumin is an excellent candidate in the application 
of coronary stents to inhibit the proliferation of SMCs and prevent inflammatory response, 
and hence prevent the occurrence of restenosis.  

Resveratrol: Resveratrol (3, 5, 4′- trihydroxystilbene), is a phytoalexin found in various plants, 
such as grapes, berries, peanuts and wines, and has many biological activities including 
anti-fungal, anti-bacterial, anti-viral, anti-oxidant, and anti-inflammatory activity147, 148. It is 
most important, however, that resveratrol has the potential to be used as a therapeutic agent 
in DES to inhibit thrombosis and restenosis because of its ability to block the aggregation of 
human platelets and prevent the proliferation of vascular smooth muscle cells149-152. 

CD 34 antibody: Contrary to SMC inhibition, a novel prohealing technology is used in the 
GenousTM stent (Orbus Neich, Fort Lauderdale, Florida), which is a stainless steel stent 
coated with murine monoclonal antihuman CD34 antibodies that attracts endothelial 
progenitor cell to enhance re-endothelialization. The reported results indicate that the 
GenousTM stent is effective and promising153-156. 

Anti-VEGF: Another similar concept is the bevacizumab-eluting stent (Biocompatibles Ltd., 
London, UK)157. Bevacizumab, a specific anibody of vascular endothelial growth factor 
(VEGF), was coated on the surface of BiodivYsio stent to inhibit the development of the vaso 
vasorum and thereby promote atheromatous plaque stability. Further investigation is in 
progress. 

Drug Combinations: Besides developing new individual drugs to inhibit thrombosis and 
restenosis, combining the known effective drugs together on the stents is a novel method. 
For example, pimecrolimus and paclitaxel were loaded together on Symbio stents; heparin 
and sirolimus were coated on Synchronnium stents; genistein were combined with 
sirolimus158.  

3. Current commercially available and investigational DESs 
Currently, four drug-eluting stents have been approved by the FDA for the U.S. market 
including: Sirolimus coated Cypher® stent (Cordis, Inc.), Paclitaxel coated Taxus® stent 
(Boston Scientific, Inc.), Zotarolimus coated Endeavour® stent(Medtronic, Minneapolis, 
MN) and Everolimus coated Xience® Stent (Abbott, Redwood city, California). Cook, MIV 
Therapeutics, Inc. and a few others including MicroMedical Group, Inc. have been working 
hard to enter the stent market as well. The table below provides a summary of currently 
available and investigational DESs and their status.  

Among currently available nonbiodegradable DESs, both Cypher® and Taxus® stents have 
been well- accepted by clinical cardiologists and patients. The incidences of in-stent 
restenosis in both stents are effectively confined to less than 10%. However, the common 
problem faced with both stents is late-stage thrombosis which occurs at approximately 0.4% 
after one year of implantation. Endeavour® and Xience® are relatively new to the market, 
and therefore their long-term clinical safety and efficacy need to be further investigated. 

Cypher® and Taxus® stents, the first generation of DESs, are constructed from 316L 
stainless steel, while recently approved Endeavour® and Xience® stents are made from 
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Cobalt chrome. All four approved DESs are coated with nonbiodegradable polymers. 
Nonbiodegradable polymers were used rather than biodegradable polymers primarily due 
to the bio-incompatibility issues of existing biodegradable polymers. 

FDA CE Mark
Taxus® Paclitaxel Nir® 132 316LSS SIBS BSC Approved
Cypher® Sirolimus BxVelocity 140 316LSS PEVA/PBMA Cordis, J&J Approved

Endeavour® Zotarolimus Driver 91 Cobalt PC Medtronic Approved
Xience ® Everolimus ML-VISION® 81 Cobalt Fluropolymer Abbott Approved

BioMatrix Biolimus A9 S stent N/A 316LSS PLA Biosensor Int yes
Nobori Biolimus A9 Nobori Stent 112 316lss PLA TERUMO yes
Xtent Biolimus A9  NX™ DES PLA Xtent inv.

BioFreedom Biolimus A9 112 316LL Biosensor Int inv.
Janus Tacrolimus 110 316ll Sorin yes
Yukon Sirolimus 87 316ll Yukon yes

Genous Anti-CD 34 antibody 100 316ll OrbusNeich yes
JACTax Stent Paclitaxol JACTax Stent 316L Labcoat inv.

     MIV Siroliumus Miv 87 Cobalt Hap MIV therapeutics

Brand Name

No polymer--microporous
No Polymer

PLA with microdroplet

Platforms

No polymer--Rreservoir

Polymers
Manufacturers Generations Drugs Strut 

thickness MaterialsPlatforms Nondegrad.
Current Status 

Biodegrad.

First

Second

PEVA: Poly(ethylene-co-vinyl acetate; PBMA: polybutyl methacrylate; PC: Phosphorylcholine; PLA: Poly(acitic acid); PTFE: Polyetrafluoroethylene; SIBS: styrene-b-isobutylene-b-
styrene; PLGA: Poly(Lactide-co-Glycolide); ACP: amorphous calcium phosphate; N/A : Not available, BVS: bioabsorable everolimus-eluting stent, Inv.: Investigation

New 
Generation 

and Pipeline

Cobalt--adjustable length
No polymer-Texture

 
Table 1. The current commercially available and investigational DESs and their status 

3.1 Cypher® stent 

Cypher® stent has 8-33 mm in length and is offered in 2.5-3.5 mm diameters. Its coating 
matrix is composed of three nonbiodegradable polymers: Parylene C coated primer layer for 
improving adhesion of polymer to the metal surface, followed by a layer of polyethylene-co-
vinyl acetate (PEVA)/poly n-butyl methacrylate (PBMA) copolymer containing the active 
agent of Sirolimus. The top layer is a drug-free coating of PBMA to control drug release and 
to prevent a burst effect. The Cypher® stent releases 50% of its Sirolimus content during the 
first week after implantation and 85% of the drug over 30 days. All of the Sirolimus is eluted 
over 90 days.  

3.2 Taxus® stent 

Taxus® stent comes in lengths of 8-28mm and diameters of 2.5-3.75mm. The stent is coated 
with non-biodegradable poly (styrene-b-isobutylene-b-styrene), known as TransLute 
polymer. The stent provides a burst release of Paclitaxel during the initial 48 hours followed 
by slow release over the next 10 days and no further release after 30 days.  

3.3 Endeavour® DES 

Endeavour® stent is a cobalt chrome stent with strut thickness of 91 µm (originally  
S660 stent). The stent was coated with 4.3 µm of phosphorylcholine polymer and the 
immunosuppressive drug: Zotarolimusan an analog of Sirolimus. 
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3.4 Xience® DES 

Xience® stent is the most recently FDA approved DES. The stent is made by using  
Abbott’s cobalt chrome Multilink® Vision stent as a platform, coated with 7.6um of 
nonbiodegradable fluropolymer and another Sirolimus analogue drug, Everolimus. 

4. Fully Biodegradable Drug Eluting Stent (BDES) 
Despite a tremendous amount of capital invested in developing fully biodegradable stents 
to overcome the drawbacks existing in current nonbiodegradable stents, only five fully 
biodegradable stents have been investigated in humans so far:  

1. The Igaki-Tamai bioabsorbable stent (Igaki Medical Planning Company, Kyoto, Japan) 
2. Biodegradable everolimus eluting XIENCE V stent (BVS, Abbott Vascular, Santa Clara, 

CA, USA).  
3. Tyrosine polycarbonate biodegradable stent (Reva Medical Inc, San Diego, CA) 
4. Salicylate-based polyanhydride ester biodegradable sirolimus-eluting stent (Ideal™ 

Bioabsorbable Therapeutics Inc., CA, USA), and  
5. Biodegradable magnesium alloy stent (Biotronik AG, Berlin, German)  

Table 2 below summarizes the physical, chemical and structural characteristics of these five 
stents (159). 

4.1 The Igaki-Tamai Bioabsorbable Stent  

Igaki-Tamai Bioabsorbable Stent is the first absorbable stent that was implanted in humans. 
It is constructed from poly-L-lactic acid (PLLA). The stent is designed in a zig-zag helical 
coil structure with a 170um strut thickness. The stent is delivered by a balloon-mounted self-
expanding sheathed system with warmed contrast medium. As PLLA is radiolucent, gold 
markers at each end provide radio-opacity for stent identification. The stent does not release 
any antiproliferative drug. In the preliminary, first-in-man prospective, nonrandomized 
clinical trial that enrolled 50 patients, a 4-year follow-up of all the patients (100%) revealed a 
low complication rate with 1 in-hospital stent thrombosis causing a Q-wave MI, 1 non 
cardiac death, and 18% repeat PCI and no surgical revascularization. Although there have 
been no further human coronary implants and the focus is now on a peripheral application, 
this stent is important in the history of PCI with absorbable stents. 

4.2 Biodegradable everolimus-eluting XIENCE V stent  

XIENCE Stent has a backbone of circumferential hoops of crystalline PLA, with a strut 
thickness of 150μm, linked directly together or held by straight bridges achieving a radial 
strength similar to the Multi-link Vision metal stent. At both ends of the stent, two adjacent 
radio-opaque metal markers facilitate correct fluoroscopic positioning. The stent was coated 
with everolimus( 8.2 μg/mm) and amorphous PLA matrix in the ratio of 1:1. Eighty percent 
of the coated drug is released in 30 days, which is similar to the release patterns of the 
Xience V™ and Cypher® DESs. The stent has been evaluated in an observational first-in-
man study of 30 patients with single de novo coronary artery lesions. At the 2-year follow-up, 
the device has been shown to be safe with no cardiac deaths, target lesion 
revascularizations, nor stent thromboses and only one non-Q wave MI. In-stent late loss 
amounted to 0.43 ± 0.44 mm at 6 months and 0.48 ± 0.28 mm at 2 years. Binary restenosis 
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Cobalt chrome. All four approved DESs are coated with nonbiodegradable polymers. 
Nonbiodegradable polymers were used rather than biodegradable polymers primarily due 
to the bio-incompatibility issues of existing biodegradable polymers. 

FDA CE Mark
Taxus® Paclitaxel Nir® 132 316LSS SIBS BSC Approved
Cypher® Sirolimus BxVelocity 140 316LSS PEVA/PBMA Cordis, J&J Approved

Endeavour® Zotarolimus Driver 91 Cobalt PC Medtronic Approved
Xience ® Everolimus ML-VISION® 81 Cobalt Fluropolymer Abbott Approved

BioMatrix Biolimus A9 S stent N/A 316LSS PLA Biosensor Int yes
Nobori Biolimus A9 Nobori Stent 112 316lss PLA TERUMO yes
Xtent Biolimus A9  NX™ DES PLA Xtent inv.

BioFreedom Biolimus A9 112 316LL Biosensor Int inv.
Janus Tacrolimus 110 316ll Sorin yes
Yukon Sirolimus 87 316ll Yukon yes

Genous Anti-CD 34 antibody 100 316ll OrbusNeich yes
JACTax Stent Paclitaxol JACTax Stent 316L Labcoat inv.
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Table 1. The current commercially available and investigational DESs and their status 

3.1 Cypher® stent 

Cypher® stent has 8-33 mm in length and is offered in 2.5-3.5 mm diameters. Its coating 
matrix is composed of three nonbiodegradable polymers: Parylene C coated primer layer for 
improving adhesion of polymer to the metal surface, followed by a layer of polyethylene-co-
vinyl acetate (PEVA)/poly n-butyl methacrylate (PBMA) copolymer containing the active 
agent of Sirolimus. The top layer is a drug-free coating of PBMA to control drug release and 
to prevent a burst effect. The Cypher® stent releases 50% of its Sirolimus content during the 
first week after implantation and 85% of the drug over 30 days. All of the Sirolimus is eluted 
over 90 days.  

3.2 Taxus® stent 

Taxus® stent comes in lengths of 8-28mm and diameters of 2.5-3.75mm. The stent is coated 
with non-biodegradable poly (styrene-b-isobutylene-b-styrene), known as TransLute 
polymer. The stent provides a burst release of Paclitaxel during the initial 48 hours followed 
by slow release over the next 10 days and no further release after 30 days.  

3.3 Endeavour® DES 

Endeavour® stent is a cobalt chrome stent with strut thickness of 91 µm (originally  
S660 stent). The stent was coated with 4.3 µm of phosphorylcholine polymer and the 
immunosuppressive drug: Zotarolimusan an analog of Sirolimus. 
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3.4 Xience® DES 

Xience® stent is the most recently FDA approved DES. The stent is made by using  
Abbott’s cobalt chrome Multilink® Vision stent as a platform, coated with 7.6um of 
nonbiodegradable fluropolymer and another Sirolimus analogue drug, Everolimus. 

4. Fully Biodegradable Drug Eluting Stent (BDES) 
Despite a tremendous amount of capital invested in developing fully biodegradable stents 
to overcome the drawbacks existing in current nonbiodegradable stents, only five fully 
biodegradable stents have been investigated in humans so far:  

1. The Igaki-Tamai bioabsorbable stent (Igaki Medical Planning Company, Kyoto, Japan) 
2. Biodegradable everolimus eluting XIENCE V stent (BVS, Abbott Vascular, Santa Clara, 

CA, USA).  
3. Tyrosine polycarbonate biodegradable stent (Reva Medical Inc, San Diego, CA) 
4. Salicylate-based polyanhydride ester biodegradable sirolimus-eluting stent (Ideal™ 

Bioabsorbable Therapeutics Inc., CA, USA), and  
5. Biodegradable magnesium alloy stent (Biotronik AG, Berlin, German)  

Table 2 below summarizes the physical, chemical and structural characteristics of these five 
stents (159). 

4.1 The Igaki-Tamai Bioabsorbable Stent  

Igaki-Tamai Bioabsorbable Stent is the first absorbable stent that was implanted in humans. 
It is constructed from poly-L-lactic acid (PLLA). The stent is designed in a zig-zag helical 
coil structure with a 170um strut thickness. The stent is delivered by a balloon-mounted self-
expanding sheathed system with warmed contrast medium. As PLLA is radiolucent, gold 
markers at each end provide radio-opacity for stent identification. The stent does not release 
any antiproliferative drug. In the preliminary, first-in-man prospective, nonrandomized 
clinical trial that enrolled 50 patients, a 4-year follow-up of all the patients (100%) revealed a 
low complication rate with 1 in-hospital stent thrombosis causing a Q-wave MI, 1 non 
cardiac death, and 18% repeat PCI and no surgical revascularization. Although there have 
been no further human coronary implants and the focus is now on a peripheral application, 
this stent is important in the history of PCI with absorbable stents. 

4.2 Biodegradable everolimus-eluting XIENCE V stent  

XIENCE Stent has a backbone of circumferential hoops of crystalline PLA, with a strut 
thickness of 150μm, linked directly together or held by straight bridges achieving a radial 
strength similar to the Multi-link Vision metal stent. At both ends of the stent, two adjacent 
radio-opaque metal markers facilitate correct fluoroscopic positioning. The stent was coated 
with everolimus( 8.2 μg/mm) and amorphous PLA matrix in the ratio of 1:1. Eighty percent 
of the coated drug is released in 30 days, which is similar to the release patterns of the 
Xience V™ and Cypher® DESs. The stent has been evaluated in an observational first-in-
man study of 30 patients with single de novo coronary artery lesions. At the 2-year follow-up, 
the device has been shown to be safe with no cardiac deaths, target lesion 
revascularizations, nor stent thromboses and only one non-Q wave MI. In-stent late loss 
amounted to 0.43 ± 0.44 mm at 6 months and 0.48 ± 0.28 mm at 2 years. Binary restenosis 
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was observed in 7.7% of patients (2/26) at 6 months and in 0% of patients at 2 years (0/19). 
One third of stent struts had resolved after 2 years as assessed by optical coherence 
tomography. Although these data are encouraging, the small number of patients enrolled in 
the trial and the simplicity of the lesions treated means that a great deal of work remains to 
be done before the device can be considered for routine use in clinical practice. The stent is 
currently commercially available in Europe.  

4.3 Tyrosine polycarbonate biodegradable REVA stent  

The REVA stent is made from monomeric units of the common amino acid L-tyrosine, 
chemically modified to incorporate iodine molecules so as to make this stent radiopaque. 
This polymer degrades to carbon dioxide and water in a similar fashion to PLA. The stent 
struts were designed with a “slide and lock’” feature that enables strut thickness to be 
reduced without compromising radial integrity. The RESORB first-in-man trial showed 
unfavorable outcomes between 4 and 6 months post-implantation with a higher-than-
anticipated target lesion revascularization rate driven mainly by reduced stent diameter  

4.4 Polyanhydride ester (PAE) polymeric stent 

The PAE stent is made by incorporating salicylic acid into the backbone of a PAE polymer. 
The stent surface is coated with Sirolimus with complete elution of the drug by 30 days. The 
stent offers the advantages of being absorbable and providing anti-inflammatory and 
antiproliferative properties. In the first-in-man Whisper trial, a stent with strut thickness of 
200um and a crossing profile of 2.0 mm with a stent-to-artery coverage of 65% was 
implanted in 8 patients. Because of the higher-than-expected intimal hyperplasia in this FIM 
study, a subsequent design with thinner struts, a higher dose of Sirolimus, and a lower 
percent wall coverage is currently under investigation. 

4.5 Absorbable magnesium stent  

The AMS stent is composed of 93% magnesium and 7% rare-earth metals. It degrades within 
the body over a 2-to-3-month time frame, forming inorganic salts containing calcium, 
chloride, oxide, sulfates and phosphates. The AMS stent has been evaluated in an 
observational study (PROGRESS) of 71 patients with an angiographic and IVUS assessment 
at 4 months and clinical follow-up at 1 year. The relatively high in-stent late loss of 1.08 ± 
0.49 mm at 4 months translated into a TLR rate of 48.4% at 1 year. The main contributors to 
restenosis, as detected by IVUS at 4 months, were a decrease of external elastic membrane 
volume and neointimal hyperplasia, but only small remnants of the stent material were 
observed at 4 months. 

5. Future Development of DES 
Ideal DES, from a clinical aspect, should possess the following characteristics: a remarkable 
ease of use, unparalleled efficacy, impeccable safety, and restoration of conduit vessel 
physiology. However, from an engineering point of view, it is impossible to incorporate all 
parameters to make an “apple-pie” DES. Therefore the next generation of DES will be 
continuously developed by optimizing these three components through a variety ways 
including the new material selection, new platform design, and new drug incorporation, etc.  
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Table 2. Comparison of the Preoterties Among 5 Absorable Stents 
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was observed in 7.7% of patients (2/26) at 6 months and in 0% of patients at 2 years (0/19). 
One third of stent struts had resolved after 2 years as assessed by optical coherence 
tomography. Although these data are encouraging, the small number of patients enrolled in 
the trial and the simplicity of the lesions treated means that a great deal of work remains to 
be done before the device can be considered for routine use in clinical practice. The stent is 
currently commercially available in Europe.  

4.3 Tyrosine polycarbonate biodegradable REVA stent  

The REVA stent is made from monomeric units of the common amino acid L-tyrosine, 
chemically modified to incorporate iodine molecules so as to make this stent radiopaque. 
This polymer degrades to carbon dioxide and water in a similar fashion to PLA. The stent 
struts were designed with a “slide and lock’” feature that enables strut thickness to be 
reduced without compromising radial integrity. The RESORB first-in-man trial showed 
unfavorable outcomes between 4 and 6 months post-implantation with a higher-than-
anticipated target lesion revascularization rate driven mainly by reduced stent diameter  

4.4 Polyanhydride ester (PAE) polymeric stent 

The PAE stent is made by incorporating salicylic acid into the backbone of a PAE polymer. 
The stent surface is coated with Sirolimus with complete elution of the drug by 30 days. The 
stent offers the advantages of being absorbable and providing anti-inflammatory and 
antiproliferative properties. In the first-in-man Whisper trial, a stent with strut thickness of 
200um and a crossing profile of 2.0 mm with a stent-to-artery coverage of 65% was 
implanted in 8 patients. Because of the higher-than-expected intimal hyperplasia in this FIM 
study, a subsequent design with thinner struts, a higher dose of Sirolimus, and a lower 
percent wall coverage is currently under investigation. 

4.5 Absorbable magnesium stent  

The AMS stent is composed of 93% magnesium and 7% rare-earth metals. It degrades within 
the body over a 2-to-3-month time frame, forming inorganic salts containing calcium, 
chloride, oxide, sulfates and phosphates. The AMS stent has been evaluated in an 
observational study (PROGRESS) of 71 patients with an angiographic and IVUS assessment 
at 4 months and clinical follow-up at 1 year. The relatively high in-stent late loss of 1.08 ± 
0.49 mm at 4 months translated into a TLR rate of 48.4% at 1 year. The main contributors to 
restenosis, as detected by IVUS at 4 months, were a decrease of external elastic membrane 
volume and neointimal hyperplasia, but only small remnants of the stent material were 
observed at 4 months. 

5. Future Development of DES 
Ideal DES, from a clinical aspect, should possess the following characteristics: a remarkable 
ease of use, unparalleled efficacy, impeccable safety, and restoration of conduit vessel 
physiology. However, from an engineering point of view, it is impossible to incorporate all 
parameters to make an “apple-pie” DES. Therefore the next generation of DES will be 
continuously developed by optimizing these three components through a variety ways 
including the new material selection, new platform design, and new drug incorporation, etc.  
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Table 2. Comparison of the Preoterties Among 5 Absorable Stents 
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The challenges faced by emerging technologies are to reduce restenosis in high-risk lesions, 
without compromising healing, in order to avoid late thrombotic complications and to 
improve system deliverability to allow treatment of more complex patients. Currently, a 
number of strategies are being utilized to achieve these goals through the development of 
novel stent platforms, coating with biodegradable polymers or moving away from 
polymers, and with new generations and/or combinations of biological agents that both 
inhibit proliferation and promote endothelialization. With the recent positive data from 
Abbott’s ABSORB trial, clinical consensus is building that fully bioabsorbable stents (BDS) 
represent the next generation in DES. Table 3 summarizes the potential benefits for the 
biodegradable DES. 

 

Faciltates noninvasive diagnosis imaging(MR/CT)
Surgical option not restricted

Easier repeat revascularization

May limit late-stent thrombosis
Allows late favorable positive remodeling

May reduce long-term dual antiplatelet therapy
Has Larger drug-loading capacity

Addresses patient's concerns about permanent implants

 
Table 3. Potential Benefits of Biodegradable Stent. 
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1. Introduction 
It has been estimated that cardiovascular diseases will increase to 23.3 million in 2030 
[Mathers & Loncar, 2006]. Acute myocardial infarction (AMI) typically occurs as a result of 
death of millions of myocytes, replaced by non-contractile scar tissue, which imposes a great 
load burden on surviving myocytes [Segers & Lee, 2010]. Despite of the fundamental 
progress in the treatment of cardiovascular diseases, a substantial limitation is still present. 
Current reperfusion strategies afford a great myocardial salvage but limited regenerative 
capacity of the human heart is a barrier for complete myocardial recovery after necrotic 
events. Thus, the heart responds to injury by scar formation and persistence muscle damage. 
Massive cell death and replacement of fibrotic tissue lead to cavitary dilatation and negative 
left ventricular (LV) remodeling [Ren et al., 2005]. The aftermath event is contractile 
dysfunction and terminal failure. Thus, regenerating the infracted heart should be adjunct to 
the therapeutic strategies capable to restore the blood supply to the territory of the infarct 
related artery. These needs can be met using a cluster of cells with self-renewal capacity, 
clonal expansion and ability to differentiate into multiple cell lineages. Pluripotent 
embryonic stem cells (ESCs) or multipotent adult stem cells (ASCs) showed remarkable 
capacity in heart regeneration. But it needs to be emphasized that heart is not just a pump 
and orchestrated temporospatial activities consisting sequential electrical stimulation and 
mechanical contraction are highly demanded. By now, our knowledge about the genetic 
bases and natural underlying events of cardiovascular disease precede the advancement of 
therapeutic strategies. A candidate therapeutic strategy should improve cardiac remodeling 
and function through formation of new blood vessels and inducing reconstitution of 
functional myocardium. Thus, the aim of this chapter is to focus on the different aspects of 
stem cell therapy as a growing field for cell-based strategies. 

2. Stem cells  
Human ESCs (hESCs) isolated from the inner cell mass of the blastocyst stage of human 
embryo [Ding et al., 2011]. These cells have a unique ability to differentiate into various 
derivatives of three germ layers and construct ~ 220 diverse cell types of adult human  
body [Mingxia et al., 2011, Ding et al., 2011]. Application of clinically unsuitable or 
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developmentally arrested embryos can overcome the ethical problems related to embryo 
manipulation. Obtaining cells from single blastomeres of human embryo hampers the need 
for embryo destruction. Induced pluripotent stem cells (iPSCs) using cellular 
reprogramming via forced expression of certain stimulating factors essential for 
maintenance of stemness, brought the ultimate solution without the need to human embryo 
[David et al., 2011]. By transferring the nuclear materials of somatic cells into the oocytes 
conferred pluripotency or totipotency of somatic cells became possible [Gurdon & Wilmut, 
2011]. Despite of some epigenetic variations between iPSCs (mainly factor-free) and ESCs, 
these cells are similar in terms of proliferation, morphology, differentiation potential, 
imprinting, chromatin profiles and global gene/protein expression signature [Nordin et al., 
2011]. This technology bypasses the need for the embryo or the desired tissue as heart. Thus, 
it is ethically accepted for both therapeutic applications and diagnostic measures like 
patient’s disease modeling in vitro in order to find a treatment. Disease-specific iPS cells are 
also of paramount importance for achievement of this goal. In this way, tissue matching for 
organ transplantation is not a matter more. These goals are achievable using exogenous 
expression of two pluripotency transcription factors (e.g. Nanong, Oct4 and Sox2) and two 
proto-oncogenes (e.g. c-Myc and Klf4) [Nordin et al., 2011]. Induction of these programming 
factors is possible through application of retroviral and lentiviral vectors. Both of these 
vectors act for a period of time and then get silenced state once the endogenous genes had 
taken over the management of pluripotency [Stadtfeld & Hochedlinger, 2010]. The larger 
insert capacity of defective lentiviral vectors let them to deliver all of the programming 
factors without the need for separate individual vectors [Sinn et al., 2005]. In contrast with 
retroviruses, lentiviral vectors potently infect both dividing and non-dividing cells 
[Škalamera et al., 2011]. Viral vectors without integration into the genomic material of the 
target cells, like Adenovirus, have been used but their extremely low efficiency has faded 
their wide application [Okita & Yamanaka, 2011, Stadtfeld et al., 2008]. In addition to genetic 
manipulation, cell preconditioning and reprogramming could be performed thorough 
chemical and pharmacological cell manipulation. The advent of virus-free induction 
methods seems a revolutionary step in stem cell biotechnology. Despite of their low 
efficiency, Transposons, protein and mRNA-based induction methods seem advantageous 
due to their transgene-free nature [Si-Tayeb, 2010]. Small molecules as chromatin-modifying 
agents like Valporic acid (VPA) are also promising options for transgene-free cell 
reprogramming with replacement of potentially oncogenic-reprogramming factors 
[Medvedev et al., 2011]. In addition to the induction methods, knowledge about the through 
interplay between reprogramming factors will help in identification of more powerful 
reprogramming strategies. In this context, the effect of c-Myc in augmentation of the Oct4, 
Sox2 and Klf4 has been consequently associated with enhanced proliferation and 
differentiation arrest [Takahashi. et al., 2007]. Fully programmed cells raised safety concerns 
due to induced tumorigenicity by applied preconditioning factors as c-Myc [Kooreman & 
Wu, 2010]. Recently it has been suggested that creation of iPSCs using L-Myc instead of c-
Myc brings less tumorigenicity [Nakagawa et al., 2010]. iPSCs are characterized by the 
expression of the above mentioned transcription factors and cell surface molecules (e.g. 
SSEA-3/4, Tra-1-60 and Tra-1-81) [Swelstad & Kerr, 2009]. High alkaline phosphatase and 
telomerase activity, rapid proliferation, lack of contact inhibition and high nucleus to 
cytoplasmic ratio with prominent nuclear growing in flat colonies are also further 
confirmatory indices of successful iPSC achievement [Kooreman & Wu, 2010]. The major 
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criterion for pluripotency is demonstration of the cell lineage’s ability to reconstitute tissue 
composed of three layers by creating chimeras, tetraploid complementation or teratoma 
formation tests [Swelstad & Kerr, 2009]. Teratoma assay in immunodeficient SCID mice is 
currently used to test pluripotency in vivo for human iPSCs [Tan et al., 2008]. Teratoma 
formation (mature or immature) with differentiated ESC- or –iPSC-derived cells is attributed 
to the insufficient purity and remnant undifferentiated cell population within the transplanted 
cells [Kooreman & Wu, 2010]. Teratoma formation with injected mouse ESC (mESC)-derived 
beating embryoid bodies and undifferentiated mESCs is seen in experimental studies  
[Lin et al., 2010]. Transplantation of pure hESC-derived cardiomyocytes (82.6±6.6%) into 
immunodeficient rats was not associated with teratoma formation [Laflamme et al., 2007]. 
For ultimate translation of pluripotent stem cells into clinical benefits, highly purified cells 
and early detection of teratoma using novel non-invasive tracking strategies and advanced 
molecular imaging are warranted.  

Despite of the substantial progresses made in the field of reprogramming, low 
reprogramming efficiencies (0.01-0.1% of input cells), slow kinetics of process, partial 
reprogramming and genetic instability of the manipulated cells hamper clinical application 
of iPSCs [Utikal et al., 2009, Kanawaty & Henderson, 2009, Stadtfeld et al., 2008]. The type of 
original somatic cell used for iPSCs, its cycle status and genetic/epigenetic background 
affect the functional/molecular characteristic of the derived cells [Polo et al., 2010]. These 
factors, in addition to the “epigenetic memory” of hiPSCs affect the total reprogramming 
efficiency [Polo et al., 2010]. Thus, alternative promising stem cell source with remarkable 
plasticity as easily extracted adult stem cells (ASCs), hematopoietic stem cells (HSCs), 
adipose-derived stem cells and derived MSCs seem useful surrogates [Lodi et al., 2011]. 
ASCs showed wide range of paracrine effects as cytoprotection, enhanced angiogenesis, 
recruitment of hematopoietic stem cells and activation of resident cardiac stem cells for 
endogenous repair [Gnecchi et al., 2008]. Umbilical cord blood (UCB) containing 
hematopoietic (UC-HS) and mesenchymal stem cells (UC-MS) with higher immunological 
tolerance are another cell source [Mihu et al., 2008]. Generally, UC-MS grafts are more 
beneficial than BM-MSCs [In 't Anker et al., 2010].  

The activated vs. silenced pluripotency gene cluster is needed for proper programming. 
Mitotic errors, mutation occurrence and karyotypic changes have been observed in hESCs 
cultured over long passages [Kooreman & Wu, 2010]. Alterations in imprinted region on 
chromosome 12, location of pluripotency marker Nanog gene, have been proposed in the 
tumorigenicity of pluripotent cells [Draper et al., 2004]. Suppressed p53 signaling necessary 
for reprogramming brings tumorigenicity to the derived stem cells [Hong et al., 2009]. 
Tumorigenicity is an inherent property of pluripotent cells which is reduced upon 
differentiation. Thus, decreased tumorigenicity of the pluripotent cells means parallel 
decrease in their pluripotency and self-renewal potentials. Despite of the presence of intact 
spindle assembly checkpoints (SAC), mitotic failure-induced polyploidy has been observed 
in ESCs without occurrence of apoptosis [Kooreman & Wu, 2010]. In contrast with 
phenotypically resistant ESCs to DNA-damaging agents, embryoid bodies (EB) undergo 
caspase-3-induced apoptosis by these agents [Kooreman & Wu, 2010]. Human EB 
aggregates could be propagated from embryonic germ (EG) cells with multi-lineage 
differentiation potential and limited proliferation [Wobus  & Löser, 2011]. It has been 
speculated that hEG cells might be an alternative to hESCs in future for therapeutic 
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applications [Wobus & Löser, 2011]. Embryonic-like stem cells as Spermatogonial stem cells 
(SGSCs), parthenogenetic stem cells (PSCs) and male germline stem cells in pre-menopausal 
women can also give rise into fully active cardiomyocytes [Guan et al., 2007, Zimmermann, 
2011]. 

3. Image platform 
Molecular imaging for in vivo tracking the proliferating and viable stem cells made a 
substantial help in the field of bench to bedside application of stem cells. Pre-transplantation 
labeling through cell inoculation with nanoparticles or reporter gene is helpful [Kooreman 
& Wu, 2010]. Semiconductor quantum dots capable to emit different light wavelengths 
show photostable bright image signals but their aggregation inside the cytosol made the 
process of cell delivery difficult [Kooreman & Wu, 2010]. Non-specific binding is another 
issue. Mesenchymal stem cells have been tracked by MRI after labeling with Ferumoxides 
[Kraitchman et al., 2003, Amado et al., 2005, Arai et al., 2006]. MRI signals elicited by 
changes in T2 relaxation are induced due to the endocytosis of the iron oxide particles 
(SPIOs) or ultrasmall superparamagnetic iron oxide particles (USPIOs) [Kooreman & Wu, 
2010]. MRI signals are detectable for a period between three weeks up to two months but 
these signals can already exist in the presence of dead stem cells due to engulfed iron 
particles in scavenging macrophages [Lee et al., 2009]. Alternatively, direct stem cell labeling 
applying radionucleotides has been used for circulating-progenitor cells successfully 
[Hofmann et al., 2005]. The radionucleotide-bound cells could be detected using SPECT, 
PET, gamma camera and cardiac magnetic resonance tracing [Kooreman & Wu. 2010]. 
Ultimately, the tracking duration of the radionucleotide-bound cells depends greatly on the 
individual half-lives of the applied radionucleotide [Kooreman & Wu, 2010]. The enhanced 
false-positive rate, attributed to the radionucleotide leakage into the non-target cells is still a 
remained limitation for this highly valuable labeling technique [Kooreman & Wu, 2010].  

