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Preface

This is the latest book in a series of cardiovascular-related texts from IntechOpen 
Publishing. The present volume considers general aspects of cardiac disease and is 
partitioned into three distinct sections.

1. Cardiac Risk

This section is comprised of chapters discussing the developmental risk of cardiac 
disease. Chapter 1 discusses the role of inflammation in the development of 
cardiovascular pathology, in particular the role of inflammation in the formation 
of thrombosis and the contribution to risk of myocardial infarction. Chapter 2 
stays with myocardial infarction, offering perspectives on the pathophysiology 
of myocardial injury with insight into cardioprotective mechanisms. Chapter 3 
examines the fascinating area of circadian rhythm disruption via an epigenetic 
approach to the development of cardiovascular disease. Chapter 4 specifically 
focuses on the global prevalence and diagnostic criteria in Takotsubo syndrome, 
indicating that universal acceptance of definition and diagnostic criteria is required. 
Chapter 5 examines the disproportionate differences in prognosis of patients 
according to gender following percutaneous coronary intervention with primary 
and secondary prevention recommendations. Chapter 6 investigates body image 
and obesity acceptance in relation to clinical cardiac risk factors. Study in this 
area suggests that the efficacy of classical risk reduction regimens (such as weight 
management, exercise, hypertensive and hyperglycaemic control, etc.) can be 
improved by the maintenance of a self-perception of ‘normal’ weight in reducing 
the risk of cardiovascular disease. Chapter 7 specialises in discussing the genetic 
determinants of familial dilated cardiomyopathy with a focus on genotype-targeted 
therapeutic strategies. Chapter 8 discusses the impact of coronavirus disease and 
the implication of the cardiovascular system in severe cases. The final chapter in 
section 1, chapter 9, the authors consider the role of the G-protein-coupled, seven-
transmembrane receptors (7TMRs) and their role in the cardiovascular system and 
development of cardiomyopathy with attention to the role of autoimmunity and 
autoantibodies in cardiomyopathy.

2. Cardiorenal Pathology

Section 2 specifically examines the specialised area of cardiorenal pathology. 
Chapter 10 discusses the perils and opportunities of vascular access in renal patients 
being assessed for central venous diseases, while Chapter 11 focuses on early 
detection and endovascular intervention to correct dialysis vascular access failure.

3. Cardiovascular Interventions

The final section relates to surgical interventions as part of the armamentarium 
of medical therapies aimed to alleviate cardiovascular diseases. The section starts 
with Chapter 12 offering an overview of basic to advanced specialised techniques 
available to the interventional cardiologist to open occluded arteries in the hope 
of salvaging myocardial tissue. Chapter 13 focuses on the primary angioplasty in a 
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VI

geographic arrangement from artery to the myocardium with particular emphasis 
on novel treatments offering continuous myocardial protection, again to preserve 
tissue and improve overall prognosis. Chapter 14 turns attention to coronary artery 
bypass grafting (CABG) and the management of ascending aorta calcification 
which is an independent risk factor for cerebrovascular events post-off-pump 
CABG procedures. Chapter 15 deals with the surgical methodologies available for 
reconstructing distal aortic dissection. Chapter 16 identifies the complexities of 
mitral valve repair and focuses on a novel non-resectional repair technique. The 
penultimate chapter, chapter 17 discusses the complications of minimally invasive 
left ventricular assistance devices in patients with advanced cardiac failure. Last but 
by no means least, Chapter 18 discusses the radical approach of Sanal flow choking 
and its risk association to asymptomatic cardiovascular disease as demonstrated 
through a review of In Vitro and In Silico studies.

The eighteen chapters above offer insight into the current state of the art with 
respect to risk of developing cardiovascular diseases, maintenance of patent 
vascular access in patients with cardiorenal syndrome, and a plethora of novel 
interventional technologies all aimed at salvaging damaged tissue and improving 
prognosis and reducing mortality.

At the inception of this book, the World was a very different place. With the rapid 
emergence of coronavirus diseases, the value of the content of this book is now 
more important than ever; especially through the open-access platform allowing 
such knowledge to be freely available to those in less fortunate situations.

The editors wish to thank the authors of each chapter for providing their expert 
insight into the chapter content and responding rapidly to our revision requests. 
Our gratitude is also extended most humbly to those authors and co-authors who 
have turned any clinical responsibilities to the fight against COVID-19.

We also wish to extend our thanks to the publishing management team at 
IntechOpen Publishing, notably to Sandra Maljavac and Dolores Kuzelj.

Dr. David C. Gaze
University of Westminster,

London, United Kingdom

Dr. Aleksandar Kibel
Osijek University Hospital,

Osijek, Croatia

Dedication

Mr Charles Benjamin Flint

20th March 1936 – 17th April 2020

One of the many victims of the COVID-19 Pandemic DCG
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Chapter 1

Correlations between 
Inflammation and Thrombosis 
in the Pathogeny of Myocardial 
Infarction
Iris Bararu Bojan, Oana-Viola Badulescu, Maria Vladeanu, 
Andrei Bojan and Manuela Ciocoiu

Abstract

Atherosclerosis is the main cause of myocardial infarction. This process 
involves a complex interplay between metabolic pathways governing lipid deposi-
tion, inflammatory and immune responses to oxidized lipids, and endothelial 
dysfunction. Myocardial infarction appears when these processes culminate with 
a thrombotic event. Markers of inflammation, such as C-reactive protein (CRP), 
myeloperoxidase (MPO) and leukocyte levels are strong predictors of cardiovas-
cular death, myocardial infarction, and stroke. This process involves a complex 
interplay between metabolic pathways governing lipid deposition, inflammatory 
and immune responses to oxidized lipids, and endothelial dysfunction. Myocardial 
infarction appears when these processes culminate with a thrombotic event. 
Markers of inflammation, such as C-reactive protein (CRP), myeloperoxidase 
(MPO) and leukocyte levels are strong predictors of cardiovascular death, myocar-
dial infarction, and stroke. This review will summarize the molecular and cellular 
links between inflammation and thrombosis in the context of myocardial infarc-
tion, which support the concept of a thrombo inflammatory state leading to the 
vessel obstruction and to the subsequent myocardial necrosis.

Keywords: thrombosis, inflammation, atherosclerosis

1. Introduction

Myocardial infarction is a form of coronary artery disease, in which the occlu-
sion of the coronary artery induces ischemia of the subsequent territory and 
eventually leads to the destruction of up to a billion myocardic cells.

Atherosclerosis is the main cause of myocardial infarction. This process 
involves a complex interplay between metabolic pathways governing lipid deposi-
tion, inflammatory and immune responses to oxidized lipids, and endothelial 
dysfunction.

Myocardial infarction appears when these processes culminate with a throm-
botic event. Markers of inflammation, such as C-reactive protein (CRP), myeloper-
oxidase (MPO) and leukocyte levels are strong predictors of cardiovascular death, 
myocardial infarction, and stroke [1].
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As the human heart cannot regenerate, the acute myocardial infarction is associ-
ated with the destruction of large proportion of myocardium that will lead to the 
development of a collagen scar. This process is associated with an evident inflamma-
tory reaction. This inflammatory reaction will lead to the chemotaxis of leukocytes 
that will be preferentially localized at the border of the necrotic myocardium. These 
leukocytes may lead to cytotoxic reactions that can increase the injured zone [2].

2. The role of inflammation in myocardial infarction

The acute pro-inflammatory process triggered by the onset of myocardial infarc-
tion consists in multiple processes such as the production of reactive oxygen species 
and DAMPs (damage associated molecular patterns) which are in fact the substrate 
for PRRs (pattern recognition receptors). These processes will eventually lead to 
the formation of cytokines and chemokines that will mediate the attraction of thee 
inflammatory cells to the border zone of the myocardial infarction.

After the onset of a myocardial infarction the healing process involves three 
important phases: the inflammatory response, the proliferation and in the end the 
maturation.

During the inflammatory response the necrotic cardiomyocytes release danger 
signals, called alarmins that will signalize some particular types of receptors called 
TLRs (toll-like receptors) and RAGE (receptor for advanced glycation end prod-
ucts), thus stimulating the immune cells, the endothelial ones and the fibroblasts to 
secrete chemokines and cytokines. The inflammatory phase is also characterized by 
the activation of the complement cascade. The complement cascade can be acti-
vated in three different manners: the classic pathway, the lectin and the alternate 
way [1–3]. These pathways all lead to the common pathway that results in opsoniza-
tion, subsequent inflammation attracting others phagocytes, or activation of thee 
cell killing membrane attack complex – Figure 1.

Figure 1. 
The complement cascade – https://www.sciencedirect.com/topics/medicine-and-dentistry/complement-system.
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The inflammatory process and the activation of the complement cascade deter-
mine the release of pro-inflammatory cytokines, such as Tumor Necrosis Factor 
(TNF)-α, IL-1β and IL-6.

A key role in the activation of the inflammatory reaction is played by the IL-1 
signaling pathway. This pathway stimulates the production of chemokines by fibro-
blasts and leukocytes, but inhibits the conversion of fibroblasts in myofibroblasts. 
Damaged myocardial cells release IL-1α, while IL-1β is upregulated after infarction. 
An important key for this mechanism is represented by the inflammasome, which 
triggers the activation of caspase-1 and thus transforms active pro-IL-1β into IL-1β. 
It was shown that the inflammasome can be found both in myocardial and in inter-
stitial cells in the ischemic myocardium. The pharmacological blockage of IL-1 or 
the genetic inhibition proved to reduce left ventricle remodelation after myocardial 
infarction [4, 5].

IL-6 is associated with both pro and anti-inflammatory effects. Myocardial 
infarction is associated with increased circulating IL-6. Some studies showed that 
the genetic polymorphisms of the IL-6 receptor signaling pathway may lead to a 
diminished plasma level of high-sensitivity C-reactive protein (hs-CRP) and thus 
may lead to the decrease of cardiovascular risk [6].

The post-infarction inflammatory response determines a chemokine upregulation, 
which are responsible for the recruitment of other leukocytes in the infarcted area.