Reporter gene imagining using intracellular enzyme, cell surface receptor, transmembrane 
protein and intracellular storage protein probes can provoke detectable signals after 
interaction with the used exogenous reporters [Cao et al., 2006, MacLaren et al., 1999, 
Miyagawa et al., 2005, Liu et al., 2009]. Facilitated evaluation of survival and proliferation of 
the mother stem cells is possible through transferring stably integrated reporter genes 
[Kooreman & Wu, 2010]. However, concerns persist with regards to the altered cellular 
behaviors due to the inserted gene [Kooreman & Wu. 2010]. Assurance can be achieved 
using safer site-specific integration approaches [Keravala et al., 2009]. Double fusion 
construct containing firefly luciferase (Fluc) which interact with the reporter probe D-
luciferin and enhanced green florescence protein (eGFP) can be used for cell tracking in 
small animals [van der Bogt et al., 2006]. Low-energy photons (2-3 ev) made by Fluc suitable 
for high-throughput bioluminescence imaging (BLI) and signals of eGFP can be detected 
using ultrasensitive CCD camera and postmortem histology experiments, respectively 
[Kooreman & Wu, 2010]. In vivo monitoring of survival, proliferation and migration of the 
injected intramyocardial mESCs were performed using triple-fusion construct composed of 
Fluc, monomeric red fluorescent protein (mRFP) and Herpes simplex virus truncated 
thymidine kinase (HSVttk) [Cao et al., 2006]. PET is preferred to BLI due to the greater 
anatomical details and applicability in humans [Yaghoubi et al., 2009]. Indeed, easily 
performed and sensitive imaging modalities like BLI are able to detect early stages of 
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teratoma formation [van der Bogt et al., 2006, Lee et al., 2009]. Early detected teratomas can 
be ablated by its targeting using reporter-suicide gene construct [Cao et al., 2007]. But 
limited signal penetration in larger animals and lack of provided spatial three-dimensional 
data hurdles clinical application of BLI using Fluc reporter gene [Kooreman & Wu, 2010]. 
Higher spatial resolution of PET and MRI made them good candidate for clinical application 
but their substantial low detection threshold remained an obstacle [Kooreman & Wu, 2010]. 
Thus, combining image modalities is of crucial importance especially for clinical insights 
about identification of the safe limit of stem cell numbers without teratoma formation. Using 
BLI, Lee et al found safe limit of undifferentiated hESCs for cardiac transplantation into 
SCID mice to be 1×104 [Lee et al., 2009]. Progress in tracking strategies should be in parallel 
with identification of the appropriate markers for tracking of both stem cell homing and 
cardiac differentiation. Markers of undifferentiated cells as Oct4, hTert (human telomerase 
reverse transcriptase) and Dusp6 (dual specifity phosphatase 6) have been shown to be 
decreased during cardiac trans-differentiation [Wobus & Löser, 2011]. Thus, markers of 
mesoderm and early cardiogenesis as GATA-4 and Brachyury were found to be suitable for 
tracking cardiac differentiation [Wobus & Löser, 2011]. Precise imaging technologies should 
solve uncertainties real cardiomyocyte trans-differentiation vs. cell fusion. Cell fusion as an 
overlooked phenomenon occurs due to the autoflorescence problems regarding label 
transfer to neighboring cells or fusion of donor and recipient cells [Reinecke et al., 2008]. The 
former is avoidable using cell lineage markers as genetic materials [Reinecke et al., 2008]. 
This process gives rise to bi-nucleated, mono-nucleated cells with tetraploid synkaryon or 
cells with normal karyotype during division [Wang et al., 2003]. This phenomenon might be 
occurred after trans-differentiation into myocardium.  

4. Culture conditions 
The first ESC was cultured on mouse embryonic fibroblast- feeder layer cells (MEF-FL) 
[Wobus, 2010]. Growing of stem cells in suspension as aggregates or removing of feeder 
fibroblasts promotes differentiation of ESCs [Dambrot et al., 2011]. Derivatives of three germ 
layers like mesoderm (cardiomyocytes, blood and vascular endothelial cells) were derived 
by this method [Dambrot et al., 2011]. By advent of novel culture media stem cells could be 
kept in undifferentiated state even in the absence of feeder cells. Commercial culture media 
as mTeSR®1 and TeSR™2 (STEMCELL technologies) in combination with matrix containing 
a mixture of human collagen IV, fibronectin, vitronectin and laminin are beneficial in this 
context [Dambrot et al., 2011]. The goal of these culture conditions is to promote stem cell 
scale up while keeping karyotypic stability through successive enzymatic passages or 
suspension cultures. This field of stem cell technology needs to be promoted further.  

5. Special considerations 
Surveys to find the candidate stem cell should be parallel with search to find the candidate 
animal model. By now, mice are the most common used animal models due to the feasibility 
of the mutation induction and targeted deletion in them. Despite of these advantages, there 
are some fundamental differences between mouse and human heart. The predominantly 
expressed isoform of Myosin heavy chain (MHC) in fetal and adult mice are βMHC and 
αMHC, respectively [Dambrot et al., 2011]. The inverse pattern is seen in humans. The 
higher beating rate of mice (500 bpm) is surprisingly different from human heart (70 bpm) 
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applications [Wobus & Löser, 2011]. Embryonic-like stem cells as Spermatogonial stem cells 
(SGSCs), parthenogenetic stem cells (PSCs) and male germline stem cells in pre-menopausal 
women can also give rise into fully active cardiomyocytes [Guan et al., 2007, Zimmermann, 
2011]. 

3. Image platform 
Molecular imaging for in vivo tracking the proliferating and viable stem cells made a 
substantial help in the field of bench to bedside application of stem cells. Pre-transplantation 
labeling through cell inoculation with nanoparticles or reporter gene is helpful [Kooreman 
& Wu, 2010]. Semiconductor quantum dots capable to emit different light wavelengths 
show photostable bright image signals but their aggregation inside the cytosol made the 
process of cell delivery difficult [Kooreman & Wu, 2010]. Non-specific binding is another 
issue. Mesenchymal stem cells have been tracked by MRI after labeling with Ferumoxides 
[Kraitchman et al., 2003, Amado et al., 2005, Arai et al., 2006]. MRI signals elicited by 
changes in T2 relaxation are induced due to the endocytosis of the iron oxide particles 
(SPIOs) or ultrasmall superparamagnetic iron oxide particles (USPIOs) [Kooreman & Wu, 
2010]. MRI signals are detectable for a period between three weeks up to two months but 
these signals can already exist in the presence of dead stem cells due to engulfed iron 
particles in scavenging macrophages [Lee et al., 2009]. Alternatively, direct stem cell labeling 
applying radionucleotides has been used for circulating-progenitor cells successfully 
[Hofmann et al., 2005]. The radionucleotide-bound cells could be detected using SPECT, 
PET, gamma camera and cardiac magnetic resonance tracing [Kooreman & Wu. 2010]. 
Ultimately, the tracking duration of the radionucleotide-bound cells depends greatly on the 
individual half-lives of the applied radionucleotide [Kooreman & Wu, 2010]. The enhanced 
false-positive rate, attributed to the radionucleotide leakage into the non-target cells is still a 
remained limitation for this highly valuable labeling technique [Kooreman & Wu, 2010].  

Reporter gene imagining using intracellular enzyme, cell surface receptor, transmembrane 
protein and intracellular storage protein probes can provoke detectable signals after 
interaction with the used exogenous reporters [Cao et al., 2006, MacLaren et al., 1999, 
Miyagawa et al., 2005, Liu et al., 2009]. Facilitated evaluation of survival and proliferation of 
the mother stem cells is possible through transferring stably integrated reporter genes 
[Kooreman & Wu, 2010]. However, concerns persist with regards to the altered cellular 
behaviors due to the inserted gene [Kooreman & Wu. 2010]. Assurance can be achieved 
using safer site-specific integration approaches [Keravala et al., 2009]. Double fusion 
construct containing firefly luciferase (Fluc) which interact with the reporter probe D-
luciferin and enhanced green florescence protein (eGFP) can be used for cell tracking in 
small animals [van der Bogt et al., 2006]. Low-energy photons (2-3 ev) made by Fluc suitable 
for high-throughput bioluminescence imaging (BLI) and signals of eGFP can be detected 
using ultrasensitive CCD camera and postmortem histology experiments, respectively 
[Kooreman & Wu, 2010]. In vivo monitoring of survival, proliferation and migration of the 
injected intramyocardial mESCs were performed using triple-fusion construct composed of 
Fluc, monomeric red fluorescent protein (mRFP) and Herpes simplex virus truncated 
thymidine kinase (HSVttk) [Cao et al., 2006]. PET is preferred to BLI due to the greater 
anatomical details and applicability in humans [Yaghoubi et al., 2009]. Indeed, easily 
performed and sensitive imaging modalities like BLI are able to detect early stages of 
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teratoma formation [van der Bogt et al., 2006, Lee et al., 2009]. Early detected teratomas can 
be ablated by its targeting using reporter-suicide gene construct [Cao et al., 2007]. But 
limited signal penetration in larger animals and lack of provided spatial three-dimensional 
data hurdles clinical application of BLI using Fluc reporter gene [Kooreman & Wu, 2010]. 
Higher spatial resolution of PET and MRI made them good candidate for clinical application 
but their substantial low detection threshold remained an obstacle [Kooreman & Wu, 2010]. 
Thus, combining image modalities is of crucial importance especially for clinical insights 
about identification of the safe limit of stem cell numbers without teratoma formation. Using 
BLI, Lee et al found safe limit of undifferentiated hESCs for cardiac transplantation into 
SCID mice to be 1×104 [Lee et al., 2009]. Progress in tracking strategies should be in parallel 
with identification of the appropriate markers for tracking of both stem cell homing and 
cardiac differentiation. Markers of undifferentiated cells as Oct4, hTert (human telomerase 
reverse transcriptase) and Dusp6 (dual specifity phosphatase 6) have been shown to be 
decreased during cardiac trans-differentiation [Wobus & Löser, 2011]. Thus, markers of 
mesoderm and early cardiogenesis as GATA-4 and Brachyury were found to be suitable for 
tracking cardiac differentiation [Wobus & Löser, 2011]. Precise imaging technologies should 
solve uncertainties real cardiomyocyte trans-differentiation vs. cell fusion. Cell fusion as an 
overlooked phenomenon occurs due to the autoflorescence problems regarding label 
transfer to neighboring cells or fusion of donor and recipient cells [Reinecke et al., 2008]. The 
former is avoidable using cell lineage markers as genetic materials [Reinecke et al., 2008]. 
This process gives rise to bi-nucleated, mono-nucleated cells with tetraploid synkaryon or 
cells with normal karyotype during division [Wang et al., 2003]. This phenomenon might be 
occurred after trans-differentiation into myocardium.  

4. Culture conditions 
The first ESC was cultured on mouse embryonic fibroblast- feeder layer cells (MEF-FL) 
[Wobus, 2010]. Growing of stem cells in suspension as aggregates or removing of feeder 
fibroblasts promotes differentiation of ESCs [Dambrot et al., 2011]. Derivatives of three germ 
layers like mesoderm (cardiomyocytes, blood and vascular endothelial cells) were derived 
by this method [Dambrot et al., 2011]. By advent of novel culture media stem cells could be 
kept in undifferentiated state even in the absence of feeder cells. Commercial culture media 
as mTeSR®1 and TeSR™2 (STEMCELL technologies) in combination with matrix containing 
a mixture of human collagen IV, fibronectin, vitronectin and laminin are beneficial in this 
context [Dambrot et al., 2011]. The goal of these culture conditions is to promote stem cell 
scale up while keeping karyotypic stability through successive enzymatic passages or 
suspension cultures. This field of stem cell technology needs to be promoted further.  

5. Special considerations 
Surveys to find the candidate stem cell should be parallel with search to find the candidate 
animal model. By now, mice are the most common used animal models due to the feasibility 
of the mutation induction and targeted deletion in them. Despite of these advantages, there 
are some fundamental differences between mouse and human heart. The predominantly 
expressed isoform of Myosin heavy chain (MHC) in fetal and adult mice are βMHC and 
αMHC, respectively [Dambrot et al., 2011]. The inverse pattern is seen in humans. The 
higher beating rate of mice (500 bpm) is surprisingly different from human heart (70 bpm) 
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[Dambrot et al., 2011]. Some inherent properties of mESCs and hESCs are noteworthy but 
their clinical significance is still unknown. mESCs and hESCs differ in expression of surface 
markers and culture requirements, mainly attributed to the more naïve state of mESCs 
[Dambrot et al., 2011]. Regarding culture requirements for maintenance of undifferentiated 
state, mESCs are leukemia inhibitory factor (LIF)-dependent but humans are dependent to 
basic fibroblast growth factor (bFGF) and Activin/Nodal-controlled signaling pathways 
[Tesar et al., 2007, Xu et al., 2008]. Indeed, mESCs express SSEA-1 surface molecule rather 
than SSEA-3/4 in hESCs [Wobus  & Löser, 2011]. These basic differences make scientist to 
seek for a more comprehensively matched research model for regenerative purposes and 
diagnostic applications. In vitro drug screening, drug geneotoxicity/mutagenecity, chemical 
safety assessment, predictive toxicology and cardiac safety pharmacology are other avenues 
for beneficial application of stem cell technology. Due to species-specific pharmaco-
toxicological effects, animal models are not representative for human beings. Indeed, high 
number of animals needed for in vitro compound screening and toxicology tests [Wobus  & 
Löser, 2011]. In vitro human cellular tests overcame the limitations of inadequate 
standardized animal-based tests [Wobus  & Löser, 2011]. These species specific toxicology 
tests using immortalized human cell cultures were not real representative of normal cell 
types and mortal primary human cells loose their tissue-specific functions in cultures 
[Wobus  & Löser, 2011]. Thus, stem cells can provide a good source of cells without the need 
for immortalization measures; facilitate human-specific cardiac pharmaco-toxicology test 
systems. These stem-cell based compound screening, is of paramount importance for drugs 
synthesized for treatment of acute ischemic events. Stem cells can be potentially used for 
preimplantation genetic diagnosis (PGD) and –screening (PGS) of cases with genetic 
predisposition to cardiac ischemic events, but this aspect of stem cell technology needs to be 
wrought further: extended EST (Embryonic Stem Cell Test).  

Creating predictive in vitro human models of acute coronary events may be possible using 
cardiac stem cells. Stem cell-based models might be helpful both diagnostically and 
therapeutically. In terms of diagnosis and treatment, induction of gain-of function (selective 
turn-on) and loss-of-function (selective turn-off) mutations allows selective genetic 
manipulation of stem cells serving as vehicles. In addition, these assays are complementary 
to understand the effects of constitutively expressed genes in cell function and during the 
differentiation process. Loss-of-function mutations will potentially serve in identifying the 
cardiac lethality and survival genes. Generally, non-homologous joint recombination, 
homologous recombination, site-specific double-strand breaks and transpositional 
recombination are used strategies for genomic manipulation of stem cells [Dambrot et al., 
2011]. Direct stem cell reprogramming using three cardiac transcription factors, mouse 
fibroblasts can be differentiated into the cardiomyocytes [Ieda et al., 2010]. Examination of a 
cocktail of genes, introduced Gata4, Mef2c and Tbx5 as “master regulator genes” for rapid 
and stable direct reprogramming of fibroblasts into cardiomyocytes [Dambrot et al., 2011]. 
This method showed superior efficiency to iPSC technology by eliminating concerns 
regarding the presence of residual undifferentiated cells [Ieda et al., 2010]. Accelerated 
delivery of cells to the patients with lower costs is other benefit of this method [Dambrot et 
al., 2011]. But the inability of these emerged cardiomyocytes to expand in vitro is its major 
limitation [Dambrot et al., 2011]. Adipose-derived stem cells are also an attractive easily 
accessible source of stem cells for clinical application. These cells safely improve both 
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angiogenesis and myogenesis in injured heart. Finally, it should be beer in mind that the 
goal of stem cell differentiation methods should be achievement of functional myocardium. 

6. Cardiac differentiation 
By depletion of differentiation-repressing factors or growing cells as EBs, hESCs are easily 
committed to the target lineage [Dambrot et al., 2011]. EB-based directed differentiation 
occurs on specific matrixes in the presence of multiple inducers as growth factors, 
differentiation repressors or small molecules [Mohr et al., 2010, Boheler et al., 2002, Zwi et 
al., 2009, Mummery et al., 2007, Passier et al., 2006]. This method showed more success with 
mESCs rather than hESCs [Huangfu et al., 2008]. Spin EBs created from exactly defined cell 
numbers and centrifugated in V-shaped wells enhanced directed differentiation down the 
cardiac lineage [Ng et al., 2005, Ng et al., 2008]. Its yield is comparable with cardiomyocyte 
achievement of less than 5% of all cells using “hanging drop” EBs [Yoon et al., 2006]. 
Spontaneously beating cardiac clusters in the EB-outgrowths, varying in number from 8 to 
70%, will be stable for up to three months [He et al., 2003, Kehat et al., 2001, Xu et al., 2002]. 
Contracting EB depends on the applied growth factors, cell line used and size of EB 
[Burridge et al., 2007, Pal & Khanna, 2007, Mikkola et al., 2006, Niebruegge et al., 2009, Mohr 
et al., 2010]. Moreover, crucial additions of major regulators of cardiac development as 
fibroblast growth factor (FGF), transforming growth factor-β (TGF-β), bone morphogenic 
protein (BMP), activin, vascular endothelial growth factor (VEGF), stem cell factor (SCF), 
ascorbic acid and members of Wnt family added the yield of this technique [Dambrot et al., 
2011]. Some inhibitors like Wnt-inhibitor DKK1 (added to culture media at late stages), 
mitogen-activated protein kinase inhibitor (p38 MAPK) and glycogen synthase kinase 3 
(GSK3) inhibitor added more to this yield [Dambrot et al., 2011]. Co-cultures with visceral 
endoderm-like cell lines (END) in serum-free media supplanted with Insulin or their 
conditioned medium is an alternative approach [Passier et al., 2005, Freund et al., 2008]. This 
method, applies mechanical rather than enzymatic passage of undifferentiated cells 
[Dambrot et al., 2011]. Co-culture with END-2 cell line led a more homogenous ventricular 
cardiomyocyte population [Mummery et al., 2003]. Laflamme et al achieved cardiomyocytes 
more efficiently than EB-derived cells using high-density monolayer model in serum-free 
medium in the presence of BMP4 and activin A [Laflamme et al., 2007]. Achievement of 
homogenous mature cardiac cells as homogenous atrial, ventricular, conduction fibers or  
a mixture of them is the main goal of directed cardiomyocyte differentiation [Dambrot  
et al., 2011]. Currently applied technique yield a heterogeneous cell population with 
cardiomyocytes ranging from 1% to ~50% of the total cell mass [Dambrot et al., 2011]. 
Indeed, the premature phenotype of induced cells is an important issue which needs 
maturation induction using cell re-plating or END-2 co-culture methods followed by limited 
three-dimensional culturing [Otsuji et al., 2010]. Cyclic stretches or forcing alignments might 
enhance tissue maturity further. Gradient centrifugation method isolates largely-sized 
cardiomyocytes, physically [Xu et al., 2006]. Cardiomyocyte harvesting based on the cell 
surface receptors like protein fetal liver kinase 1 [Flk1; also known as VEGF-receptor or 
kinase insert domain-containing receptor (KDR)] has been demonstrated [Yang et al., 2008]. 
This method will provide a mixed population of cells like endothelial progenitor cells 
(EPCs), endothelial cells, smooth muscle cells and some other undifferentiated cells 
[Dambrot et al., 2011]. An easy and reversible method of isolation has been introduced using 
reversible mitochondria labeling by tetramethylrhodamine methyl ester perchlorate 
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[Dambrot et al., 2011]. Some inherent properties of mESCs and hESCs are noteworthy but 
their clinical significance is still unknown. mESCs and hESCs differ in expression of surface 
markers and culture requirements, mainly attributed to the more naïve state of mESCs 
[Dambrot et al., 2011]. Regarding culture requirements for maintenance of undifferentiated 
state, mESCs are leukemia inhibitory factor (LIF)-dependent but humans are dependent to 
basic fibroblast growth factor (bFGF) and Activin/Nodal-controlled signaling pathways 
[Tesar et al., 2007, Xu et al., 2008]. Indeed, mESCs express SSEA-1 surface molecule rather 
than SSEA-3/4 in hESCs [Wobus  & Löser, 2011]. These basic differences make scientist to 
seek for a more comprehensively matched research model for regenerative purposes and 
diagnostic applications. In vitro drug screening, drug geneotoxicity/mutagenecity, chemical 
safety assessment, predictive toxicology and cardiac safety pharmacology are other avenues 
for beneficial application of stem cell technology. Due to species-specific pharmaco-
toxicological effects, animal models are not representative for human beings. Indeed, high 
number of animals needed for in vitro compound screening and toxicology tests [Wobus  & 
Löser, 2011]. In vitro human cellular tests overcame the limitations of inadequate 
standardized animal-based tests [Wobus  & Löser, 2011]. These species specific toxicology 
tests using immortalized human cell cultures were not real representative of normal cell 
types and mortal primary human cells loose their tissue-specific functions in cultures 
[Wobus  & Löser, 2011]. Thus, stem cells can provide a good source of cells without the need 
for immortalization measures; facilitate human-specific cardiac pharmaco-toxicology test 
systems. These stem-cell based compound screening, is of paramount importance for drugs 
synthesized for treatment of acute ischemic events. Stem cells can be potentially used for 
preimplantation genetic diagnosis (PGD) and –screening (PGS) of cases with genetic 
predisposition to cardiac ischemic events, but this aspect of stem cell technology needs to be 
wrought further: extended EST (Embryonic Stem Cell Test).  

Creating predictive in vitro human models of acute coronary events may be possible using 
cardiac stem cells. Stem cell-based models might be helpful both diagnostically and 
therapeutically. In terms of diagnosis and treatment, induction of gain-of function (selective 
turn-on) and loss-of-function (selective turn-off) mutations allows selective genetic 
manipulation of stem cells serving as vehicles. In addition, these assays are complementary 
to understand the effects of constitutively expressed genes in cell function and during the 
differentiation process. Loss-of-function mutations will potentially serve in identifying the 
cardiac lethality and survival genes. Generally, non-homologous joint recombination, 
homologous recombination, site-specific double-strand breaks and transpositional 
recombination are used strategies for genomic manipulation of stem cells [Dambrot et al., 
2011]. Direct stem cell reprogramming using three cardiac transcription factors, mouse 
fibroblasts can be differentiated into the cardiomyocytes [Ieda et al., 2010]. Examination of a 
cocktail of genes, introduced Gata4, Mef2c and Tbx5 as “master regulator genes” for rapid 
and stable direct reprogramming of fibroblasts into cardiomyocytes [Dambrot et al., 2011]. 
This method showed superior efficiency to iPSC technology by eliminating concerns 
regarding the presence of residual undifferentiated cells [Ieda et al., 2010]. Accelerated 
delivery of cells to the patients with lower costs is other benefit of this method [Dambrot et 
al., 2011]. But the inability of these emerged cardiomyocytes to expand in vitro is its major 
limitation [Dambrot et al., 2011]. Adipose-derived stem cells are also an attractive easily 
accessible source of stem cells for clinical application. These cells safely improve both 
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angiogenesis and myogenesis in injured heart. Finally, it should be beer in mind that the 
goal of stem cell differentiation methods should be achievement of functional myocardium. 

6. Cardiac differentiation 
By depletion of differentiation-repressing factors or growing cells as EBs, hESCs are easily 
committed to the target lineage [Dambrot et al., 2011]. EB-based directed differentiation 
occurs on specific matrixes in the presence of multiple inducers as growth factors, 
differentiation repressors or small molecules [Mohr et al., 2010, Boheler et al., 2002, Zwi et 
al., 2009, Mummery et al., 2007, Passier et al., 2006]. This method showed more success with 
mESCs rather than hESCs [Huangfu et al., 2008]. Spin EBs created from exactly defined cell 
numbers and centrifugated in V-shaped wells enhanced directed differentiation down the 
cardiac lineage [Ng et al., 2005, Ng et al., 2008]. Its yield is comparable with cardiomyocyte 
achievement of less than 5% of all cells using “hanging drop” EBs [Yoon et al., 2006]. 
Spontaneously beating cardiac clusters in the EB-outgrowths, varying in number from 8 to 
70%, will be stable for up to three months [He et al., 2003, Kehat et al., 2001, Xu et al., 2002]. 
Contracting EB depends on the applied growth factors, cell line used and size of EB 
[Burridge et al., 2007, Pal & Khanna, 2007, Mikkola et al., 2006, Niebruegge et al., 2009, Mohr 
et al., 2010]. Moreover, crucial additions of major regulators of cardiac development as 
fibroblast growth factor (FGF), transforming growth factor-β (TGF-β), bone morphogenic 
protein (BMP), activin, vascular endothelial growth factor (VEGF), stem cell factor (SCF), 
ascorbic acid and members of Wnt family added the yield of this technique [Dambrot et al., 
2011]. Some inhibitors like Wnt-inhibitor DKK1 (added to culture media at late stages), 
mitogen-activated protein kinase inhibitor (p38 MAPK) and glycogen synthase kinase 3 
(GSK3) inhibitor added more to this yield [Dambrot et al., 2011]. Co-cultures with visceral 
endoderm-like cell lines (END) in serum-free media supplanted with Insulin or their 
conditioned medium is an alternative approach [Passier et al., 2005, Freund et al., 2008]. This 
method, applies mechanical rather than enzymatic passage of undifferentiated cells 
[Dambrot et al., 2011]. Co-culture with END-2 cell line led a more homogenous ventricular 
cardiomyocyte population [Mummery et al., 2003]. Laflamme et al achieved cardiomyocytes 
more efficiently than EB-derived cells using high-density monolayer model in serum-free 
medium in the presence of BMP4 and activin A [Laflamme et al., 2007]. Achievement of 
homogenous mature cardiac cells as homogenous atrial, ventricular, conduction fibers or  
a mixture of them is the main goal of directed cardiomyocyte differentiation [Dambrot  
et al., 2011]. Currently applied technique yield a heterogeneous cell population with 
cardiomyocytes ranging from 1% to ~50% of the total cell mass [Dambrot et al., 2011]. 
Indeed, the premature phenotype of induced cells is an important issue which needs 
maturation induction using cell re-plating or END-2 co-culture methods followed by limited 
three-dimensional culturing [Otsuji et al., 2010]. Cyclic stretches or forcing alignments might 
enhance tissue maturity further. Gradient centrifugation method isolates largely-sized 
cardiomyocytes, physically [Xu et al., 2006]. Cardiomyocyte harvesting based on the cell 
surface receptors like protein fetal liver kinase 1 [Flk1; also known as VEGF-receptor or 
kinase insert domain-containing receptor (KDR)] has been demonstrated [Yang et al., 2008]. 
This method will provide a mixed population of cells like endothelial progenitor cells 
(EPCs), endothelial cells, smooth muscle cells and some other undifferentiated cells 
[Dambrot et al., 2011]. An easy and reversible method of isolation has been introduced using 
reversible mitochondria labeling by tetramethylrhodamine methyl ester perchlorate 
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(TMRM) in the mixed cell population [Hattori et al., 2010]. This labeling yields three cell 
fractions as follow: cardiomyocyte with high fluorescent fraction, intermediate fraction of 
non-cardiomyocyte viable cells and dead low fraction or blood cells [Hattori et al., 2010]. In 
this way, cardiomyocytes are maintained more than 50 days in cultures [Hattori et al., 2010]. 
Alternation in culturing protocols might insight to valuable information about alternative 
approaches for obtaining cardiomyocytes. A yield up to 50% cardiomyocytes was achieved 
using feeder-dependent enzymatic passage of hESCs in knockout serum replacement 
(KOSR) followed by spin EBs and addition of BMP4 and activin A with subsequent re-
plating [Ng et al., 2008]. As a complication of acute coronary syndrome, conduction defects 
are notable which calls attention for the importance of nodal cell achievement besides 
cardiomyocytes. For this purpose, inhibition of neuregulin (NRG)-1β/ErbB pathway has 
been shown to enhance nodal-like cell achievement, in vitro [Zhu et al., 2010].  

7. Resident cardiac stem cells 
Mammalian cardiomyocytes are not totally terminally differentiated post-mitotic cells and 
cardiomyocyte turn-over has been observed in adult hearts [Walsh et al., 2010]. In aggregate, 
CSCs seem more efficient and natural for cardiogenesis than other non-heart origin stem 
cells. Resident CSCs restore the dead myocardium by proliferation and differentiation into 
newly mechanically effective myocardium [Dergilev et al., 2011]. These cells are tissue-
specific, mostly pre-committed to cardiac lineage fate [Limana et al., 2011]. Thus, activation 
of the few resident cardiac stem cells (rCSCs) available in the heart via exogenous factors 
might exert beneficial effects [Leri et al., 2005]. But their insufficient numbers limit the 
benefits derived from their activation. Some resident cardiac progenitor cells are explained 
here. 

Side-population (SP) cells are some resident which trans-differentiate into mature 
cardiomyocytes by co-culture with mature ventricular myocytes. SP cells express Abcg2 
transporter and exporters of Hoechst dye [Balbuena et al., 2011]. The immediate 
replacement of SP cell by bone marrow cells after AMI suggests the presence of homing 
mechanism and phenotypic conversion [Guan & Hasenfuss, 2007]. This inspires the 
possibility of SP cell hunting from peripheral blood and avoiding their extraction by surgery 
and cardiac biopsy. Among SP cells the maximum potency for cardiac differentiation 
belongs to the Sca-1+, CD31- cells [Pfister et al., 2005]. Cardiac SP-derived Cardiospheres, 
self-adherent clusters derived from mild enzymatic digestion of cardiomyocytes, express 
both endothelial and stem cell markers [Chamuleau et al., 2009, Reinecke et al., 2008]. These 
cells belong to CSCs and contain firm cardiac stemness phenotypes [Guan & Hasenfuss, 
2007]. Cardiosphere-derived stem cells as well as C-Kit+ cells are able to differentiate into 
the major cardiac vascular and muscular specialized cells [Guan & Hasenfuss, 2007]. 

Skeletal myoblasts were the first relevant cells used clinically [Guan & Hasenfuss, 2007]. 
Upon transplantation into the infracted myocardium, these cells were clonally expanded, 
propagated and differentiated into myotubes clustering in specific foci and improved 
cardiac contractility [Guan & Hasenfuss, 2007, Taylor et al., 1998, Scorsin et al., 2000]. 
However, there is some controversies regarding the arrhythmogenicity of these cells 
[Moreno et al., 2010]. Another cardiac stem cell capable to contribute to approximately all 
cellular elements of the cardiac interstitium and coronary vasculature is referred as 
epicardium-derived cell (EPDC) [Lie-Venema et al., 2007]. EPDCs transplanted into mouse 
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heart, improved LV function and attenuated pathologic remodeling mostly through an 
indirect paracrine pathway [Winter et al., 2007]. The clinical efficacy of these cells for human 
application is not yet well clarified.  

8. Stem cell-based therapies for ACS 
Inadequate cardiac regeneration and cell death with subsequent progressive remodeling 
following acute ischemic insults make a vicious cycle toward further degeneration: 
degeneration begets degeneration. Measures should be performed to break this vicious cycle 
at earlier reversible stages. Despite of the potential role of stem cells in the regeneration of 
advanced stages of disease spectrum, it will bring battery of influential effects if used at the 
acute phase of ischemic event. Final goal should be replacement of the damaged and 
necrotic regions with alive and regenerative cells. Stem cell nomenclatures based on their 
function, phenotype, special characteristics and practical applications for heart regeneration 
seem helpful. Stem cell-based cardiac repair put forth new therapeutic paradigms for 
treatment of relentless progression of heart diseases after acute myocardial insults. But it is 
still in its infancy.  

9. Pre-administration perquisites 
Prior planning for stem cell-based therapies, issues regarding their safety and feasibility 
should be determined. Ethical considerations for stem cell-based therapies should be 
identified based on the district rules. The risks and benefits of the proposed procedure, the 
superiority of this procedure over other approaches and its probable durability and 
reproducibility should be reviewed with patient. Signed informed consents are perquisite 
for stem cell-based therapies. Pre-hospital issues to potentiate outcomes of the cases 
intended for this treatment modality are unknown. In clinically indicated cases, electrolyte 
abnormalities should be corrected before stem cell implantation. Patients should be 
evaluated for arrhythmogenic clinical grounds. It is not yet determined if patients at high 
risk for development of life-threatening arrhythmia are eligible for stem cell-based 
therapies. By virtue of the predisposition to arrhythmia in ischemic myocardium, the 
amplified arrhythmia risk might not be clinically favored. The benefits should be weighted 
in patients with currently under treatment of fatal arrhythmia or cases with remarkable past 
history respective to these arrhythmias.  

After all, it is noteworthy that each stem cell-based therapy should be administrated in 
equipped hospitals. Isolated stem cells should be transferred to intervention room easily. 
Perhaps, the best condition is performance of stem cell-based therapies in hospitals 
equipped with stem cell laboratories. This minimizes troubles and cautions related to cell 
transferring. Moreover, time wasting would be minimized. For this purpose, standardized 
cell isolation protocols and scale-up procedures should be emerged before wide clinical 
applications. Expanded stem cells should be characterized prior to clinical application. Of 
note, pre-administration evaluation of cell sterility, quality and functionality both in vitro 
(migratory and colony forming abilities) and in vivo (ability to reperfuse blood flow to 
ischemic district) should be performed. Technical challenges must be met thoroughly before 
clinical stem cell application. The impact of quality of cell processing and purity of the final 
cell on the final outcomes has been previously clarified. In an equipped hospital, a trained 
assembled team composed of basic stem-cell researcher, cardiologist and nurses is 
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(TMRM) in the mixed cell population [Hattori et al., 2010]. This labeling yields three cell 
fractions as follow: cardiomyocyte with high fluorescent fraction, intermediate fraction of 
non-cardiomyocyte viable cells and dead low fraction or blood cells [Hattori et al., 2010]. In 
this way, cardiomyocytes are maintained more than 50 days in cultures [Hattori et al., 2010]. 
Alternation in culturing protocols might insight to valuable information about alternative 
approaches for obtaining cardiomyocytes. A yield up to 50% cardiomyocytes was achieved 
using feeder-dependent enzymatic passage of hESCs in knockout serum replacement 
(KOSR) followed by spin EBs and addition of BMP4 and activin A with subsequent re-
plating [Ng et al., 2008]. As a complication of acute coronary syndrome, conduction defects 
are notable which calls attention for the importance of nodal cell achievement besides 
cardiomyocytes. For this purpose, inhibition of neuregulin (NRG)-1β/ErbB pathway has 
been shown to enhance nodal-like cell achievement, in vitro [Zhu et al., 2010].  

7. Resident cardiac stem cells 
Mammalian cardiomyocytes are not totally terminally differentiated post-mitotic cells and 
cardiomyocyte turn-over has been observed in adult hearts [Walsh et al., 2010]. In aggregate, 
CSCs seem more efficient and natural for cardiogenesis than other non-heart origin stem 
cells. Resident CSCs restore the dead myocardium by proliferation and differentiation into 
newly mechanically effective myocardium [Dergilev et al., 2011]. These cells are tissue-
specific, mostly pre-committed to cardiac lineage fate [Limana et al., 2011]. Thus, activation 
of the few resident cardiac stem cells (rCSCs) available in the heart via exogenous factors 
might exert beneficial effects [Leri et al., 2005]. But their insufficient numbers limit the 
benefits derived from their activation. Some resident cardiac progenitor cells are explained 
here. 

Side-population (SP) cells are some resident which trans-differentiate into mature 
cardiomyocytes by co-culture with mature ventricular myocytes. SP cells express Abcg2 
transporter and exporters of Hoechst dye [Balbuena et al., 2011]. The immediate 
replacement of SP cell by bone marrow cells after AMI suggests the presence of homing 
mechanism and phenotypic conversion [Guan & Hasenfuss, 2007]. This inspires the 
possibility of SP cell hunting from peripheral blood and avoiding their extraction by surgery 
and cardiac biopsy. Among SP cells the maximum potency for cardiac differentiation 
belongs to the Sca-1+, CD31- cells [Pfister et al., 2005]. Cardiac SP-derived Cardiospheres, 
self-adherent clusters derived from mild enzymatic digestion of cardiomyocytes, express 
both endothelial and stem cell markers [Chamuleau et al., 2009, Reinecke et al., 2008]. These 
cells belong to CSCs and contain firm cardiac stemness phenotypes [Guan & Hasenfuss, 
2007]. Cardiosphere-derived stem cells as well as C-Kit+ cells are able to differentiate into 
the major cardiac vascular and muscular specialized cells [Guan & Hasenfuss, 2007]. 

Skeletal myoblasts were the first relevant cells used clinically [Guan & Hasenfuss, 2007]. 
Upon transplantation into the infracted myocardium, these cells were clonally expanded, 
propagated and differentiated into myotubes clustering in specific foci and improved 
cardiac contractility [Guan & Hasenfuss, 2007, Taylor et al., 1998, Scorsin et al., 2000]. 
However, there is some controversies regarding the arrhythmogenicity of these cells 
[Moreno et al., 2010]. Another cardiac stem cell capable to contribute to approximately all 
cellular elements of the cardiac interstitium and coronary vasculature is referred as 
epicardium-derived cell (EPDC) [Lie-Venema et al., 2007]. EPDCs transplanted into mouse 
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heart, improved LV function and attenuated pathologic remodeling mostly through an 
indirect paracrine pathway [Winter et al., 2007]. The clinical efficacy of these cells for human 
application is not yet well clarified.  

8. Stem cell-based therapies for ACS 
Inadequate cardiac regeneration and cell death with subsequent progressive remodeling 
following acute ischemic insults make a vicious cycle toward further degeneration: 
degeneration begets degeneration. Measures should be performed to break this vicious cycle 
at earlier reversible stages. Despite of the potential role of stem cells in the regeneration of 
advanced stages of disease spectrum, it will bring battery of influential effects if used at the 
acute phase of ischemic event. Final goal should be replacement of the damaged and 
necrotic regions with alive and regenerative cells. Stem cell nomenclatures based on their 
function, phenotype, special characteristics and practical applications for heart regeneration 
seem helpful. Stem cell-based cardiac repair put forth new therapeutic paradigms for 
treatment of relentless progression of heart diseases after acute myocardial insults. But it is 
still in its infancy.  

9. Pre-administration perquisites 
Prior planning for stem cell-based therapies, issues regarding their safety and feasibility 
should be determined. Ethical considerations for stem cell-based therapies should be 
identified based on the district rules. The risks and benefits of the proposed procedure, the 
superiority of this procedure over other approaches and its probable durability and 
reproducibility should be reviewed with patient. Signed informed consents are perquisite 
for stem cell-based therapies. Pre-hospital issues to potentiate outcomes of the cases 
intended for this treatment modality are unknown. In clinically indicated cases, electrolyte 
abnormalities should be corrected before stem cell implantation. Patients should be 
evaluated for arrhythmogenic clinical grounds. It is not yet determined if patients at high 
risk for development of life-threatening arrhythmia are eligible for stem cell-based 
therapies. By virtue of the predisposition to arrhythmia in ischemic myocardium, the 
amplified arrhythmia risk might not be clinically favored. The benefits should be weighted 
in patients with currently under treatment of fatal arrhythmia or cases with remarkable past 
history respective to these arrhythmias.  

After all, it is noteworthy that each stem cell-based therapy should be administrated in 
equipped hospitals. Isolated stem cells should be transferred to intervention room easily. 
Perhaps, the best condition is performance of stem cell-based therapies in hospitals 
equipped with stem cell laboratories. This minimizes troubles and cautions related to cell 
transferring. Moreover, time wasting would be minimized. For this purpose, standardized 
cell isolation protocols and scale-up procedures should be emerged before wide clinical 
applications. Expanded stem cells should be characterized prior to clinical application. Of 
note, pre-administration evaluation of cell sterility, quality and functionality both in vitro 
(migratory and colony forming abilities) and in vivo (ability to reperfuse blood flow to 
ischemic district) should be performed. Technical challenges must be met thoroughly before 
clinical stem cell application. The impact of quality of cell processing and purity of the final 
cell on the final outcomes has been previously clarified. In an equipped hospital, a trained 
assembled team composed of basic stem-cell researcher, cardiologist and nurses is 
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necessary. Caring nurses must be able to recognize and deal with the challenges specified to 
stem cells recipients. Cardiac surgeon should also be attendant if surgical cell delivery is 
intended. Thus, those qualified centers should have on-site surgical back-up. Both team and 
hospital should have certificates for these operations by maintenance of good tissue practice 
(GTP) and GMP (good manufacturing practice). Periodic quality control should not be 
missed. Minimal stem-cell based procedures per year for the team and hospital need to be 
defined by experts. High-volume operation centers might offer less risk to the patient 
compared with low-volume ones. Poor clinical attainments might be reflection of technical 
failure. But, to date there is no absolute definition for primary and late procedural success 
and failure. Of course, clinical failure attributed to time delay to reperfusion and major 
adverse cardiac events due complications of angioplasty should be discriminated from pure 
cell-related outcomes.  

10. Administration of regenerative agents 
By now the maximized cell migration and adhesion through percutaneous delivery of stem 
cells is done with stop-flow balloon catheter to achieve total flow occlusion within three 
minutes followed by stem cell infusion and reflow through deflation [Nuri & Hafeez, 2011]. 
In the case of extensive MI and multi-vessel disease, the eligible vessel should be identified. 
The superiority of antegrade vs. retrograde and proximal vs. distal stem cell delivery is not 
yet elucidated. Inflamed necrotic myocardium makes a hot microenvironment for delivered 
stem cells. The impact of this even slightly higher temperature on the efficacy of stem cells 
should undergo exploration. If any, cooling devices assembled with mechanical cell delivery 
instruments seem attractive. Perhaps stem cell eluting stents containing stem cell seeding on 
stem cell-friendly biomaterials without the problem of much scaffolding become available in 
future. If so, combination of drug-release plus stem cell-eluting stents and other 
combination might become revolutionary. Cells delivered directly through intracoronary 
route, need migration out of the vessel walls into the adjacent myocardium. This method 
brings the risk of coronary artery obstruction due to the plagued stem cells and 
consequently leads to further myocardial damage [Grieve et al., 2010]. The diameter of the 
target vessel and number of delivered cells seem detrimental with respect to cell stasis and 
vessel obstruction. The inherent risk of embolic events “cell embolism” is another limitation 
for intracoronary administration of stem cells [Zhang et al., 2007]. The underperfused 
myocardium potentially makes an unfavored environment for stable graft survival.  

Intravenous stem cell injection has been shown to be safe for allogenic MSCs [Vassalli & 
Moccetti, 2011]. By intravenous cell administration, the majority of infused cells were shown 
to be harbored in kings and this cell trapping consequently limit the efficacy of this 
approach [Wang. et al., 2011]. Poor cell survival and drastic safety outcomes due to the 
extensive cell redistribution throughout the body limits this delivery approach. 
Alternatively, direct intramyocardial cell delivery is possible through transendocardial 
(percutaneous) or transepicardial (surgical) cell injection into the LV walls [Nuri & Hafeez, 
2011]. Percutaneous route or “interventional cardiomyoplasty” requires retrograde passage 
of specially designed injection catheters into the left ventricle via femoral or arterial access 
[Psaltis et al., 2010]. Direct cell injection into the scar tissue or hibernated myocardium can 
be performed during open heart surgery or minimally invasive thoracostomy. Traumatic 
myocardial perforation especially at the site of freshly infracted tissue is a major side effect 
of this method.  
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The goal of catheter based needle intramyocardial cell injection should be promoted cell 
dispersion with limited immediate cell washout. Since formation of cell clusters rather than 
cell dispersion is proposed as a mechanism of arrhythmia-induction following stem cell 
application, dispersed-delivery techniques should be sought. Strategies which enhance 
homogenous and aligned cell integration with host tissue are more desired. But the most 
important item is delivery of healthy cells, not crushed or squeezed cells.  

Myocyte-specific strategies prevent tumor formation and growth in other tissues and allow 
safe systemic delivery bypassing complicated local delivery approaches. Factors specific for 
cardiomyocytes in the contracting walls bordering the infract zone should be identified. This 
strategy might be potentially with pronounced efficacy without imposing side effects like 
hypertrophy on remote resident cardiomyocytes. Implantation of tissue-engineered 
autologous myoblast sheets showed promising results in rat, canine and porcine ischemic 
models [Sawa et al., 2010]. Sheets would cover larger area with fewer arrhythmogenic 
potential. Since stem cell therapy is not just based on the administration of crude stem cells, 
approaches for delivery of other regenerative agents should also be discussed here.  

Stem cell application might be possible through seeding of stem cells on appropriate 
scaffolds and cell delivery at the site of damage. A step further back, might be approaches 
based on the enhanced homing of stem cells via promoted endogenous or exogenous stimuli 
with high specifity for stem cells involved in cardiac regeneration. Providing an 
accommodation for stem cells released after acute ischemic insult into the circulation, will be 
another alternative. These approaches will minimize the untoward effects of the 
exogenously delivered stem cells. A combination of exogenous stem cell administration and 
activation of endogenous stem cells using endogenous or exogenous stimulating factors 
might be attractive. Last, integrated and multi-disciplinary stem cell therapy for ACS needs 
fusing basic and clinical researches to narrow the gaps. Moreover, identification of key 
proteins involved in cardiac regeneration and cell differentiation opened the field of 
“Protein therapeutics”. Proteins should be modified in the way to limit immunogenicity and 
rapid degradation in plasma and tissues. Delivered proteins exert paracrine effects on 
neighboring myocardium. Regardless of the type of regenerative agent, each candidate 
method should elicit a durable effect in a significant number of myocytes.  

Irrespective of the applied method for myocardial cell delivery, cells should be engrafted in 
suitable place. Viable myocardial segments are most desired sites for cell delivery. Patients 
who suffered from ACS might have chronic scar tissues rather than freshly made scar due to 
the acute event. Obviously, cell grafting at the sites of chronic scars would be of no benefit. 
In addition, most of the directly injected cells die off soon due to the lack of nutrient and 
blood supply from necrotic tissue without live myocyte syncytium. Cell loss during and 
after transplantation lowers the efficacy of stem cell therapy.  

Targeting the ideal site of cell deployment is of paramount value. This site reflects the 
mentioned regenerative focus which can send out constructive signals. Thus, numerous 3-D 
intracardiac navigation systems as electromechanical mapping techniques have been 
developed for correct cell seeding [Banovic et al., 2011]. Interrogation using intracardiac 
echocardiography might yield more. Mapping catheters integrated with injection ports 
conjunct with manipulated guiding catheters might help in direct endomyocardial injection 
mapping for targeted cell delivery. Optimal imaging techniques should be applied to both 
guide characterization of the cell-delivery site and monitoring the functionality and efficacy 
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necessary. Caring nurses must be able to recognize and deal with the challenges specified to 
stem cells recipients. Cardiac surgeon should also be attendant if surgical cell delivery is 
intended. Thus, those qualified centers should have on-site surgical back-up. Both team and 
hospital should have certificates for these operations by maintenance of good tissue practice 
(GTP) and GMP (good manufacturing practice). Periodic quality control should not be 
missed. Minimal stem-cell based procedures per year for the team and hospital need to be 
defined by experts. High-volume operation centers might offer less risk to the patient 
compared with low-volume ones. Poor clinical attainments might be reflection of technical 
failure. But, to date there is no absolute definition for primary and late procedural success 
and failure. Of course, clinical failure attributed to time delay to reperfusion and major 
adverse cardiac events due complications of angioplasty should be discriminated from pure 
cell-related outcomes.  

10. Administration of regenerative agents 
By now the maximized cell migration and adhesion through percutaneous delivery of stem 
cells is done with stop-flow balloon catheter to achieve total flow occlusion within three 
minutes followed by stem cell infusion and reflow through deflation [Nuri & Hafeez, 2011]. 
In the case of extensive MI and multi-vessel disease, the eligible vessel should be identified. 
The superiority of antegrade vs. retrograde and proximal vs. distal stem cell delivery is not 
yet elucidated. Inflamed necrotic myocardium makes a hot microenvironment for delivered 
stem cells. The impact of this even slightly higher temperature on the efficacy of stem cells 
should undergo exploration. If any, cooling devices assembled with mechanical cell delivery 
instruments seem attractive. Perhaps stem cell eluting stents containing stem cell seeding on 
stem cell-friendly biomaterials without the problem of much scaffolding become available in 
future. If so, combination of drug-release plus stem cell-eluting stents and other 
combination might become revolutionary. Cells delivered directly through intracoronary 
route, need migration out of the vessel walls into the adjacent myocardium. This method 
brings the risk of coronary artery obstruction due to the plagued stem cells and 
consequently leads to further myocardial damage [Grieve et al., 2010]. The diameter of the 
target vessel and number of delivered cells seem detrimental with respect to cell stasis and 
vessel obstruction. The inherent risk of embolic events “cell embolism” is another limitation 
for intracoronary administration of stem cells [Zhang et al., 2007]. The underperfused 
myocardium potentially makes an unfavored environment for stable graft survival.  

Intravenous stem cell injection has been shown to be safe for allogenic MSCs [Vassalli & 
Moccetti, 2011]. By intravenous cell administration, the majority of infused cells were shown 
to be harbored in kings and this cell trapping consequently limit the efficacy of this 
approach [Wang. et al., 2011]. Poor cell survival and drastic safety outcomes due to the 
extensive cell redistribution throughout the body limits this delivery approach. 
Alternatively, direct intramyocardial cell delivery is possible through transendocardial 
(percutaneous) or transepicardial (surgical) cell injection into the LV walls [Nuri & Hafeez, 
2011]. Percutaneous route or “interventional cardiomyoplasty” requires retrograde passage 
of specially designed injection catheters into the left ventricle via femoral or arterial access 
[Psaltis et al., 2010]. Direct cell injection into the scar tissue or hibernated myocardium can 
be performed during open heart surgery or minimally invasive thoracostomy. Traumatic 
myocardial perforation especially at the site of freshly infracted tissue is a major side effect 
of this method.  
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The goal of catheter based needle intramyocardial cell injection should be promoted cell 
dispersion with limited immediate cell washout. Since formation of cell clusters rather than 
cell dispersion is proposed as a mechanism of arrhythmia-induction following stem cell 
application, dispersed-delivery techniques should be sought. Strategies which enhance 
homogenous and aligned cell integration with host tissue are more desired. But the most 
important item is delivery of healthy cells, not crushed or squeezed cells.  

Myocyte-specific strategies prevent tumor formation and growth in other tissues and allow 
safe systemic delivery bypassing complicated local delivery approaches. Factors specific for 
cardiomyocytes in the contracting walls bordering the infract zone should be identified. This 
strategy might be potentially with pronounced efficacy without imposing side effects like 
hypertrophy on remote resident cardiomyocytes. Implantation of tissue-engineered 
autologous myoblast sheets showed promising results in rat, canine and porcine ischemic 
models [Sawa et al., 2010]. Sheets would cover larger area with fewer arrhythmogenic 
potential. Since stem cell therapy is not just based on the administration of crude stem cells, 
approaches for delivery of other regenerative agents should also be discussed here.  

Stem cell application might be possible through seeding of stem cells on appropriate 
scaffolds and cell delivery at the site of damage. A step further back, might be approaches 
based on the enhanced homing of stem cells via promoted endogenous or exogenous stimuli 
with high specifity for stem cells involved in cardiac regeneration. Providing an 
accommodation for stem cells released after acute ischemic insult into the circulation, will be 
another alternative. These approaches will minimize the untoward effects of the 
exogenously delivered stem cells. A combination of exogenous stem cell administration and 
activation of endogenous stem cells using endogenous or exogenous stimulating factors 
might be attractive. Last, integrated and multi-disciplinary stem cell therapy for ACS needs 
fusing basic and clinical researches to narrow the gaps. Moreover, identification of key 
proteins involved in cardiac regeneration and cell differentiation opened the field of 
“Protein therapeutics”. Proteins should be modified in the way to limit immunogenicity and 
rapid degradation in plasma and tissues. Delivered proteins exert paracrine effects on 
neighboring myocardium. Regardless of the type of regenerative agent, each candidate 
method should elicit a durable effect in a significant number of myocytes.  

Irrespective of the applied method for myocardial cell delivery, cells should be engrafted in 
suitable place. Viable myocardial segments are most desired sites for cell delivery. Patients 
who suffered from ACS might have chronic scar tissues rather than freshly made scar due to 
the acute event. Obviously, cell grafting at the sites of chronic scars would be of no benefit. 
In addition, most of the directly injected cells die off soon due to the lack of nutrient and 
blood supply from necrotic tissue without live myocyte syncytium. Cell loss during and 
after transplantation lowers the efficacy of stem cell therapy.  

Targeting the ideal site of cell deployment is of paramount value. This site reflects the 
mentioned regenerative focus which can send out constructive signals. Thus, numerous 3-D 
intracardiac navigation systems as electromechanical mapping techniques have been 
developed for correct cell seeding [Banovic et al., 2011]. Interrogation using intracardiac 
echocardiography might yield more. Mapping catheters integrated with injection ports 
conjunct with manipulated guiding catheters might help in direct endomyocardial injection 
mapping for targeted cell delivery. Optimal imaging techniques should be applied to both 
guide characterization of the cell-delivery site and monitoring the functionality and efficacy 
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of the transplanted cells. Stem cell scintigraphy, lineage tracing and intravital imaging 
protocols might be helpful. Since the heterogeneity of the grafted stem cells with native 
myocytes is the principal cause of arrhythmia induction, one potential application of 
imaging modalities might be detection of patients with greatest uncoupling between grafted 
and native cells. In this way, patents at high risk for development of arrhythmia presumably 
could be identified earlier. Patients at high risk of arrhythmogenicity can receive 
prophylactic measures before development of life-threatening arrhythmias. Whether if 
routine stem cell tracking after application of stem cell-based therapies is valuable or not 
should be determined clinically. Labeled grafts facilitate following of applied cells, but need 
advent of non-toxic and or timely degrades labels. Non-invasive objectifying of myogenic 
cell grafts and assessment of the fate and bio-distribution of applied cells might be valuable 
in certain patient populations at risk of early stem cell failure. If so, such at risk patients 
should be characterized by risk assessment algorithms. Indeed, the importance of early 
detection of residual ischemia in patients seems valuable. Residual ischemia might limit the 
potential benefits of applied stem cell-based therapies as soon as the time of application. All 
of the deteriorating underlying conditions like anemia and poor glycemic control, in 
recipients of stem-cell based therapies should be approached similar to the patients 
receiving standard medical cares.  

11. Post-administration perquisites 
Induction of malignant arrhythmia by transplanted stem cells has been demonstrated in 
several studies. This increased incidence has been attributed to the non-synchronized 
contraction and electromechanical non-incorporation of novel myocytes with background 
cells [Song et al., 2011]. Other mechanisms as Anisotropy, scar-implanted cell interaction 
and the presence of immature cardiomyocytes with intrinsic pacemaker activities are also 
speculated [Dambrot et al., 2011]. Recipients should be monitored in-hospital with more 
intense attention to electrocardiographic evidences of arrhythmia. Electrolyte abnormalities 
in favor of arrhythmogenicity should be identified and eliminated earlier. Routine 
electrolyte evaluation might be remarkable after stem cell implantation for reduction of the 
risk of arrhythmia. In the case of life-threatening arrhythmia, prophylactic and therapeutic 
anti-arrhythmic approaches should be provided for the patient. At least in-hospital 
monitoring interval before discharge should be determined. Indeed, the optimal 
hospitalization place for the recipient should also be evaluated. When the recipient should 
be sent to the step-down wards out of CCU? Certainly, the observation unit for the recipient 
should be equipped with central monitoring systems for the occurrence of fatal and non-
fatal arrhythmias. Really, the interval with the greatest risk of arrhythmia induction should 
be determined. The impact of traditional risk factors and multiple comorbidities on either 
exogenous and mobilized endogenous stem cell outcomes or organ toxicities should be 
determined clearly. Irrelative to the type of applied therapies, ongoing risk factor 
modification and life-style modification should be started at early hospitalization in patients 
suffered from acute coronary syndrome. These strategies impact the general efficiency of 
applied therapies as stem cell-based treatments in the recipient patients. After stem cell 
transplantation, recipient should be followed-up for functional performance, clinical 
complications and mortality. Follow-up modalities and intervals should be determined. In 
this context, stem cell-specific comorbidity index (CI) charts derived from long-term patient 
follow-ups are helpful.  
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12. Clinical trials  
The first clinical attempt of cell therapy was performed using BMC (bone-marrow derived 
cells). Rapid transfer of BMCs from bench to bedside without the need for ex-vivo expansion 
facilitates their clinical applications. BMCs showed modest and reproducible improvement 
in cardiac function by enhanced angiogenesis, augmented myocardial perfusion [Segers & 
Lee, 2008, Sun et al., 2009]. Reduced end-systolic volume by these cells reflects reduced 
negative remodeling [Orlic et al., 2001]. Un-fractionated BMCs encompass heterogeneous 
stem cell population including stromal cells, circulating progenitor cells (CPCs), EPC, MSC 
and HSC [Soejitno et al., 2010]. These cells release biologically active factors in favor of 
healing of the infracted myocardium [Henning, 2011]. Meta-analysis demonstrated a mean 
absolute increase 3-4% in ejection fraction by intracoronary infusion of patient’s own 
reconstituted BMC aspirate [Rangappa et al., 2010]. Despite of the patient’s pain relief and 
improved systolic and diastolic cardiac performance, the ultimate long-term effects were 
limited [Passier et al., 2008, Mummery et al., 2010, van Ramshorst et al., 2009]. Practically, 
there is no proved superiority between BMCs and CPCs in terms of clinical utilities and both 
are readily aspirated and administrated in contrary with difficult expansion of competent 
cardiac stem cells (CSCs) [Soejitno et al., 2010]. Ex-vivo expanded BMCs and unfractionated 
CPCs were infused post AMI via intracoronary rout in Transplantation of progenitor cells 
and regeneration enhancement in acute myocardial infarction (TOPCARE-AMI) trial 
[Schächinger et al., 2004]. It showed improved regional and global wall motion up to 9 and 
1.2 percentage points from baseline during 4-month follow-up [Soejitno et al., 2010]. 
Significant enhancement was found in coronary blood flow reserve, cardiac geometry and 
myocardial viability [Schächinger et al., 2004]. EPCs augment tissue perfusion through pro-
neovasculogenic functions and show very low efficient cardiac trans-differentiation in co-
culture with mature cardiomyocytes [Kawamoto & Asahara, 2007, Badorff et al., 2003]. 
These cells increase perfusion of the ischemic tissue [Murohara et al., 2000, Kawamoto et al., 
2001, Kalka et al., 2000]. In bone marrow transfer to enhance ST-elevation infarct 
regeneration (BOOST) trial, Mononucleated BMCs applied days after post-MI coronary 
intervention, increased regional and global cardiac performance during 6-month follow-up 
[Wollert et al., 2004]. Similar to TOPCARE-AMI trial, most improvement was seen in infarct 
border zone. But unexplained statistically insignificant decline in LVEF after 18 and 61 
months later occurred in treatment arm [Meyer et al., 2006, Meyer et al., 2009]. Sustained 
improvements in LV function after 12-month of follow-up has been underlined through 
post-PCI BMC application in Reinfusion of Enriched Progenitor cells And Infarct 
Remodeling in Acute Myocardial Infarction (REPAIR-AMI) trial [Schächinger et al., 2006]. 
There are some discouraging data from Autologous Stem Cell Transplantation in Acute 
Myocardial Infarction trial (ASTAMI) and Multicenter, randomized trial of intracoronary 
infusion of autologous mononuclear bone marrow cells or peripheral mononuclear blood 
cells after primary PCI (HEBE) trial which failed to demonstrate clinical benefits of 
intracoronary transfusion of BMC and BMC or CPC, respectively [van der Laan et al., 2008, 
Lunde et al., 2006]. Similar negative results with BMC were achieved by Leuven AMI trial 
with intracoronary application of BMCs 24 hrs after reperfusion in AMI cases [Janssens et 
al., 2006]. These patients showed improvement in regional function of only infracted 
segment [Janssens et al., 2006]. The same, Regeneration by Intracoronary Infusion of 
Selected Population of Stem Cells in Acute Myocardial Infarction (REGENT) trail failed to 
show promising outcomes of intracoronary infusion of bone marrow-derived selected 
CD34+CXCR4+ cells and non-selected mononuclear cells on LVEF or volumes [Tendera et 
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of the transplanted cells. Stem cell scintigraphy, lineage tracing and intravital imaging 
protocols might be helpful. Since the heterogeneity of the grafted stem cells with native 
myocytes is the principal cause of arrhythmia induction, one potential application of 
imaging modalities might be detection of patients with greatest uncoupling between grafted 
and native cells. In this way, patents at high risk for development of arrhythmia presumably 
could be identified earlier. Patients at high risk of arrhythmogenicity can receive 
prophylactic measures before development of life-threatening arrhythmias. Whether if 
routine stem cell tracking after application of stem cell-based therapies is valuable or not 
should be determined clinically. Labeled grafts facilitate following of applied cells, but need 
advent of non-toxic and or timely degrades labels. Non-invasive objectifying of myogenic 
cell grafts and assessment of the fate and bio-distribution of applied cells might be valuable 
in certain patient populations at risk of early stem cell failure. If so, such at risk patients 
should be characterized by risk assessment algorithms. Indeed, the importance of early 
detection of residual ischemia in patients seems valuable. Residual ischemia might limit the 
potential benefits of applied stem cell-based therapies as soon as the time of application. All 
of the deteriorating underlying conditions like anemia and poor glycemic control, in 
recipients of stem-cell based therapies should be approached similar to the patients 
receiving standard medical cares.  

11. Post-administration perquisites 
Induction of malignant arrhythmia by transplanted stem cells has been demonstrated in 
several studies. This increased incidence has been attributed to the non-synchronized 
contraction and electromechanical non-incorporation of novel myocytes with background 
cells [Song et al., 2011]. Other mechanisms as Anisotropy, scar-implanted cell interaction 
and the presence of immature cardiomyocytes with intrinsic pacemaker activities are also 
speculated [Dambrot et al., 2011]. Recipients should be monitored in-hospital with more 
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risk of arrhythmia. In the case of life-threatening arrhythmia, prophylactic and therapeutic 
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monitoring interval before discharge should be determined. Indeed, the optimal 
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should be equipped with central monitoring systems for the occurrence of fatal and non-
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be determined. The impact of traditional risk factors and multiple comorbidities on either 
exogenous and mobilized endogenous stem cell outcomes or organ toxicities should be 
determined clearly. Irrelative to the type of applied therapies, ongoing risk factor 
modification and life-style modification should be started at early hospitalization in patients 
suffered from acute coronary syndrome. These strategies impact the general efficiency of 
applied therapies as stem cell-based treatments in the recipient patients. After stem cell 
transplantation, recipient should be followed-up for functional performance, clinical 
complications and mortality. Follow-up modalities and intervals should be determined. In 
this context, stem cell-specific comorbidity index (CI) charts derived from long-term patient 
follow-ups are helpful.  
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12. Clinical trials  
The first clinical attempt of cell therapy was performed using BMC (bone-marrow derived 
cells). Rapid transfer of BMCs from bench to bedside without the need for ex-vivo expansion 
facilitates their clinical applications. BMCs showed modest and reproducible improvement 
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Lee, 2008, Sun et al., 2009]. Reduced end-systolic volume by these cells reflects reduced 
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stem cell population including stromal cells, circulating progenitor cells (CPCs), EPC, MSC 
and HSC [Soejitno et al., 2010]. These cells release biologically active factors in favor of 
healing of the infracted myocardium [Henning, 2011]. Meta-analysis demonstrated a mean 
absolute increase 3-4% in ejection fraction by intracoronary infusion of patient’s own 
reconstituted BMC aspirate [Rangappa et al., 2010]. Despite of the patient’s pain relief and 
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are readily aspirated and administrated in contrary with difficult expansion of competent 
cardiac stem cells (CSCs) [Soejitno et al., 2010]. Ex-vivo expanded BMCs and unfractionated 
CPCs were infused post AMI via intracoronary rout in Transplantation of progenitor cells 
and regeneration enhancement in acute myocardial infarction (TOPCARE-AMI) trial 
[Schächinger et al., 2004]. It showed improved regional and global wall motion up to 9 and 
1.2 percentage points from baseline during 4-month follow-up [Soejitno et al., 2010]. 
Significant enhancement was found in coronary blood flow reserve, cardiac geometry and 
myocardial viability [Schächinger et al., 2004]. EPCs augment tissue perfusion through pro-
neovasculogenic functions and show very low efficient cardiac trans-differentiation in co-
culture with mature cardiomyocytes [Kawamoto & Asahara, 2007, Badorff et al., 2003]. 
These cells increase perfusion of the ischemic tissue [Murohara et al., 2000, Kawamoto et al., 
2001, Kalka et al., 2000]. In bone marrow transfer to enhance ST-elevation infarct 
regeneration (BOOST) trial, Mononucleated BMCs applied days after post-MI coronary 
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[Wollert et al., 2004]. Similar to TOPCARE-AMI trial, most improvement was seen in infarct 
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months later occurred in treatment arm [Meyer et al., 2006, Meyer et al., 2009]. Sustained 
improvements in LV function after 12-month of follow-up has been underlined through 
post-PCI BMC application in Reinfusion of Enriched Progenitor cells And Infarct 
Remodeling in Acute Myocardial Infarction (REPAIR-AMI) trial [Schächinger et al., 2006]. 
There are some discouraging data from Autologous Stem Cell Transplantation in Acute 
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infusion of autologous mononuclear bone marrow cells or peripheral mononuclear blood 
cells after primary PCI (HEBE) trial which failed to demonstrate clinical benefits of 
intracoronary transfusion of BMC and BMC or CPC, respectively [van der Laan et al., 2008, 
Lunde et al., 2006]. Similar negative results with BMC were achieved by Leuven AMI trial 
with intracoronary application of BMCs 24 hrs after reperfusion in AMI cases [Janssens et 
al., 2006]. These patients showed improvement in regional function of only infracted 
segment [Janssens et al., 2006]. The same, Regeneration by Intracoronary Infusion of 
Selected Population of Stem Cells in Acute Myocardial Infarction (REGENT) trail failed to 
show promising outcomes of intracoronary infusion of bone marrow-derived selected 
CD34+CXCR4+ cells and non-selected mononuclear cells on LVEF or volumes [Tendera et 
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al., 2009]. However, a trend in favor of cell therapy was found in patients with severely 
depressed LVEF [Schaefer et al., 2010]. In TOPCARE-AMI study, the potential role of BMCs 
in the pathogenesis of In-Stent restenosis and thrombosis has been advocated [Assmus et al., 
2002, Schächinger et al., 2004]. These concerns are based on the advocates respective to 
enhanced restenosis due to progenitor cell-mediated plaque angiogenesis or inflammation 
[Assmus et al., 2006]. Increased restenosis rate seen with CD133+cells arose these questions, 
but evidences support the risk related to the local inflammation due to applied mouse 
antibody for cell isolation [Assmus et al., 2006]. Contrary, mobilized BM-derived putative 
EPCs designated to decrease complications of iatrogenic vascular injury [Kawamoto & 
Asahara, 2007]. In this regard, REPAIR-AMI trial showed a substantial decreased necessity 
for revascularization procedures in patients with engrafted BMCs [Schächinger et al., 2006]. 
FINCELL study has declared that there is no globally increased risk of restenosis 
attributable to BMCs [Huikuri et al., 2008]. The increased risk of intramyocardial 
calcification in rats received BMCs have been found with no similar finding in related 
human cases [Kang. et al., 2004, Yoon. et al., 2004]. The clinical safety of BMCs regarding to 
adverse events and induction of malignant arrhythmia has been shown in BOOST and 
FINnish study of autologous bone marrow-derived stem CELLs in acute myocardial 
infarction (FINCELL) trials [Wollert et al., 2004, Huikuri et al., 2008]. SWiss multicenter 
Intracoronary Stem cells Study in Acute Myocardial Infarction. SWISS-AMI trial using 
autologous bone marrow mononucleated cells (BM-MNCs) is currently underway [Sürder et 
al., 2010].  

The limited efficacy of BMCs led scientists for alternative stem cell source. MSCs are 
potentially differentiated into functional beating cardiomyocytes, especially by exposure to 
certain DNA-methylation inhibitors [Lu et al., 2010]. MSCs improved contractility by 
prevention of remodeling in the vicinity of non-infracted myocardium [Soejitno et al., 2010]. 
MSCs, easily isolated and expanded in vitro, are effective in restriction of ischemic wave 
propagation in the area adjacent to infarction by accelerating inflammation, angiogenesis 
activation, prevention of apoptosis and reducing the scar size and volume [Sokolova & 
Pavlichenko, 2010]. Unsurprisingly, efficacy of these cells proved clinically without 
adequate clues of remuscularization [Soejitno et al., 2010].Very low degree of cardiogenesis 
and donor cell incorporation (just seven MSC-derived cardiomyocytes per heart) was also 
seen [Soejitno et al., 2010]. These data inspire the presence of an indirect paracrine 
mechanism of actions [Mangi et al., 2003, Noiseux et al., 2006, Gnecchi et al, 2005, Gnecchi et 
al., 2006]. These paracrine effects also impact on the extent of scar and fibrotic tissue by 
exertion of anti-inflammatory, anti-apoptosis and anti-remodeling properties [Gnecchi et al., 
2008, Burdon. et al., 2011]. Immunomodulatory actions and low immunogenicity of MSCs 
allow their safe application for allogenic transplantation [Pittenger & Martin, 20004, 
Aggarwal & Pittenger, 2005]. Another examined stem cell source for cardiac regeneration is 
hESCs. hESCs, cultured reliably and differentiated robustly into cardiomyocytes regenerate 
myocardium in infracted hearts, attenuate heart remodeling and contribute to LV systolic 
force development [Henning. 2011]. Despite their unambiguous cardiogenesis, limited data 
are available regarding their advanced maturation and seamless myocardial integration in 
vivo. To overcome obstacles regarding the risk of teratocarcinoma formation by hESCs, 
application of differentiated hESCs toward cardiac progenitor cells prior to transplantation 
into the hearts seems beneficial. The large pool of generated hESCs cardiac progenitor cells 
needed for this purpose is a limitation for this proposition. Ultimately, prevention of 
immune rejection and enhanced graft survival over long term are necessary to improve 
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myocardial performance. There are some few studies with CD34 or CD133 positive cells, 
CD34 and CXCR4 double positive cells, hESC-CMs (cardiomyocytes) and hESC-CPCs 
(cardiac progenitor cells). A quiescent progeny of epiblast-derived progenitor stem cells, 
BM-derived very small embryonic-like cells (VSELs), enhanced LV contractility more 
efficient than that of HSCs in experimental MI models [Wojakowski et al., 2011]. But studies 
are limited for proper conclusions regarding clinical readiness and utilities of these cells.  

13. Experiments on stem cell homing after ACS 
Granulocyte-Colony stimulating factor (G-CSF) is the only safe exogenous factor has been 
investigated widely for the treatment of acute ischemic phase. Despite of the low myogenic 
differentiation potential of the homed hematopoietic stem cells by G-CSF, its angiogenic and 
anti-apoptotic effects on cardiomyocytes assumed to be beneficial [Segers & Lee, 2008, 
Harada et al., 2005]. It also accelerates infarct healing through facilitated infiltration of 
macrophages into the necrotic tissue and activation of matrix metalloproteinases (MMPs) 
[Minatoguchi et al., 2004]. G-CSF used within the early 37 hours after MI, showed modest 
but tangible effects on cardiac performance without any significant impact on mortality rate 
or vessel stenosis [Abdel-Latif et al., 2008]. G-CSF enriches and mobilizes a specific 
CD34+CD133+ sub-fraction of hematopoietic cells from whole blood [Powell et al., 2005]. 
Some contradictory results seen with application of G-CSF are attributed to its inhibitory 
effects on CXCR4 activity with consequent decrease in migration and homing of progenitor 
cells into the infarct tissue [Dimmeler, 2010]. Application of G-CSG mobilized cells in AMI 
showed more benefits rather than application of G-CSF alone [Kang et al., 2007]. Regarding 
stem cells homing, Hepatocyte-growth factor (HGF) has been demonstrated to decrease 
infarct size by improving angiogenesis and exerting anti-apoptosis properties on the 
damaged myocardium [Urbanek et al., 2005, Wang et al., 2004, Nakamura et al., 2000]. HGF 
has chemotactic effects on putative cardiac stem cells [Segers & Lee.2010]. Alternatively, 
Delivered protease resistant Stroma-derived factor (SDF-1 S4V) using self-assembled 
peptide nanofibers enhanced both vascular density and cardiac function in rats with AMI 
[Segers et al., 2007].  