The neutrophils are activated by CXC chemokines containing the Glu-Leu-Arg 
sequence (the ELR motif), such as CXCL8/IL-8, while the CC chemokines, such as 
monocyte chemo attractant protein-(MCP)-1/CCL2 and CCL7 attract monocytes. 
The phagocytosis is activated and the necrotic detritus is eliminated, so that the 
healing process may start. When the infiltrated neutrophils enter the apoptotic 
process, the inflammatory phase comes to an end [7].

From this moment on the apoptotic cells are scavenged by professional phago-
cytes, thus leading to a process called efferocytosis. This phase consists in the 
release of cytokines with anti-inflammatory effect such as IL-10 and TGF-β. These 
mediators induce an endogenous intracellular signal, such as Interleukin-receptor 
associated kinase-M that inhibits the pro-inflammatory process in the healing areas 
of the myocardium. The inhibition of inflammatory signaling and the removal of 
the inflammatory infiltrate is determined by the presence of inhibitory leukocyte, 
such as anti-inflammatory monocyte subpopulations and regulatory T cells [8].

The remaining cardiomyocytes in the infarct border zone secrete mediators with 
anti-inflammatory properties that lead to the diminishment of the affected area. 
If the inflammatory response is unrestrained or is very expansive, the result will 
consist in rapid left ventricle remodeling, which can be implicated in inducing heart 
failure in patients surviving an acute myocardial infarction.

When the proliferative phase of myocardial infarction has begun, the diminish-
ment of pro-inflammatory molecules such as IL-1β and Interferon-γ-inducible 
Protein (IP)-10 causes the transformation of fibroblasts in myofibroblasts. These 
compounds have an extensive endoplasmic reticulum and possess a contractile 
protein that is called α-smooth muscle actin (α-SMA) and are capable of inducing 
an increased synthesis of matrix protein [7–9].

When the proliferative phase comes to an end, the mature scar starts to form. 
The myofibroblasts enter apoptosis and matrix cross-linking occurs. This mecha-
nism seems to be mediated by the removal of growth factors, the inhibition of 
TGF-β mediated response and the modification of the composition of the matrix.

In the remaining healthy myocardium the fibroblasts may rest chronically active 
as s result of a pressure overload. This will induce the fibrosis of the myocardium 
and will lead to diastolic dysfunction.
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The complement cascade – https://www.sciencedirect.com/topics/medicine-and-dentistry/complement-system.
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As inflammation plays a key-role in the pathogenesis of myocardial infarction, 
some authors thought that giving anti-inflammatory therapy to patients with acute 
coronary syndrome would be beneficial, but the results proved that treatment with 
corticosteroids or with NSAIDs is associated with a worsened outcome. Due to the non-
selective inhibition of the inflammatory cascade, these drugs have potentially cata-
strophic consequences. Therefore the current guidelines are against the use of broad 
range anti-inflammatory therapy in patients with acute coronary syndrome [10, 11].

A better understanding of the process of inflammation in myocardial infarction 
leads to the conclusion that targeted inhibition of selected inflammatory routes 
may add up to the protection of the vulnerable myocardium without harming the 
reparative response. There are studies that showed that a targeted neutralization of 
specific inflammatory mediators such as chemokines and cytokines can reduce the 
size of the infarction.

3. The role of thrombosis in myocardial infarction

Inflammation is responsible for inducing an active atheroclerotic plaque, but this 
plaque is not sufficient to induce a myocardial. After the plaque has ruptured, the 
hemostatic balance is impaired, thus leading to coronary thrombosis. The altera-
tions of the hemostatic balance consist in increased platelet adhesion, coagulation 
cascade activation and subsequent. Over-activated procoagulation determines a 
thrombophillic status that can be acquired from complex patterns of inheritance or 
environmental risk factors.

The thrombotic events may be caused by an increase of different coagulation 
factors. Plasmatic fibrinogen is an important cardiovascular risk factor. It was 
proven that increased levels of Interleukin 6, may lead to an increased hepatic 
synthesis of fibrinogen, thus representing an important link between inflammation 
and thrombophilic status.

Thrombin or FIIa is a serin protease which has an important clotting effect. 
The importance of thrombin in the clotting anomalies is rather disputed. Some 
studies have shown that the concentration of thrombin in patients with coronary 
artery disease is normal and that it does not represent a predicting factor for 
vascular complications, while other researchers have stipulated that thrombin is 
one of the most important factors responsible for the thrombotic complications. 
Nevertheless, increased levels of thrombin are associated with the presence of 
denser thrombus structures, with a diminished permeability, which is resistant to 
fibrinolysis [12–14].

Clotting factor XIII is involved in hemostasis, fibrinolysis, vascular remodeling 
and tissue repair. It is important to do the genotyping of factor XIII in order to assess 
the prothrombotic status because the existing data in the literature rest unclear. 
Clotting factor XIII is a pro-transglutaminase with tetrameric structure consisting 
of two active subunits A and two inhibitory/protective subunits B. The clotting 
factor XIII genotyping has shown that mixed FXIII heterozygous mutants (formed 
from a wild allele and a mutant one) were associated with increased levels of total 
and LDL-cholesterol and with elevated concentrations of CRP, while the other geno-
types of clotting factor XIII have not been correlated with these changes [15–18].

From our personal experience, from a clinical study including 60 patients with 
myocardial infarction, we found out that 25% of patients had heterozygous mutants 
of factor XIII (wild type + mutant type), the majority of them being elderly men. 
Almost one third of the patients with PAI-1 4G/4G genotype and a quarter of 
those with genotype 5G/5G were associated with heterozygous mutants of FXIII 
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(WT + MT); the combined 4G/5G genotype was associated only with wild-type 
FXIII. The clotting factor XIII genotyping realized during the current research has 
shown that mixed FXIII heterozygous mutants (formed from a wild allele and a 
mutant one) were associated with increased levels of total and LDL cholesterol and 
with elevated concentrations of C-reactive protein, while the other genotypes of 
clotting factor XIII have not been correlated with these changes – Figure 2.

These genomic changes appear to be responsible for the decreased permeability 
of the formed thrombus and for the inhibition of the fibrinolysis process, which 
explains the higher incidence of acute coronary syndromes and complex coronary 
artery lesions in type 2 diabetic patients [19, 20].

The atherothrombotic complications may be caused also by a modification in 
fibrinolysis. The fibrinolysis is initiated by the conversion of plasminogen in plas-
min, a process which is mediated mainly by the tisular plasminogen activator (tPA).

The plasminogen activator inhibitor type 1 (PAI-1) is the primary inhibitor of the 
fibrinolysis, which acts by forming a complex with tPA. PAI-1 gene is situated on the 
7th chromosome and contains 8 introns and 9 exons. The effect of PAI-1 is the down-
regulation of the fibrinolytic process as it inhibits the transformation of plasminogen 
to plasmin regulated by tissue-plasminogen activator and urokinase [21–23].

PAI-1 levels are proportional with the degree of the inflammatory process, 
induce atherosclerosis and are linked to the presence of metabolic syndrome. 
Obesity and diabetes mellitus type 2 are pathological conditions associated with 
increased PAI-1 levels that may lead to extensive atherosclerosis. Human CD 
34+ cells exert high levels of PAI-1 especially in patients with diabetes and micro 
vascular complications. High levels of PAI-1 are associated with visceral adiposity 
because this molecule is produced by ectopic fat depots. The inflammatory state 
conferred by the high PAI-1 levels cause a dysfunctional activity of the cytokines 
(IL-8, leukotriene B4) and can determine impaired monocyte migration [24].

There are 5 polymorphisms of the PAI-1 gene: 675 4G/5G, 844 A > G, Ala15Thr, 
Val17Ile and Asn195Ile. The 4G/5G polymorphism (the deletion/insertion of 
guanosine in the 675 position of the PAI-1 gene promoter) is a major genetic 
determinant of PAI-1 levels. Some authors have suggested that the 4G allele associa-
tion with other thrombophilic defects (factor V Leiden, prothrombin mutation, 
hyperhomocysteinemia, and decreased activity of protein C or S) increases the risk 
of thrombosis. In patients with coronary artery disease the presence of PAI-1 4G/4G 
genotype was associated with an increased risk of sudden death. When PAI-1 has 
an increased activity, the high circulating levels of PAI-1 may induce the persistence 
of microthrombi, therefore leading to a prothrombotic state in an early myorcardial 
infarction please, which will affect the short-term outcome of patients with acute 
coronary syndrome. Even more PAI-1 levels are linked to the degree of myocardial 
fibrosis that can lead to detrimental left ventricle remodeling and poor long-term 
prognosis [25–28].

From our personal experience from a research involving 60 patients with acute 
coronary syndrome, we found out that the majority of patients had the 4G/4G 

Figure 2. 
Identification of factor XIII Val34Leu polymorphism.



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

6

As inflammation plays a key-role in the pathogenesis of myocardial infarction, 
some authors thought that giving anti-inflammatory therapy to patients with acute 
coronary syndrome would be beneficial, but the results proved that treatment with 
corticosteroids or with NSAIDs is associated with a worsened outcome. Due to the non-
selective inhibition of the inflammatory cascade, these drugs have potentially cata-
strophic consequences. Therefore the current guidelines are against the use of broad 
range anti-inflammatory therapy in patients with acute coronary syndrome [10, 11].

A better understanding of the process of inflammation in myocardial infarction 
leads to the conclusion that targeted inhibition of selected inflammatory routes 
may add up to the protection of the vulnerable myocardium without harming the 
reparative response. There are studies that showed that a targeted neutralization of 
specific inflammatory mediators such as chemokines and cytokines can reduce the 
size of the infarction.

3. The role of thrombosis in myocardial infarction

Inflammation is responsible for inducing an active atheroclerotic plaque, but this 
plaque is not sufficient to induce a myocardial. After the plaque has ruptured, the 
hemostatic balance is impaired, thus leading to coronary thrombosis. The altera-
tions of the hemostatic balance consist in increased platelet adhesion, coagulation 
cascade activation and subsequent. Over-activated procoagulation determines a 
thrombophillic status that can be acquired from complex patterns of inheritance or 
environmental risk factors.