Stimulating Factor in Acute Myocardial Infarction (SITAGR-AMI) trial with administration 
of CD26/dipeptidyl peptidase 4 inhibitor in AMI, which augments SDF concentration, is 
currently underway [Theiss et al., 2010]. SDF potentially recruits endothelial progenitor cells 
(EPCs) [Segers & Lee.2010]. EPCs and BM-derived putative progenitor cells are potentially 
homed into infarcted heart tissue after by Erythropoietin (EPO) [Westenbrink et al., 2007]. 
Due to le discrepancies between preclinical and clinical results, large randomized placebo-
controlled clinical trials are underway to scrutinize therapeutic benefits of EPO treatment 
for acute coronary syndromes. After all, the efficacy of each promising homing factor 
depends on the presence of relatively intact stem cell pool. 

AMI is not just a fault with cardiac myocyte and defects in large vessels and 
microvasculature compose one tail of the spectrum. Although angiogenic factors as VEGF 
and FGF seem hypothetically beneficial, they failed to meet the primary endpoints in clinical 
trials [Segers & Lee, 2008]. This unsuccessful application has been attributed to the 
formation of tortuous, aberrant and leaky vessel walls [Carmeliet, 2005, Lee et al., 2000]. 
Formation of non-leaky vessels need orchestrated action of various proteins at different time 
intervals beyond mere VEGF and FGF. Thus, a comprehensive approach would be 
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al., 2009]. However, a trend in favor of cell therapy was found in patients with severely 
depressed LVEF [Schaefer et al., 2010]. In TOPCARE-AMI study, the potential role of BMCs 
in the pathogenesis of In-Stent restenosis and thrombosis has been advocated [Assmus et al., 
2002, Schächinger et al., 2004]. These concerns are based on the advocates respective to 
enhanced restenosis due to progenitor cell-mediated plaque angiogenesis or inflammation 
[Assmus et al., 2006]. Increased restenosis rate seen with CD133+cells arose these questions, 
but evidences support the risk related to the local inflammation due to applied mouse 
antibody for cell isolation [Assmus et al., 2006]. Contrary, mobilized BM-derived putative 
EPCs designated to decrease complications of iatrogenic vascular injury [Kawamoto & 
Asahara, 2007]. In this regard, REPAIR-AMI trial showed a substantial decreased necessity 
for revascularization procedures in patients with engrafted BMCs [Schächinger et al., 2006]. 
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calcification in rats received BMCs have been found with no similar finding in related 
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infarction (FINCELL) trials [Wollert et al., 2004, Huikuri et al., 2008]. SWiss multicenter 
Intracoronary Stem cells Study in Acute Myocardial Infarction. SWISS-AMI trial using 
autologous bone marrow mononucleated cells (BM-MNCs) is currently underway [Sürder et 
al., 2010].  

The limited efficacy of BMCs led scientists for alternative stem cell source. MSCs are 
potentially differentiated into functional beating cardiomyocytes, especially by exposure to 
certain DNA-methylation inhibitors [Lu et al., 2010]. MSCs improved contractility by 
prevention of remodeling in the vicinity of non-infracted myocardium [Soejitno et al., 2010]. 
MSCs, easily isolated and expanded in vitro, are effective in restriction of ischemic wave 
propagation in the area adjacent to infarction by accelerating inflammation, angiogenesis 
activation, prevention of apoptosis and reducing the scar size and volume [Sokolova & 
Pavlichenko, 2010]. Unsurprisingly, efficacy of these cells proved clinically without 
adequate clues of remuscularization [Soejitno et al., 2010].Very low degree of cardiogenesis 
and donor cell incorporation (just seven MSC-derived cardiomyocytes per heart) was also 
seen [Soejitno et al., 2010]. These data inspire the presence of an indirect paracrine 
mechanism of actions [Mangi et al., 2003, Noiseux et al., 2006, Gnecchi et al, 2005, Gnecchi et 
al., 2006]. These paracrine effects also impact on the extent of scar and fibrotic tissue by 
exertion of anti-inflammatory, anti-apoptosis and anti-remodeling properties [Gnecchi et al., 
2008, Burdon. et al., 2011]. Immunomodulatory actions and low immunogenicity of MSCs 
allow their safe application for allogenic transplantation [Pittenger & Martin, 20004, 
Aggarwal & Pittenger, 2005]. Another examined stem cell source for cardiac regeneration is 
hESCs. hESCs, cultured reliably and differentiated robustly into cardiomyocytes regenerate 
myocardium in infracted hearts, attenuate heart remodeling and contribute to LV systolic 
force development [Henning. 2011]. Despite their unambiguous cardiogenesis, limited data 
are available regarding their advanced maturation and seamless myocardial integration in 
vivo. To overcome obstacles regarding the risk of teratocarcinoma formation by hESCs, 
application of differentiated hESCs toward cardiac progenitor cells prior to transplantation 
into the hearts seems beneficial. The large pool of generated hESCs cardiac progenitor cells 
needed for this purpose is a limitation for this proposition. Ultimately, prevention of 
immune rejection and enhanced graft survival over long term are necessary to improve 
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myocardial performance. There are some few studies with CD34 or CD133 positive cells, 
CD34 and CXCR4 double positive cells, hESC-CMs (cardiomyocytes) and hESC-CPCs 
(cardiac progenitor cells). A quiescent progeny of epiblast-derived progenitor stem cells, 
BM-derived very small embryonic-like cells (VSELs), enhanced LV contractility more 
efficient than that of HSCs in experimental MI models [Wojakowski et al., 2011]. But studies 
are limited for proper conclusions regarding clinical readiness and utilities of these cells.  

13. Experiments on stem cell homing after ACS 
Granulocyte-Colony stimulating factor (G-CSF) is the only safe exogenous factor has been 
investigated widely for the treatment of acute ischemic phase. Despite of the low myogenic 
differentiation potential of the homed hematopoietic stem cells by G-CSF, its angiogenic and 
anti-apoptotic effects on cardiomyocytes assumed to be beneficial [Segers & Lee, 2008, 
Harada et al., 2005]. It also accelerates infarct healing through facilitated infiltration of 
macrophages into the necrotic tissue and activation of matrix metalloproteinases (MMPs) 
[Minatoguchi et al., 2004]. G-CSF used within the early 37 hours after MI, showed modest 
but tangible effects on cardiac performance without any significant impact on mortality rate 
or vessel stenosis [Abdel-Latif et al., 2008]. G-CSF enriches and mobilizes a specific 
CD34+CD133+ sub-fraction of hematopoietic cells from whole blood [Powell et al., 2005]. 
Some contradictory results seen with application of G-CSF are attributed to its inhibitory 
effects on CXCR4 activity with consequent decrease in migration and homing of progenitor 
cells into the infarct tissue [Dimmeler, 2010]. Application of G-CSG mobilized cells in AMI 
showed more benefits rather than application of G-CSF alone [Kang et al., 2007]. Regarding 
stem cells homing, Hepatocyte-growth factor (HGF) has been demonstrated to decrease 
infarct size by improving angiogenesis and exerting anti-apoptosis properties on the 
damaged myocardium [Urbanek et al., 2005, Wang et al., 2004, Nakamura et al., 2000]. HGF 
has chemotactic effects on putative cardiac stem cells [Segers & Lee.2010]. Alternatively, 
Delivered protease resistant Stroma-derived factor (SDF-1 S4V) using self-assembled 
peptide nanofibers enhanced both vascular density and cardiac function in rats with AMI 
[Segers et al., 2007].  

Stimulating Factor in Acute Myocardial Infarction (SITAGR-AMI) trial with administration 
of CD26/dipeptidyl peptidase 4 inhibitor in AMI, which augments SDF concentration, is 
currently underway [Theiss et al., 2010]. SDF potentially recruits endothelial progenitor cells 
(EPCs) [Segers & Lee.2010]. EPCs and BM-derived putative progenitor cells are potentially 
homed into infarcted heart tissue after by Erythropoietin (EPO) [Westenbrink et al., 2007]. 
Due to le discrepancies between preclinical and clinical results, large randomized placebo-
controlled clinical trials are underway to scrutinize therapeutic benefits of EPO treatment 
for acute coronary syndromes. After all, the efficacy of each promising homing factor 
depends on the presence of relatively intact stem cell pool. 

AMI is not just a fault with cardiac myocyte and defects in large vessels and 
microvasculature compose one tail of the spectrum. Although angiogenic factors as VEGF 
and FGF seem hypothetically beneficial, they failed to meet the primary endpoints in clinical 
trials [Segers & Lee, 2008]. This unsuccessful application has been attributed to the 
formation of tortuous, aberrant and leaky vessel walls [Carmeliet, 2005, Lee et al., 2000]. 
Formation of non-leaky vessels need orchestrated action of various proteins at different time 
intervals beyond mere VEGF and FGF. Thus, a comprehensive approach would be 
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application of functional proteins at various time points but it is yet impossible. The 
tumorgenecity of angiogenic factors is also a great concern [Segers & Lee, 2008].  

There are some limited experiments regarding the beneficial role of proteins capable to 
induce cell cycle reentry of cardiomyocytes for regeneration purposes. Some are explained 
here. Extracellular matrix play a fundamental role in remodeling is prevention of ventricular 
rupture after AMI [Matsumur et al., 2005]. Periostin delivered into the infracted rat 
myocardium through a patch of Gelfoam, induced cell cycle reentry of adult myocytes in the 
border zone of MI and stimulated mitosis of surviving myocytes [Kühn et al., 2007]. 
Although controversial, it improved cardiac function with decreased scar formation and 
remodeling of non-infarcted myocardium [Segers & Lee, 2010]. Another protein able to 
establish myocyte reentry is neuregulin, a member of epidermal growth factor family 
involved in proliferation and differentiation of cardiomyocytes [Lemmens et al., 2007]. 
Increased cardiac function and decreased infarct size were seen with daily intraperitoneal 
administration of neuregulin [Bersell et al., 2009]. This improvement was attributed to the 
proliferation of existing myocytes rather than prohibition of apoptosis or differentiation of 
progenitor cells [Bersell et al., 2009]. 

14. Limitations and clinical pearls 
Ladder diagrams, evidence-based guidelines and evidence-based therapies for the use of 
stem cells in the cases afflicted with ACS should be prepared. The witnessed “Go with 
Guidelines” in the treatment of acute coronary syndrome should be extended to the field of 
cardiac stem cell-based therapies. It will be possible only after pooled analysis of large-scale 
proof-of-concept studies, clinical trials and sufficient data analysis for validity/reliability 
measurements and success/failure rate of the applied methods. Identification of ideal stem 
cell type and dose-regimen, optimal timing for initiation of stem cell therapy, safe cell 
hunting method, proper patient selection and administration method, justified cell tracking 
strategies and directed follow-up sessions, makes this a very difficult task. Lack of trials 
with long follow-up period is potentially problematic. Thus far, trials with longest follow-up 
period were BOOST (5 year), ASTAMI and REPAIRE-AMI trials (both 12 months). Indeed, 
some cell-related endpoints as engraftment rate, cell retention and dose-response relations 
besides remodeling, regional and global LVEF, death, MI quality of life, symptom relief and 
hospitalization for heart failure should be considered in trials. This will mirror both 
technical and clinical success.  

Candidate stem cell must have remarkable capacity for expansion and unquestioned 
potential for cardiogenesis. And only cells with true cardiac differentiation could likely 
effect scar regeneration. Candidate stem cell should posses the potential to form long-term 
stable grafts with no or less inflammation. Absolutely, it should be kept in mind that there 
can’t be such a stem cell ranking. Appropriate stem cell selection is partly a function of 
patient’s general conditions. Advance age and chronic illness are among factors with 
significant effect on the proper propagation of isolated stem cells due to their premature 
death. Stem-cell’s age, a reflection of patient’s age, is a determinant factor of stem-cell’s 
plasticity. Although it can’t be simply stated that younger is better, advanced age, old stem-
cells or in the other terms octa- and nonagenarian stem cells might be unable to construct a 
virtually unexhausted cellular reserve pool. Apparently, stem cell therapy should be tried in 
patients with anticipated life expectancy. Underlying disease sates as cardiovascular 

Pursuing Candidate Stem Cells for Optimal  
Cardiac Regeneration in Patients Suffered from Acute Coronary Syndrome 

 

241 

diseases per se, could directly or indirectly affect functional activity of the endogenous 
progenitor cell reservoir. Diminished production and mobilization of EPCs from bone 
marrow demonstrated in the milieu conflicted by endothelial cell dysfunction [Hill et al., 
2003, Tepper et al., 2002, Vasa et al., 2001, Schmidt-Lucke et al., 2005, Werner et al., 2005]. 
Short telomere length of CPCs has been observed in these circumstances [Dimmeler & Leri, 
2008]. The positive or negative effects of ischemic preconditioning on stem cells of cases 
with cardiovascular diseases are unknown. Hence, the impact of extracellular tissues and 
signals derived from non-myocardial component on patterned cardiac differentiation 
should not be overlooked. In addition, some stem cells work better in the presence of 
underlying comorbidities. It has been demonstrated that BMCs are more effective in ageing 
and DM individuals but less effective in males [Bai et al., 2010]. So, selection of best cell or 
“cardiogenic cell preference” should be tailored to the patient’s primary clinical ground. 
Certainly, the infarct size is also of paramount vale in determination of the best stem cell 
source and mode of delivery. Large amounts of infarct territory might need cell type with 
more restoring capacity. The hypothetical “patient-specific stem cells” might be adjoined 
into “patient’s cardiac specific stem cell” in foreseeable future. The optimum dose should 
also be determined per case; larger infarcts might need more cells. Inadequate cell number 
leads to delayed recovery and decreased patient survival, but stem cell oversizing and 
heart-cell mismatch would not be free of risk. Sufficient number of individual stem cells for 
clinical benefits seems to be a function of its natural properties related to survival potential 
and capacity of mass production. In the other word, enough new myocyte mass with 
appropriate vascular density should restore sufficiently mechanical function of heart. 
Routinely, dose regimens contain notes regarding administration intervals. Thus, heart as a 
challenging organ for repair and integration of reparative stem cells might need more than 
one simple stem cell transplantation. Do booster cells engrafted at time intervals add more 
clinical benefits? Hypothetically, is it beneficial to primarily transplant one type of stem cell 
with superior cardiac benefits following by application of another cell type of stimulating 
agent with hours or days later? In addition, is there any difference between required doses 
for males and females? Generally, longer telomere length was observed in females’ 
hematopoietic stem cells which might lead to lower senesce of these endogenous reparative 
stem cells [Sidorov et al., 2009].  

Regarding optimal timing, some investigators demonstrated that BMCs applied up to four 
days after AMI had no benefits whereas later cell engraftment (4-8 days) showed beneficial 
effects [Dimmeler et al., 2008]. In the other hand, some investigators recommend early 
timing of cell administration due to microenvironment alteration at the first week after AMI 
which modulates functionality of the homed cells. It has been attributed to the initial edema 
formation as a consequence of inflammation which disrupts optimal stem cell homing. In 
contrast, some evidences support the clinical benefits of stem cells with early stem cell 
application in AMI. As a matter of fact, stem cell harvesting is not an immediate process. 
Since some culture-dependent cell hunting methods require days prior to application, it 
might not be possible to isolate cells on the patient arrival to the hospital during acute 
events. But at not too distant future, progress in cell banks may provide some facilities for 
having available stem cells at the hospital stem-cell rooms. And physicians can order one 
cell type based on the patients’ clinical scenario. Perhaps, some day stem cells become as 
available as chewing aspirin in emergency rooms. Cells derived from sources like bone-
marrow, peripheral or umbilical cord blood are not sufficient in number. Ex-vivo cell 
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application of functional proteins at various time points but it is yet impossible. The 
tumorgenecity of angiogenic factors is also a great concern [Segers & Lee, 2008].  
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induce cell cycle reentry of cardiomyocytes for regeneration purposes. Some are explained 
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Although controversial, it improved cardiac function with decreased scar formation and 
remodeling of non-infarcted myocardium [Segers & Lee, 2010]. Another protein able to 
establish myocyte reentry is neuregulin, a member of epidermal growth factor family 
involved in proliferation and differentiation of cardiomyocytes [Lemmens et al., 2007]. 
Increased cardiac function and decreased infarct size were seen with daily intraperitoneal 
administration of neuregulin [Bersell et al., 2009]. This improvement was attributed to the 
proliferation of existing myocytes rather than prohibition of apoptosis or differentiation of 
progenitor cells [Bersell et al., 2009]. 

14. Limitations and clinical pearls 
Ladder diagrams, evidence-based guidelines and evidence-based therapies for the use of 
stem cells in the cases afflicted with ACS should be prepared. The witnessed “Go with 
Guidelines” in the treatment of acute coronary syndrome should be extended to the field of 
cardiac stem cell-based therapies. It will be possible only after pooled analysis of large-scale 
proof-of-concept studies, clinical trials and sufficient data analysis for validity/reliability 
measurements and success/failure rate of the applied methods. Identification of ideal stem 
cell type and dose-regimen, optimal timing for initiation of stem cell therapy, safe cell 
hunting method, proper patient selection and administration method, justified cell tracking 
strategies and directed follow-up sessions, makes this a very difficult task. Lack of trials 
with long follow-up period is potentially problematic. Thus far, trials with longest follow-up 
period were BOOST (5 year), ASTAMI and REPAIRE-AMI trials (both 12 months). Indeed, 
some cell-related endpoints as engraftment rate, cell retention and dose-response relations 
besides remodeling, regional and global LVEF, death, MI quality of life, symptom relief and 
hospitalization for heart failure should be considered in trials. This will mirror both 
technical and clinical success.  

Candidate stem cell must have remarkable capacity for expansion and unquestioned 
potential for cardiogenesis. And only cells with true cardiac differentiation could likely 
effect scar regeneration. Candidate stem cell should posses the potential to form long-term 
stable grafts with no or less inflammation. Absolutely, it should be kept in mind that there 
can’t be such a stem cell ranking. Appropriate stem cell selection is partly a function of 
patient’s general conditions. Advance age and chronic illness are among factors with 
significant effect on the proper propagation of isolated stem cells due to their premature 
death. Stem-cell’s age, a reflection of patient’s age, is a determinant factor of stem-cell’s 
plasticity. Although it can’t be simply stated that younger is better, advanced age, old stem-
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diseases per se, could directly or indirectly affect functional activity of the endogenous 
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agent with hours or days later? In addition, is there any difference between required doses 
for males and females? Generally, longer telomere length was observed in females’ 
hematopoietic stem cells which might lead to lower senesce of these endogenous reparative 
stem cells [Sidorov et al., 2009].  
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formation as a consequence of inflammation which disrupts optimal stem cell homing. In 
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marrow, peripheral or umbilical cord blood are not sufficient in number. Ex-vivo cell 
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expansion provides enough number of required cells from clinical point of view, but a bit 
concerns remains regarding induced stem cell differentiation than self-renewal in cultures 
rather. Anyway, harvested autologous stem cells can be expanded in cultures in 
contamination-free ambient soon in life and stored for possible use in future. But the large 
number of cell banks needed for individual patients and the costly procedure for scaling-up 
of these cells are serious drawbacks should be solved. Reasonably, stem cells can be pre-
preserved for patients recognized to be high risk for acute cardiac events. This risk would be 
assessed using perfect risk predictors in males and females more than 45 and 55 years old, 
respectively. The overhanging concept of stored allogenic stem cells is interesting from 
clinical point-of-view. But the elicited immune-mediated inflammatory reactions at the site 
of cell delivery might accelerate tissue damage and stem cell removal. Obviously, the 
cardiopoietic paracrine effects of allogenic stem cells might exceed the disadvantages of 
immune-mediated reactions but needs to be determined. In the case of allogenic stem cell 
harvesting, the eligible donor should be defined. Perhaps a donor with fresh stem cells 
without any underlying disease is better. Females with longer stem cells compared with 
age-matched males seem more suitable for this application but it is not as simple as a coin 
flip. However, the necessity of immune-matched cells at the time of application is a great 
obstacle for clinical utilities of allogenic stem cells. Cardiomyocytes derived from iPSC lines 
are promising in this context due to obviation of this necessity, but iPS technology can’t 
merit the cost-benefit criteria for clinical usefulness. However, there might be some tricks 
bypassing these problems as isolation of stem cells from umbilical cord blood (UCB) as an 
accessible and less immunogenic source of stem cells. By the progress made in perseveration 
of human umbilical vein blood banks every person can have unlimited access to 
homologues stem cells for application in acute coronary syndrome. But the outcomes of the 
freshly used vs. stored or cultured cells needs to be clearly determined. LVEF enhancement 
with BMCs was inversely correlated with their storage duration [Jiang et al., 2010]. Anyway, 
since exerted beneficial effects of cells might be related to their basic characteristics, the 
optimal timing factor for each stem cell should be identified individually.  

Patient subsets that stem cell application could be possibly beneficial need to be determined 
carefully. Ample evidences support the significant clinical benefits of applied stem cells in 
ACS case with viable hibernated myocardium, large regional wall motion abnormalities or 
depressed LVEF below median. Patients with these eligibility indices could be identified 
clinically using imaging modalities as echocardiography and myocardial perfusion imaging. 
Other factors as severity of symptoms, extent of jeopardized myocardium, percentage of 
scar tissue, number and extent of diseased vessels, left main diseases, involvement of 
proximal part of LAD, coronary flow characteristic, presence and grade of collateral arteries 
to the ischemic region, the percentage of downstream viable myocardium, clinical signs of 
heart failure, prior MI, history of angina, high-risk sub maximal exercise test, rhythm 
stability, age, gender and comorbidities might help physicians in decision making.  

There is still lack of risk-stratification strategies based on low-, intermediate- or high-risk 
patient categories relied on the positive cardiac enzymes and diabetes. Current cell-based 
therapies for all patients are expensive and with a high risk of failure. Therefore, patients 
hospitalized for AMI predicted clinically that current therapies are modestly effective and or 
nature of their acute event seems to be vexing, benefit more from stem cell therapies. 
Indeed, subgroups of patients with limited options and “no-option” or incurable cases are 
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also ideal candidate for cell-based therapies. Elderly patients, cases with contraindication for 
thrombolytic therapy, poor vascular anatomy for intervention and high risk patients for 
CABG will put in this group. However, knowledge about the decreased In-stent thromboses 
and restenosis by homed EPCs in the site of stent deployment tempt routine post-
angioplasty stem cell application [Silber et al., 2011]. This would be also limited to the cases 
with reliable clinical predictors of high rate of In-stent restenosis and thrombosis.  

Furthermore, it should be answered if hemodynamically unstable persons due to 
complicated ACS can undergo stem cell therapy or not? If the most clinical benefits of stem 
cells are within the first hours of ACS, are cooling-off periods spent for patient stabilization 
are still beneficial or not? Since heart is intrinsically an integrated organ with both vascular 
and muscular components, re-visualization and re-muscularization should be simultaneous 
and in-parallel. In the other word, enhanced neovascularization and neomyogenesis are 
both needed and any mismatch between these two arms will be associated with lack of 
sufficient success. Benefits of improved neomyogenesis in the territory of infarct related 
artery without optimal revascularization should always be scrutinized. Certainly, the 
restoring cardiac stem cells have their own nutritional requirements and the improvement 
process will down-hill in the case of deficient supply. Stem cell therapy as a risk-mitigating 
treatment and ad-on therapy or primary therapeutic choice should be well evaluated in the 
management of patients in acute setting. Trials should asses the benefits of initial stem cell 
therapies vs. initial conventional or invasive strategies. Peliotropic effects of Angiotensin-
converting enzymes or Satins might be beneficial on stem cell functionality but the stem cell 
protective dose of these agents might differ from routinely used in emergency departments, 
which seeks to be determined. The optimal timing of beneficial medications on stem cells 
should be identified which could be even as early as ex-vivo stem cell processing. Do dual 
and triple anti-platelets exert effects on the ultimate benefits of applied regenerative cells? If 
invasive strategies are certainly needed, which of the upstream stem cell therapy (at present 
and before PCI) or deferred (at the time of PCI) are superior? Are all patients with ACS good 
candidate for stem cell therapy? Acute coronary syndromes encompass a wide spectrum 
from unstable angina pectoris to non-ST elevation MI and ST-elevation MI (transmural and 
non-transmural). Are stem cell-based therapies beneficial in medically or spontaneously 
relieved unstable angina? Like indications for thrombolytic therapy, should stem cell-based 
therapies restricted to transmural STEMIs? Do patients suffered from isolated right 
ventricular or posterior AMI benefit from stem cell therapies? 

These questions need tight answers before widespread use of stem cells in clinical practice. 
Some considerations for complicated acute ischemic events by cardiogenic shock, with the 
need for cardiogenesis in its pure sense, should also be determined. These cases should be 
stabilized using bridge-to-treatment or bridge-to-transplant interventions. Simultaneous 
application of regenerative stem cells might be helpful in this case prospectively. Whether 
stem cell therapy would impact other complications of AMI as ventricular septal defect, 
aneurysms and free wall rupture is not yet demined. Stem cell therapy may move to be 
applied simultaneous with surgical ventricular repair.  

Items in which clinicians can determine the success rate of treatment based on the pre-and 
post-test probabilities should be characterized. The advent of algorithms for stem cell 
therapies is necessary for future perspectives to determine selective stem cell application of 
routinely for “all comers” in the subset of ACS. Even if these caveats are solved and chart 
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expansion provides enough number of required cells from clinical point of view, but a bit 
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immune-mediated reactions but needs to be determined. In the case of allogenic stem cell 
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with BMCs was inversely correlated with their storage duration [Jiang et al., 2010]. Anyway, 
since exerted beneficial effects of cells might be related to their basic characteristics, the 
optimal timing factor for each stem cell should be identified individually.  

Patient subsets that stem cell application could be possibly beneficial need to be determined 
carefully. Ample evidences support the significant clinical benefits of applied stem cells in 
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Other factors as severity of symptoms, extent of jeopardized myocardium, percentage of 
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proximal part of LAD, coronary flow characteristic, presence and grade of collateral arteries 
to the ischemic region, the percentage of downstream viable myocardium, clinical signs of 
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stability, age, gender and comorbidities might help physicians in decision making.  

There is still lack of risk-stratification strategies based on low-, intermediate- or high-risk 
patient categories relied on the positive cardiac enzymes and diabetes. Current cell-based 
therapies for all patients are expensive and with a high risk of failure. Therefore, patients 
hospitalized for AMI predicted clinically that current therapies are modestly effective and or 
nature of their acute event seems to be vexing, benefit more from stem cell therapies. 
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also ideal candidate for cell-based therapies. Elderly patients, cases with contraindication for 
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CABG will put in this group. However, knowledge about the decreased In-stent thromboses 
and restenosis by homed EPCs in the site of stent deployment tempt routine post-
angioplasty stem cell application [Silber et al., 2011]. This would be also limited to the cases 
with reliable clinical predictors of high rate of In-stent restenosis and thrombosis.  

Furthermore, it should be answered if hemodynamically unstable persons due to 
complicated ACS can undergo stem cell therapy or not? If the most clinical benefits of stem 
cells are within the first hours of ACS, are cooling-off periods spent for patient stabilization 
are still beneficial or not? Since heart is intrinsically an integrated organ with both vascular 
and muscular components, re-visualization and re-muscularization should be simultaneous 
and in-parallel. In the other word, enhanced neovascularization and neomyogenesis are 
both needed and any mismatch between these two arms will be associated with lack of 
sufficient success. Benefits of improved neomyogenesis in the territory of infarct related 
artery without optimal revascularization should always be scrutinized. Certainly, the 
restoring cardiac stem cells have their own nutritional requirements and the improvement 
process will down-hill in the case of deficient supply. Stem cell therapy as a risk-mitigating 
treatment and ad-on therapy or primary therapeutic choice should be well evaluated in the 
management of patients in acute setting. Trials should asses the benefits of initial stem cell 
therapies vs. initial conventional or invasive strategies. Peliotropic effects of Angiotensin-
converting enzymes or Satins might be beneficial on stem cell functionality but the stem cell 
protective dose of these agents might differ from routinely used in emergency departments, 
which seeks to be determined. The optimal timing of beneficial medications on stem cells 
should be identified which could be even as early as ex-vivo stem cell processing. Do dual 
and triple anti-platelets exert effects on the ultimate benefits of applied regenerative cells? If 
invasive strategies are certainly needed, which of the upstream stem cell therapy (at present 
and before PCI) or deferred (at the time of PCI) are superior? Are all patients with ACS good 
candidate for stem cell therapy? Acute coronary syndromes encompass a wide spectrum 
from unstable angina pectoris to non-ST elevation MI and ST-elevation MI (transmural and 
non-transmural). Are stem cell-based therapies beneficial in medically or spontaneously 
relieved unstable angina? Like indications for thrombolytic therapy, should stem cell-based 
therapies restricted to transmural STEMIs? Do patients suffered from isolated right 
ventricular or posterior AMI benefit from stem cell therapies? 

These questions need tight answers before widespread use of stem cells in clinical practice. 
Some considerations for complicated acute ischemic events by cardiogenic shock, with the 
need for cardiogenesis in its pure sense, should also be determined. These cases should be 
stabilized using bridge-to-treatment or bridge-to-transplant interventions. Simultaneous 
application of regenerative stem cells might be helpful in this case prospectively. Whether 
stem cell therapy would impact other complications of AMI as ventricular septal defect, 
aneurysms and free wall rupture is not yet demined. Stem cell therapy may move to be 
applied simultaneous with surgical ventricular repair.  

Items in which clinicians can determine the success rate of treatment based on the pre-and 
post-test probabilities should be characterized. The advent of algorithms for stem cell 
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routinely for “all comers” in the subset of ACS. Even if these caveats are solved and chart 
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lines become available, physicians should not be boxed in chart cages. Short of that, 
recipients should be reviewed in cardiac stem cell clinics conversant with issues particular 
for patients undergoing such therapeutic measures. In aggregate, progression of these stem 
and progenitor cell-based cardiac repair, require close interaction between scientists, 
clinicians and patients. Stem cell encyclopedia needs question-directed state-of-science 
trails.  

Challenges for finding appropriate cell source offers clues toward creation of more 
conductive myocardium through environmental modifiers with enhanced cell survival, 
persistence, differentiation and proliferation. Cardiac regeneration is not merely relied on 
stem cells and the underlying scaffold for applied stem cells, both mobilized and injected, 
should not be overlooked. Engagement and disengagement of stem cells to heart niche is a 
finely tuned dynamic process. This delicate balance is remarkably altered under stress 
conditions as ischemia. Physical contact of delivered stem cells with cardiac nascent niche 
and neighboring cells enhance cardiomyocyte differentiation. Stem cells decide to become 
incorporated physical elements of newly formed vessels or myocytes partly based on the 
niche they have exposed. Knowledge about stem cell microenvironment and trafficking 
mechanisms would lead to profound understanding of enhanced engagement and 
depressed stem cell regression to the desired organ. In acutely infracted myocardium, the 
dominant harsh ischemic and cytokine-rich microenvironment, infiltrated by inflammatory 
cells imposes a Strong challenge to the transplanted donor stem cells. Will stem cells in 
delivered in this niche fate with cardiac ischemic memory? With niche therapy, niche 
environment can be modified in such a way to boost stem cell homing, migration, 
engraftment, retention and commitment. Niche-based fate determination is possible by 
providing stromal matrix, physical contact and chemical dialogue for invited and activated 
resident stem cells. A prepared niche regulates mobilization of cells into the circulation and 
enhances stem cell recruitment, homing and cell retention. In the other word, a favored 
niche helps in maintenance of stem cell compartment. In contrast, a disturbed niche might 
lead to cell dysfunction probably by exhaustion. The clinical significance of niche-based 
strategies or niche-targeting is not yet clarified in the field of coronary artery disease and 
needs to be addressed. Cardiac niche therapy should be adjoined to cardiac stem cell-based 
therapies, in a mutually complementary manner.  

15. Concluding remarks future recommendations 
Despite of the remarkable advances in the care of ACS, missed opportunities are still 
troublesome. These mismanagements include failure to deliver any form of reperfusion in 
about 30% of patients or delayed application of reperfusion strategies related to 
perpetuation of inefficient system of care [Moon et al., 2002]. Pathologic remodeling, which 
evolves immediately after AMI, alters the contractile properties of non-infarct zone and 
consequently impairs systolic and diastolic performance of the LV. Thus, cases with missed 
reperfusion are at risk of suffering from complications of adverse remodeling. To modify the 
disease process, recapitulation of stem cells has been proposed to ameliorate adverse 
remodeling and consequently improve LV function and angiogenesis. Tremendous effort is 
being put to functionally revitalize scar, non-contractile myocardium. Stem cells added one 
new dimension for the treatment of AMI with multi-faceted nature. It can be applied singly 
or combined to boost the efficacy of other therapies. The final aim of SCT for myocardial 
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regeneration has been directed to compensating myocardial loss and restoring myocardial 
deficits. Encourages due to the positive preliminary results and solved safety and 
tolerability issues paced cardiovascular stem cell therapies, but so far it has faced with 
contradictory results. This field is plagued by paucity of trials and trials with skepticism 
should definitely reinforce whether stem cell therapy should be augmented or not. 
Although emerging field stem cell based cardiac regenerative therapies are still limited, 
continued development in this field will impact this area in the very near future. Advent of 
magic stem cell bullet(s) or cocktails of stem cell with or without growth factors and homing 
agents might be revolutionary events achievable in future. As Feynman stated at 1959 
“There is plenty of room at the bottom”.  
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1. Introduction 
Cardiovascular diseases have similar pathophysiologic mechanisms which lead patient from 
risk factors, such as dyslipidemia, smoking, high blood pressure etc. to congestive heart 
failure and finally – to death (Fig. 1.). This global approach to the natural history of cardiac 
pathology has been proposed at the end of the twentieth century and remains current till 
now (Cheung, 2006). Thyroid dysfunction is a common clinical problem which plays a key 
role in the regulation of the cardiovascular system and can contribute to the clinical course 
of coronary artery disease (CAD). As it was shown on Fig.1 thyroid dysfunction can affect 
almost all chains of this continuum and its influence should be taken into account when 
treating patients with CAD. 

In several studies the presence of predominantly adverse cardiac effects of thyroid 
dysfunction on the natural history of CAD has been shown (Iervasi et al., 2007). Thyroid 
diseases are associated with systolic and diastolic cardiac dysfunction, hypertension, heart 
rhythm disorders etc. Overt hypo- as well as hyperthyroidism affect outcomes in patients 
with CAD. As it has been recently shown in numerous studies, even subclinical 
hyperthyroidism can be an independent risk factor for all-cause and cardiovascular 
mortality (Sgarbi et al., 2010). Previously subclinical hypothyroidism was recognized as an 
independent risk factor for atherosclerosis and myocardial infarction in elderly women (Hak 
et al., 2000). But results of these studies are sometimes controversial (Biondi, 2010; Cappola 
et al., 2006; Iervasi et al., 2007; Ittermann et al., 2010)  

Thyroid hormone excess causes a lot of cardiovascular changes due to both direct and 
indirect effects on the cardiovascular system (Table 1), and results in neurohormonal 
activation, including sympathetic nervous system activation. The latter determines 
increased heart rate and appearance of arrhythmia, especially atrial fibrillation. 
Hyperthyroidism is also associated with hypertension and CAD clinical manifestation.  

With aging, physiological changes in thyroid homeostasis interact with different 
cardiovascular risk factors (Mariotti, 2008). Hypothyroidism is frequently found in the 
elderly, may cause several functional cardiovascular abnormalities and increases the risk of 
atherosclerosis and CAD manifestation (Mariotti & Cambuli, 2007). Hypothyroidism alters 
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lipid metabolism, which contributes to the natural course of CAD. Hypertension can be also 
a clinical sign of thyroid hypofunction. Hypothyroidism may result in diastolic and systolic 
cardiac dysfunction, i.e. heart failure. Other its potential cardiovascular risk factors are 
increased circulating C-reactive protein and homocysteine levels, increased arterial stiffness, 
endothelial dysfunction, and altered coagulation parameters (Mariotti & Cambuli, 2007). On 
the contrary, some investigators had found that hypothyroidism is not associated with an 
increased risk of carotid atherosclerosis (Chiche et al., 2009). On the other hand, Mazzeffi et 
al. (2010) confirmed the association between hypothyroidism and lower extremity arterial 
disease as an atherosclerosis display. So, after years of research there are still unexplored 
facts waiting to be resolved. 