The thrombotic events may be caused by an increase of different coagulation 
factors. Plasmatic fibrinogen is an important cardiovascular risk factor. It was 
proven that increased levels of Interleukin 6, may lead to an increased hepatic 
synthesis of fibrinogen, thus representing an important link between inflammation 
and thrombophilic status.

Thrombin or FIIa is a serin protease which has an important clotting effect. 
The importance of thrombin in the clotting anomalies is rather disputed. Some 
studies have shown that the concentration of thrombin in patients with coronary 
artery disease is normal and that it does not represent a predicting factor for 
vascular complications, while other researchers have stipulated that thrombin is 
one of the most important factors responsible for the thrombotic complications. 
Nevertheless, increased levels of thrombin are associated with the presence of 
denser thrombus structures, with a diminished permeability, which is resistant to 
fibrinolysis [12–14].

Clotting factor XIII is involved in hemostasis, fibrinolysis, vascular remodeling 
and tissue repair. It is important to do the genotyping of factor XIII in order to assess 
the prothrombotic status because the existing data in the literature rest unclear. 
Clotting factor XIII is a pro-transglutaminase with tetrameric structure consisting 
of two active subunits A and two inhibitory/protective subunits B. The clotting 
factor XIII genotyping has shown that mixed FXIII heterozygous mutants (formed 
from a wild allele and a mutant one) were associated with increased levels of total 
and LDL-cholesterol and with elevated concentrations of CRP, while the other geno-
types of clotting factor XIII have not been correlated with these changes [15–18].

From our personal experience, from a clinical study including 60 patients with 
myocardial infarction, we found out that 25% of patients had heterozygous mutants 
of factor XIII (wild type + mutant type), the majority of them being elderly men. 
Almost one third of the patients with PAI-1 4G/4G genotype and a quarter of 
those with genotype 5G/5G were associated with heterozygous mutants of FXIII 

7

Correlations between Inflammation and Thrombosis in the Pathogeny of Myocardial Infarction
DOI: http://dx.doi.org/10.5772/intechopen.91654

(WT + MT); the combined 4G/5G genotype was associated only with wild-type 
FXIII. The clotting factor XIII genotyping realized during the current research has 
shown that mixed FXIII heterozygous mutants (formed from a wild allele and a 
mutant one) were associated with increased levels of total and LDL cholesterol and 
with elevated concentrations of C-reactive protein, while the other genotypes of 
clotting factor XIII have not been correlated with these changes – Figure 2.

These genomic changes appear to be responsible for the decreased permeability 
of the formed thrombus and for the inhibition of the fibrinolysis process, which 
explains the higher incidence of acute coronary syndromes and complex coronary 
artery lesions in type 2 diabetic patients [19, 20].

The atherothrombotic complications may be caused also by a modification in 
fibrinolysis. The fibrinolysis is initiated by the conversion of plasminogen in plas-
min, a process which is mediated mainly by the tisular plasminogen activator (tPA).

The plasminogen activator inhibitor type 1 (PAI-1) is the primary inhibitor of the 
fibrinolysis, which acts by forming a complex with tPA. PAI-1 gene is situated on the 
7th chromosome and contains 8 introns and 9 exons. The effect of PAI-1 is the down-
regulation of the fibrinolytic process as it inhibits the transformation of plasminogen 
to plasmin regulated by tissue-plasminogen activator and urokinase [21–23].

PAI-1 levels are proportional with the degree of the inflammatory process, 
induce atherosclerosis and are linked to the presence of metabolic syndrome. 
Obesity and diabetes mellitus type 2 are pathological conditions associated with 
increased PAI-1 levels that may lead to extensive atherosclerosis. Human CD 
34+ cells exert high levels of PAI-1 especially in patients with diabetes and micro 
vascular complications. High levels of PAI-1 are associated with visceral adiposity 
because this molecule is produced by ectopic fat depots. The inflammatory state 
conferred by the high PAI-1 levels cause a dysfunctional activity of the cytokines 
(IL-8, leukotriene B4) and can determine impaired monocyte migration [24].

There are 5 polymorphisms of the PAI-1 gene: 675 4G/5G, 844 A > G, Ala15Thr, 
Val17Ile and Asn195Ile. The 4G/5G polymorphism (the deletion/insertion of 
guanosine in the 675 position of the PAI-1 gene promoter) is a major genetic 
determinant of PAI-1 levels. Some authors have suggested that the 4G allele associa-
tion with other thrombophilic defects (factor V Leiden, prothrombin mutation, 
hyperhomocysteinemia, and decreased activity of protein C or S) increases the risk 
of thrombosis. In patients with coronary artery disease the presence of PAI-1 4G/4G 
genotype was associated with an increased risk of sudden death. When PAI-1 has 
an increased activity, the high circulating levels of PAI-1 may induce the persistence 
of microthrombi, therefore leading to a prothrombotic state in an early myorcardial 
infarction please, which will affect the short-term outcome of patients with acute 
coronary syndrome. Even more PAI-1 levels are linked to the degree of myocardial 
fibrosis that can lead to detrimental left ventricle remodeling and poor long-term 
prognosis [25–28].

From our personal experience from a research involving 60 patients with acute 
coronary syndrome, we found out that the majority of patients had the 4G/4G 

Figure 2. 
Identification of factor XIII Val34Leu polymorphism.



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

8

Figure 3. 
The relationship between PAI-1 polymorphism and the plasmatic level of fibrinogen.

genotype, which was associated with elevated levels of glycated hemoglobin and 
with a high concentration of LDL cholesterol and fibrinogen and with multivessel 
atherosclerosis, while the other genotypes of PAI-1 were not correlated with these 
changes – Figures 3 and 4.

In our studied group, 65% of patients had the PAI-1 4G/4G genotype, while 15% 
of patients had a heterozygote 4G/5G genotype. Not only did PAI-1 4G/4G genotype 
associate more frequently with atherogenic dyslipidemia, but it also showed a slight 
direct correlation with the inflammatory parameters – Figure 5.

As a consequence we can assume that the prothrombotic status found in patients 
with myocardial infarction seems to be modulated by the genomic polymorphism 
of clotting factor XIII, which is responsible for the formation of a more stable 
cruoric thrombus which is more resistant to fibrinolysis. Even more, these patients 
show a deficiency of the endogenous fibrinolysis, which predisposes the develop-
ment of a thrombophilic status. This decrease in the thrombolytic process seems to 
derive from the genomic polymorphism of plasminogen activator inhibitor type 1. 
The most common genotype of PAI-1 associated with an increased cardiovascular 
risk is PAI-1 4G genotype. These polymorphisms are correlated with the presence 
of metabolic disorders and an abnormal inflammatory process in patients with 
acute coronary syndrome, thereby inducing an increased cardiovascular risk in 
these patients.

Figure 4. 
The relationship between PAI-1 polymorphism and the plasmatic level of LDL-cholesterol.
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In conclusion, a better understanding of the inflammatory and thrombotic pro-
cesses that lead to myocardial infarction can help improve the manner of treatment 
for this patients, thus increasing their quality of life and their prognostic.

Figure 5. 
Identification of PAI-1 polymorphism.
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Chapter 2

Acute Myocardial Infarction: 
Perspectives on Physiopathology 
of Myocardial Injury and 
Protective Interventions
John G. Kingma

Abstract

Diffuse coronary artery injury produces a host of physiopathological, structural 
and metabolic changes in cardiocytes that, if not rectified, result in significant loss 
of functional myocardium to cause cardiac contractile dysfunction. Restoration 
of blood perfusion to the infarct-related artery helps to limit the acute effects of 
myocardial infarction; however, cardiocyte injury may be exacerbated because of 
the restoration of blood perfusion to the ischemic zone (i.e. reperfusion injury). 
Various manifestations of reperfusion injury include no-reflow, myocardial stun-
ning or hibernation and ventricular arrhythmias. Consequently, reperfusion of 
an infarct related artery is often viewed in the context of being a “double-edged 
sword.” Pharmacologic and non-pharmacologic interventions have been investi-
gated in pre-clinical and clinical studies in the hunt to develop strategies to protect 
cardiomyocytes against the long-term effects of ischemia, or delay development of 
necrosis (resulting from ischemia or reperfusion). This book chapter will update 
current thinking on cardioprotective strategies to improve clinical outcomes in 
patients with coronary artery disease.

Keywords: acute myocardial infarction, cardioprotection, ischemic conditioning, 
myocardial ischemia, reperfusion injury

1. Introduction

Physiopathological mechanisms responsible for myocardial cell death (necrosis, 
apoptosis, autophagy, etc.) caused by coronary artery disease have been abundantly 
discussed over the past several decades. Acute myocardial infarction is a leading 
cause of sudden cardiac death among urban dwellers in North America and Europe. 
Clinical treatment of patients with coronary artery disease is focused on limit-
ing the deleterious consequences that follow coronary artery occlusion; however, 
to do so it is fundamental to understand the mechanisms, at the molecular and 
cellular level, that are involved in cell death and survival. Existing knowledge has 
progressed massively over the years and useful clinical interventions, both pharma-
cologic and non-pharmacologic, are currently available to limit, but not abrogate, 
effects of ischemia. An important question that remains concerns the existence of 
“reperfusion-induced injury”; many adhere to the notion that significant cellular 
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death can occur once blood flow is restored to an infarct-related artery. While 
definitive proof is lacking myocardial stunning, vascular no-reflow (perfusion 
deficit) and ventricular arrhythmias are often attributed to this form of cardiomyo-
cyte loss after ischemia. The objective of the present chapter is to update current 
thinking on the question of lethal reperfusion injury and to summarize current 
treatments used to limit overall effects.

1.1 Acute myocardial infarction

Myocardial ischemia is defined as the condition where coronary blood flow across 
the ventricular wall is insufficient to conserve steady-state metabolism. Acute disrup-
tion of the blood supply to any region of the heart causes cardiomyocyte injury and 
eventually cellular death depending on the duration of perfusion deficit. Cardiac 
cell injury is characterized to be either reversible (if reperfusion of the infarct-
related artery can be instituted rapidly, ≤15 minutes), or irreversible (poor, or no, 
cellular survival even if blood flow is restored). Cardiomyocyte necrosis progresses 
as a transmural gradient across the ventricular wall, from endocardium to epicar-
dium, in most animal models studied [1, 2]. Early development of necrosis in the 
subendocardium is probably related to higher oxygen requirements (due to greater 
contribution to myocardial contraction) of that layer compared to the subepicar-
dium [3–5]; myocardial perfusion is coupled to myocardial oxygen consumption. 
Although we agree that progression of coronary heart disease and symptom pheno-
types may differ in relation to sex this subject is beyond the scope of this review.

Myocardial ischemia initiates multiple changes in cardiomyocyte structure 
including marked swelling, development of contraction bands, mitochondrial 
calcification and membrane disruption; the pathobiology of cellular changes 
produced by ischemia have been characterized in earlier studies [6–8]. Different 
modes (apoptosis, autophagy, oncosis, and necrosis) of cellular injury have been 
described [9] and are discussed elsewhere [10]. The cardiomyocyte cytoskeleton 
(i.e. structure needed to maintain cellular morphology and physiology) is markedly 
altered by biochemical changes caused by disruption of oxygen and nutrient supply 
[11]. Cardiomyocyte death occurs with disruption of the cellular membrane and 
subsequent leakage of intracellular components into the extracellular fluid [12–14]. 
Irreversibly injured cardiomyocytes display small breaks in the plasmalemma along 
with cellular swelling and sarcolemmal blebbing [1]. Necrosis in non-cardiac cells 
is not well described but it is clear that other cell types within the myocardium 
(i.e. vascular endothelial and smooth muscle cells, nervous system cells, etc.) are 
affected by ischemia.

Restoration of blood flow to the perfusion bed of the infarct-related artery can 
limit damage to cardiomyocyte as long as reperfusion is instituted within a reason-
able period. Indeed, this is the basis for widespread use of percutaneous coronary 
interventions for relief of symptoms in patients with coronary artery disease and is 
responsible for manifest reduction in mortality. Thousands of studies have exam-
ined the physiopathology of ischemia-reperfusion injury over the past half-century 
with the aim to elucidate pathways leading to cellular necrosis; increased knowledge 
gained from these studies has led to the realization that this is a complex and multi-
faceted scenario.

1.2 Lethal reperfusion injury

It is clear that restoration of blood flow to ischemic myocardium is the most 
effective treatment against myocyte necrosis [15, 16]. Timely opening of an infarct-
related artery is essential as the amount of myocardium salvaged rapidly decreases 
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when reperfusion interventions are delayed. Furthermore, reperfusion may itself 
cause further cellular damage; thus it is often viewed in the context of being a 
“double-edged sword” [17]. Studies have confirmed that reperfusion triggers abrupt 
metabolic, electrophysiologic, morphologic and functional changes. The term 
“lethal reperfusion injury” designates damage to viable cardiomyocytes caused 
after successful restoration of blood flow to the ischemic perfusion bed. Several 
possible forms of reperfusion injury such as coronary artery no-reflow, myocar-
dial hibernation, myocardial stunning, ventricular arrhythmias, etc. have been 
advanced [18, 19]; however, definitive proof that reperfusion injury exists remains 
to be established. With that in mind, we believe that reperfusion might accelerate 
expression of injury produced by ischemia but does not itself cause de novo cardio-
myocyte injury.

Physiopathological mechanisms that produce reperfusion injury are complex 
and multifactorial; no specific mechanism has been shown to take precedence over 
others. In experimental animal models, the release of an acute coronary occlusion 
produces a prolonged hyperemic response particularly in the deeper myocardial 
layers (subendocardium > subepicardium); hyperemic responses vary depending 
on the duration of ischemia [20–22]. Reperfusion of the ischemic myocardium 
depends on arterial driving pressure and extravascular compressive forces; this is 
particularly important for the function of coronary collateral vessels that supply 
much needed oxygen and nutrients to surviving cardiomyocytes post-ischemia. 
As such, restoration of coronary blood flow in the infarct-related artery does not 
guarantee homogeneous perfusion of blood across the ventricular wall. Indeed, 
areas where blood flow is less than normal (i.e. no-reflow) are mostly associated 
with myocardial regions where injury is irreversible.

1.2.1 No-reflow

No-reflow is caused by injury at the structural level (i.e. cell swelling, membrane 
gaps, etc.) [23, 24]; microvessels might be more resistant to short periods of ischemia 
compared to cardiomyocytes because their endothelial oxygen requirements are 
modest and they are in close proximity to oxygen supply. No-reflow does not precede 
tissue damage but follows it; furthermore, it does not expand myocardial infarct size 
(role in pathogenesis of tissue damage is considered to be minor) [25, 26]. However, 
it has been suggested to contribute to infarct expansion, ventricular dilatation and 
remodeling by limiting access of inflammatory cells to the ischemic zone to initiate 
cardiac repair [27, 28]. Microvessel damage is also manifest as hemorrhage due to 
abnormalities in vessel permeability [29].

No-reflow occurs in patients with cardiovascular disease [30, 31]; pharmaco-
therapy appears to normalize ischemic zone perfusion and reduce mortality.

1.2.2 Myocardial stunning and hibernation

Reperfusion injury is associated with depletion of high-energy phosphate stores, 
cellular swelling, increases in capillary permeability and reduced microvessel 
reactivity [32–34]. Restoration of blood flow to the ischemic myocardium mitigates 
myocardial injury; however, restoration of contractile function is not necessarily 
immediate. When blood supply to the heart is limited, myocardial contraction is 
restricted as described for the “smart heart theory” [35]. In normal myocardium, 
increases in metabolic demand due to intensification of myocardial work are met by 
regional increases in blood flow as well as increases in oxygen extraction [36]. Post-
ischemic myocardial stunning and myocardial hibernation have been described 
in animals [37, 38] and patients [35, 39] and designate viable but chronically 
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dysfunctional states [40]. Myocardial stunning refers to persistent (but reversible) 
contractile dysfunction [41, 42] produced by a relatively brief ischemic period [43]. 
Myocardial hibernation, on the other hand, refers to viable but chronically dysfunc-
tional myocardium that may be related to poor resting perfusion [35], or general 
absence of perfusion abnormalities [44, 45] but the latter has not been clearly 
established [46, 47]. Recent findings suggest that repetitive ischemia, chronic 
stunning and hibernation are linked as a continuum [40]; in other words, stunned 
myocardium can progressively transform into hibernating myocardium. For both 
dysfunctional myocardial states, downregulation of contractile function might be 
a cellular adaptive mechanism to facilitate preservation of myocardial integrity and 
viability [35]. Perfusion-contraction matching may be key to myocardial hiberna-
tion but this may not be so for myocardial stunning; a number of review articles on 
this subject are available [48–50]. Whether contractile dysfunction can be reversed 
by improved revascularization in stunned or hibernating myocardium is moot after 
the formation of scar [40].

1.2.3 Ventricular arrhythmias

Development of life threatening ventricular arrhythmias, which range from 
ventricular premature beats with long coupling intervals to ventricular fibrillation 
early after onset of reperfusion, also represent a form of reperfusion injury [51, 52]. 
Although the physiopathology causing ventricular arrhythmias during reperfusion is 
ill understood they are known to be initiated by complex cellular changes with regard 
to electrophysiological, metabolic and structural properties [53]; potential chemical 
mediators of arrhythmogenesis have been presented [54, 55]. In rat hearts subject to 
brief coronary artery occlusion (~5 minutes) followed by reperfusion severe ventricu-
lar arrhythmias occur [56]. However, in larger animal species, incidence of lethal ven-
tricular arrhythmias increases when reperfusion is instituted within 30 minutes after 
coronary occlusion [57]. The overall incidence of ventricular arrhythmias decreases 
significantly when reperfusion follows longer durations of ischemia [58, 59].

2. Cardioprotection strategies

Strategies designed to protect against myocardial injury caused by ischemia, or 
reperfusion have been extensively studied. In animal models reduction of infarct 
size is reported with the use of single, or multiple pharmacologicals; however, 
translation of cardioprotection to patients remains disappointing. Efficacy of 
interventions is dependent on a host of factors that include time of administration 
of treatment (i.e. during ischemia, at reperfusion, late reperfusion), duration of 
occlusion, reperfusion status, species, cell types and end targets (i.e. molecular, 
biochemical, etc.). In patients, cellular protection is more difficult; however, multi-
target studies continue to attempt to limit cardiomyocyte injury. The presence of 
comorbidities also affects the cardioprotective capability of different treatments. 
Development of reliable interventions (i.e. pharmacologic, non-pharmacologic) 
remains an ongoing challenge; findings from basic science and clinical studies 
on understanding of mechanisms involved in cellular injury and death have been 
significant but more work is necessary.

2.1 Pharmacologic strategies

For more than 50 years a host of pharmacologic interventions have been 
employed to limit the extent of myocardial necrosis in animal models and clinical 
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studies. Some cardioprotection has been reported for different manifestations of 
ischemic injury but no long-lasting protection has yet been afforded by any drug. 
Many different exogenously administered compounds, which act at different levels 
(i.e. cell membrane receptors, intracellular signaling pathways, platelet aggregation 
pathways, inflammation, etc.), have been tested, but results are highly variable. 
In patients with coronary artery disease/acute myocardial infarction, a “golden 
window of opportunity” may exist after onset of symptoms to attenuate ischemic 
injury [60]; however, to date most pharmacologic strategies to delay progression 
of ischemic injury have not shown great promise with regard to clinical outcomes. 
Potential reasons include problems regarding timing of drug administration and 
drug dosage as well as the heterogeneity of comorbidities within patient popula-
tions [61]. Recent studies have focused on use of pharmaceuticals that target 
molecular mechanisms and signal transduction at different cellular levels (i.e. 
cell membrane, mitochondria, etc.); however, translation of protection with 
pharmaceuticals that act by stimulating intracellular signaling pathways remains 
a challenge [62, 63]. While numerous pharmacologic compounds have been tested 
in animal models and humans to date, none offers protection greater than that 
afforded by ischemic conditioning (cf. below).