 
Fig. 1. Cardiovascular continuum and thyroid dysfunction (modified from Dzau & 
Braunwald, 1991). 

Risk factors: hypertension,  
diabetes, hyperlipidemia,  
smoking 

Atherosclerosis, CAD 
Coronary thrombosis, 
myocardial infarction 

Left ventricular 
hypertrophy 

Myocardial 
hybernation 

Loss of muscle 

Neurohormonal 
activation 
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Left ventricular  

dysfunction 

LEFT VENTRICULAR REMODELLING 

HEART FAILURE 

DEATH OF THE PATIENT 

- Impact of thyroid dysfunction has been established 
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Pathways Clinical manifestations 
Effects predominantly on cardiomyocytes: 

1. On the genome level (prolonged effects): in the nucleus triiodthyronine interacts with specific 
transcriptional activators or repressors and alters the transcription modality of specific target 
genes (Brent, 1994). Triiodthyronine contributes to: 
-protein synthesis and thus transcriptional activation of α-isoform of myosin heavy chain, 
sarcoplasmic reticulum calcium-activated adenosine triphosphatase, β1-adrenergic receptors, 
guanine-nucleotide-regulatory proteins, Na+/K+-adenosine triphosphatase, some of voltage-
gated K+ channels (Fazio et al, 2004; Kahaly & Dillmann, 2005) 
-transcriptional repression of β-isoform of myosin heavy chain, phospholamban, nuclear receptor α1, 
adenylyl-cyclase types V & VI, Na+/Ca2+ exchanger (Fazio et al., 2004; Kahaly & Dillmann, 2005) 
2. Extranuclear cellular mechanisms (short-term effects): 

Effects on membrane 
Augmented activity of the sinoatrial node (Sun et 
al., 2001) through increasing the conductance 
density of I(f)-channels (Renaudon et al., 2000) 

Increased heart rate and myocardial oxygen 
demand 

Activation of transmembrane transfer of sodium 
and potassium (Kahaly & Dillmann, 2005), calcium 
(Kiss et al, 1994) and glucose (Chidakel et al., 2005) 

Activation of cardiomyocytes’ metabolism  

Effects on sarcoplasmic reticulum 
Activation of calcium reuptake during diastole,  
up-regulation of calcium-activated adenosine 
triphosphatase, down-regulation of phospholamban 
expression (Fazio et al., 2004; Kiss et al., 1994; Ojamaa 
et al., 2002)   

Augmented contraction of cardiomyocytes, 
enhancing myocardial relaxation  

Effects on mitochondria 
Activation of oxidative phosphorylation 
(Verhoeven et al., 1985) 

Activation of cardiomyocytes’ metabolism 

Activation of adenine nucleotide translocase 
(Sterling, 1986) 

Activation of cardiomyocytes’ metabolism 

Effects on heart: 
Increased density of cardiac β1-adrenoreceptors 
(Kahaly & Dillmann, 2005) and, thus, response to 
catecholamines  

Elevation of cardiac output 

Effects on vascular wall: 
Relaxation effect on vascular smooth-muscle cells 
(Ojamaa et al., 1996) 

Vasodilatation, decreased preload as well as 
afterload on the heart, decreased peripheral 
vascular resistance  

Other effects of thyroid hormone, which have influence on the natural course of 
cardiovascular diseases: 

Activation of metabolism Increased myocardial oxygen demand 
Effects on lipid profile (Rizos et al., 2011) Maintaining serum very low-, low- and high-

density lipoprotein cholesterol, triglyceride and 
apo-B 100 levels within normal range  

Modulation of glucose production and glycogen 
storage in the liver and heart (Boelen, 2009; 
Forhead et al., 2009; Klieverik et al., 2009) 

Activation of cardiomyocytes’ metabolism  

Increase sodium reabsorbtion in the kidney 
(Capasso et al., 1999) 

Increase circulation blood volume 

Table 1. The most important effects of thyroid hormone on the cardiovascular system. 
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There are also several challenges of CAD treatment in patients with coexisting thyroid 
dysfunction. Usage (especially long-term, with high doses) of amiodarone per se can result in 
amiodarone-induced thyroiditis and thyroid dysfunction (Iervasi et al., 1997; Martino et al. 
2001). Different β-blockers show dissimilar effects on thyroid hormone levels, and these 
responses should be taken into account when treating patients with CAD and coexisisting 
thyroid dysfunction. There is a wide discussion about safety of levothyroxine replacement 
treatment in patients with CAD. It is known that this therapy can improve results of cardiac 
function measurements in subjects with hypothyroidism, however in the presence of CAD 
levothyroxine replacement treatment may result in manifestation or worsening of the CAD 
symptoms (Mariotti & Cambuli, 2007).  

New data emerged about association between thyroid dysfunction and CAD natural 
history, which will be discussed hereafter. During the last decades interest to the influence 
of subclinical thyroid dysfunction on CAD progression rises significantly, but findings are 
still too controversial to make definitive decision. By now even definition for normal serum 
thyroid hormone and thyrotropin range is still not completely established. This chapter will 
be dedicated to the main problems of coexisting CAD and overt thyroid dysfunction. 
Influence of subclinical thyroid dysfunction on CAD will not be discussed in this chapter 
because of the immensity and complexity of the issue. 

2. Impact of hypothyroidism on the natural history of CAD 
Hypothyroidism can influence the natural course of CAD in different ways. In patients with 
overt hypothyroidism hyperlipidemia, coagulation abnormalities, endothelial dysfunction, 
hypertension, hypertrophy and diastolic dysfunction of heart ventricles, and abnormalities 
of insulin resistance had been found. Most of these factors can alter atherosclerotic process 
and modify morbidity and mortality rates for CAD. But after decades of research 
implication of thyroid hypofunction in CAD progression is still unclear and needs to be 
reassessed. 

2.1 Effects of overt hypothyroidism on the most important cardiovascular risk factors: 
hyperlipidemia and hypertension 

2.1.1 Hypothyroidism and hyperlipidemia 

The role of lipid metabolism disorders in pathophysiologic mechanisms of atherosclerosis, 
following CAD and its complications is well established. Hyperlipidemia is a first step of the 
cardiovascular continuum; it is widely known as an independent cardiovascular risk factor. 
Clear and exact recommendations addressed to the lipid levels control, especially in patients 
with CAD and those at high cardiovascular risk were developed. It is also generally 
accepted that hypothyroidism accelerates development of CAD by its impairment action on 
lipid metabolism (Jung et al., 2003; Rizos et al., 2011). Hyperlipidemia is more often 
observed in patients with serum concentration of thyrotropin more than 10 mIU/L (Biondi 
& Klein, 2004).  

The most important mechanisms of thyroid hormone action on lipid metabolism are shown 
in Table 2. 
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Mechanism Result Impact on the course of CAD in 
case of hypothyroidism 

Inducing the HMG-CoA reductase Cholesterol 
biosynthesis 

Theoretically depressed cholesterol 
production, but in practice 
increased total cholesterol and LDL 
cholesterol levels due to decreased 
catabolism of LDL and IDL 
cholesterol  

Controlling the LDL receptor gene 
activation (for T3) by: 
-the direct binding to specific 
thyroid hormone responsive 
elements (Rizos et al., 2011) 
-controlling the sterol regulatory 
element-binding protein-2 (Shin & 
Osborne, 2003) 

Up-regulation of LDL 
receptors  

Decreased catabolism of LDL and 
IDL cholesterol, increased total 
cholesterol and LDL cholesterol, 
acceleration of atherosclerosis and 
CAD  

Controlling the TG levels by 
hypotriglyceridemic gene APOA5 
regulation (Prieur et al., 2005) 

Inhibition of TGs 
production 

Increased TG levels, acceleration of 
atherosclerosis and CAD  

T3 and its acetic derivative protect 
LDL from oxidation (Faureet al., 
2004) 

Protection from 
oxidation of LDL  

Burden of oxidative stress, 
acceleration of atherosclerosis and 
CAD  

Increased cholesteryl ester transfer 
protein activity 

Increased exchange of 
cholesteryl esters from 
HDL2 to VLDL and 
TGs to the opposite 
direction (Rizos et al., 
2011) 

Not definitely established, due to 
this mechanism plasma HDL levels 
may be elevated 

Stimulation of lipoprotein lipase Activation of TG-rich 
lipoproteins catabolism 
(Rizos et al., 2011) 

Decreased clearance of TG-rich 
lipoproteins, hypertriglyceridemia, 
acceleration of atherosclerosis and 
CAD  

Stimulation of hepatic lipase Activation of 
hydrolyzation HDL2 to 
HDL3, conversion of 
IDL to LDL and in turn 
LDL to small dense 
LDL (Rizos et al., 2011) 

Increased levels of HDL2, IDL and 
LDL. Impact on the natural history 
of CAD is controversial 

Up-regulation of apoAV Decreased hepatic TGs, 
VLDL production, 
increased both plasma 
lipoprotein lipase levels 
and activity, enhanced 
affinity for the LDL 
receptor, greater 
clearance of lipoprotein 
core remnants (Rensen 
et al., 2005)  

Increased plasma TG and VLDL 
levels; acceleration of 
atherosclerosis and CAD  

Table 2. The most important mechanisms of thyroid hormone action on lipid metabolism 
and their impact on the course of CAD in case of hypothyroidism. HMG-CoA = 3-hydroxy-
3-methylglutaryl-coenzyme A; LDL = low-density lipoprotein; IDL = intermediate-density 
lipoprotein; T3 = triiodthyronine; TG = triglyceride; HDL = high-density lipoprotein;  
VLDL = very low-density lipoprotein 
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Therefore overt thyroid hypofunction primarily leads to elevated plasma total cholesterol 
and low-density lipoprotein cholesterol levels. Elevation of triglyceride levels is also 
possible as well as increased concentration of high-density lipoprotein cholesterol (mainly 
because of increased concentration of high-density lipoprotein–2 particles). So, lipid profile 
in patients with hypothyroidism has atherogenic properties, and may be characterized by 
unusual condition with simultaneously elevated triglycerides and high-density lipoprotein 
cholesterol levels despite it is widely accepted that hypothyroidism is associated with 
decreased high-density lipoprotein cholesterol levels (Cappola & Ladenson, 2003) and that 
there is an inverse relation between these two measures. Thus, atherogenic lipid profile in 
patients with overt hypothyroidism may be partly diminished by this elevated plasma 
concentration of high-density lipoprotein cholesterol. It was also shown that patients with 
hypothyroidism have increased concentration of lipoprotein (a) – known by its atherogenic 
facilities and associated with atherosclerotic artery lesion, particularly CAD (Rizos et al., 
2011; Tzotzas et al., 2000).  

2.1.2 Hypothyroidism and hypertension 

Hypertension is another strong cardiovascular risk factor and the starting point of the 
cardiovascular continuum. Hypertension has a great influence on the natural course of CAD 
resulting in an increase in cardiac afterload, ventricular hypertrophy, impairment of diastolic 
function of ventricles as well as endothelial dysfunction and neurohormonal activation (Dzau 
& Braunvald, 1991). Hypothyroidism prevalence among general population of patients with 
hypertension reaches 3-4%, and it was established that patients with hypothyroidism and 
hypertension represent higher blood pressure levels compared with those without thyroid 
dysfunction (Fommei & Iervasi, 2002; Saito, 1983). At the same time hypertension is more 
common in hypothyroid population – its prevalence reaches 20-40% (Klein & Ojamaa, 1995; 
Streeten et al., 1988). So, hypertension is a frequent symptom of hypothyroidism and 
independent risk factor for cardiovascular events, morbidity and mortality, particularly CAD-
associated. As it was shown in several studies, thyroid hypofunction is associated with 
predominantly diastolic hypertension as a result of increased systemic vascular resistance, 
increased arterial stiffness and impaired endothelial function (Biondy & Klein, 2004; Dernellis 
& Panaretou, 2002; Kanbay et al., 2007; Obuobie et al., 2002).  

Hypothyroid patients have significantly higher diastolic blood pressure levels in the fifth 
and sixth decades of life (time of CAD manifestation in most cases) compared with measures 
in euthyroid controls (Aronow et al., 2011). Iqbal et al. (2006) have shown in their study of 
5,872 subjects (2,623 male subjects) without antihypertensive or replacement levothyroxine 
treatment, that even within the normal serum thyrotropin range (0.20–4.00 mIU/L) there was a 
modest, but significant and positive association between serum thyrotropin and both systolic 
and diastolic blood pressure levels. Serum thyrotropin levels were higher in the hypertensive 
subjects, but differences were significant only for diastolic hypertension. The same trend was 
found by group of Norwegian scientists (Åsvold et al., 2007a).  

2.2 Hypothyroidism, atherosclerosis and CAD 

In one of the recent reviews addressed to the problem of the association between CAD and 
hypothyroidism Cappola & Ladenson (2003) mentioned: “…today’s clinicians managing 
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patients with hypothyroidism and atherosclerosis are still guided more by medical folklore 
than evidence-based medicine”. It is widely accepted that hypothyroidism adverse 
contributes to the natural course of CAD (Miller & Gambert, 2008), but most of the studies, 
aimed to proof this postulate, are outdated, not large enough and have serious limitations. 
Most of them have been conducted in patients with subclinical hypothyroidism and/or 
predominantly in women. For example, findings of Vanhaelst et al. (1967) have been based 
on autopsy data of 25 patients with myxoedema and suggest that intensity of atherosclerotic 
disease was significantly higher in hypothyroid compared with euthyroid patients. But 
results of the Cardiovascular Health Study of 3,678 men and women didn’t establish any 
prepotency of angina, myocardial infarction, transient ischemic attack, stroke and peripheral 
arterial disease in patients with subclinical hypothyroidism compared with such prevalence 
in euthyroid people (Ladenson et al, 1994). In the frequently cited study, performed by Perk 
& O`Neill and published in 1997, the authors found angiographic CAD progression 
differences for only 10 participants with hypothyroidism compared with those on adequate 
replacement therapy.  

Interestingly, the evidence body of the association between overt hypothyroidism and CAD 
was proposed mostly by studies of not overt, but subclinical hypothyroidism, possibly 
because of its wider prevalence. The Wickham Survey, first large-scale examination of the 
relationship between thyroid function and cardiovascular outcomes, enrolled 2,779 men and 
women. Overt hypothyroidism was an exclusion criteria, 132 persons have subclinical 
thyroid hypofunction (Vanderpump et al., 1996). In a 20-yr follow-up of this population-
based cohort study any relationship between incident CAD or mortality and composite 
variable of hypothyroidism on replacement therapy, presence of circulating antithyroid 
antibodies, and/or thyrotropin level more than 6 mIU/L was not established in both men 
and women. But replacement treatment was the most important limitation, which could cause 
shift in indexed results (Cappola & Ladenson, 2003). The Rotterdam Study of 1,149 women 
(age 55 years or older) was another study of subclinical hypothyroidism which proves the 
possibility of hypothyroidism to affect the natural course of atherosclerosis and to increase 
CAD-morbidity (Hak et al., 2000). It was shown after adjustment for age, smoking status, body 
weight index, blood pressure, and high-density lipoprotein cholesterol levels, that women 
with subclinical hypothyroidism had higher prevalence of aortic atherosclerosis on chest 
radiograms (odds ratio [OR] 1.9; 95% confidence interval [CI] 1.2-3.1) and higher prevalence of 
myocardial infarction (OR 2.3; 95% CI 1.3-4.2) compared with euthyroid ones.  

Prevalence of obstructive CAD in patients with diabetes mellitus depending on the presence 
of hypothyroidism was shown in the study, conducted by Pierre-Louis et al. (2008). In this 
study totally 352 patients with diabetes mellitus underwent coronary angiography because 
of recent myocardial infarction or unstable angina or chest pain with a positive stress test. 
More than 50% narrowing of 1 or more major coronary arteries was present in 145 of 173 
patients (84%) with diabetes mellitus and hypothyroidism and in 132 of 179 patients (74%) 
with diabetes mellitus without hypothyroidism (p<0.025). More than 50% narrowing of 3 
major coronary arteries was present in 69 of 173 patients (40%) with diabetes mellitus and 
hypothyroidism and in 39 of 179 patients (22%) with diabetes mellitus without 
hypothyroidism (p<0.001). So, these findings represent evidence that patients with diabetes 
mellitus and hypothyroidism have higher prevalence and intensity of CAD compared with 
patients with diabetes mellitus without hypothyroidism.  
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patients with hypothyroidism and atherosclerosis are still guided more by medical folklore 
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One recent study provides some kind of confirmation of the association between 
hypothyroidism and lower extremity arterial disease as an atherosclerosis display (Mazzeffi 
et al., 2010). Six hundred fourteen patients and 529 control cases were enrolled, and gender 
was found to be a significant confounder. In men there was a positive independent 
association between hypothyroidism and lower extremity arterial disease (adjusted OR 2.65; 
95% CI 1.19-5.89), whereas in women there was a negative independent association 
(adjusted OR 0.22; 95% CI 0.11-0.46).  

Thus, despite of widely accepted opinion about ability of hypothyroidism to accelerate the 
natural course of CAD, carefully designed large controlled studies are still needed to prove 
this point of view conclusively.  

3. Impact of hyperthyroidism on the natural history of CAD  
Hyperthyroidism can alter the natural course of CAD in several ways. First of all it increases 
myocardial oxygen demand together with sinus and/or supraventricular tachycardia (as well 
as atrial fibrillation) – these factors can contribute to decompensation of underlying CAD and 
lead to manifestation of angina pectoris and heart failure (mostly with high cardiac output). 
Furthermore, systolic blood pressure is usually increased, while diastolic blood pressure – 
decreased in patients with hyperthyroidism. Due to this pulse pressure becomes wider and 
mean blood pressure – moderately decreased. These changes are associated with an increase in 
cardiac output and reduction in peripheral vascular resistance, resulting in the classic 
hyperdynamic cardiovascular status (Fazio, et al., 2004). Cardiac preload is increased and 
blood volume is enlarged in patients with hyperthyroidism, there are also conditions for 
diastolic dysfunction of heart ventricles due to above-listed factors and tachycardia. 
Hyperthyroidism affects one more chain of the cardiovascular continuum: renin-angiotensin-
aldosterone system is activated in patients with thyroid hyperfunction (Resnick & Laragh, 
1982). It was also shown that hyperthyroidism is associated with elevation of von Willebrand 
factor levels as well as enhanced platelet function and therefore shortened collagen-
epinephrine-induced closure time (platelet plug formation measure) (Homoncik et al., 2007). 
The presence of CAD may compromise the ability of myocardium to respond to the metabolic 
demands of hyperthyroidism (Kahaly & Dillman, 2005). Hyperthyroidism may cause 
myocardial infarction even in subjects without coronary stenosis (Cowda et al., 2003; Jaber et 
al., 2010; Moliterno et al., 1992). There were also described such changes which can influence 
the natural course of CAD as necrosis of myocytes, small areas of fibrosis or round-cell 
infiltration in the hearts of patients with hyperthyroidism (Kahaly & Dillman, 2005).  

The prevalence of cardiac decompensation in hyperthyroid patients with advancing age was 
established (Davis & Devis, 1975; Kahaly & Dillman, 2005; Trivalle et al., 1996). In patients 
over 50 years of age cardiovascular complications are the leading cause of death after 
treatment of hyperthyroidism (Franklyn et al., 1998). Supraventricular arrhythmias in older 
patients may contribute to some of the excess cardiovascular mortality as it was shown in 
several long-term follow-up studies (Franklyn et al., 1998; Parle et al., 2001; Osman et al., 
2002). In one population-based study (Franklyn et al., 1998) of mortality with standardized 
mortality ratio (SMR) as a measure of relative risk in a cohort of 7,209 patients with 
hyperthyroidism treated with radioiodine it was shown, that during 105,028 person-years of 
follow-up, 3,611 subjects died; the expected number of deaths was 3,186 (SMR 1.1; 95% CI 
1.1-1.2; p<0.001). The risk was increased for deaths due to cardiovascular disease (240 excess 

 
Impact of Thyroid Dysfunction on Natural Course of Coronary Artery Disease  

 

269 

deaths; SMR 1.2; 95% CI 1.2-1.3; p<0.001), and cerebrovascular disease (159 excess deaths; 
SMR 1.4; 95% CI 1.2-1.5; p<0.001). Rheumatic disease (46 excess deaths, SMR 3.2; 95% CI 2.5-
4.2; p<0.001) and hypertensive heart disease (31 excess deaths, SMR 2.1; 95% CI 1.6-2.7; 
p<0.001) had the highest SMRs. On the other hand, SMR for ischemic heart disease was 
modest (SMR 1.1; 95% CI 1.0-1.1; p=0.03) with 55 excess deaths. Intriguingly, in this study 
after separate analyses for men and women the excess deaths due to the cardiovascular 
disease was established for women but not for men (women: SMR 1.3; 95% CI 1.2-1.4; men: 
SMR 1.0; 95% CI 0.9-1.2; p<0.001 for the comparison between men and women).  

So, the most important confounders for cardiovascular morbidity and mortality of 
hyperthyroid patients are dysrhythmias (especially atrial fibrillation) with tromboembolic 
complications, and hypertension. Gender of the patient may also have some influence on the 
clinical course of cardiovascular diseases in patients with hyperthyroidism. 

4. Cardiovascular risk factors in patients with different thyroid status:  
Our findings 
Recently we conducted a retrospective study, which took place in two medical centres in Kiev 
(Ukraine), aimed to establish prevalence of the main cardiovascular risk factors in 464 
consecutive patients with CAD depending on their thyroid status, stratified into 3 groups: 
euthyroid (n=115, mean age 57.4±0.8 years, 76.5% female, mean thyrotropin level 1.6±0.12 
mIU/L), hypothyroid (n=108, mean age 56.8±1.1 years, 76% female, mean thyrotropin level 
12±1.7 mIU/L), and hyperthyroid (n=241, mean age 55.4±0.6 years, 86.7% female, mean 
thyrotropin level 0.16±0.03 mIU/L). Medical records were estimated and all patients, who met 
inclusion criteria (registered CAD and/or prescribed antiischemic therapy together with 
defined thyroid status), were included in our study. During statistical analysis continuous 
variables were expressed as mean±error of mean, categorical variables were expressed as 
frequency and percentage. Comparison between variables was performed using analysis of 
variance and the Student t test. A p value less than 0.05 was considered statistically significant. 

The prevalence of hypertension was high in all groups with the highest rate for hypothyroid 
group (Fig.2). For hyperthyroid patients there was a trend for the increased prevalence of 
grade 1-2 hypertension, and less prevalent (approximately 2.1 times) grade 3 hypertension 
compared with rates in the euthyroid group. There was also significantly increased rate of 
grade 1-2 hypertension in hypothyroid patients compared with rate in the euthyroid group 
(see Fig.2). 

We didn’t find any significant differences in lipid profile among these 3 groups: total 
cholesterol, low-density lipoprotein and triglyceride levels were somewhat elevated in all 
groups, the only difference was obtained for high-density lipoprotein level, which was 
26.6% lower in hypothyroid compared with euthyroid group of patients (Fig.3), but still 
within the normal range. These findings are consistent to the results of several studies 
(Cappola & Ladenson, 2003), but disagree with statement of Rizos et al. (2011) about 
possibility of high-density lipoprotein levels increasing in hypothyroid patients, likely due 
to mild-to-moderate hypothyroidism in our study (mean thyrotropin level 12±1.7 mIU/L). 
On the other hand, our results didn’t show any significant differences in lipid profile 
between patients with CAD depending on thyroid status. This finding suggests that these 
changes were determined by alternative mechanisms, and their consequences are almost 
irrespective of thyroid status when it comes to moderate but overt thyroid dysfunction.  
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One recent study provides some kind of confirmation of the association between 
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deaths; SMR 1.2; 95% CI 1.2-1.3; p<0.001), and cerebrovascular disease (159 excess deaths; 
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Fig. 2. Prevalence of hypertension in patients with CAD depending on thyroid status. p 
indicates statistical significance for comparison with euthyroid group. 

 

 
Fig. 3. Lipid profile in patients with CAD depending on thyroid status. p indicates statistical 
significance for comparison with euthyroid group. TC = total cholesterol, LDL = low-density 
lipoprotein, HDL = high-density lipoprotein, TGs = triglycerides. 

p<0.05

 
Impact of Thyroid Dysfunction on Natural Course of Coronary Artery Disease  

 

271 

  
Fig. 4. Proportion of patients with body weight index more than 25.5 m/kg among those 
with CAD depending on thyroid status. p indicates statistical significance for comparison 
with euthyroid group, p1 – statistical significance for comparison with hypothyroid group. 
BWI = body weight index.  

In the course of body weight index estimation we had obtained expected results: patients 
with hyperthyroidism had better measures compared with other groups. Less than ¼ 
subjects of the hyperthyroid group had body weight index > 25.5 m/kg (Fig.4). In our study 
proportion of overweight patients in the hypothyroid group was more than ⅓ and in the 
euthyroid group – a little less than ½. We couldn’t estimate waist circumference and waist-
to-hip ratio, both the definite cardiovascular risk factors, because of the retrospective design 
of the study and lack of these data in medical records. 

Our results regarding glycaemic status of the patients with CAD and thyroid dysfunction 
were surprising enough (Fig.5 & 6). Despite of being within normal limits, mean fasting 
plasma glucose level for patients in hyperthyroid group was significantly lower compared 
with such in euthyroid group (see Fig.5). This result was consistent to another one: in our 
study proportion of patients with fasting plasma glucose level > 102 mg/dL (5.6 mmol/L) 
was the smallest for hyperthyroid population (16.2%) compared with euthyroid (33%, 
p<0.001) and hypothyroid (25.9%, p>0.05) groups (see Fig.6). Fasting plasma glucose level 
>102 mg/dL is known cardiovascular risk factor influencing prognosis of the patients with 
hypertension (Mancia et al., 2007), and is important for patients with hyperthyroidism and 
CAD associated with increased prevalence of hypertension. This relatively lower level of 
fasting plasma glucose is probably linked to both activation of metabolism (particularly 
carbohydrate metabolism) and sensitivity to insulin, and reflects more intense glucose 
uptake by cells. There weren’t any significant differences in diabetes prevalence between 
study groups (all p>0.05).  
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Fig. 5. Fasting plasma glucose levels in patients with CAD depending on thyroid status. p 
indicates statistical significance for comparison with euthyroid group. 

 
Fig. 6. Glycaemic status and prevalence of cardiovascular risk factors in patients with CAD 
depending on thyroid status. p indicates statistical significance for comparison with 
euthyroid group. 
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We also investigated the prevalence of  previous main cardiovascular events: myocardial 
infarction and stroke in patients with CAD and different thyroid status (Fig.7). According to 
our data, in the euthyroid group prevalence of previous myocardial infarction was more 
than 2 times higher compared with such in hyperthyroid group (13.9% vs. 5%, respectively, 
p<0.01). In our study there weren’t any statistically significant differences in the rates of 
stroke between study groups, which was really unexpected because of general opinion, that 
hyperthyroidism is strongly associated with stroke as a thromboembolic complication of 
atrial fibrillation (Franklyn et al., 1998). The lowest rate of previous myocardial infarction in 
this hyperthyroid group partly denies assumption that mild but not subclinical thyroid 
hyperfunction can definitely cause serious worsening of the natural course of CAD, and this 
hypothesis still needs careful and well designed investigation. 

 
Fig. 7. Prevalence of previous cardiovascular events in patients with CAD depending on 
thyroid status. p indicates statistical significance for comparison with euthyroid group. 

5. Conclusion 
Despite numerous studies dedicated to the interaction between cardiovascular system and 
thyroid, a lot of issues are still unclarified. The results of different authors are often 
controversial first of all because of extreme difficulties in designing of such studies. The 
most problem of thyroid status identification and evaluation is its instability within the 
natural course of thyroid diseases. During years of illness thyroid function can be changed 
from activated to moderate activated, “normal” by results of several screening tests, and 
then - decreased. But if thyroid tissue is relatively preserved, it’s absolutely possible, that 
thyroid function at times may become increased or “normal” again necessary amount of 
thyroid cells are available. This instability may cause selection bias during studies.  
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There is also a wide discussion about normal range of main markers of thyroid dysfunction: 
serum thyrotropin, triiodthyronine, thyroxine levels (Surks et al., 2004). Taking into 
consideration current complex classification of thyroid disorders, which is based on these 
marker levels,  a new question arises: do we use the proper criteria for definition of thyroid 
dysfunction and dysfunction of different organs due to thyroid hormone changes, 
particularly cardiovascular system? What about tissue sensibility to thyroid hormone in 
patients with CAD? It is still unclear, how works thyroid hormone in people with 
cardiovascular diseases: atherosclerosis and CAD? Is this mechanism similar or not to such 
in healthy subjects? What are the differences? Can genetic features of the patients with 
cardiovascular disease, which predispose a person to atherosclerosis and CAD, influence 
normal or pathological thyroid?  

Recently emerging evidence indicates that 45–65% of the inter-individual variation in serum 
thyroid hormone levels is due to genetic factors (Medici et al., 2011). In one study 68 genes 
(1512 polymorphisms) were studied in relation to serum thyrotropin and thyroxine levels in 
1,121 Caucasian subjects. It was shown that for thyrotropin 8 PDE8B polymorphisms 
(p=4×10−17) and for thyroxine 2 DIO1 (p=8×10−12) and 1 FOXE1 (p=0.0003) polymorphisms 
remained significant in the meta-analysis (Medici at al., 2011). In the meta-analysis of 2,557 
patients Taylor et al. (2011) have clarified associations between the rs4704397 single 
nucleotide polymorphism in PDE8B and thyrotropin, triiodothyronine and thyroxine levels. 
This meta-analysis confirmed presence of genetic variation in PDE8B associated with 
thyrotropin (p=1.64×10−10) and identified a possible new association with free thyroxine 
(p=0.023). Taylor et al. (2011) suggest that common genetic variation in PDE8B is associated 
with reciprocal changes in thyrotropin and free thyroxine levels that are consistent over time 
and lost in individuals on levothyroxine therapy. These both results are intriguing because 
they display possible genetic markers of variation in serum thyroid hormone levels that will 
be helpful in designing and carrying out epidemiological studies.  

Treatment of both thyroid and cardiovascular diseases can contribute to pathways and 
outcomes, but till now we know little about this. Some studies were dedicated to the 
evaluation of influence of hyperthyroidism treatment strategies on cardiovascular outcomes 
(Hall et al., 1993; Franklyn et al, 1998), but precise mechanisms of their action are still 
unclear. One of the recent treatment approaches for hyperthyroidism is so called “suppress 
and replace” management with complete suppression of thyroid function (marker – 
thyrotropin levels) and simultaneously replacement therapy with thyroid hormone (Kahaly 
& Dillmann, 2005). This condition and its possibility to influence the cardiovascular system 
should be carefully established. In some cases of treatment with levothyroxine it is possible 
even in previously hypothyroid patients appearance of “tissue hyperthyroidism” on cardiac 
level (normal thyroxine and triiodthyronine and suppressed thyrotropin) (Banovac et al., 
1989). The fact that euthyroid due to the replacement therapy hearts are not similar to those 
euthyroid without such therapy were discussed elsewhere (Bengel et al., 2000; Biondi et al., 
1996), but we need more evidence. 

It is also widely known that cardiovascular diseases may contribute to the thyroid function 
predominantly causing its down-regulation. In one study it was shown, that patients with 
CAD during acute phase of myocardial infarction demonstrated a rapid and sustained fall 
in serum total triiodothyronine concentration, a rise in reverse triiodothyronine 
concentration, and a transient fall in total thyroxine concentration. This observed fall in 

 
Impact of Thyroid Dysfunction on Natural Course of Coronary Artery Disease  

 

275 

triiodothyronine concentration wasn’t accompanied by significant changes in basal 
thyrotropin concentrations (Franklyn et al., 1984). In another study of 47 consecutive 
euthyroid patients with acute myocardial infarction thyroid status also was evaluated 
(Friberg et al., 2002) with mostly similar results. The study had demonstrated that thyroid 
hormone was rapidly down-regulated with maximal development by 24-36 hours after 
onset of symptoms. The mean of serum total triiodothyronine concentration decreased by 
19% (p=0.02), the mean of serum reverse triiodothyronine concentration increased by 22% 
(p=0.01), while serum thyrotropin concentration decreased by 51% (p<0.001) between the 
first 6-hour of myocardial infarction and 24-36-hour time interval. Notably, patients with 
severe heart dysfunction or more intense inflammatory reaction showed more pronounced 
down-regulation of the thyroid function. Interestingly, serum free thyroxine levels was 
predominantly unchanged in both studies (Franklyn et al., 1984; Frieberg et al., 2002). This 
adaptive reaction provides reduction of myocardial oxygen demand and relieves emerged 
mismatch between myocardial oxygen demand and oxygen delivery in patients with CAD. 
On the other hand, in several studies association between thyrotropin levels (even within 
reference range) and body weight index, the occurrence of obesity (Knudsen et al., 2005), 
and serum lipid concentrations (Åsvold et al., 2007b) was found. In 2008 Åsvold et al. had 
published their new results from the Nord-Trøndelag Health study (the HUNT study) about 
association between CAD mortality and relatively low thyroid function within the clinical 
reference range. Total 25,313 patients without history of thyroid disease, angina, myocardial 
infarction, stroke or diabetes mellitus at baseline were enrolled. At the end of follow-up 
(median 8.3 years) 228 women (1.3%) and 182 men (2.3%) died of CAD (192 women and 164 
men of them had thyrotropin levels within the reference range). The presence of positive 
association of thyrotropin level within the reference range with risk of fatal CAD was shown 
(p for trend=0.01 in the total population and p for trend=0.007 in non-smokers), especially in 
women (p for trend=0.005). Compared with women in the lower part of reference range 
(thyrotropin level 0.5-1.4 mIU/L) hazard ratios were 1.41 (95% CI 1.02-1.96) and 1.69 (95% 
CI 1.14-2.52) for women in the intermediate (thyrotropin level 1.5-2.4 mIU/L) and higher 
(thyrotropin level 2.5-3.5 mIU/L) parts of the reference range, respectively (Åsvold et al., 
2008). These results suggest that relatively low but clinically normal thyroid function may 
increase the risk of fatal CAD, especially in non-smoking women. 

In Czech Republic Mayer et al. (2006) conducted a study aimed to ascertain the prevalence 
of hypothyroidism in 410 patients (303 men and 107 women) with manifest CAD and to 
establish its association with cardiovascular risk factors. The prevalence of hypothyroidism 
(overt & subclinical) in the total sample and among male and female patients was 11.2, 6.9 
and 23.4%, respectively. Overt hyperthyroidism (thyrotropin level> 3.65 mIU/L and free 
thyroxine <9 pmol/L and/or levothyroxine substitution) in this study was detected in 4.1% 
of total sample, 2.6% male and 8.4% female patients. Interestingly, there weren’t any 
differences in hyperthyroidism prevalence: for total sample and separately male and female 
patients it was 5.6%. On the other hand, in this study the high prevalence of diabetes type 2 
was found for the total sample (was not shown) with mean of fasting plasma glucose levels 
ranged from 6.7 to 7.6 mmol/L in euthyroid and hypothyroid groups without statistical 
difference. This finding is somewhat controversial to our results, but it can be explained by 
differences in the study samples: Mayer et al. (2006) enrolled only those who had survived 
after acute coronary episode in their study, while we didn’t use this selection approach. 
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A lot of issues must be investigated before we can understand all mechanisms of interaction 
between thyroid and cardiovascular system, especially the natural course of CAD. It seems 
there is a great influence of individual differences of our patients with CAD and thyroid 
dysfunction on cardiovascular outcomes, and we should determine them in new large 
carefully designed controlled studies. 
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1. Introduction 
Chronic systemic inflammation and immune dysregulation, as a consequence of primary or 
secondary vasculitis, has been emphasized in pathogenesis of coronary artery disease. 
(Gasparyan & Ugurlucan, 2008; Mukhtyar et al., 2009; Turesson et al., 2008). Severe coronary 
artery disease in absence of obvious serious risk factors, especially in young age, remains a 
challenge to modern cardiology. In these cases, possible relation of ischemic heart disease to 
systemic vasculitis or thrombophilic predisposition should be also examined. (Kaplan 2009; 
Knockaert 2007; Tenedios et al., 2006). 