Current pharmacologic interventions targeting ischemia-reperfusion injury 
include use of beta-blockers; these drugs were among the first reported to delay 
progression of ischemic injury more than 40 years ago [64–67]. Infarct limiting 
properties were mostly attributed to reductions in myocardial energy and oxygen 
consumption. More recently, the selective β1-adrenergic receptor antagonist, 
metoprolol, administered before reperfusion has been shown to inhibit neutrophil-
platelet interactions and protect ischemic myocardium in patients [68]; other ele-
ments (i.e. neutrophil trafficking, formation of neutrophil-platelet co-aggregates, 
etc.) associated with neutrophil dynamics might also be involved [69, 70]. The 
role of neutrophils in ischemia-reperfusion injury is well established. Protection 
by metoprolol could be due to reduced microvessel plugging, or microvascular 
obstruction, by neutrophil-platelet plugs, or other inflammatory cell aggregates. 
Additionally, metoprolol could directly affect platelet aggregation but this remains 
to be proven.

Platelet aggregation is a crucial factor for post-ischemic vessel re-occlusion in 
patients with coronary artery disease even after successful percutaneous coronary 
interventions. Activated platelets release potent chemotactic factors that stimulate 
formation of thrombus and microaggregates, which can cause microvascular 
obstruction underperfusion of the ischemic myocardium [71–73]. Anti-platelet 
and anti-thrombotic interventions provide significant protection against ischemic 
injury; though poorly understood, protection is probably mediated through path-
ways that are similar to those activated by ischemic conditioning [74, 75]. In animal 
studies, platelet aggregation inhibitors such as ticagrelor (P2Y12 receptor blocker) 
markedly reduce myocardial infarct size that effectively translates to improved 
cardiac contractile function [76–78]. However, this is not necessarily true for drugs 
such as clopidogrel (thienopyridine—class of platelet aggregation blockers) which 
efficiently limits platelet aggregation but does not influence ischemic myocardial 
injury [75, 79]. Protection probably occurs through adenosine-related mechanisms 
more than anti-platelet aggregation actions [80, 81]. Other classes of platelet activa-
tion blockers (i.e. glycoprotein 2b/3a blockers, etc.) have also reported significant 
anti-necrosis and anti-arrhythmic effects [82, 83]; however, cardioprotective 
efficacy of these agents may be limited with extended ischemic durations [84].

Mitochondria are considered an important target for reduction of ischemia-
reperfusion injury [85]; mitochondria are responsible for generation of high-energy 
phosphates and contribute to ion homeostasis, formation of reactive oxygen species 
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and Ca2+ handling. Myocardial ischemia-reperfusion markedly alters mitochondrial 
function that can ultimately lead to cell death. Recent studies have focused on a 
large conductance pore of the mitochondrial membrane—mitochondrial transition 
pore (mPTP) located in the inner mitochondrial membrane, which opens at onset 
of reperfusion leading to osmotic swelling and a decrease in oxidative phosphoryla-
tion. In the heart, mPTP inhibitors have been studied in animal models of ischemia-
reperfusion injury; several have been reported to be cardioprotective [86–88]. In 
clinical studies, pharmacologicals that target mitochondrial function have not had 
positive results with respect to limiting ischemic injury [89–92].

To date, no single pharmacologic compound has achieved a level of cardio-
protection greater than that obtained by ischemic conditioning. In an attempt to 
enhance protection, new initiatives have begun to examine the efficacy of com-
bined treatments (i.e. drug plus ischemic conditioning) that target different cellular 
mechanisms (i.e. insulin signaling, energy metabolism, etc.) affected by ischemia 
and reperfusion. For instance, combined glucose-insulin-potassium-exenatide 
with remote conditioning reduced infarct size in a large animal model [93]. In a 
combined basic science and clinical study from Hauerslev’s laboratory, it was shown 
that treatment with glyceryl trinitrate (nitric oxide donor) in combination with 
remote conditioning abolished the individual protective effects obtained with either 
intervention alone [94]. Similar results have been reported in patients [95] but not 
all data are consistent [96]. In a canine study from our laboratory, we reported that 
ischemic conditioning (classic and delayed) significantly reduced ischemic injury; 
however, combined treatment with EMD 87580 (NHE1 blocker) and ischemic 
conditioning did not affect the level of cardioprotection [97]. These findings 
suggest that the level of protection possible with any intervention is limited (i.e. 
not additive). Underlying explanations for these controversial findings need to be 
resolved with further investigation.

2.2 Non-pharmacologic strategies

In the clinical setting, percutaneous coronary interventions (PCI) remain the 
benchmark to restore perfusion in the infarct related artery; however, efficacy of 
these interventions is variable. An unfortunate aspect of PCI that is often underes-
timated is the release of micro particulate debris and platelet micro-aggregates that 
can cause additional myocardial injury downstream at the level of the microvas-
culature [98–100]. As a result, mechanical thrombectomy (i.e. passive aspiration, 
active mechanical catheters, etc.) is being developed to limit untoward effects of 
distal embolization by atherothrombotic debris [101–103].

Keeping in mind that “time is muscle” it is clear that any delay in onset of 
treatment considerably influences overall success. Combined pharmacotherapy 
with mechanical reperfusion (i.e. facilitated PCI) is being tested to improve clinical 
outcomes [104, 105].

Cardiac regeneration therapies (i.e. cardiomyocyte transplantation, biocompat-
ible matrices, etc.) to repair damaged myocardium is another promising interven-
tion to restore post-ischemic cardiac dysfunction (cf. recent review from Kingma 
[106]). Basic studies designed to better understand underlying mechanisms are 
ongoing; however, many limitations (i.e. rejection of transplanted cells, presence of 
scar, poor vascularization, tumor formation, myocardial location, etc.) underscore 
initial optimism afforded to these interventions for improvement of ventricular 
function.

Cardiac conditioning (also organ conditioning) is a promising intervention 
that may eventually prove to be useful for protection of ischemic myocardium 
(or other organs) in patients; this intervention was first described as ischemic 
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preconditioning more than 30 years ago [107]. Since then, more than 8000 studies 
have consistently reported protection against necrosis, ventricular dysrhythmias 
and myocardial contractile dysfunction in experimental animal and in clinical 
studies [108–111]. At the moment, the clinical usefulness of ischemic conditioning 
as a preventive strategy for tissue protection remains controversial; the presence 
of multiple comorbidities may be important [112, 113] but their effect may be 
overcome depending on the scale of stimulus that is used to trigger cytoprotective 
pathways [114].

In the original ischemic preconditioning study by Murry and colleagues, dog 
hearts were exposed in situ to brief, repetitive non-lethal cycles of ischemia-
reperfusion prior to a prolonged ischemic event [107]. Development of myocardial 
necrosis was initially delayed and protection was transient depending on the 
duration of coronary occlusion. An essential requirement for protection against 
ischemic injury by this intervention is reperfusion of the ischemic region [18]. 
Publication of this landmark paper paved the way for numerous studies not only 
with respect to the heart on potential contributory endogenous cellular protection 
pathways. To date, anesthetic drugs, other pharmacologic or remote interventions, 
have all demonstrated ischemic conditioning (pre-, per-, post-conditioning) 
mediated protection. A cross-tolerance phenomenon could also be involved since 
many triggers for intracellular signaling pathway-mediated protection are similar 
[115–117]. Prospective contributory mechanisms to conditioning mediated protec-
tion have been reviewed elsewhere [109, 118–120].

The principal difficulty with ischemic conditioning strategies is the inability 
to translate success in animal models to the clinical setting to improve overall 
outcomes. A major liability is the requirement to physically apply an ischemic 
conditioning intervention prior to onset of acute ischemia (incapacity to determine 
its occurrence). The observation that remote ischemic conditioning could provide 
robust protection against ischemic injury is promising [121]. In their initial canine 
cardiac ischemia-reperfusion injury study, Przyklenk and coworkers pretreated a 
region of the heart with brief non-lethal cycles of repetitive ischemia and reperfu-
sion and showed marked protection (i.e. reduced infarct size) of a distant adjacent 
region in the same heart. Since the publication of this study, others have reported 
significant limitation of different manifestations of ischemic injury in various 
experimental models [122]. A crucial question concerns the mechanism(s) by 
which cytoprotective signals are transported from conditioned tissue to the distant 
target tissue. Blood or perfusate-borne humoral factors, neuronal stimulation and 
transmission as well as systemic alteration of circulating immune cells have all been 
proposed [123–125]. Findings, in animal models, from our laboratory tend to favor 
the humoral hypothesis; in dogs subject to acute ischemia-reperfusion injury, pro-
tection was not reversed after either pharmacologic or surgical decentralization of 
the intrinsic cardiac nervous system [126]. On this basis we hypothesized that inter-
organ crosstalk did not require an intact autonomic nervous system. Stimulation 
of the nervous system, either locally or within cardiac ganglia could potentially 
stimulate release of cardioprotective substances (chemokines, leukotrienes, 
microRNA, etc.) into the bloodstream to initiate downstream effects [109, 127–129]. 
Interestingly, activation of the sympathetic nervous system is not required for clas-
sical ischemic conditioning, however, it is essential for second-window, or delayed, 
conditioning [130, 131].

A key element for protection by remote conditioning is restoration of blood 
flow to affected tissues [111, 132]; without it transfer of triggering mediators 
would be constrained. In humans, it is not clear that conditioning strategies 
afford significant protection (against endothelial dysfunction, increased perme-
ability, structural alterations, etc.) at the level of the microcirculation in the 
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proposed [123–125]. Findings, in animal models, from our laboratory tend to favor 
the humoral hypothesis; in dogs subject to acute ischemia-reperfusion injury, pro-
tection was not reversed after either pharmacologic or surgical decentralization of 
the intrinsic cardiac nervous system [126]. On this basis we hypothesized that inter-
organ crosstalk did not require an intact autonomic nervous system. Stimulation 
of the nervous system, either locally or within cardiac ganglia could potentially 
stimulate release of cardioprotective substances (chemokines, leukotrienes, 
microRNA, etc.) into the bloodstream to initiate downstream effects [109, 127–129]. 
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deeper myocardial tissue layers [115, 133, 134]. Nonetheless, improved myocardial 
perfusion with remote conditioning may occur based on findings of higher TIMI 
(thrombosis in myocardial infarction) scores, myocardial blush grade and coro-
nary reserve in cardiac patients. Restoration of blood flow to the deeper layers of 
the myocardial wall is a crucial risk factor for ventricular remodeling and major 
adverse cardiac events [135–137].

In the clinical setting, results with this intervention (i.e. repeated arm or leg 
ischemia-reperfusion) are mixed; studies report either manifest cardioprotection 
[138, 139], no benefit [18, 140, 141] or exacerbation of injury [112, 142]. Failure to 
provide protection by remote conditioning in patients may be associated with the 
use of anesthetics such as propofol that abrogates protection [18]; volatile anes-
thetics are mostly recommended for at-risk cardiac patients [143, 144]. In proof-
of-concept studies, other forms of remote conditioning, such as remote ischemic 
perconditioning (intervention performed during evolving myocardial infarction) 
have reported protection against tissue injury, ST-segment resolution and bio-
marker release in animal models and patients [145–147].

3. Concluding comments

Pathogenesis of lethal reperfusion injury remains to be established; the principle 
that reperfusion injury contributes to post-ischemic myocardial dysfunction is 
generally accepted but definitive evidence for its existence is lacking. While evalua-
tion of the nature of cellular changes produced by ischemia and subsequent reper-
fusion has produced significant novel insights it is unclear that cardiomyocytes are 
the only cell types (within the myocardium) that are at risk of further injury. Of 
principle importance is that interventions to limit myocardial injury be instituted 
at the time of, or in conjunction with other reperfusion strategies. Pharmacologic 
compounds currently being used in the clinical setting delay, at best, short-term 
progression of cellular injury; long-term effects of these treatments in large animal 
ischemia-reperfusion injury models have not been properly investigated. The 
concept of a “magic bullet” intervention remains utopic, at present, considering the 
complexity of physiopathological mechanisms involved in cell death and myocar-
dial remodeling. Utilization of exogenous interventions such as ischemic condition-
ing in combination with pharmacologic treatments remains a significant challenge. 
Further investigations into combination therapy, particularly in longer-term studies 
should be envisaged; consideration should also be paid to the existence of comor-
bidities within the patient population since overall efficacy of any treatment option 
will be affected.
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In the clinical setting, results with this intervention (i.e. repeated arm or leg 
ischemia-reperfusion) are mixed; studies report either manifest cardioprotection 
[138, 139], no benefit [18, 140, 141] or exacerbation of injury [112, 142]. Failure to 
provide protection by remote conditioning in patients may be associated with the 
use of anesthetics such as propofol that abrogates protection [18]; volatile anes-
thetics are mostly recommended for at-risk cardiac patients [143, 144]. In proof-
of-concept studies, other forms of remote conditioning, such as remote ischemic 
perconditioning (intervention performed during evolving myocardial infarction) 
have reported protection against tissue injury, ST-segment resolution and bio-
marker release in animal models and patients [145–147].

3. Concluding comments

Pathogenesis of lethal reperfusion injury remains to be established; the principle 
that reperfusion injury contributes to post-ischemic myocardial dysfunction is 
generally accepted but definitive evidence for its existence is lacking. While evalua-
tion of the nature of cellular changes produced by ischemia and subsequent reper-
fusion has produced significant novel insights it is unclear that cardiomyocytes are 
the only cell types (within the myocardium) that are at risk of further injury. Of 
principle importance is that interventions to limit myocardial injury be instituted 
at the time of, or in conjunction with other reperfusion strategies. Pharmacologic 
compounds currently being used in the clinical setting delay, at best, short-term 
progression of cellular injury; long-term effects of these treatments in large animal 
ischemia-reperfusion injury models have not been properly investigated. The 
concept of a “magic bullet” intervention remains utopic, at present, considering the 
complexity of physiopathological mechanisms involved in cell death and myocar-
dial remodeling. Utilization of exogenous interventions such as ischemic condition-
ing in combination with pharmacologic treatments remains a significant challenge. 
Further investigations into combination therapy, particularly in longer-term studies 
should be envisaged; consideration should also be paid to the existence of comor-
bidities within the patient population since overall efficacy of any treatment option 
will be affected.
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Chapter 3

Epigenetics of Circadian Rhythm 
Disruption in Cardiovascular 
Diseases
Ivana Škrlec

Abstract

Circadian rhythm influences the regulation of homeostasis and physiological 
processes, and its disruption could lead to metabolic disorders and cardiovascular 
diseases (CVD). CVDs are still the dominant cause of death worldwide, which are 
related to numerous environmental and hereditary risk factors. Environmental 
and hereditary factors can clarify a small fraction of the CVD risk discrepancy. 
Epigenomics is a very bright strategy that will complement the knowledge of the 
genetic basis of CVDs. Epigenetic mechanisms allow cells to reply promptly to envi-
ronmental changes and include DNA methylation, histone modification, and non-
coding RNA alterations. According to research data, the circadian rhythm regulates 
many epigenetic regulators. The challenge is to understand how epigenetic events 
happen rhythmically in tissues that are involved in the development of CVDs. 
Epigenetic events are possibly reversible through their interface with environmental 
and nutritional factors, allowing innovative preventive and therapeutic strategies in 
cardiovascular diseases.

Keywords: circadian rhythm, cardiovascular disease, epigenetics, DNA methylation, 
histone modification, microRNA

1. Introduction

The word epigenetics comes from the Greek word ‘epi’ that means above; that 
is, hereditary variations in phenotype that do exclude alterations in the nucleo-
tide sequence in DNA [1]. Epigenetic mechanisms involve DNA methylation, 
post-translational histone modifications, and noncoding RNAs (ncRNAs) [1]. 
Many studies focus on the epigenetic mechanisms of various diseases. Epigenetic 
processes are essential for the healthy growth and development of an organism [1]. 
Epigenetic mechanisms are implicated in the expression of circadian genes in the 
suprachiasmatic nucleus (SCN) neurons and peripheral tissues [2]. The accumula-
tion of lifestyle and age-related epigenetic changes could result in the development 
of metabolic disorders and atherosclerosis [2].

The influence of epigenetic changes on the cardiovascular system is an essential 
link between genotype to phenotype diversity [3]. Epigenetic changes are potentially 
reversible and may be affected by environmental factors, nutrition, as well as gene-
environment interactions. Identifying and understanding epigenetic factors represent 
a new insight into our knowledge of the risks of cardiovascular disease (CVD) [1].
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1.1 Circadian rhythm

The circadian clock is a preserved system that allows organisms to adapt to 
frequent daily variations, such as the day and night and food availability [4]. This 
center clock receives signals from the environment and coordinates the daily activ-
ity of peripheral clocks found in almost all tissues [4]. The molecular clock is vital 
in maintaining metabolic and physiological homeostasis [5]. The circadian clock 
is linked to cellular metabolism so that dysregulation of the circadian rhythm can 
contribute to various pathological conditions such as diabetes, obesity, metabolic 
syndrome, inflammation, sleep disorders, and CVDs [5–8].

Genome-wide studies show that 10–15% of all transcripts have a circadian 
pattern in different tissues involved in the control of metabolism, such as the 
cardiovascular function [4, 6, 8, 9]. The onset of ischemic cardiopathy is irregularly 
distributed during the day [1, 10, 11]. A chronobiological strategy to heart disease 
may present new possibilities to enhance drug development to improve therapeutic 
outcomes [1]. Genetic evidence supports the function of circadian rhythm in the 
adjustment of metabolism.

1.2 Cardiovascular diseases

Cardiovascular diseases are complex and diverse. They include hypertension, 
coronary artery disease, heart failure, and stroke and are a main worldwide reason 
for morbidity and death in advanced economies and carry a substantial economic 
burden [1, 3, 12–15]. CVDs are associated with a variety of hereditary and variable 
risk factors, but environmental and genetic impacts may explain a smaller fraction 
of CVD risk variability [1, 12]. Studies showed that there is a wide range between 40 
and 80% of the genetic contribution to the onset of cardiovascular disease [16].

The complex pathogenesis of CVD is due to the abundance of genetic and envi-
ronmental factors, of which epigenetic changes are a significant factor [3]. Several 
risk factors of CVD, like diet, smoking, stress, circadian rhythm, and pollution, are 
related to epigenetic modifications [1]. Disorders such as hypertension, diabetes, 
and obesity are often utilized to recognize and cure people at increased CVDs risk 
[1]. Epigenetic modifications are associated with the processes involved in the CVD 
in humans or directly affect the gene expression involved in a major cardiac com-
plication, myocardial infarction (MI). Hypertension is one of the leading causes of 
CVDs [3], while insulin resistance is one of the most significant precursors of type 2 
diabetes and associated cardiometabolic conditions [17].

Changes in the style of living and diet could decrease the risk of CVDs [14]. 
Epigenetic factors indicate there is interindividual variability from birth. It can be 
stable over the life span and is considered to be an initiator of early programming 
for adult-onset diseases [12, 18]. The understanding of epigenetics in the onset of 
CVDs may provide a new perspective on diseases [14].