Henoch-Schonlein Purpura is a rare disease characterized by systemic vasculitis 
(Agraharkar et al., 2000; Satoh et al., 1991). It is rarely related with acute myocardial 
infarction or multivessel disease. (Abdel-Hadi et al., 1981; Eleftheriadis, 2007a; Lutz et al., 
2009; Osman & McCreery, 2000). (Table 1) 

An atypical presentation of severe acute myocardial infarction in a young male with 
Henoch-Schonlein Purpura in remission and no other risk factors for coronary artery disease 
is reported and discussed. After meticulous investigation, including complete blood 
examinations for thrombophilic diathesis, antiphospholipid antibodies and autoimmunity, it 
was concluded that severe acute myocardial infarction in this case was a consequence of 
latent systemic vasculitis in the setting of Henoch-Schonlein Purpura. 

The relation of coronary artery disease with primary or secondary vasculitides is also 
reviewed. Early suspicion and recognition of vasculitis in atypical cases and early initiation 
of appropriate treatment, including corticosteroids and immunosuppressives, may become 
the only optional strategy for prevention of vasculitis-related coronary lesions and life-
threatening infarctions on the ground of undiagnosed systemic vasculitis.  

Key Words: coronary artery disease, acute myocardial infarction, coronary aneurysms, 
systemic vasculitis, Henoch-Schonlein Purpura, Kawasaki disease, polyarteritis nodosa, 
systemic lupus erythematosis, Wegener’s granulomatosis, antiphospholipid syndrome, 
polyangiitis overlap syndrome, Churg-Strauss syndrome, Takayasu arteritis. 
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2. Severe coronary artery disease in the setting of Henoch-Schoenlein 
purpura: Case report 
2.1 Case report 

A 49-year-old male with acute myocardial infarction and Henoch-Schoenlein purpura in 
remission for 10-years, is reported. The patient was admitted with chest pain. Laboratory 
examination showed elevation of cardiac enzymes, while the 12-lead electrocardiogram 
demonstrated ST elevation (up to five mm) in leads II, III, and aVF.  

He had a previous history of acute glomerulonephritis for ten-years, which was finally 
attributed to Henoch-Schonlein Purpura, after detailed clinico-laboratory investigation in 
tertiary center. At that time, total immunological examination did not reveal any other 
autoimmune disease, neither systemic lupus erythematosis nor other known vasculitis. 
Thereafter, he was totally asymptomatic with normal renal function. During ten-year 
follow-up, he had no other admissions, used no medications and had no personal or family 
history of thrombotic events.  

Except for b-blockers use for arterial hypertension, he reported no other medications, 
smoking or alcohol use. All other personal and family history was negative for coronary 
artery disease.  

Clinical examination revealed: blood pressure: 120/80 mmHg, heart rate 50/1min. Urine 
examination showed mild haematuria. Laboratory examination showed: urea 42mg/dl, 
creatinin 1.1mg/dl (normal<1.3), cholesterol: 197mg/dl, (normal<200mg/dl), LDL 
135mg/dl (normal <150), triglycerides 96mg/dl (normal <150mg/dl), HDL 47mg/dl 
(normal >35mg/dl), ESR 54/1h (normal <8/1h), CRP 16.22 mg/dl, (normal <0.8). All other 
hematological, blood chemistry results and thorax photo were normal.  

The patient was successfully treated in intensive care unit for acute myocardial infarction, 
while no thrombolysis was given due to delay arrival. Angiography showed three-vessel 
disease (right coronary artery 100%, middle circumflex artery 75% and left anterior 
descending artery 50%) and angioplasty was performed in two vessels. 

Blood examinations for thrombophilic diathesis were performed. All known risk factors 
associated with increased risk of thrombosis, such as antiphospholipid antibodies, 
coagulation factors, protein C, protein S, factor V Leiden, mutation G20210A of prothrombin 
[PTHR A(20210)], and mutation TT677 of methylenetetrahydrofolate reductase [MTHFR 
C677-->T]), were within normal.  

Thereafter, the patient is under continuous combined anticoagulation with low dose aspirin 
plus clopidogrel. During five-year follow-up post-infarction the patient is totally 
asymptomatic and he is under continuous antianginal agents. No corticosteroids or 
immunosuppressive drugs were administered. 

2.2 Discussion 

Henoch-Schonlein Purpura is a rare disease, characterized by systemic vasculitis of the skin 
and other abdominal organs (Agraharkar et al., 2000; Satoh et al., 1991). It has good 
prognosis, except if it is complicated by severe glomerular disease (Watanabe et al., 2003). 
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Although, it has been extensively studied in children, its natural history in adults is less 
known, with outcome worse in adults than in children. (Pillebout et al., 2002). Correlation 
with acute myocardial infarction or multivessel disease has been rarely reported (Abdel-
Hadi et al., 1981; Eleftheriadis, 2007; Lutz et al., 2009; Osman & McCreery, 2000). (Table 1) 

An interesting finding of the present case, is the discrepancy between absence of serious risk 
factors for coronary artery disease in a young patient and severity of infarction (three-vessel 
disease), which was also reported in two similar cases, with thrombotic thrombocytopenic 
purpura. (Dhawan & Tak, 2004; Hasper et al., 2006). 

Only the previous history of Henoch-Schoenlein purpura and its vasculitis-related coronary 
lesions, could explain the premature infarction of this case. However, Henoch-Schonlein 
purpura and its nephritis regressed and stabilized the last ten years, which is also another 
interesting finding of the present case. 

Co-existence of other predisposing factors for ischemic heart disease, such as thrombophilic 
disorders or potential superimposition of other systemic vasculitis, could also be a possible 
explanation of the unusual severe premature infarction, in the present case. (Eleftheriadis, 
2007b; Shin & Lee, 2007). 

Antiphospholipid syndrome should be excluded in cases of Henoch-Schonlein Purpura, and 
antiphospholipid antibodies should be measured to determine whether prophylactic 
antithrombotic measures are needed to prevent additional thrombotic manifestations. 
(Espinosa & Gervera, 2010; Monastiri et al. 2002; Sullivan et al., 1999). 

However, repeated and meticulous examinations for thrombophilic diathesis, including 
antiphospholipid antibodies, as well as immunological examinations for other secondary 
systemic vasculitis, did not reveal any additional diagnosis in this case. (Eleftheriadis, 
2007b). Moreover, the possibility of polyangitis overlap syndrome was also excluded.  

Although vasculitis is classified according to the size of involved vessels, some patients do 
not belong to a single disease entity and show the symptoms seen in more than two 
diseases. (Tanimoto, 1994; Zaidi et al, 2008).  

The incidence of polyangitis overlap syndrome in patients with cardiac vasculitis is 
unknown, because this overlap has often been diagnosed by postmortem autopsy. (Freddo 
et al., 1999; Kimura et al, 2011; Kumar et al., 2002; Wegner & Schneider, 1996). Therefore, 
when a patient presents with atypical presentation of Henoch-Schonlein Purpura, the 
overlap of other vasculitis should also be examined to prevent unexpected fatal situations. 
(Watanabe et al., 2003; Zaidi et al., 2008). 

Latent vasculitis in the setting of Henoch-Scoenlein purpura was the only obvious cause for 
the severe infarction in this case. No other alarm symptoms for years and no previous signs 
of active vasculitis were reported, which could had lead to preventive measures for 
coronary thrombosis. 

In conclusion, this case is of interest due to rarity of Henoch-Schonlein Purpura as a cause of 
severe coronary artery disease and the atypical presentation with latent course of Purpura-
related vasculitis. 
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3. Coronary artery disease and primary systemic vasculitis 
Primary systemic vasculitides are a group of autoimmune conditions characterized by 
occlusion, stenosis or aneurysmal dilatation of blood vessels, including coronary arteries, 
secondary to intramural inflammation. Increased prevalence of premature cardiovascular 
disease has been observed in chronic inflammatory disorders, such as systemic vasculitis. 
Coronary abnormalities may also be the only manifestations of many vasculitides. (Bijl, 
2003; Kaplan, 2009; Knockaert, 2007; Mukhtyar et al., 2009; Nabatian et al., 2006; Reinhold-
Keller et al, 2005).  

Skin biopsy, showing mural fibrin deposition in arterioles or venules and angiocentric 
inflammatory cell infiltration, in cases with suspicion of vasculitis, is important for early 
diagnosis. (Magro & Crowson, 1999). (Figure 1) 

 
Fig. 1. Skin biopsy from a patient with leukocytoclastic vasculitis showing mural fibrin 
deposition in a venule and angiocentric mixed meutrophilic and lymphocytic infiltration. 
(Magro & Crowson, 1999). 

Although the mechanisms of accelerated atherosclerosis in systemic vasculitis have not been 
fully clarified and may differ in the different vasculitic syndromes, direct injury to arteries, 
arterial intimal –media calcification, pro-atherogenic changes in lipid and fibrin metabolism, 
and systemic hypertension due to alterations in carotid baroreceptor sensitivity, as a 
consequence to vasculitis, have been proposed.( Agarwal et al., 2010; Donald et al., 1976; 
Kane & Keogh, 2009; Mukhtyar, et al., 2009). 

Endothelial cell activation through autoantibodies, resulting in endothelial cell dysfunction, 
complement-dependent and antibody-dependent cytotoxicity, cytokines and direct effect of 
adhesion molecules have all been also implicated in vasculitis-related premature 
atherosclerosis. (Bijl, 2003; Savage, 2002).  

Current therapy has changed the natural history of these diseases from death or severe 
morbidity to a remitting-relapsing condition in most instances. However, despite major 
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immunosuppressive care, systemic vasculitis may lead to potential fatal complications and 
death, through diffuse vessel fibrinoid necrosis and interstitial hemorrhages, attaching 
multiple organs. (Andersson, 2000; Bossert, et al. 2011; Eberhardt & Dhadly, 2007; Freddo et 
al., 1999; Lin, et al., 2007; Osman & McCreery, 2000; Wegner & Schneider, 1996).  

What is more, longer survival, relapsing course and complications related to chronic 
corticosteroid therapy (hypertension, diabetes mellitus and change in lipid profile), may 
further contribute to an increase in cardiovascular events and morbidity. (Lin et al., 2007; 
Mukhtyar et al., 2009).  

On the other hand, there is evidence that glycocorticoid therapy in combination with 
immunosuppressive may improve endothelial dysfunction and prevent myocardial 
ischemia as a consequence of vasculitis in some cases. (Cocco & Gasparyan, 2010; Gonzalez-
Juanatey et al., 2006; Lutz et al., 2009; Oates-Whitehead, et al. 2003). 

Primary systemic vasculitides are categorized according to the vessel size, into large-vessel 
and medium- to small-vessel vasculitis, while the mode and incidence of cardiac 
involvement vary within the different vasculitic syndromes. (Agarwal et al., 2010; Hata & 
Onouchi, 2009; Hewins & Jane, 2010; Kane & Keogh, 2009; Mukhtyar et al., 2009). The 
relation of coronary artery disease with different categories of primary vasculitides are 
reviewed.  

3.1 Cardiovascular involvement in large vessel vasculitis 

3.1.1 Coronary artery disease and giant cel arteritis  

Giant cell arteritis is a relatively common large vessel vasculitis, which affects, 
predominantly cranial nerves, especially temporal artery, occasionally aorta and rarely 
coronary arteries or other visceral or peripheral arteries. (Andersson, 2000). Stroke, aortic 
aneurysm or dissection, and even aortic rupture, visual loss due to ischemic optic 
neuropathy, secondary to temporal arteritis, are tragic manifestations of giant cell arteritis. 
(Andersson, 2000; Eberhardt & Dhadly, 2007; Lin et al., 2007).  

Coronary artery disease is most commonly occurred in the long-term course, but it is also 
reported at disease presentation, in atypical cases. (Bossert et al., 2011; Eberhardt & Dhadly, 
2007; Kimura et al., 2011; Lin, et al., 2007). Giant cell-related early myocardial infarction, 
often with fatal outcome, is more commonly reported than previously appreciated. (Freddo 
et al., 1999; Lin et al., 2007; Bossert et al., 2011; Wegner & Schneider, 1996).  

Although, most of the complications of giant cell arteritis can be effectively prevented by 
early initiation of corticosteroid treatment, severe myocardial infarction, even fatal, can still 
occur despite high-dose corticosteroid therapy. (Andersson, 2000; Bossert et al., 2011; 
Eberhardt & Dhadly, 2007; Freddo et al., 1999; Lin et al., 2007; Wegner & Schneider, 1996). 

Furthermore, in unusual cases of coronary giant arteritis, precise diagnosis was done 
antemortem at autopsy. (Freddo, T., et al., 1999; Kimura, T., et al. 2011; Kumar, P., et al., 
2002; Wegner, M., & Schneider, J. 1996). 

Modern imaging techniques, including positron emission tomography and magnetic 
resonance imaging should be considered in atypical cases of giant cell aortitis and coronary 
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3. Coronary artery disease and primary systemic vasculitis 
Primary systemic vasculitides are a group of autoimmune conditions characterized by 
occlusion, stenosis or aneurysmal dilatation of blood vessels, including coronary arteries, 
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2003; Kaplan, 2009; Knockaert, 2007; Mukhtyar et al., 2009; Nabatian et al., 2006; Reinhold-
Keller et al, 2005).  

Skin biopsy, showing mural fibrin deposition in arterioles or venules and angiocentric 
inflammatory cell infiltration, in cases with suspicion of vasculitis, is important for early 
diagnosis. (Magro & Crowson, 1999). (Figure 1) 

 
Fig. 1. Skin biopsy from a patient with leukocytoclastic vasculitis showing mural fibrin 
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(Magro & Crowson, 1999). 
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immunosuppressive care, systemic vasculitis may lead to potential fatal complications and 
death, through diffuse vessel fibrinoid necrosis and interstitial hemorrhages, attaching 
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giant arteritis, which are more common than previously thought. (Bossert et al., 2011; 
Kimura et al., 2011; Lin et al., 2007; Mavrogeni et al., 2009). Directional coronary 
atherectomy can also be an alternative diagnostic method for coronary giant arteritis. ;Saito 
et al., 1994). 

3.1.2 Coronary artery disease and Takayasu arteritis 

Takayasu arteritis is a large vessel vasculitis that usually involves the large cardiac vessels, 
predominantly the aorta and its main branches. Approximately 10% of cases are associated 
with ostial or proximal coronary artery stenosis, necessitating bypass. (Amano & Suzuki, 
1992; Ouali et al., 2011; Park et al., 2010, Sheikhzadeh et al., 2002).  

Angiographically Takayasu arteritis was classified as cervicobranchial (I), thoracoabdominal 
(II), peripheral type (III) and generalized type (IV), which was the most frequent. 
(Sheikhzadeh, A. et al. 2002). Atypical presentation of Takayasu arteritis, with acute 
myocardial infarction in young patients, which could not be fully classified, was also 
reported. (Araszkiewicz et al., 2007). 

Coronary artery disease as a consequence of Takayasu arteritis, is relatively rare, resulting 
however in severe life-threatening complications. It is also associated with aneurysmal 
dilation of other arteries such as carotid, vertebral and renal arteries. (Amano & Suzuki, 
1992; Araszkiewicz et al., 2007; Ouali et al., 2011; Sheikhzadeh et al., 2002). 

3.2 Cardiovascular involvement in medium and small vessel vasculitis 

Coronary vasculitis is an uncommon but catastrophic clinical presentation of small and 
medium vessel vasculitis. Inflammation and damage of the coronary arteries lead to 
aneurysm formation and subsequently to stenosis and coronary thrombosis. (Agarwal et al., 
2010; Hata & Onouchi, 2009; Hewins &Jayne, 2010; Kane & Keogh, 2009).  

Prompt diagnosis and early treatment with corticosteroid and immunosuppressives in 
combination to anti-anginic therapy is usually effective and reduced the frequency of 
cardiovascular complications. However, vasculitis relapse although rare, may result in an 
increased risk of cardiovascular disease later in life despite aggressive therapy. (Hewins & 
Jayne, 2010; Kane & Keogh, 2009).  

3.2.1 Coronary artery disease and Kawasaki disease 

Kawasaki disease is an acute systemic vasculitis of childhood, of unknown origin, that 
particularly affects the coronary arteries. It is complicated by coronary arterial aneurysms 
(Figure 2) and stenosis in approximately 20 to 25% of untreated patients and subsequently 
can lead to myocardial infarction and/or sudden death. (De Castro et al., 2009; La Pellegrin 
et al., 2011; Tsuda et al., 2011; Wood & Tulloh, 2009).  

Kawasaki disease has an incidence of approximately 8 per 100000 children in the western 
countries, while it is more frequent in Japan. (Fukazawa & Ogawa, 2009; Hata & Onouchi, 
2009). It is considered one of the most common causes of acquired heart disease in children 
in developed countries. (Caballero-Mora et al., 2011; De Castro et al 2009; Fukazawa & 
Ogawa, 2009; La Pellegrin et al., 2011; Tsuda et al., 2011; Wood & Tulloh, 2009).  
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Fig. 2. Coronary-artery aneurysm in a patient with Kawasaki disease (Hewins & Jayne, 2010). 

Despite treatment of acute phase with intravenous immunoglobulin and aspirin, up to 5% of 
Kawasaki disease patients, still continued to develop serious cardiac life-threatening 
complications, mainly giant coronary aneurysms and thrombotic stenoses, resulted in 
myocardial infarction and/or death. (Caballero-Mora et al., 2011; De Castro et al., 2009; Hata 
& Onouchi, 2009; LaPellegrin et al., 2011; Lin et al., 2011; Tsuda et al., 2011; Wood & Tulloh, 
2009). 

Atypical presentation or incomplete form is presented in one third of all Kawasaki disease 
patients, characterized by an older age at onset and diagnostic delay. (La Pellegrin et al., 
2011; Gomard-Mennesson et al., 2010). 

Acute coronary syndrome in adults caused by Kawasaki disease is rarely reported. 
(LaPellegrin et al., 2011, Tsuda E et al., 2011). Older age, male sex, higher C-reactive protein 
levels, urticarial exanthema, lack of response to the first intravenous immunoglobulin (IVIg) 
infusion and IVIg dosage < 2 g/kg, were reported as risk factors for the development of 
atherosclerosis in adults with Kawasaki disease. (La Pellegrin et al., 2011, Caballero-Mora et 
al 2011). C-reactive protein, oxidative stress, and inflammatory cytokines, are also increased 
in the remote phase of Kawasaki disease (Fukazawa & Ogawa, 2009).  

Despite intensive research the cause remains unknown. It is generally accepted that an as 
yet undefined infectious trigger in a genetically predisposed individual results in Kawasaki 
disease. (Eleftheriou et al., 2009).  
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2010; Hata & Onouchi, 2009; Hewins &Jayne, 2010; Kane & Keogh, 2009).  
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particularly affects the coronary arteries. It is complicated by coronary arterial aneurysms 
(Figure 2) and stenosis in approximately 20 to 25% of untreated patients and subsequently 
can lead to myocardial infarction and/or sudden death. (De Castro et al., 2009; La Pellegrin 
et al., 2011; Tsuda et al., 2011; Wood & Tulloh, 2009).  

Kawasaki disease has an incidence of approximately 8 per 100000 children in the western 
countries, while it is more frequent in Japan. (Fukazawa & Ogawa, 2009; Hata & Onouchi, 
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A strong genetic influence on Kawasaki disease susceptibility has been indicated from 
epidemiological studies. (Hata & Onouchi, 2009). Advances in molecular genetic analysis, 
have permitted the identification of inositol 1,4,5-triphosphate 3-kinase C (ITPKC), as a 
predisposing gene associated with Kawasaki disease. (Eleftheriou et al., 2009; Hata & 
Onouchi, 2009; Lin et al., 2011; Rowley, 2011). 

Early detection and initiation of therapy is substantial for good outcome in Kawasaki 
patients with coronary lesions. The combination of aspirin, corticosteroids and/or 
intravenous immunoglobulin, started early after the onset of symptoms, has reduced the 
frequency of coronary artery aneurysms in Kawasaki disease. (Oates-Whitehead et al., 2003; 
Wooditch & Aronoff, 2005).  

Although there are no clear specific recommendations regarding thrombolytic therapy in 
Kawasaki pediatric patients, there are reports of the use of all known thrombolytics, in 
children with myocardial infarction related to Kawasaki disease. (Paredes et al., 2000). Close 
collaboration between pediatric cardiologists and coronary interventional cardiologists is 
necessary. (Akagi, 2011).  

3.2.2 Coronary artery disease and Henoch Schoenlein Purpura 

Henoch Schoenlein Purpura is one of the most common forms of leukocytoclastic vasculitis 
in children, which is self-limited in the majority of cases. (Lutz et al., 2009; Pillebout et al., 
2002; Polizzotto et al., 2006; Zaidi et al., 2008).  

Infectious triggers are still implicated in the aetiopathogenesis of Henoch-Schoenlein 
purpura, while several genetic polymorphisms have been described that may be relevant in 
disease predisposition or development of disease complications. (Eleftheriou et al., 2009; 
Lutz et al., 2009). In adults clinical presentation of Henoch Schoenelin purpura is severe, 
with relatively poor outcome, worse than in children, which is mainly related to renal 
impairment and glomerulonephritis. (Eleftheriou et al., 2009; Lutz et al., 2009). 

Coronary artery disease in adults with Henoch Schoenelin purpura is rarely reported as 
main manifestation and only in case reports. (Table 1). It should be distinguished from 
secondary Henosch Schoenelin purpura caused for example by rheumatic fever. (Lutz et al., 
2009; Pillebout et al., 2002).  

Patient Sex/Age (y) Cardiac Involvement Treatment Outcome 
Male/71 
(Polizzotto, M.N., 
et al., 2006) 

Complete 
atrioventricular block, 
no myocardial necrosis 

Methylprednisolone, 
pulse therapy 

Complete 
resolution 

Male/69 
(Carmichael, P. et 
al., 2002) 

Creatinine kinase 
increase, left bundle 
branch block 

Methylprednisolone Death within  
11 d 

Male/63 
(Agraharkar, M., 
et al 2000) 

Escape rhythm and 
myocardial infarction Methylprednisolone Death within  

10 d 

Male/14 
(Osman, A., 2000) 

Junctional rhythm, 
troponin T increase 

Prednisone, azathioprine, 
ventricular pacemaker 

Death within a 
few days 
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Patient Sex/Age (y) Cardiac Involvement Treatment Outcome 

Male/24 
(Kereiakes DJ,  
et al., 1984) 

Congestive heart 
failure (biopsy-proven 
immunoglobulin A 
deposits in 
myocardium) 

Prednisone, 
cyclophosphamide 

Persistent 
congestive heart 
failure with low 
ejection fraction 
(18%) 

Male/29 
(Abdel-Hadi, O., 
et al., 1981) 

Myocardial infarction 
without 
macroangiopathy 

— Persistent apical 
dyskinesia 

Male/11 
(Lecutier, M.A., 
1952) 

Myocardial necrosis, 
likely secondary HSP Penicillin Death 1 mo after 

first admission 

Male/64 
(Satoh, M., et al., 
1991) 

Cardiac dysfunction 
and dilatation — Unknown 

Male/9 
(Guven, H., et al., 
2006) 

Mobitz type 2 
atrioventricular block, 
likely secondary HSP 

Salicylate, penicillin Complete 
resolution 

Male/13 
(Kalyoncu, M.,  
et al., 2006) 

Severe mitral 
insufficiency with 
dilatation of the left 
ventricle, likely 
secondary HSP 

Methylprednisolone, 
cyclophosphamide 

Death 1 mo after 
admission from 
cardiac arrest 

Male/17 
(Zaidi, M., et al., 
2008) 

Left ventricular 
dilatation, likely 
secondary HSP 

Methylprednisolone 
pulse therapy 

Kidney function 
normal at 3-mo 
follow-up, 
cardiac outcome 
unknown 

Male/19 
(Lutz, H., et al., 
2009) 

Myocardial 
involvement, 
arrhythmia 
(atrioventricular 
blocking type 2) 

Methylprednisolone 
pulse therapy, 
Cyclophosphamide pulse 
therapy 

Complete 
resolution 

Male/49 
(Eleftheriadis, D., 
2007) 

Acute myocardial 
infarction 

Salicylate, antianginal 
therapy 

Complete 
resolution 

 

Abbreviation: HSP, Henoch-Schönlein purpura.  

Table 1. Published case reports of coronary artery disease related to Henoch-Schoenlein 
Purpura. (Lutz et al., 2009). 
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normal at 3-mo 
follow-up, 
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therapy 

Complete 
resolution 

Male/49 
(Eleftheriadis, D., 
2007) 

Acute myocardial 
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Purpura. (Lutz et al., 2009). 
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Although immunosuppressive therapy, mainly with steroids and/or cyclophosphamide,  
is reported to be insufficient in diminishing the incidence of renal insufficiency, they  
may prevent infarction and deleterious outcome. (Lutz et al., 2009). Different 
immunosuppressive medications and newer therapeutic approaches such as biologic agents 
have been also reported as alternative options for better management. (Eleftheriou et al., 
2009; Lutz et al., 2009; Pillebout et al, 2002;). 

3.2.3 Coronary artery disease and antineutrophilic cytoplasmic antibodies (anca) 
associated vasculitis  

Wegener’s granulomatosis, microscopic polyangiitis and Churg-Strauss syndrome are 
small-to medium vessel vasculitides, with strong association with the presence of anti-
neutrophil cytoplasm antibodies (ANCAs). There are several reports of extensive 
myocardial infarction in young patients, as a consequence of coronary aneurysms, related to 
an ANCA-positive vasculitis. (Mukhtyar et al., 2009; Musuruana et al., 2011). According to 
similar reported cases early treatment with high doses of immunosuppressives such as 
corticosteroids and cyclophosphamide, resulted in aneurysm resolution and may prevent 
myocardial infarction. (Musuruana et al., 2011). 

Churg-Strauss syndrome is a vasculitis associated with asthma and eosinophilia. There are 
two subsets of patients with different pathogenetic mechanisms, with ANCA mediated 
process in ANCA positive patients and tissue infiltration by eosinophils in ANCA negative 
patients. Heart diseases related to Churg-Strauss syndrome include coronary vasculitis, 
myocarditis, valvular heart abnormalities, congestive heart failure and pericarditis. 
Coronary artery disease is significantly more common in ANCA-negative cases and is the 
leading cause of mortality in Churg-Strauss syndrome. (Churg & Strauss, 1951; Keogh & 
Specks, 2003; Sable-Fourtassou et al., 2005; Sinico & Bottero, 2009). 

3.2.3.1 Coronary artery disease and Wegener granulomatous disease 

Wegener’s granulomatosis is one of the most common small-and medium sized necrotizing 
vasculitis that mainly affects the respiratory tract and kidneys. Cardiac manifestations, 
although they are increasingly recognized, are relatively rare and in most cases silent. 
Coronary arteries, pericardium, myocardium, endocardium, valves, conduction system and 
great vessels may be involved. (Korantzopoulos et al., 2004; Suppiah et al., 2011).  

According to substantially increased number of reports Wegener’s vasculitis can manifest as 
myocardial ischemia and infarction. Cardiovascular complications without previous history 
will be also reported in 14% of patients within five years of newly diagnosed Wegener’s 
granulomatosis. (Suppiah et al., 2011). The presence of proteinase 3 (PR3) antineutrophil 
cytoplasmic antibodies (ANCA) is associated with reduced cardiovascular risk in patients 
with vasculitis. (Phillip & Luqmani, 2008; Suppiah et al., 2011).  

Coronary angiography failed to reveal atheroscletotic disease or thrombotic occlusion in 
some reported cases. In similar cases magnetic resonance imaging with adenosine test may 
become the alternative examination to reveal myocardial ischemia, especially 
subendocardial ischemia. (Cocco & Gasparyan, 2010).  

Immunosuppressive therapy with steroids and cyclophosphamide resulted in 
disappearance of myocardial ischemia in reported cases. (Cocco & Gasparyan, 2010; Phillip 
& Luqmani, 2008; Suppiah et al., 2011).  
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3.2.4 Coronary artery disease and polyarteritis nodosa 

Polyarteritis nodosa is an ANCA-negative medium and small vessel vasculitis that 
commonly affects kidneys, gastrointestinal tract, skin, nerves, joints and muscles. There are 
no specific serological markers and diagnosis depends on clinical presentation, angiography 
and tissues biopsy. It can pursue a relapsing course, although treatment with corticosteroids 
and immunosuppressive is usually effective. It is now rarely associated with hepatitis B 
infection. (Hewins & Jayne, 2010). 

Premature coronary artery disease, presenting multiple progressive coronary lesions and 
necessitating repeated percutaneous interventions and/or bypass, has been described in 
several case reports in the context of polyarteritis nodosa. (Maillard-Lefebvre ey al., 2008; 
Yanagawa et al., 2010; Yuce et al., 2011).  

4. Coronary artery disease and secondary systemic vasculitis 
Coronary artery disease as a consequence of secondary systemic vasculitis on the ground of 
autoimmune diseases such as systemic lupus erythematosis, rheumatoid arthritis, primary 
antiphospholipid syndrome etc is the leading cause of morbidity and mortality in these 
cases. It may occur in younger age, it is often asymptomatic and it may be clinically silent in 
early phases. (Caracciolo et al., 2004; Salmon & Roman, 2008; Sitia et al., 2009; Yildiz, 2010; 
Yiu et al., 2011). Arterial compliance and arterial distensibility may be altered via systemic 
inflammation and may lead to accelerated atherosclerosis in secondary systemic vasculitis. 
(Yildiz, 2010).  

Although coronary angiography remains the cold standard for diagnosing coronary 
stenosis, non invasive and more reliable methods, such as magnetic resonance imaging and 
PET scan, have been proposed in order to detect subclinical microcirculation abnormalities. 
(Pennell, & Keenan, 2011; Sitia et al., 2009). 

4.1 Coronary artery disease and systemic lupus erythematosis 

Systemic lupus erythematosis is a chronic autoimmune disease involving multiple organ 
systems, characterizing by flares and remissions and presence of antinuclear autoantibodies. 
Early symptoms most frequently involve the skin and joints. (Kalunian & Merill, 2009).  

Severe lupus morbidity and mortality however, is usually associated with cardiovascular 
events and major organ damage, particularly kidneys. Coronary artery disease was found to 
be the main cause of death in systemic lupus erythematosis in all studies. (Caracciolo et al., 
2004; Gilboe, 2008; Kalunian & Merill, 2009).  

Improved understanding of systemic lupus erythematosis pathogenesis and immunology 
has lead to target treatments, such as this provided by biologic agents, which resulted in 
disease stabilization or even reverse of the disease course. (Kalunian & Merill, 2009;). 

4.2 Coronary artery disease and rheumatoid arthritis 

Secondary vasculitis in the setting of rheumatoid arthritis can affect small as well as large 
vessels, contributing to renal, neurological, gastrointestinal and cardiac complications. High 
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Although immunosuppressive therapy, mainly with steroids and/or cyclophosphamide,  
is reported to be insufficient in diminishing the incidence of renal insufficiency, they  
may prevent infarction and deleterious outcome. (Lutz et al., 2009). Different 
immunosuppressive medications and newer therapeutic approaches such as biologic agents 
have been also reported as alternative options for better management. (Eleftheriou et al., 
2009; Lutz et al., 2009; Pillebout et al, 2002;). 

3.2.3 Coronary artery disease and antineutrophilic cytoplasmic antibodies (anca) 
associated vasculitis  

Wegener’s granulomatosis, microscopic polyangiitis and Churg-Strauss syndrome are 
small-to medium vessel vasculitides, with strong association with the presence of anti-
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3.2.3.1 Coronary artery disease and Wegener granulomatous disease 

Wegener’s granulomatosis is one of the most common small-and medium sized necrotizing 
vasculitis that mainly affects the respiratory tract and kidneys. Cardiac manifestations, 
although they are increasingly recognized, are relatively rare and in most cases silent. 
Coronary arteries, pericardium, myocardium, endocardium, valves, conduction system and 
great vessels may be involved. (Korantzopoulos et al., 2004; Suppiah et al., 2011).  
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with vasculitis. (Phillip & Luqmani, 2008; Suppiah et al., 2011).  

Coronary angiography failed to reveal atheroscletotic disease or thrombotic occlusion in 
some reported cases. In similar cases magnetic resonance imaging with adenosine test may 
become the alternative examination to reveal myocardial ischemia, especially 
subendocardial ischemia. (Cocco & Gasparyan, 2010).  

Immunosuppressive therapy with steroids and cyclophosphamide resulted in 
disappearance of myocardial ischemia in reported cases. (Cocco & Gasparyan, 2010; Phillip 
& Luqmani, 2008; Suppiah et al., 2011).  
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and immunosuppressive is usually effective. It is now rarely associated with hepatitis B 
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Yiu et al., 2011). Arterial compliance and arterial distensibility may be altered via systemic 
inflammation and may lead to accelerated atherosclerosis in secondary systemic vasculitis. 
(Yildiz, 2010).  

Although coronary angiography remains the cold standard for diagnosing coronary 
stenosis, non invasive and more reliable methods, such as magnetic resonance imaging and 
PET scan, have been proposed in order to detect subclinical microcirculation abnormalities. 
(Pennell, & Keenan, 2011; Sitia et al., 2009). 

4.1 Coronary artery disease and systemic lupus erythematosis 

Systemic lupus erythematosis is a chronic autoimmune disease involving multiple organ 
systems, characterizing by flares and remissions and presence of antinuclear autoantibodies. 
Early symptoms most frequently involve the skin and joints. (Kalunian & Merill, 2009).  

Severe lupus morbidity and mortality however, is usually associated with cardiovascular 
events and major organ damage, particularly kidneys. Coronary artery disease was found to 
be the main cause of death in systemic lupus erythematosis in all studies. (Caracciolo et al., 
2004; Gilboe, 2008; Kalunian & Merill, 2009).  

Improved understanding of systemic lupus erythematosis pathogenesis and immunology 
has lead to target treatments, such as this provided by biologic agents, which resulted in 
disease stabilization or even reverse of the disease course. (Kalunian & Merill, 2009;). 

4.2 Coronary artery disease and rheumatoid arthritis 

Secondary vasculitis in the setting of rheumatoid arthritis can affect small as well as large 
vessels, contributing to renal, neurological, gastrointestinal and cardiac complications. High 
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rheumatoid factor levels and cryoglobulins were associated with multi-organ complications 
of rheumatoid vasculitis. (Albada-Kuipers et al., 1986; Solomon, et al., 2003).  

Chronic systemic inflammation contributed to accelerated atherosclerosis in rheumatoid 
arthritis. (Ku et al., 2009; Solomon et al., 2003). Coronary rheumatoid vasculitis although 
rare, is increasingly recognized, can be subclinical, has high mortality rate and in some cases 
can be found only post-mortem. (Abu-Fadel et al., 2011; Albada-Kuipers et al., 1986; Jeffery, 
2010; Solomon et al., 2003). Rapid progression from an ectatic to an aneurysmatic coronary 
artery leading to acute coronary syndrome in rheumatoid vasculitis has been also reported 
and only in case reports. (Abu-Fadel et al., 2011; Wang, K.Y., et al., 1999). 