1.3 Epigenetics

Epigenetics studies heritable variations in gene expression that exclude any 
change in the DNA sequence [16, 19]. Epigenetic changes include modifications of 
the DNA base, post-translational histone modifications, and ncRNA mechanisms 
that run in the nucleus [16, 20]. The epigenome moves the genome from a transcrip-
tionally active to a transcriptionally inactive state [4, 21]. Epimutation transmis-
sions occur throughout the life of the individual [2]. The rate of epigenetic variation 
is higher than that of genetic mutations because the formation of new inherited 
changes allows adjustment to a new environment [14, 16].
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The most studied epigenetic change is cytosine methylation. It is also a method 
for suppressing gene expression [22]. DNA methyltransferase (DNMT) enzymes 
perform DNA methylation. DNMTs bind the methyl group to the 5-site cytosine 
[16]. The methyl group most commonly binds to the cytosine at a CpG site. It is 
the fundamental and ubiquitous epigenetic mechanism [14]. The DNMT enzyme 
family, consisting of DNMT1, DNMT3a, and DNMT3b, methylates cytosine into 
5-methylcytosine [14]. Promoter methylation is usually connected with inhibition 
of transcription [14]. DNMT1 controls the mitotic inheritance of methylated DNA, 
while DNMT3a and DNMT3b are mainly in charge of de novo methylation [14]. The 
different epigenetic modification is DNA hydroxymethylation, including 5-hydroxy-
methylated cytosines [14]. Different nutritional and lifestyle factors can affect the 
methylation of particular CpG sites in gene promoters and into adulthood [22].

Nucleosomes are composed of histone proteins around which DNA is wound 
into chromatin [16]. Nucleosomes consist of eight histone proteins: two dimers 
of H2A/H2B and two dimers of H3/H4. Each histone has an adjustable amino-
acid tail [16]. Histones can change at more than 30 amino acid residues within 
amino-terminal tails [4]. Histone modifications include various processes such as 
acetylation, methylation, phosphorylation, sumoylation, and ubiquitination. It has 
a function in the organization of chromatin composition and gene expression by 
altering the intensity of chromatin condensation [1, 14, 23]. Histones are mostly 
acetylated on lysine (K) residues. Histone acetyltransferase (HAT) and histone 
deacetylase (HDAC) regulate histone acetylation [14]. Histone methyltransferase 
regulates histone methylation, while histone demethylase catalyzes demethylation. 
Transcription activation is usually associated with acetylation of lysine residues 
at histones 3 (H3) and 4 (H4). Depending on the location of the target lysines in 
the histone tail and the number of methyl groups added, methylation can either 
activate or inhibit gene expression [14, 24]. Histone phosphorylation is a marker 
of cell division and has a function in DNA repair, chromatin condensation during 
division, and regulation of gene expression [14, 25]. The addition of ubiquitin to 
lysine residues in histones is called ubiquitination and is implicated in DNA repair 
and control of transcription [14]. Sumoylation is a changeable post-translational 
adjustment using small ubiquitin-like proteins (SUMO) and has a crucial function 
in various mechanisms, such as transcription, and cell cycle progression [14, 26].

RNA-based epigenetic mechanisms include long noncoding RNAs (lncRNAs) 
and microRNAs (miRNAs) [14]. NcRNAs are functional RNAs that do not trans-
late into proteins and play an essential part in epigenetic regulation [14, 16]. The 
lncRNAs are extremely tissue-specific relative to protein-coding genes [16]. The 
miRNAs are short (20–22 nucleotides), single-stranded, evolutionarily-conserved 
ncRNAs that modulate the expression at the post-transcriptional level of more than 
50% of cellular genes [13, 14, 27].

Changes in the environment, including temperature, light, and nutritional habits, 
trigger reversible epigenomic modification that can influence numerous physiological 
processes [28]. Epigenome-wide association studies (EWAS) provide information 
about associations between epigenomic perturbations and traits associated with 
human diseases [29]. EWAS try to evaluate the environmental impact on genetic regu-
lation. The epigenetic variations could explain missing parts of heritability of chronic 
diseases that have not yet been determined by genome-wide association studies [29].

2. Molecular background of circadian rhythm

The primary clock genes show circadian expression in the SCN, and light is one 
of the key drivers that can reset the rhythm phases. There are several crucial proteins 
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in SCN. Transcription activators are aryl hydrocarbon receptor nuclear translocator-
like (ARNTL or BMAL1) and circadian locomotor output cycle caps (CLOCK). 
Transcription inhibitors are period (PER) and cryptochrome (CRY) [30, 31]. Within 
24 h, the entire process of activation and inhibition of gene expression takes place 
[32, 33]. The circadian system controls gene expression through various mechanisms 
as a basis of global gene regulation. The first is via E-boxes (promoter and enhancer 
regulatory elements) of oscillator proteins such as CLOCK, ARNTL, and NPAS2 
(neuronal PAS domain protein 2). The second mechanism is using other oscillator 
proteins such as RORα (retinoic acid receptor-related orphan receptor) and REV-
ERBα (or NR1D1, orphan nuclear receptor) via REV-ERB/ROR response element 
(RRE), which are present in the promoters of specific clock-controlled genes (CCGs) 
(Figure 1). The third mechanism is the daily chromatin remodeling [2, 19, 34, 35].

The ARNTL-CLOCK heterodimers enhance CRY and PER expression, as well as 
the expression of additional CCGs. Phosphorylated CRY-PER heterodimers repress the 
action of ARNTL-CLOCK heterodimer. As a result, CRY and PER gene transcription is 
decreased during the day, while ubiquitin degradation reduces the CRY and PER protein 
levels. The PER2 has histone deacetylase activity and modified chromatin structure, 
followed by transcription termination [36–39]. The new cycle begins with the termina-
tion of the ARNTL-CLOCK repression during the day. Casein kinase 1 (CK1) regulates 
the quantity of CRY-PER heterodimers’ phosphorylation or degradation. CK1 controls 
protein activity via its phosphorylation [40]. An additional negative loop is REV-ERBα. 
It binds to the RRE of the ARNTL and CLOCK genes and inhibits their transcription. 
Overnight, REV-ERBα degrades, and RORα elevates the ARNTL gene transcription [2, 
32, 41]. ARNTL-CLOCK heterodimers increase transcription of the nuclear recep-
tors RORα and REV-ERBα and form an additional circadian rhythm loop [31, 42].

Nearly 10% of the transcripts show circadian rhythmicity [19]. Rhythmic expres-
sion of crucial metabolic genes is impaired due to clock gene mutations and lead 
to metabolic disorders [28]. Fasting glucose levels decrease, and insulin sensitivity 

Figure 1. 
Circadian rhythm gene regulation in cardiovascular diseases. ARNTL and CLOCK activate transcription 
of CRY and PER and nuclear receptors (REV-ERBα and RORα). CRY and PER heterodimerize and 
phosphorylate by casein kinases and translate into the nucleus where they prevent binding of the ARNTL-
CLOCK to the regulatory regions of target genes. In the second feedback loop, REV-ERBα prevents the 
transcription of ARNTL, while overnight the RORα activates transcription of ARNTL. ARNTL—aryl 
hydrocarbon receptor nuclear translocator-like, CLOCK—circadian locomotor output cycle kaput, CRY—
cryptochrome, PER—period, P—phosphate, RORα—retinoic-related orphan receptor alpha, Ub—ubiquitin.
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increases in overexpression of the CRY1 [28]. ARNTL deletion and CLOCK muta-
tion disturb lipid metabolism [28, 43]. REV-ERBα is involved in liver circadian lipid 
biosynthesis, and REV-ERBα and ARNTL manage adipocyte differentiation [28]. 
A primary regulator of bile acid synthesis is REV-ERBα, while the PER1 and PER2 
deletion upregulates bile acid biosynthesis and causes hepatic cholestasis [28].

Based on circadian rhythms in SCN neurons and peripheral cells, epigenetic 
mechanisms participate in the formation of circadian rhythms of gene expres-
sion [2]. One of the primary circadian genes, CLOCK, has the function of histone 
acetyltransferase. Chromatin remodeling is an essential underlying mechanism of 
the clock rhythm and reveals an association between cellular physiology and histone 
acetylation [2]. ARNTL-CLOCK heterodimer or ARNTL-NPAS2 complex mobilizes 
HATs and HDACs [28, 44]. To maintain metabolic homeostasis and avoid metabolic 
disorders, the crosstalk between circadian rhythm and metabolism is necessary [28].

3. Epigenetic changes in circadian rhythm in cardiovascular diseases

Rapid adaptation of cells to environmental changes is facilitated by epigenetic 
mechanisms that also offer a link between genes and the environment [1]. The phe-
notypic variations observed in humans are more significant than genotype variations 
alone, and changes in epigenetic gene modification explain them [1, 45]. CVDs, such 
as atherosclerosis, cardiac hypertrophy, myocardial infarction, and heart failure, are 
associated with epigenetic mechanisms ranging from DNA methylation, histone modi-
fication, to ncRNAs [13]. An essential way of developing CVD early in life involves 
epigenetic changes [12]. The underlying mechanism providing the link between the 
early life environment and the subsequent CVD risk is epigenetic modifications [12].

The association of methylation with specific genes may be useful in assessing the 
risk of a disease or in monitoring the response to a particular treatment [14]. In 
the process of DNA methylation, homocysteine, an amino acid that does not enter 
into protein composition, is essential [46]. The lack of folate in the diet leads to an 
increase in plasma homocysteine, which contributes to the rise of S-adenosyl homo-
cysteine. It represses transmethylation reactions and decreases methylation all over 
the epigenome [1, 46]. In atherogenesis are included homocysteine-induced changes 
in DNA methylation in smooth muscle vascular cells [1, 47, 48]. Endothelial dys-
function and different aspects of CVD are epigenetically associated with folic acid 
deficiency [16]. Genomic DNA is hypomethylated in human atherosclerotic lesions 
[1, 2, 12]. Inflammatory processes involved in the development of atherosclerotic 
plaques are associated with hypermethylation [1, 49]. There are rhythmic changes 
in global DNA methylation in human blood, and there is an increased level at night 
[35]. Changes in circadian rhythm genes methylation were observed in aging mice, 
but are tissue-dependent [35, 50]. For example, in the stomach of older mice, the 
methylation of the PER1 promoter decreased, while the methylation of the ARNTL, 
CRY1, and NPAS2 promoters in the spleen was increased [35]. Sleep disorders affect 
circadian rhythm gene methylation, especially ARNTL, CRY1, and PER1 [35, 51]. 
Temporary epigenetic changes linked with rhythmic gene expression lead to circa-
dian epiphenotypes [2]. Based on this, it can be concluded that DNA methylation 
may be reversed by conventional drugs, independent of DNA replication [2].