Other cardiac manifestations of rheumatoid arthritis reported, were valvular disease, 
pericarditis and rarely myocarditis and aortitis. (Solomon, 2003; Abu-Fadel et al., 2011).  

Early diagnosis and prompt initiation of immunosuppressive therapy in coronary 
rheumatoid vasculitis, is crucial in prevention of further coronary aneurysmal expansion 
and rupture. (Abu-Fadel et al., 2011; Wang, K.Y., et al., 1999). According to recent reports, a 
comprehensive cardiac magnetic resonance imaging is considered an effective and less-
invasive method for assessing the microvascular and/or subendocardial ischemic lesions of 
asymptomatic patients with rheumatoid vasculitis. (Kobayashi, Y., et al., 2010; Mavrogeni et 
al., 2009). 

4.3 Coronary artery disease and antiphospholipid syndrome  

Antiphospholipid syndrome is an autoimmune disorder characterized by 
hypercoagulability, arterial and venous thrombosis, recurrent fetal loss and the presence of 
antiphospholipid antibodies. (Kaynar et al., 2007; Benzarouel et al., 2007; Levine et al., 2000; 
Silbiger, 2009).  

It may be primary, without other signs of autoantibodies, besides antiphospholipid 
antibodies or secondary in the setting of underlying disease e.g. malignancy or autoimmune 
diseases, mainly systemic lupus erythematosis. (Kaynar et al., 2007; Sullivan et al., 1999). 
Antiphospholipid antibodies also include the lupus anticoagulant and anticardiolipin 
antibody. (Sullivan et al., 1999; Espinosa & Gervera, 2010).  

Coronary artery disease, especially myocardial infarction in young patients, even silent, has 
been reported in antiphospholipid syndrome, with or without systemic lupus 
erythematosis. (Kaynar et al., 2007; Benzarouel et al., 2007). In similar cases simultaneous 
multiple organ thrombotic signs, including renal vein thrombosis, portal vein thrombosis, 
pulmonary emboli and myocardial infarction, must be excluded by tomographic 
angiography. (Kaynar et al., 2007; Levine et al., 2000; Silbiger, 2009; Tenedios et al., 2006). 
Transesophageal echocardiography is also important for detection of leaflet thickening, 
vegetations and intramural thrombosis in patients with antiphospholipid syndrome and 
vasculitis. (Silbiger, 2009). 

In all cases of coronary artery disease and vasculitis, especially in young patients with no 
other risk factors for heart disease, hypercoagulability should be excluded, mainly 
antiphospholipid syndrome. (Eleftheriadis, D., 2007a; Shin & Lee, 2007; Sullivan et al., 1999). 
Intensive anticoagulation therapy in combination with immunosuppressives is the therapy 
of choice in antiphospholipid syndrome and vasculitis-related thrombosis. This strategy 
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results in disease stabilization and prevention of recurrent thrombotic events. (Kaynar et al., 
2007; Sullivan et al., 1999).  

5. Conclusions 
Primary or secondary systemic vasculitides, although rare and diverse chronic 
inflammatory diseases, resulted in severe and often life-threatening complications, with 
coronary artery disease being the leading cause of morbidity and mortality in these cases. 
Chronic inflammation related to vasculitis resulted in coronary aneurysms, coronary 
stenosis, intramural thrombosis and microcirculation abnormalities, with subsequent 
cardiovascular events, which may occur at younger age and they are often silent in early 
phases.  

In some reported cases the exact diagnosis can be only made postmortem. Severe acute 
myocardial infarction and/or sudden death could also be the first manifestation of coronary 
artery disease related to undiagnosed vasculitis.  

Although coronary angiography remains the gold standard for diagnosing coronary lesions, 
modern non-invasive and more reliable sophisticated imaging techniques, including MRI 
with adenosine test and PET scan, have been introduced into clinical practice. In order to 
detect subclinical intramural thrombosis, coronary micro-aneurysms and microcirculation 
abnormalities, these imaging techniques should be recommended in evaluation of vasculitis-
related cardiovascular disease.  

Early diagnosis of vasculitis and immediate initiation of therapy with corticosteroids and 
immunosuppressives, in addition to intensive anticoagulation, is the only optional strategy 
for good outcome, prevention of further vasculitis progression, regression of early lesions 
and prevention of further thrombotic events. However, despite intensive therapy in some 
reports the coronary lesions could not be regressed.  

The close collaboration between cardiologist, rheumatologist, pediatrician and radiologist is 
essential for optional outcome in atypical cases of coronary artery disease related to 
vasculitis. 
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rare, is increasingly recognized, can be subclinical, has high mortality rate and in some cases 
can be found only post-mortem. (Abu-Fadel et al., 2011; Albada-Kuipers et al., 1986; Jeffery, 
2010; Solomon et al., 2003). Rapid progression from an ectatic to an aneurysmatic coronary 
artery leading to acute coronary syndrome in rheumatoid vasculitis has been also reported 
and only in case reports. (Abu-Fadel et al., 2011; Wang, K.Y., et al., 1999). 

Other cardiac manifestations of rheumatoid arthritis reported, were valvular disease, 
pericarditis and rarely myocarditis and aortitis. (Solomon, 2003; Abu-Fadel et al., 2011).  
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comprehensive cardiac magnetic resonance imaging is considered an effective and less-
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results in disease stabilization and prevention of recurrent thrombotic events. (Kaynar et al., 
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Primary or secondary systemic vasculitides, although rare and diverse chronic 
inflammatory diseases, resulted in severe and often life-threatening complications, with 
coronary artery disease being the leading cause of morbidity and mortality in these cases. 
Chronic inflammation related to vasculitis resulted in coronary aneurysms, coronary 
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cardiovascular events, which may occur at younger age and they are often silent in early 
phases.  

In some reported cases the exact diagnosis can be only made postmortem. Severe acute 
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artery disease related to undiagnosed vasculitis.  
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modern non-invasive and more reliable sophisticated imaging techniques, including MRI 
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abnormalities, these imaging techniques should be recommended in evaluation of vasculitis-
related cardiovascular disease.  

Early diagnosis of vasculitis and immediate initiation of therapy with corticosteroids and 
immunosuppressives, in addition to intensive anticoagulation, is the only optional strategy 
for good outcome, prevention of further vasculitis progression, regression of early lesions 
and prevention of further thrombotic events. However, despite intensive therapy in some 
reports the coronary lesions could not be regressed.  

The close collaboration between cardiologist, rheumatologist, pediatrician and radiologist is 
essential for optional outcome in atypical cases of coronary artery disease related to 
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1. Introduction 

Facing fierce competition, complicated interpersonal relationship, and intense social 
environment in modern society, we are living in a world of tension [1]. Especially for the 
occupational population, confronting frequent innovation on technology and knowledge 
and higher requirement on vocational skills, they are under growing occupational stress, 
which is not only the leading cause of occupational mental diseases (such as anxiety, 
depression, burnout, post-traumatic stress disorder, and collective mental illness etc.) but 
also the stimulus or risk factor for raising the chance of getting cardiovascular and 
cerebrovascular diseases (like coronary artery disease) among workers to damage the 
health[2].   

As one of the risk factors of the potential coronary artery disease, occupational stress has 
attracted increasing attention from scholars to explore the relation between then and thus 
lower the change of getting such cardiovascular and cerebrovascular diseases as coronary 
artery disease by changing people’s lifestyle and working habits to improve the quality of 
our lives.   

2. Definition 
Stress here refers to the short term physiological, psychological, or behavioral expression 
caused by emotional strain. There are two kinds of stress, namely “eustress” and “negative 
stress”. Eustress can help our body to adapt to the environmental change by enhancing our 
consciousness, increasing our vigilance, and producing advanced recognition and 
behavioral expression. In other words, as a challenge, eustress could promote individual 
growth and career development. As for negative stress, it could be complicated risk factor to 
our health. Constantly growing or high level of physiological and psychological stress could 
be harmful to our body.   

Occupational stress is the physical and psychological strain which occurs when there is a 
discrepancy between the objective or recognitional demands of the environment in 
certain occupation and the individual’s adaptability. It is characterized by the following 
points: 
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2.1 Sociality of stressor 

Occupational environment is closely related to the social conditions such as community 
organization, civilization level, and scientific development etc. The composition and influence 
of stressor always changes with the social development and the corresponding occupation 
structural reform, which directly causes the change in the spectrum of occupational diseases. 

2.2 Persistence of stress load 

The stress load caused in occupational environment is always persistent and lasts for a long 
period, except the acute stress following acute poisoning, accident, or position change and 
so on. The prolonged high level of stress could result in many kinds of chronic health 
problems for the cumulative damage effect.  

2.3 Collectivity of stress object 

For each occupation, there are a considerable number of practitioners, so the stressor in an 
occupation would influence a group of people. Despite of the individual differences, for 
which some of them have only slight stress load or no stress, the incidence of disease caused 
by stress for different occupation remains obviously different. 

At present, with the development of science and technology and the change of the mode of 
production, occupational diseases are gradual shifting from physical ones to psychological. 
Occupational stress has already been listed as one of the most serious occupational damage 
in developing countries [3]. Data indicate that the causes of 75% to 90% of the deadly 
diseases are related to the activation of stress mechanism [4]. Occupational stress could not 
only damage employee’s physiological and psychological health, but also cause 
organization behavior problem including low satisfaction, high absence, low loyalty, and 
low efficiency and so on [5-6]. Therefore, it would weaken the productivity. What’s worse, it 
would bring about a large sum of medical cost, compensations for employment injures, and 
social security cost, and even lawsuit. For instance, the economic damage related to 
occupational stress in the US is about $15 billion; in the UK, the loss caused by absence from 
duty related to occupational stress is about £130 million, while the loss caused by illness, 
reduction of workload, low production efficiency, and medical payment is about £700 
million [7]. In 1980s, “karoshi” was first discussed in Japan as a law issue in which the family 
members of the victims asked for compensation from the enterprise and government 
because they believe the death was caused by the stress in work and they also found 
support and evidence from epidemiology. Therefore, the purpose of occupational stress 
management is not to thoroughly eliminate stressors but to limit it in a certain level to 
ensure that workers are in the best stress situation. 

3. Origin 
Occupational stress does not only originate from the characteristics of different occupations 
and the psychological needs of individuals but also from the social psychological 
environment of the workplace and even larger areas. The origins of occupational stress at 
present include: work load (time, complexity, responsibility, shift), interpersonal 
relationship (between superior and subordinate, among colleagues), career prospect 
(development opportunity, promotion, lay off, demotion), unfavorable working 
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environment (noise, vibration, chemical poison, pathogenic organisms, bad ergonomics 
condition), social factors (social relation, social support, social position), individual factors 
(gender, age, psychological quality, state of health), and so on. 

3.1 Originate directly from the stimulus of the occupation 

3.1.1 Work load 

Overloaded or under loaded, the extent and type of responsibility, and the decision making 
ability are all important factors to occupational stress. 

There are two aspects of work load, quality and quantity. The quality of work load is the 
level of complexity and difficulty of the work, while the quantity of work load means the 
intensity and time of the work. Overload of the quality of work can make the workers feel 
it’s hard to finish the complex and difficult work, and thus cause negative physiological and 
psychological effect, such as high blood cholesterol level and low self esteem. When the 
quantity of work is overloaded, the workers would feel burdened under the long term 
highly intensified work. As it is shown in some research, coronary artery disease is related 
to work overload, as well as smoking, drinking, absence from work, low initiative, and 
lacking of self esteem. Under loaded work in terms of quality and quantity could also cause 
stress. Research indicates that lacking of responsibility and engaging in simple and repeated 
work could cause stress for workers because they cannot realize their ambition and value, 
and they would be tired of the work and finally lose their creativity. 

3.1.2 Work responsibility 

High requirement on workers’ physical strength, attention, responsibility and personal ability 
could bring stressor on workers and cause stress, especially when it is related to their life and 
health. For example, the traffic police working in the area with heavy traffic and lots of 
accident and the doctor and the nurse working in ICU would face such stressor, and they are 
facing higher risk for peptic ulcer, miocardial infarction and hypertension than other people. 

3.1.3 Duty in an organization 

Duty confliction means that it is hard for individuals to satisfy two or more expectation at 
the same time. For instance, a quality inspector should ensure the quality of the product 
while try to make both manager and worker content. The major cause for stress is the 
confusion of duty. Lacking guidance or information for making decision and taking action, 
it is hard for individuals to have a clear target and evaluate their behaviors. The other kind 
of stress related to duty happens when there is disparity between individual experience and 
the expectation of managers and the usable resources, such as lacking time, workers, funds, 
and the individual can hardly increase the resources and change the target. 

3.1.4 Control on work 

Lacking control or choice on working method, technique, time and speed could cause stress 
on workers. For example, when the terminal operators of computer believe the operation is 
too fast and beyond his control, or when workers on an assembly line should repeat a 
certain extremely simple job at a fixed speed, they would face stressor both physiologically 
and psychologically.  
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3.1.5 Work time 

In many departments of public service, like hospital, station, and power department, which 
adopt shift system, employees have to work at night during night shift. They should 
sacrifice their time with their family members, friends and others. And this is considered as 
one of the most important cause of occupational stress.  

Shift work is generally acknowledged as a cause of stress in the whole world. It is indicated 
in some researches that shift work would cause sleep problem, such as lack of sleep, 
inversion of sleep rhythm, and so on. Shift workers would also face the problem of absent 
mind and slow reaction, and it would cause higher possibility for making mistakes. 
Knutsson A and other researchers carried out two cross-sectional studies, and the result 
shows higher percentage of triglyceride in the blood of shift workers [8]. The case control 
study by Anders K’s team also proves that there is certain relation between shift work and 
miocardial infarction [9]. 

3.1.6 Work environment 

There might be many potential causes for stress in the physical condition of the work place. 
Research shows that the unfavorable chemical or physical condition such as noise, 
poisonous gas, high temperature, and strong or weak light can on the one hand directly 
influence the physical health of workers; on the other hand, it would disturb their 
psychological activities. Comfortable and pleasant environment, suitable tools for 
ergonomics and reasonable methods, and the elimination of risk factors in the environment 
could be of vital significance in ameliorating and improving the mood, confidence and 
productivity of workers.  

3.1.7 Career prospect 

Many turnings and changes in our work, such as transfer, promotion or demotion, 
employment or lay off, and so on, could be considered as the causing factors of stress. A 
survey on those unemployed shows that the chance for them to be addicted to alcohol and 
drugs and have psychological disease is higher than the comparing group, and they have 
higher rate of peptic ulcer and stress too [10]. Promotion and demotion are also important 
stressors. Facing new responsibilities, especially those require for new skills, the promoted is 
unable to do as much as they would like to do. This would trigger anxiety, uncompensated 
psychological reaction, or bizarre behavior. The investigation on US navy also proves that 
setbacks and demotion in one’s career would cause higher rate of psychological disease [11].   

3.2 Personal and social factors 

Why would individuals have different reaction under the same stressors?  

The susceptibility of individuals to stressors varies for the influence of many personal 
factors, such as character, family, social status, and social support system etc. In modern 
society, adults should earn their living by engaging in certain occupation to satisfy their 
material needs; on the other hand, it is an important part in their social life. Occupation 
could influence people’s daily life from different aspects. For example, the interpersonal 
relationship in work place would influence people’s satisfaction on the job and their level of 
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stress. There are already large amounts of data on this point. In the culture of some society, 
some occupations are considered inferior and discriminated. Unemployment and retirement 
would force the employee leave their former post and social environment, and thus cause 
stress on them. Even the transfer of position could cause stress for the difficulty in adapting 
to new environment. All these are stressors of occupational stress.  

3.3 Organization and interpersonal relationship 

The production in industrialized society is carried out in different organizations, and 
people, as a member of the organization, have the responsibility and obligation to follow the 
arrangement and regulation of the organization, and then duty relations of different levels 
are formed. The accompanying conflicts in political interests, difficulty in communication, 
the assignment of tasks, determination, and regulations, all of them could become the origin 
of occupational stress. 

Any change in the organization, such as the development of new products, the restructuring 
of group organization, and so on, would change the adaptability of individuals. We can 
always find anxiety, dropping satisfaction on the work, and low mood in some workers 
when a new production line was introduced. The change could damage the balance in the 
inner environment and raise the risk of stress. The relationship with superiors is the most 
important factor among all the factors influencing people’s health. When an employee 
realizes that he (she) is neglected by his (her) superiors or he (she) can hardly communicate 
smoothly with his (her) superiors or colleagues, he (she) would feel the stress which is 
reflected by the dropping satisfaction on his (her) job. On the contrary, if he (she) can receive 
the support from co-workers, especially the praise from the superior, the stress would be 
relieved. The result of the research of Kawakami N’s group fully proved the relation 
between psychological health and interpersonal relationship [12]. The conflict between 
personal opinion and mood and the goal of the organization could also cause stress. 

Moreover, workers in some occupations which should be exclusive and apart from the 
society, such as astronomy, meteorology, hydrology, marine research, atomic research, and 
ocean navigation, are obviously lacking social activity. They are also vulnerable to stress.  

4. Functioning mode 
Western researches have already put forward many functioning modes of occupational 
stress since 1970s. They are mainly as follows: 

4.1 Human-environment mode [13-14] 

According to this mode, when (1) the ability of human fails to meet the needs ofwork (the 
angle of need-ability); or when the condition provided by environment (2) cannot satisfy the 
motivation of human (the angle of motivation-satisfaction), stress is produced. The needs of 
work include work load and complexity; and motivations include income, participation and 
self-realization etc. 

In this mode, the subjective environment and human are separated from the objective ones. 
Here subjective refers to the recognition of human. It is assumed that stress is produced 
when the subjective human cannot adapt to the subjective environment. This explanation is 
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subjective, and stress is considered as a fundamental function of individual perception. It 
emphasizes the flexibility in job designing and considers the workers as individuals of all 
kinds of ability, motivation and perception.  

It follows the footstep of the cognitive mode of the early stages by emphasizing subjective 
cognition, and it considers the function of motivation as well. Similar to the cognitive mode, 
this one denies the function of objective factors except for those in the work place on human 
cognition. In addition, it believes that once there is inconsistence between need and ability 
or motivation and satisfaction from both the angle of need-ability and that of motivation-
satisfaction, stress could be produced in individuals, yet it didn’t tell the relation between 
the two angles. Therefore, there are apparent limitations in recognizing and forecasting 
those objective factors causing stress.  

4.2 Work requirement: Self control mode [15-16] 

Work requirement –self control mode believes that stress comes from work itself but not the 
subjective cognition, and stress is produced when there is inconsistence between work 
requirement and the decisional competency (or controlling ability) of the workers in the 
work place. For the response of individuals, losing control is a kind of stress from the 
environment. The decisional competency could be divided into two parts which are closely 
related in work, namely, the control of individuals on making decisions, and the ability in 
choosing the application of knowledge and technology and operational mode. Investigation 
on stress syndrome shows that negative stress cannot be produced merely by lacking 
psychological need and the most important factor is that can he (she) control his (her) 
behavior when there is a certain requirement. 

In a sense, this mode is similar to the definition of stress given by McGrath (the imbalance 
between requirement and response ability) [17]. Yet the fundamental difference between 
them is that the environment restricts the individual’s response ability when raising the 
requirement. It is characterized by the relation between requirement and control, namely the 
high requirement of environment on individuals and their low controlling ability. The 
investigation on this mode reveals that there is apparent connection among work 
requirement, decisional competency and stress. Decisional competency adjusts the 
requirement, and at the same time is a risk factor which can cause stress independently. It is 
generally accepted that the controlling ability is a decisive factor of occupational stress. This 
mode provides a dynamic explanation for the cause of stress, yet it neglects the important 
role of social behaviors of human and animals. Therefore, the function of social supporting 
factors should be considered in the application of this mode. 

4.3 NIOSH mode  

By the end of the 1990s, American NIOSH put forward the Occupational stress and health 
mode based on the previous study. This mode considers occupational stress as an 
interaction between stressors in the working condition or the comprehensive working 
environment and the individual characteristics. The long term influence of related 
restraining factors could cause acute imbalance and disorder of the physiological or 
psychological stability, which would lead to a series of physical and psychological diseases. 
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4.4 Ecology mode [18] 

Using “theory of human ecology” and considering the macro and micro environment for 
human development, Salarza’s group explored the requirement and adaptation of 
individuals or groups on work environment in terms of physiology, psychology, humanity 
and social politics to illustrate the ecology mode of occupational stress.  

The cause of occupational stress was dated back to four connected ecological environment 
system in this mode: (1) Micro environment system. It means the environment directly 
related to workers, including the specific environment at the work place, structure, content, 
and conditions of the work, as well as the adaptability of the workers; (2) the related 
supporting environment system. It refers to the organizational structure, service function 
and cultural policy orientation of the management system of labor union and teams and 
groups; (3) the related surrounding organizational environment system. It means the 
regional economic condition, political atmosphere, and social custom influencing the 
workers, and the directly related situation in community; (4) the macro social political 
organizational environment system. It means the culture, social habit, tradition, and political 
and economical policy which directly or indirectly influence the interest of workers. It also 
includes the restraining factors of “controlling effects” like individual character, 
countermeasures on stress, marriage /family status, the interaction between individual 
factors and the stressors, etc., which could relieve and intensify the unfavorable reaction of 
body to stressors. In this way, an ecological occupational stress mode of “stressor (by 
restraint factors)-stress-healthy effect” is constructed, which provide theoretical support for 
the comprehensive intervening measures in work place to promote health by “stress 
control”. 

5. Influence on health 
Stress means the integrated physical and psychological reaction of human under the 
stimulus of stressors. There are generally four aspects: physiological reaction, such as the 
increase of blood pressure, decline of immunity, cervical spine disease, coronary artery 
disease, digestive disease, and neurasthenia etc.; psychological reaction, like anxiety, 
depression, irritability, apathy and so on; behavioral effect, such as irritable, exciting, and 
accident tendency etc.; organizational effect, like absence from duty, lacking teamwork 
spirit, low efficiency, high incidence of accident, passive mood, burnout etc. 

5.1 Physiological health  

According to a survey, there are over 6 million coronary artery disease patient in China, and 
about 2.6 million people die of cardiovascular and cerebrovascular diseases, which means 1 
death for every 12s. After studying the cases of cardiovascular and cerebrovascular diseases, 
it is revealed that the incidence of these diseases in growing and the patients is becoming 
younger and younger. 

Occupational stress is considered as one of the most important risk factors for these 
diseases, and there are certain relation between occupational stress and hyper tension and 
ischemic heart disease [19-20]. Work stress also relate to the increase of carotid artery intima-
media thickness in male patients [21]. 
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spirit, low efficiency, high incidence of accident, passive mood, burnout etc. 

5.1 Physiological health  

According to a survey, there are over 6 million coronary artery disease patient in China, and 
about 2.6 million people die of cardiovascular and cerebrovascular diseases, which means 1 
death for every 12s. After studying the cases of cardiovascular and cerebrovascular diseases, 
it is revealed that the incidence of these diseases in growing and the patients is becoming 
younger and younger. 
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ischemic heart disease [19-20]. Work stress also relate to the increase of carotid artery intima-
media thickness in male patients [21]. 
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People with different occupations are exposed to different stressor, for example, the work 
stress of police is higher than that of teachers and retirees. The related research in China 
shows that the occurrence of electrocardiogram abnormality in police is significantly higher 
than that in secondary school teachers and retired personnel, in which there is significant 
difference (P <0.05) in arrhythmia, ST-T changes, left ventricule high voltage or 
hypertrophy; the serum cholesterol level in police officers with high occupational stress 
level is significantly higher than the control (P <0.05)[22]. Two peaks occur in the heart rate 
and diastolic blood pressure of train crew 0.5 h and 1.5 h after start (the heart rate is 89 beats 
/ min before start, and 92 beats / min at peak), which reflects that the professional stress of 
crew has  significant effect on cardiac function[23]. 

Research shows that stress is the major risk factor for myocardial infarction. The body is in 
the state of psychological stress when there is high work stress, the sympathetic nerve 
becomes excited, and the renin angiotensin system is activated, so the blood pressure 
increases rapidly. Moller’s group found the recent high work stress would increase the risk 
for myocardial infarction in the following 24 hours by 6 times, and the high stress in the past 
12 months would increase the risk by 80% [24]. Shouldering large responsibility, the chance 
of male to get myocardial infarction would increase by 6 times, while that for female 3 times.  

Kuper’s team systematically reviewed 13 prospective cohort studies (each of them has more 
than 500 cases) concerning the relation between work stress and coronary artery disease [25]. 
Five of them are highly independent associated (the relative risk degree >2.0) regardless of 
the job category and gender difference (P>0.05). A recent study on the risk factor of the 
coronary artery disease among young male shows that work stress is related to the existing 
atherosclerosis [26]. 

Besides, occupational stress changes the incidence of digestive disease, such as ulcer, 
intestinal canal function disorder, constipation etc. by influencing the movement of 
autonomic nervous system. 

5.2 Psychological health 

Study in Western countries has already proved that such social psychological stress as 
depression, anxiety, and panic could increase the incidence of cardiovascular event among 
coronary artery disease patients. The influence of social psychological stress on the 
physiological function of human body is mainly reflected by the enhanced endocrine 
response, which is characterized by the increase of HPA axis secrete and the increasing level 
of blood stress hormone and GCs which is of vital importance in affective behavior, 
metabolism, cardiovascular efficiency, and inflammation and immune system regulation. 

Studies in China have shown that the work stress intensity of white-collars in four cities of 
Beijing, Shanghai, Guangzhou and Shenzhen is far higher than the average value in national 
major cities, in which the workload of Beijing is the highest. 15% of the respondents believe 
that their work stress is very high, they are in the bad state of "burn out"; and 68% of the 
respondents have physical and mental illnesses related with work stress in a certain extent. 
Gomez-Caminero, et al reported [27] that the occurrence risk of coronary heart disease in 
panic disorder patients was almost doubled compared with that in those without panic 
disorder, and the risk was higher when depression is complicated. 
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The occurrence of cardiovascular disease is also related with A-type personality. The basic 
characteristics of A-type personality is impatience, irritability, emotional lability, 
competitiveness, heart wariness or hostility. The occurrence of coronary heart disease in 
patients with A-type personality is as more than 2 times as that of those with B-type 
personality [28]; the incidence of coronary atherosclerosis in patients with A-type personality 
is 5 times higher than that of those with B-type personality [29]. 

5.3 Behavior 

The temporary behavior changes caused by stress include escaping alcohol reliance, overuse 
of tobacco and drugs, and so on. Workers always become addicted to alcohol, skip work 
without valid reason, low initiative, lack confidence, etc. When workers’ behavior changes 
for a long time, he (she) would give up his (her) control over the situation and future, and 
become passive and evasive---it is called “learned helplessness”.  The research based on 
Requirement-control Mode shows that when workers lose their control on work, he (she) 
would become passive in family and group and reluctant to take part in socialized group 
activities such as assembly, entertainment, religious activities, etc.  

Prolonged stress can cause mental fatigue, lead to reduced nerve excitability, cause reduced 
attention, memory, manual operation dexterity and psychokinesis stability, decreased 
responding ability of vision and hearing and other neurobehavioral changes. A survey 
shows that air traffic control officers (it refers to the personnel who observe and handle the 
various parameters of aircrafts in the process from takeoff to landing through radar screen, 
and issue instructions to guide the safe flight of aircrafts) has significantly increased 
subjective feeling of fatigue after working, reduced flicker fusion frequency and photopie 
vision durability and prolonged ART; compared with the control, VCRT and ACRT is 
extended, DM and neurobehavioral function is reduced [30]. 

Smoking is one of the important risk factors for cardiovascular disease. Smoking can 
increase hs-CRP level, smoking amount is positively correlated with the increase level of hs-
CRP. It is not only an important inflammatory factor in vivo, but also an independent risk 
factor for lipid disorder and high blood pressure, which can predict the occurrence of 
cardiovascular events[31]. High concentrations of hs-CRP can promote endothelial cell 
proliferation, migration and endarterium thickening, and promote the formation and 
development of atherosclerosis [32]. 

6. Functioning mechanism 
Coronary artery disease is a typical complicated disease which is extremely harmful to 
people’s health. The causes of the disease include two aspects, namely environment factors 
and hereditary factors, which involve many risk factors. As one of the potential risk factors, 
occupational stress has attracted more and more attention of the scholars both at home and 
abroad [33-34]. The functioning mechanism is rather complex, and not entirely clear. One 
research shows that the effect of occupational stress on coronary artery disease is weakened 
or lowered when it is mixed with traditional risk factors, so the impact of occupational stress 
on coronary artery disease could partly be realized through influencing other traditional 
risk factors [35]. 
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6.1 Direct mechanism 

The stimulus of tension can one the one hand make sympathetic nerve excited, increase the 
secreting of adrenal medulla and the level of CA; on the other hand, it would increase the 
amount of adrenal cortical hormone and the level of corticosteroid through the HPA system, 
which would cause hyper tension, hyperlipoidemia, arteriosclerosis and arrhythmia cordis, 
and thus increase the risk of coronary artery disease. 

Some researches show that occupational stress could cause change in human immune index 
[36-38]. For example, Theorell’s team found clear difference of serum IgG level among workers 
under different stress state; Arnetz and other researchers investigation on laid off women 
revealed that the reaction of their lymphocyte on phytohemagglutinin was weakened; if the 
body is under high level of tension during the work, and there are certain factors causing 
psychological stress (like the high requirement, low control state), Musculoskeletal pain 
syndrome like lumbago would be caused [39].  

6.2 Indirect mechanism 

Long term stress could trigger a series of unhealthy lifestyle, like smoking, drinking, high fat 
diet, and lacking exercise, etc., which would indirectly increase the risk of angiocardiopathy. 
Research shows that the smoking rate and seriousness of smoking is much higher among 
workers under occupational stress than others. 

Moreover, occupational stress could also lead to functional disorder of blood coagulation 
system and cause disease. The research of WOLF shows that occupational stress could 
increase the level of PAI-1 and make the blood in hypercoagulative state. Acute 
psychological stress could activate the Coagulative and Fibrinolytic System of healthy 
subjects at the same time, but cause hypercoagulative state among people who suffer from 
arteriosclerosis and impaired endothelial function. While chronic stress (occupational 
tension and low social economic position) could increase the number of Fib or VII factor, 
lower the fibrinolytic activity, and thus cause the hypercoagulative state and CAD. 

It is worth noting that some researches abroad believe that occupational stress has little 
influence on coronary artery disease and it is not a risk factor for the disease. After meta-
analysis on the recent prospective cohort study and exploration on the relation between all 
kinds of social psychological factors including occupational stress and the outbreak and 
prognosis of coronary artery disease, Kuper and other researchers believe that occupational 
stress has no apparent influence on the outbreak and prognosis of coronary artery disease [40]. 
In the research of Framingham Offspring [41], 3039 subjects were observed for ten years, yet 
they didn’t find that occupational stress could increase the risk of coronary artery disease and 
the death rate. In a research on females, researcher also didn’t gain any conclusion to show the 
close relation between occupational stress and coronary artery disease [42]. After studying the 
results of previous meta-analysis, experts from Australian Heart Foundation believe that the 
influence of occupational stress on the outbreak and prognosis of coronary artery disease is 
still not certain yet, and they are inclined to little or no influence. 

7. Evaluation 
It is rather hard to evaluate because occupational stress is a relatively subjective feeling. At 
present, there are mainly three methods to evaluate it: (1) determine the level of stress 
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according to the kind of occupation. It could reflect the stress for a certain group, but not 
individuals. (2) Field evaluation by expert after checking the work place. The limitation on 
human resource hinders large scale research, so it is not feasible. (3) Questionnaire, and self 
evaluation by the workers themselves, and it is widely adopted nowadays. There have been 
all kinds of theories on occupational stress and their corresponding questionnaires since the 
1960s. The most widely used are the questionnaire based on work requirement-level of 
autonomy-social support mode and that based on ERI mode and ERIQ. 

7.1 Work requirement-level of autonomy-social support mode and JCQ 

It was firstly put forward by Karasek who believes that the origin of occupational stress lies 
in the imbalance between work requirement and personal autonomy (control) ability [43]. 
Here work requirement refers to the stress on workers while realize the work goal, and the 
level of autonomy means the autonomy of workers in using skills, making decisions, and 
allocating tasks. This mode can be divided into four types: Active Type (high requirement-
high autonomy), Easy Type (low requirement-high autonomy), Stress Type (high 
requirement-low autonomy), and Passive Type (low requirement-low autonomy). The social 
support, as the relieve index, shows the active personal relationship between individuals 
and their superiors and colleagues. When workers face high requirement with low 
autonomy and not enough social support, the lonely type stress is the worst state to one’s 
health. JCQ based on the work requirement-level of autonomy-social support mode has 27 
entries, including work requirement, skill autonomy, decision autonomy, social support, 
and the stability of work etc. The level of stress is evaluated by the ratio between work 
requirement and autonomy level. This kind of questionnaire has been successfully used in 
North Europe and America, especially in the study on the relationship between 
occupational stress and hyper stress, CAD, and myocardial infarction. 

7.2 ERI mode and ERIQ 

ERIQ was firstly put forward by Siegrist to emphasis the relationship between effort and 
return in the work of individuals [44]. The stress state is determined by high efforts and/or 
low return. ERI mode also include a parameter reflecting the characteristics of individuals—
internal investment. The level of stress would be intensified when there is too much effort 
and return. There are 23 entries in ERIQ. The level of stress is evaluated by the ratio of ERI. 
The stress level is comparatively high when the ratio is >1 and the converse is lower. It can 
also be evaluated by the percentiles and median of ERI value. It is also widely used in recent 
years and shows good value and forecast ability in many researches. 

JCQ and ERIQ were widely used in the past 20 years in the evaluation of social psychological 
factors in work place both in cross sectional study and longitudinal tracing research. Both of 
them can make excellent prediction and evaluation and was proved effective [45]. 

8. Measures of prevention 
To control the risk factors can effectively prevent the occurrence of coronary artery disease 
and improve the prognosis. Because it is easy to change the environment factors, 
recognizing the new risk factors in the environment and then take measures of prevention 
could lower the incidence and death rate of coronary artery disease. 
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8.1 Build good work atmosphere and reduce work load 

Provide good work condition for workers by ensuring enough personnel, providing study 
opportunity, and good environment for workers to rest during night shift, show your care 
about them and encourage them. Moreover, the department in charge should follow the 
principle of standardized, human based, and reasonable management from recruiting to 
daily management by establishing long term and fair incentive measures to provide 
confidence for workers, stabilize the team, and improve the quality of work. A lot of 
epidemiologic studies abroad have revealed that high requirement on work would increase 
the incidence and death rate of coronary artery disease [46-47].  

8.2 Improve workers character 

A type character is one of the most important reasons for coronary artery disease. The 
susceptibility of people to life varies according to different character. Those who have low 
sensitivity threshold would fall ill when they face some small incidences; while other who 
have high sensitivity threshold is not ease to be ill. A type people is characterized by irritable, 
emulative, ambitious, and highly competitive, but lack of patience and stubborn. They are 
unwilling to receive others’ suggestion, and like to deal with different job at the same time 
(such as reading files while eating, making phone call etc.); they are eager to finish the work at 
hand soon so that they can deal with other jobs; they would consider their work even when 
they are having a rest; they do not have the patience to listen to others and tend to frequently 
interrupt others; they do not trust others and can hardly enjoy relaxed vocation.  

B type person is just contrary to A type. They hold the opinion to enjoy life, experience life 
and appreciate the nature; they are calm and unflustered; they always follow the rules and 
do not seek to prevail over others; and they pay little attention to gain and loss. Generally 
speaking, they make less achievement than A type workers. And many people are in 
between. Accord to a survey: 85% of the angiocardiopathies related to A type character. The 
chance for A type character workers to get coronary artery disease is two times higher than 
that of B type [28]. It is revealed in an autopsy study that the chance for A type character 
workers to get coronary atherosclerosis is five times higher than that of B type character 
workers [48]. 

Therefore, workers should try to change their busy lifestyle and make life easy, listen to 
others and do not interrupt others, appreciate the nature, and allocate some time for 
relaxation every day. 

8.3 Maintain happy and balanced mood 

Maintain stable and happy mood. Firstly, ensure good interpersonal relationship, including 
the relationship among family members, colleagues, between superior and subordinates, 
relatives, and neighbors.  

Secondly, treat life events properly. Life events generally happen when you are under some 
mood, large or small. If it is improperly dealt with, it would cause negative mood, like 
depression, anxiety, upset, anger, fear, sadness, and despair est. Negative mood, especially 
those accumulated for a long time, could trigger hyper tension and arteriosclerosis. The best 
way to deal with it is: objectively analyze the reasons and results, and find the correct way 
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to deal with it, or talk with your family, friends, and superiors to gain their help and make a 
decision rather than stay alone and do nothing but worrying. Bad things can also be 
changed into good ones. 

8.4 Training 

Enhance training against occupational stress; actively create opportunities for promotion 
and further study; strengthen the confidence and self-evaluation of workers; put forward 
suitable expectation by evaluate oneself; arrange one’s work and life properly according to 
their energy and ability; learn to confide and release your bad feelings and stress; improve 
the ability to control the mood and sense of achievement while strengthen one’s physical 
and psychological health. 

8.5 Exercise 

It is well known that exercise can improve your physical health by improving not only your 
muscle, bone, and ligament, but also the cardiovascular system, respiratory system, 
gastrointestinal system, urinary system, and nerve system. Frequent exercise of 
cardiovascular system can directly prevent arteriosclerosis, and the exercise on brain nerve 
can improve the coordination of human organs and prevent coronary artery disease. 

8.6 Others 

The first one is quit smoking. There are more than 3000 poisonous materials in the smoke of 
tobacco. Besides such carcinogens as polycyclic aromatic hydrocarbon and nitrosamine, 
Nicotine, as an extremely toxic substance, can cause tachycardia, vasoconstriction, elevation 
of blood pressure, increasing level of cholesterin and low density lipoprotein in blood, and 
finally arteriosclerosis. It is found in a research that social isolation despondent syndrome 
could promote the development of atherosclerosis in female patients, whose diameter of 
coronary artery deceased by 0.18mm, while those of the comparing group decreased only 
0.01mm. This has no relation with the vessel diameter, age, smoking history, hyper stress, 
and high-density lipoprotein [49]. In the research of Lander’s team, there is higher rate of 
smoking and obese among social despondent, both of them can increase the risk of coronary 
artery disease [50]. 

Secondly, listen to music can reduce the incidence of coronary artery disease too. Music is 
extremely infectious to nerve system. Bright and relaxing music, with its pleasant melody, 
could adjust and improve the nerve organization related to brain and mood to make it more 
balanced. It could relax the muscle, balance blood pressure, stabilize cardiac rate, control the 
vessel movement, and thus prevent coronary artery disease.  

In conclusion, we should maintain a peaceful mind and avoid tension and stress to prevent 
the development of coronary artery disease. 
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sensitivity threshold would fall ill when they face some small incidences; while other who 
have high sensitivity threshold is not ease to be ill. A type people is characterized by irritable, 
emulative, ambitious, and highly competitive, but lack of patience and stubborn. They are 
unwilling to receive others’ suggestion, and like to deal with different job at the same time 
(such as reading files while eating, making phone call etc.); they are eager to finish the work at 
hand soon so that they can deal with other jobs; they would consider their work even when 
they are having a rest; they do not have the patience to listen to others and tend to frequently 
interrupt others; they do not trust others and can hardly enjoy relaxed vocation.  

B type person is just contrary to A type. They hold the opinion to enjoy life, experience life 
and appreciate the nature; they are calm and unflustered; they always follow the rules and 
do not seek to prevail over others; and they pay little attention to gain and loss. Generally 
speaking, they make less achievement than A type workers. And many people are in 
between. Accord to a survey: 85% of the angiocardiopathies related to A type character. The 
chance for A type character workers to get coronary artery disease is two times higher than 
that of B type [28]. It is revealed in an autopsy study that the chance for A type character 
workers to get coronary atherosclerosis is five times higher than that of B type character 
workers [48]. 

Therefore, workers should try to change their busy lifestyle and make life easy, listen to 
others and do not interrupt others, appreciate the nature, and allocate some time for 
relaxation every day. 

8.3 Maintain happy and balanced mood 

Maintain stable and happy mood. Firstly, ensure good interpersonal relationship, including 
the relationship among family members, colleagues, between superior and subordinates, 
relatives, and neighbors.  

Secondly, treat life events properly. Life events generally happen when you are under some 
mood, large or small. If it is improperly dealt with, it would cause negative mood, like 
depression, anxiety, upset, anger, fear, sadness, and despair est. Negative mood, especially 
those accumulated for a long time, could trigger hyper tension and arteriosclerosis. The best 
way to deal with it is: objectively analyze the reasons and results, and find the correct way 
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to deal with it, or talk with your family, friends, and superiors to gain their help and make a 
decision rather than stay alone and do nothing but worrying. Bad things can also be 
changed into good ones. 

8.4 Training 

Enhance training against occupational stress; actively create opportunities for promotion 
and further study; strengthen the confidence and self-evaluation of workers; put forward 
suitable expectation by evaluate oneself; arrange one’s work and life properly according to 
their energy and ability; learn to confide and release your bad feelings and stress; improve 
the ability to control the mood and sense of achievement while strengthen one’s physical 
and psychological health. 

8.5 Exercise 

It is well known that exercise can improve your physical health by improving not only your 
muscle, bone, and ligament, but also the cardiovascular system, respiratory system, 
gastrointestinal system, urinary system, and nerve system. Frequent exercise of 
cardiovascular system can directly prevent arteriosclerosis, and the exercise on brain nerve 
can improve the coordination of human organs and prevent coronary artery disease. 

8.6 Others 

The first one is quit smoking. There are more than 3000 poisonous materials in the smoke of 
tobacco. Besides such carcinogens as polycyclic aromatic hydrocarbon and nitrosamine, 
Nicotine, as an extremely toxic substance, can cause tachycardia, vasoconstriction, elevation 
of blood pressure, increasing level of cholesterin and low density lipoprotein in blood, and 
finally arteriosclerosis. It is found in a research that social isolation despondent syndrome 
could promote the development of atherosclerosis in female patients, whose diameter of 
coronary artery deceased by 0.18mm, while those of the comparing group decreased only 
0.01mm. This has no relation with the vessel diameter, age, smoking history, hyper stress, 
and high-density lipoprotein [49]. In the research of Lander’s team, there is higher rate of 
smoking and obese among social despondent, both of them can increase the risk of coronary 
artery disease [50]. 

Secondly, listen to music can reduce the incidence of coronary artery disease too. Music is 
extremely infectious to nerve system. Bright and relaxing music, with its pleasant melody, 
could adjust and improve the nerve organization related to brain and mood to make it more 
balanced. It could relax the muscle, balance blood pressure, stabilize cardiac rate, control the 
vessel movement, and thus prevent coronary artery disease.  

In conclusion, we should maintain a peaceful mind and avoid tension and stress to prevent 
the development of coronary artery disease. 
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1. Introduction 
Worldwide, nearly 8 million premature deaths, 54% of stroke cases and 47% of ischemic 
heart disease cases were attributable to high blood pressure (BP >115 mm Hg systolic) 
(Ruilope, 2011). It is widely known that arterial hypertension has effects on target organs 
like the brain, the heart and the kidney. Now a large body of evidence on the crucial role of 
subclinical organ damage in determining cardiovascular risk in individuals with and 
without high blood pressure is available. New evidence showed that inflammation and 
activation of immunity are central features in the pathogenesis of atherosclerosis and also in 
hypertension-induced target organ damage. Recent studies have demonstrated that 
macrophages and various T-cell subtypes play a pivotal role in the regulation of blood 
pressure and target organ damage (Muller, 2011). A powerful promoter of inflammation 
and one of the major mediators of hypertension-induced target organ damage is also 
Angiotensin (Ang) II (Kvakan, 2009). European guidelines for the management of arterial 
hypertension from 2007 defined target organ damage by the presence of any of the 
following: 

- electrocardiographic left ventricular hypertrophy (LVH) (Sokolow–Lyon > 38 mm; 
Cornell >2440 mm x ms) 

- echocardiographic LVH (left ventricle mass index in men ≥ 126 g/m2 and in women ≥ 
110 g/m2) 

- carotid wall thickening (IMT > 0.9 mm) or plaque 
- ankle/brachial index <0.9  
- slight increase in plasma creatinine 
- males: 115–133 μmol/l (1.3-1.5 mg/dl) 
- females: 107–124 μmol/l (1.2-1.4 mg/dl) 
- Low estimated glomerular filtration rate (< 60 ml/min/1.73 m2) or creatinine clearance 

< 60 ml/min 
- Microalbuminuria 30-300 mg/24 h or albumin–creatinine ratio: ≥22 (males); or ≥31 

(females) mg/g creatinine 
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Since then, other studies proposed home blood pressure to be as reliable as ambulatory 
monitoring in predicting hypertension-induced target-organ damage, because it is superior 
to carefully taken office measurements (Viazzi, 2002; Stergiou, 2007). Marinakis et al. have 
demonstrated a relationship between heart rate variability and TOD, thus highlighting its 
importance in the genesis of subclinical cardiovascular disease (Marinakis, 2003). Recently, 
inflammation, and in particular tumor necrosis factor-α (TNF-α), has been implied in the 
cascade leading to TOD in patients with essential hypertension (Navarro-Gonzalez, 2008). 
Another study proposed the maximum value of home blood pressure to be a novel indicator 
of target organ damage in hypertension (Matsui, 2011). 

Remodeling of small resistance arteries is also considered an early sign of target organ damage 
in hypertension (Cheng, 2010). The microcirculation is recognized as the site where the 
earliest manifestations of cardiovascular disease, especially inflammatory responses, that 
may play a pivotal role in driving the atherosclerotic process in conduit vessels, occur 
(Lockhart, 2009). Endothelial dysfunction is a predictor of a series of cardiovascular diseases 
(Heitzer et al, 2001; Halcox et al, 2002), although data on hypertension are still scarce 
(Taddei et al, 2002). Furthermore, techniques available for investigating endothelial response 
to various stimuli are invasive, laborious and time consuming. Finally, methods are not yet 
standardized and no certainty exists, that endothelial function assessed in an organ is 
representative of other vascular territories. However, current studies on circulating markers 
of endothelial activity and on endothelial cell progenitors are promising (Werner et al, 2005). 
This could facilitate evaluation of their prognostic role on a larger scale for more widespread 
clinical use. Although not traditionally considered a target organ, arterial blood vessels 
represent the site for the development of the atherosclerotic process that causes 
cardiovascular events.  

Remodeling of large arteries during essential hypertension is also an early sign of organ 
damage. There are a number of noninvasive screening tests to identify structural and 
functional abnormalities of large arteries in arterial hypertension. By the time symptoms 
develop or clinical signs of atherosclerosis can be detected in conduit vessels, the disease 
process is already at an advanced stage (McVeigh, 2004; Lockhart, 2009). Remodeling of 
large arteries is characterized by an increase in intima-media thickness (IMT) aimed for 
maintaining circumferential wall stress, lumen enlargement of proximal elastic arteries, and 
no change in the lumen diameter of distal muscular arteries. Measurement of IMT by 
ultrasound examination of carotid arteries, and identification of atherosclerotic plaques, are 
predictors of both stroke and myocardial infarction (Salonen et al, 1993, Bots et al, 1997; 
Hodis et al, 1998, O`Leary et al, 1999). There is evidence that in untreated hypertensive 
patients without target organ damage, these alterations are common and therefore carotid 
ultrasound examination can detect structural damage at an early stage by routine 
examination. The relationship between increased carotid IMT and cardiovascular events is 
known, and value of IMT in the common carotid artery > 0.9 mm is considered the cut-point 
to emphasize the existence of structural abnormalities also in coronary arteries (Graf, 2009). 
Increased carotid IMT may be related to intimal or medial hypertrophy or both, and may be 
an adaptive response to changes in flow, wall tension, or lumen diameter (Vaudo, 2000). It is 
likely that ultrasound examination limited to the common carotid artery measures vascular 
hypertrophy only, while the evaluation and examination of bifurcation atherosclerosis 
and/or internal carotid artery, where plaques are most common, are more reliable for IMT 
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estimation. The presence of atheromatous plaques can be identified by the presence of focal 
increased thickness of 0.5 mm or 50% of the surrounding IMT (Zanchetti et al, 2002; 
Zanchetti et al, 2004).  

Low ankle-arm index below 0.9 indicates the presence of peripheral arterial disease and, in 
general, advanced atherosclerosis (Feringa et al, 2006), while the measurement of carotid 
IMT can detect early changes (Zanchetti et al, 2002). However, a low ankle-arm index 
correlates with further development of angina, myocardial infarction, heart failure, need for 
coronary bypass's, stroke, need for carotid surgery and peripheral vascular level (Hiatt et al, 
2001, Vogt et al, 1993) and in patients with multivessel coronary involvement it confers 
additional risk (Burek, 1999).  

In the last 10 years, a large amount of data has been accumulated on large artery compliance 
and pulse wave reflection phenomenon, which have been identified as the most important 
pathophysiological determinants of isolated systolic hypertension and increased pulse wave 
velocity (Safar et al, 2003). Measurement of arterial compliance by vascular diameter 
changes in relation to changes in blood pressure is complex and unsuitable for clinical use. 
On the other hand, pulse wave velocity measurement between femoral-carotid arteries 
provides detailed non-invasive assessment of arterial compliance, which is simple and 
rigorous enough to be considered a procedure (Laurent et al, 2006). This determination is an 
independent predictor for overall mortality and cardiovascular morbidity, coronary events 
and strokes in patients with uncomplicated essential hypertension (Laurent et al, 2001, 
Boutouyrie et al, 2002, Laurent et al, 2003; Willum-Hansen et al, 2006). Although the 
relationship between aortic stiffness and coronary events is continuous, a threshold value > 
12 m/s for pulse wave velocity suggests significant alterations of aortic elastic function in 
middle-aged hypertensives (Mancia, 2007).  

Several methods for detecting vascular lesions cannot be clinically used for a variety of 
reasons. An elevated media-to-lumen ratio of small resistance arteries dissected from gluteal 
subcutaneous tissue is an indicator of increased cardiovascular risk (Rizzoni et al, 2003). 
These measurements can demonstrate early changes in diabetes and hypertension 
(Korsgaard et al, 1993, Park et al, 2001; Rizzoni et al, 2001, Schofield et al, 2002) and have 
predictive value for cardiovascular morbidity and mortality (Rizzoni et al, 2003), but the 
invasive character of the method makes this approach unsuitable for general use. Increased 
calcium content in coronary arteries, measured by high resolution cardiac CT was also 
validated by prospective studies as predictor of cardiovascular disease but its availability is 
limited due to high costs (Greenland et al, 2003). 

Other diagnostic procedures such as magnetic resonance, cardiac scintigraphy, coronary 
angiography and exercise testing are reserved for specific indications. Chest X-ray can be a 
useful additional diagnostic method, when dyspnea is the main symptom or when looking 
for information on large intrathoracic arteries of the pulmonary circulation. 
In recent years, an increased interest was given to assessment of cardiac fibrosis. Basic 
techniques have used echoreflectivity (Ciulla et al., 1997; Hoyt et al., 1984). Reversed 
dispersion method (backscattering signal) may reflect to some extent the contractile 
properties of the myocardium more than collagen content, while echoreflectivity more 
directly correlates with histologically measured fibrosis. Echoreflectivity showed that left 
ventricular hypertrophy may vary and that drugs that promote its regression may differ in 
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Zanchetti et al, 2004).  

Low ankle-arm index below 0.9 indicates the presence of peripheral arterial disease and, in 
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2001, Vogt et al, 1993) and in patients with multivessel coronary involvement it confers 
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reducing fibrosis (Ciulla et al, 2004). Now, the most accurate method of assessing cardiac 
tissue composition is nuclear magnetic resonance, whose cost, however, prevents its 
widespread use. Also, tissue collagen component markers are currently under investigation 
(Ciulla et al, 2004), but they have been shown to only partially derive from cardiac tissue. 

2. Hypertension-induced retinal damage 
Hypertension, if not controlled, causes injuries to blood vessels and thereby causes 
alterations also in the retinal microcirculation. Advanced retinopathy is nowadays 
confirmed as hypertension-induced target organ damage (Cohuet, 2006). Signs of 
hypertensive retinopathy are frequently seen in adults 40 years and older, and are predictive 
for stroke, congestive heart failure, and cardiovascular mortality—independently from 
traditional risk factors (Wong, 2007). Mild hypertensive retinopathy signs, such as 
generalized and focal retinal arteriolar narrowing and arteriovenous kinking, are weakly 
associated with systemic vascular diseases. Moderate hypertensive retinopathy signs, such 
as isolated microaneurysms, hemorrhages and cotton-wool spots, are strongly associated 
with subclinical cerebrovascular disease and predict incident clinical stroke, congestive 
heart failure and cardiovascular mortality, independent from blood pressure and other 
traditional risk factors (Wong, 2005). Clinically, signs of hypertensive retinopathy were 
classified into four grades of increasing severity (Keith, 1974). The correlation between 
retinal vascular modifications and the severity of hypertension supports the importance of 
using fundus oculi to improve the diagnosis and to predict future cardiovascular events 
(Porta, 2005). In fact, assessment of hypertensive retinopathy signs for risk stratification is 
supported by international hypertension management guidelines, including the US Joint 
National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood 
Pressure (JNC) and the British Society of Hypertension (Williams, 2004; Chobanian, 2003). 

The pathophysiological mechanism of hypertensive retinopathy is not completely 
established. It seems that elevated blood pressure and other pathogenic mechanisms may be 
involved, such as increased oxidative stress or low-grade inflammation. Retinopathy lesions 
have been associated with hyperglycemia, hypertension, endothelial dysfunction and 
inflammation in different studies (Wong, 2007). Many studies have linked signs of 
hypertensive retinopathy with cognitive decline, cerebral white-matter lesions identified by 
cerebral MRI, lacunar infarctions, cerebral atrophy, and stroke mortality (Wong, 2002; Kwa, 
2002; Wong, 2003; Mitchell, 2005; Wong, 2007). Today, retinal examination offers an 
excellent way to study non-invasively the effects of common vascular risk factors on small 
vessels and possibly for gaining a better understanding of the pathophysiological processes 
involved in cerebral small vessel disease (Doubal, 2009). 

3. Hypertension-induced cardiac damage 
Electrocardiogram is part of all routine assessment of subjects with arterial hypertension. Left 
ventricular hypertrophy (LVH) is one of the earlier manifestations of TOD and constitutes a 
powerful predictor of cardiovascular events (Agabiti-Rose, 1998). This simple test provides 
useful information on conduction disturbances and ischemic heart disease, conditions that 
might urge the performance of additional investigations and influence the choice of 
antihypertensive drugs. A main advantage of ECG is to allow the detection of left 
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ventricular hypertrophy (LVH) (Larsen, 2002; Alfakih, 2006; Waeber, 2009). Sensitivity for 
identifying left ventricular hypertrophy is increased but still Sokolow-Lyon index (SV1 + 
RV5-6 > 38 mm) or the product of QRS duration times Cornell voltage (with adjustment of 6 
mm in women and a partition value of > 2440 mm × ms) are independent predictors of 
cardiovascular events (Levy et al, 1994). Their use as markers of cardiac damage or 
regression induced by treatment appears to be valuable, at least in patients over 55 years 
(Okin et al, 2004, Fagard et al, 2004). ECG can also be used to detect patterns of ventricular 
overload (indicating a severe risk) (Levy et al, 1994), ischemia, conduction disturbances and 
arrhythmias, including atrial fibrillation, not rare in elderly hypertensive patients. Holter 
electrocardiographic monitoring is indicated to detect hypertension when arrhythmias or 
ischemic episodes exist. It may also provide evidence of reduced heart rate variability, 
which can occur in severe hypertension (Mancia et al, 1983). However, its negative 
prognostic significance is not established, although it has been demonstrated for heart 
failure and post infarction (Kleiger et al, 1987, Bigger et al, 1992, La Rovere et al, 2003).  

Echocardiography is more sensitive than electrocardiography in diagnosing left ventricular 
hypertrophy, in cardiovascular risk prediction and may help stratify global 
cardiovascular risk more precisely and establish therapy, although it has some technical 
limitations (differences between operators, poor image quality in obese patients and in 
patients with obstructive lung disease) (Reichek et al, 1981; Levy et al, 1990). A proper 
assessment includes measuring the dimensions of interventricular septum, posterior wall 
thickness and left ventricular end diastolic diameter of left ventricular to left ventricular 
mass calculation according to Devereux formula (Devereux et al, 1986). Although the 
relationship between left ventricular mass index and cardiovascular risk is linear, the 
estimates of left ventricular hypertrophy are widely used: > 134 g/m2 for men and > 110 
g/m2 for women (Hammond, 1986). Concentric hypertrophy (increased left ventricular 
mass and relative wall thickness ratio >0.45), eccentric hypertrophy (relative wall 
thickness ratio < 0.42, with increased left ventricular mass) and concentric remodeling 
(relative wall thickness ratio ≥ 0.42, with normal left ventricular mass), are predictors for 
increased incidence of cardiovascular disease, but concentric hypertrophy is shown to 
provide the most cardiovascular risk increase (Jennings et al, 1997; Muiesan et al, 2004). A 
major advantage of echocardiography compared with ECG is better sensitivity, enabling 
the detection of milder degrees of LVH (Waeber, 2009). In addition, echocardiography 
provides a method to assess left ventricular systolic function. Ejection fraction, fractional 
shortening as medio-parietal endocardial and were proposed as possible additional 
predictors of cardiovascular events (De Simone, 1996; Aurigemma, 2001). Left ventricular 
diastolic filling (a measure of so-called "diastolic function") can be assessed by measuring 
the ratio wave Doppler E/A of transmitral blood flow, time to relax, protodiastolic 
pulmonary venous flow and left atrial enlargement (Swedberg, 2005). Useful information 
can be obtained by tissue Doppler at the mitral ring (Ogunyankin, 2006). All these 
determinations arouse great interest at present, because a considerable proportion (50%) 
of heart failures can be explained by "diastolic dysfunction" with an impaired systolic 
minimum and that the so-called „diastolic heart failure "is a condition with adverse 
prognosis. Alterations in diastolic function are common in hypertensive and elderly 
subjects with hypertension, at least one in four patients may be affected (Zanchetti, 2006). 
These changes may occur in the absence of systolic function alterations and even without 
left ventricular hypertrophy. There is evidence that diastolic dysfunction increases the 
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(Okin et al, 2004, Fagard et al, 2004). ECG can also be used to detect patterns of ventricular 
overload (indicating a severe risk) (Levy et al, 1994), ischemia, conduction disturbances and 
arrhythmias, including atrial fibrillation, not rare in elderly hypertensive patients. Holter 
electrocardiographic monitoring is indicated to detect hypertension when arrhythmias or 
ischemic episodes exist. It may also provide evidence of reduced heart rate variability, 
which can occur in severe hypertension (Mancia et al, 1983). However, its negative 
prognostic significance is not established, although it has been demonstrated for heart 
failure and post infarction (Kleiger et al, 1987, Bigger et al, 1992, La Rovere et al, 2003).  
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hypertrophy, in cardiovascular risk prediction and may help stratify global 
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(relative wall thickness ratio ≥ 0.42, with normal left ventricular mass), are predictors for 
increased incidence of cardiovascular disease, but concentric hypertrophy is shown to 
provide the most cardiovascular risk increase (Jennings et al, 1997; Muiesan et al, 2004). A 
major advantage of echocardiography compared with ECG is better sensitivity, enabling 
the detection of milder degrees of LVH (Waeber, 2009). In addition, echocardiography 
provides a method to assess left ventricular systolic function. Ejection fraction, fractional 
shortening as medio-parietal endocardial and were proposed as possible additional 
predictors of cardiovascular events (De Simone, 1996; Aurigemma, 2001). Left ventricular 
diastolic filling (a measure of so-called "diastolic function") can be assessed by measuring 
the ratio wave Doppler E/A of transmitral blood flow, time to relax, protodiastolic 
pulmonary venous flow and left atrial enlargement (Swedberg, 2005). Useful information 
can be obtained by tissue Doppler at the mitral ring (Ogunyankin, 2006). All these 
determinations arouse great interest at present, because a considerable proportion (50%) 
of heart failures can be explained by "diastolic dysfunction" with an impaired systolic 
minimum and that the so-called „diastolic heart failure "is a condition with adverse 
prognosis. Alterations in diastolic function are common in hypertensive and elderly 
subjects with hypertension, at least one in four patients may be affected (Zanchetti, 2006). 
These changes may occur in the absence of systolic function alterations and even without 
left ventricular hypertrophy. There is evidence that diastolic dysfunction increases the 
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risk of atrial fibrillation (Tsang, 2004). Furthermore, two studies have reported that 
diastolic dysfunction is predictive factor for subsequent heart failure (Aurigemma, 2001) 
and is associated with an increased incidence of mortality (Redfield, 2003), although in 
another study it was shown that this combination is not independent (Bella et al, 2002). 
Echocardiography provides information about the presence and degree of left atrial 
dilation, which correlates with risk of atrial fibrillation, cardiovascular disease and death 
(Laukkanen, 2005; Verdecchia, 2003; Kizer, 2006). Also, data can be obtained by kinetic 
abnormalities of left ventricular segmentation, due to ischemia or previous infarction. A 
regression of left-ventricular hypertrophy on electrocardiography is indicative of 
substantial clinical benefit and should be an important objective of treatment (Devereaux, 
2004; Okin, 2004). 

4. Hypertension-induced renal damage 
Diagnosis of hypertension-induced renal damage is based on the discovery of a reduced 
renal function and/or increased urinary albumin excretion detection (Stevens et al, 2006). 
Renal failure is now classified according to glomerular filtration rate, calculated by MDRD 
formula that includes age, gender, and race and serum creatinine of the patient (Hallan, 
2004). Glomerular filtration rate values below 60 ml/min/1,73 m2 indicate chronic kidney 
disease stage 3, while values below 30 ml min/l,73 m2 indicate chronic kidney disease stage 
4, and values below 15 ml/min/l,73 m2 indicate chronic kidney disease stage 5 (Moe, 2005). 
Cockroft-Gault formula estimates creatinine clearance and is based on age, sex, weight and 
patient's serum creatinine (Cockroft and Gault, 1976). This formula is used for values > 60 
ml/min, but it overestimates creatinine clearance in chronic kidney disease stage 3-5 (Moe et 
al, 2005). Both formulas are helpful in the detection of renal function slightly altered, where 
serum creatinine is still within normal limits (Moe et al., 2005). Reduced glomerular 
filtration rate and increased cardiovascular risk are also suggested by elevated levels of 
cystatin C (Shlipak, 2006). A slight increase in serum creatinine (up to 20%) can sometimes 
occur when initiating or changing antihypertensive therapy, but it should not be considered 
as a sign of progressive renal damage. Hyperuricemia is common in untreated 
hypertensives and has been shown to correlate with decreased renal flow and the presence 
of nephrosclerosis (Viazzi, 2007). While serum creatinine concentration increased or 
decreased estimated glomerular filtration rate shows a decrease in glomerular filtration rate, 
increased urinary excretion of albumin or protein indicates deterioration in the permeability 
of the glomerular filtration barrier.  

Microalbuminuria was associated with a cluster of metabolic and nonmetabolic risk factors, 
suggesting that it might indicate the presence of generalized microvascular damage in 
patients with essential hypertension (Pontremoli, 1998). It was shown that 
microalbuminuria is also a predictor of diabetic nephropathy development in type 1 and 2 
diabetes (Parving, 1996), while the presence of proteinuria indicates, in general, the 
existence of renal parenchymal lesions. In diabetic and non-diabetic hypertensive patients, 
microalbuminuria is a good predictor of cardiovascular events. It has been reported in some 
studies a linear relationship between non-cardiovascular mortality and cardiovascular and 
urinary protein ratio/creatinine > 3.9 mg/g in men and 7.5 mg/g in women. Thus the term 
microalbuminuria may be misleading (for falsely suggests a minor injury) and should be 
replaced with "low degree of albuminuria." Microalbuminuria can be measured by urinary 
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albumin concentration reporting urinary creatinine concentration (urine samples per 24 
hours or the night should be discouraged because of lack of accuracy), type dipstick tests 
detect albuminuria above 300 mg/g creatinine and positive dipstick test for 
microalbuminuria in values above 30 mg/g creatinine. Microalbuminuria assessment is  
now recommended at the initial evaluation of a patient with hypertension. Two first-
morning voided urine samples should be tested for the albumin/creatinine ratio (Redon, 
2008). Microalbuminuria assessment is now recommended in a risk stratification strategy for 
hypertension management, since its presence indicates early organ damage and, rarely, a 
clustering of cardiovascular risk factors (Mancia, 2007). 

5. Hypertension-induced brain damage 
Until now, preclinical hypertensive lesions in the brain have not been well characterized. 
Microcirculation dysfunction may explain the deterioration in cognitive functions in 
hypertensive subjects (Cohuet, 2006). Cognitive deterioration and its end point overt 
dementia are, in brief, to be characterized by progressive memory loss, disorientation in 
time and space, loss of autonomy, and ultimately, depersonalisation/alienation 
(Birkenhäger, 2006). Consensus criteria recognize various syndromes, including multiple 
cerebral infarcts (large vessel infarcts), single infarcts, small vessel disease (multiple lacunes 
dementia), global hypoperfusion, and hemorrhagic dementia in the pathogenesis of vascular 
dementia (Cohuet, 2006). Silent brain infarction, which is cerebral target organ damage of 
hypertensive microangiopathies, is frequently seen in hypertensive patients (Kwon, 2007). 
Indeed, the degree of risk for hypertension-induced cerebrovascular disease increases 
progressively with the rise in BP levels (Wolf, 1991). An increased risk for cerebrovascular 
events in uncomplicated patients with hypertension and LVH diagnosed using both 
electrocardiography and echocardiography was demonstrated in the Progetto 
Ipertensione Umbria Monitoraggio Ambulatoriale (PIUMA) study (Verdecchia, 2001). A 
close association has also been shown between silent stroke (evidenced by cerebral white 
matter lesions) and echocardiographic LVH in 62 asymptomatic middle-aged patients 
with hypertension (Sierra, 2002). Many epidemiologic studies have indicated a correlation 
between blood pressure level and cognitive decline or dementia later in life (Starr, 1993; 
Seux, 1998; Postner, 2002; Hanon, 2003; Piguet, 2003; Whitmer, 2005). The importance of 
lowering blood pressure in hypertensive subjects is well-known, but the relationship 
between hypertension and cognitive function is still controversial. It is believed that 
atherosclerosis resulting from long-standing hypertension, and cerebral hypoperfusion 
secondary to severe atherosclerosis may be major biological pathways linking both high 
blood pressure in midlife and low blood pressure in late-life to cognitive decline and 
dementia (Qiu, 2005). 

6. Conclusion 
Signs of target organ damage (TOD) should be carefully detected in all hypertensive 
patients because the likelihood of identifying high-risk individuals increases. Detection of 
any subclinical target organ damage in the coronary, peripheral, cerebral, and renal arterial 
beds requires therapeutic objectives and strategies in order to induce regression and 
improve patient prognosis.  



 
Coronary Artery Diseases 

 

322 

risk of atrial fibrillation (Tsang, 2004). Furthermore, two studies have reported that 
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2004). Glomerular filtration rate values below 60 ml/min/1,73 m2 indicate chronic kidney 
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al, 2005). Both formulas are helpful in the detection of renal function slightly altered, where 
serum creatinine is still within normal limits (Moe et al., 2005). Reduced glomerular 
filtration rate and increased cardiovascular risk are also suggested by elevated levels of 
cystatin C (Shlipak, 2006). A slight increase in serum creatinine (up to 20%) can sometimes 
occur when initiating or changing antihypertensive therapy, but it should not be considered 
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urinary protein ratio/creatinine > 3.9 mg/g in men and 7.5 mg/g in women. Thus the term 
microalbuminuria may be misleading (for falsely suggests a minor injury) and should be 
replaced with "low degree of albuminuria." Microalbuminuria can be measured by urinary 
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albumin concentration reporting urinary creatinine concentration (urine samples per 24 
hours or the night should be discouraged because of lack of accuracy), type dipstick tests 
detect albuminuria above 300 mg/g creatinine and positive dipstick test for 
microalbuminuria in values above 30 mg/g creatinine. Microalbuminuria assessment is  
now recommended at the initial evaluation of a patient with hypertension. Two first-
morning voided urine samples should be tested for the albumin/creatinine ratio (Redon, 
2008). Microalbuminuria assessment is now recommended in a risk stratification strategy for 
hypertension management, since its presence indicates early organ damage and, rarely, a 
clustering of cardiovascular risk factors (Mancia, 2007). 

5. Hypertension-induced brain damage 
Until now, preclinical hypertensive lesions in the brain have not been well characterized. 
Microcirculation dysfunction may explain the deterioration in cognitive functions in 
hypertensive subjects (Cohuet, 2006). Cognitive deterioration and its end point overt 
dementia are, in brief, to be characterized by progressive memory loss, disorientation in 
time and space, loss of autonomy, and ultimately, depersonalisation/alienation 
(Birkenhäger, 2006). Consensus criteria recognize various syndromes, including multiple 
cerebral infarcts (large vessel infarcts), single infarcts, small vessel disease (multiple lacunes 
dementia), global hypoperfusion, and hemorrhagic dementia in the pathogenesis of vascular 
dementia (Cohuet, 2006). Silent brain infarction, which is cerebral target organ damage of 
hypertensive microangiopathies, is frequently seen in hypertensive patients (Kwon, 2007). 
Indeed, the degree of risk for hypertension-induced cerebrovascular disease increases 
progressively with the rise in BP levels (Wolf, 1991). An increased risk for cerebrovascular 
events in uncomplicated patients with hypertension and LVH diagnosed using both 
electrocardiography and echocardiography was demonstrated in the Progetto 
Ipertensione Umbria Monitoraggio Ambulatoriale (PIUMA) study (Verdecchia, 2001). A 
close association has also been shown between silent stroke (evidenced by cerebral white 
matter lesions) and echocardiographic LVH in 62 asymptomatic middle-aged patients 
with hypertension (Sierra, 2002). Many epidemiologic studies have indicated a correlation 
between blood pressure level and cognitive decline or dementia later in life (Starr, 1993; 
Seux, 1998; Postner, 2002; Hanon, 2003; Piguet, 2003; Whitmer, 2005). The importance of 
lowering blood pressure in hypertensive subjects is well-known, but the relationship 
between hypertension and cognitive function is still controversial. It is believed that 
atherosclerosis resulting from long-standing hypertension, and cerebral hypoperfusion 
secondary to severe atherosclerosis may be major biological pathways linking both high 
blood pressure in midlife and low blood pressure in late-life to cognitive decline and 
dementia (Qiu, 2005). 

6. Conclusion 
Signs of target organ damage (TOD) should be carefully detected in all hypertensive 
patients because the likelihood of identifying high-risk individuals increases. Detection of 
any subclinical target organ damage in the coronary, peripheral, cerebral, and renal arterial 
beds requires therapeutic objectives and strategies in order to induce regression and 
improve patient prognosis.  
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