The histone code is involved in many aspects of cardiovascular physiology, from 
endothelial cell responses to hypoxia to recovery from MI [16]. CLOCK has enzymatic 
properties of histone acetyltransferase (HAT). It performs acetylation at Lys537 of H3 
histone and ARNTL, which is necessary for circadian rhythm [1, 9]. CLOCK works in 
collaboration with other HATs to maintain circadian rhythm in the acetylation state of 
histones at CCG promoters [6]. HDAC activity has an essential function in defining 
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in SCN. Transcription activators are aryl hydrocarbon receptor nuclear translocator-
like (ARNTL or BMAL1) and circadian locomotor output cycle caps (CLOCK). 
Transcription inhibitors are period (PER) and cryptochrome (CRY) [30, 31]. Within 
24 h, the entire process of activation and inhibition of gene expression takes place 
[32, 33]. The circadian system controls gene expression through various mechanisms 
as a basis of global gene regulation. The first is via E-boxes (promoter and enhancer 
regulatory elements) of oscillator proteins such as CLOCK, ARNTL, and NPAS2 
(neuronal PAS domain protein 2). The second mechanism is using other oscillator 
proteins such as RORα (retinoic acid receptor-related orphan receptor) and REV-
ERBα (or NR1D1, orphan nuclear receptor) via REV-ERB/ROR response element 
(RRE), which are present in the promoters of specific clock-controlled genes (CCGs) 
(Figure 1). The third mechanism is the daily chromatin remodeling [2, 19, 34, 35].

The ARNTL-CLOCK heterodimers enhance CRY and PER expression, as well as 
the expression of additional CCGs. Phosphorylated CRY-PER heterodimers repress the 
action of ARNTL-CLOCK heterodimer. As a result, CRY and PER gene transcription is 
decreased during the day, while ubiquitin degradation reduces the CRY and PER protein 
levels. The PER2 has histone deacetylase activity and modified chromatin structure, 
followed by transcription termination [36–39]. The new cycle begins with the termina-
tion of the ARNTL-CLOCK repression during the day. Casein kinase 1 (CK1) regulates 
the quantity of CRY-PER heterodimers’ phosphorylation or degradation. CK1 controls 
protein activity via its phosphorylation [40]. An additional negative loop is REV-ERBα. 
It binds to the RRE of the ARNTL and CLOCK genes and inhibits their transcription. 
Overnight, REV-ERBα degrades, and RORα elevates the ARNTL gene transcription [2, 
32, 41]. ARNTL-CLOCK heterodimers increase transcription of the nuclear recep-
tors RORα and REV-ERBα and form an additional circadian rhythm loop [31, 42].

Nearly 10% of the transcripts show circadian rhythmicity [19]. Rhythmic expres-
sion of crucial metabolic genes is impaired due to clock gene mutations and lead 
to metabolic disorders [28]. Fasting glucose levels decrease, and insulin sensitivity 

Figure 1. 
Circadian rhythm gene regulation in cardiovascular diseases. ARNTL and CLOCK activate transcription 
of CRY and PER and nuclear receptors (REV-ERBα and RORα). CRY and PER heterodimerize and 
phosphorylate by casein kinases and translate into the nucleus where they prevent binding of the ARNTL-
CLOCK to the regulatory regions of target genes. In the second feedback loop, REV-ERBα prevents the 
transcription of ARNTL, while overnight the RORα activates transcription of ARNTL. ARNTL—aryl 
hydrocarbon receptor nuclear translocator-like, CLOCK—circadian locomotor output cycle kaput, CRY—
cryptochrome, PER—period, P—phosphate, RORα—retinoic-related orphan receptor alpha, Ub—ubiquitin.
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increases in overexpression of the CRY1 [28]. ARNTL deletion and CLOCK muta-
tion disturb lipid metabolism [28, 43]. REV-ERBα is involved in liver circadian lipid 
biosynthesis, and REV-ERBα and ARNTL manage adipocyte differentiation [28]. 
A primary regulator of bile acid synthesis is REV-ERBα, while the PER1 and PER2 
deletion upregulates bile acid biosynthesis and causes hepatic cholestasis [28].

Based on circadian rhythms in SCN neurons and peripheral cells, epigenetic 
mechanisms participate in the formation of circadian rhythms of gene expres-
sion [2]. One of the primary circadian genes, CLOCK, has the function of histone 
acetyltransferase. Chromatin remodeling is an essential underlying mechanism of 
the clock rhythm and reveals an association between cellular physiology and histone 
acetylation [2]. ARNTL-CLOCK heterodimer or ARNTL-NPAS2 complex mobilizes 
HATs and HDACs [28, 44]. To maintain metabolic homeostasis and avoid metabolic 
disorders, the crosstalk between circadian rhythm and metabolism is necessary [28].

3. Epigenetic changes in circadian rhythm in cardiovascular diseases

Rapid adaptation of cells to environmental changes is facilitated by epigenetic 
mechanisms that also offer a link between genes and the environment [1]. The phe-
notypic variations observed in humans are more significant than genotype variations 
alone, and changes in epigenetic gene modification explain them [1, 45]. CVDs, such 
as atherosclerosis, cardiac hypertrophy, myocardial infarction, and heart failure, are 
associated with epigenetic mechanisms ranging from DNA methylation, histone modi-
fication, to ncRNAs [13]. An essential way of developing CVD early in life involves 
epigenetic changes [12]. The underlying mechanism providing the link between the 
early life environment and the subsequent CVD risk is epigenetic modifications [12].

The association of methylation with specific genes may be useful in assessing the 
risk of a disease or in monitoring the response to a particular treatment [14]. In 
the process of DNA methylation, homocysteine, an amino acid that does not enter 
into protein composition, is essential [46]. The lack of folate in the diet leads to an 
increase in plasma homocysteine, which contributes to the rise of S-adenosyl homo-
cysteine. It represses transmethylation reactions and decreases methylation all over 
the epigenome [1, 46]. In atherogenesis are included homocysteine-induced changes 
in DNA methylation in smooth muscle vascular cells [1, 47, 48]. Endothelial dys-
function and different aspects of CVD are epigenetically associated with folic acid 
deficiency [16]. Genomic DNA is hypomethylated in human atherosclerotic lesions 
[1, 2, 12]. Inflammatory processes involved in the development of atherosclerotic 
plaques are associated with hypermethylation [1, 49]. There are rhythmic changes 
in global DNA methylation in human blood, and there is an increased level at night 
[35]. Changes in circadian rhythm genes methylation were observed in aging mice, 
but are tissue-dependent [35, 50]. For example, in the stomach of older mice, the 
methylation of the PER1 promoter decreased, while the methylation of the ARNTL, 
CRY1, and NPAS2 promoters in the spleen was increased [35]. Sleep disorders affect 
circadian rhythm gene methylation, especially ARNTL, CRY1, and PER1 [35, 51]. 
Temporary epigenetic changes linked with rhythmic gene expression lead to circa-
dian epiphenotypes [2]. Based on this, it can be concluded that DNA methylation 
may be reversed by conventional drugs, independent of DNA replication [2].

The histone code is involved in many aspects of cardiovascular physiology, from 
endothelial cell responses to hypoxia to recovery from MI [16]. CLOCK has enzymatic 
properties of histone acetyltransferase (HAT). It performs acetylation at Lys537 of H3 
histone and ARNTL, which is necessary for circadian rhythm [1, 9]. CLOCK works in 
collaboration with other HATs to maintain circadian rhythm in the acetylation state of 
histones at CCG promoters [6]. HDAC activity has an essential function in defining 
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the intensity of myocardial ischemia, especially after MI [16]. Inhibition of HDAC can 
promote angiogenesis and reduce myocardial damage after MI [16], such as valproic 
acid (VPA), which is an HDAC inhibitor [2]. Histone deacetylases, SIRT1 (sirtuin 1), 
and SIRT6 participate in the histone modification, thus controlling gene expression 
[35] and providing a molecular connection among metabolism and circadian rhythm 
[6]. SIRT1 deacetylates regulatory proteins and acts as a rhythm-promoting agent in 
circadian oscillators [35]. SIRT1 has a unique role in central and peripheral circadian 
rhythms [35]. The purpose of histone phosphorylation in CVDs is minimal [14], while 
SUMO proteins influence the activity of several essential factors that are important 
for cardiac development [14]. There are connections between circadian rhythm 
regulators, chromatin modifications, and cellular metabolism [1, 52].

Numerous lncRNAs have essential regulatory functions in various CVDs [14]. 
The miRNAs regulate cholesterol metabolism, oxidative stress, and endothelial 
dysfunction, diverse cellular processes involved in atherosclerosis [14]. MiRNAs 
may be relevant regulators of circadian rhythm [1]. Circulating miRNA-145 and 
miRNA-126 are decreased in patients with coronary artery disease, while miRNA-1, 
miRNA-499, and miRNA-133b are increased during acute myocardial infarction 
[13]. All those miRNAs can be biomarkers of CVD.

Circadian rhythms combine metabolic and environmental signals and alter 
gene expression when adapting the organism to particular circumstances [6]. Many 
epigenetic regulators in some tissues are controlled in a circadian fashion [19, 53]. The 
challenge is to determine whether epigenetic variations happen in a rhythmic pattern 
in tissues included in the CVD development [12, 19]. Epigenetics can contribute to 
enhancing CVD therapies and finding new markers for CVD  screening [16, 54].

4. DNA methylation and CVDs

DNA methylation is a durable, relatively constant epigenetic change. It involves 
the covalent attachment of a methyl group to the cytosine [3, 55]. The primary role 
of DNA methylation is to regulate gene expression by altering the availability of 
DNA to the transcription factors [3, 13].

DNA methylation links the steady genome and the changing environment. It 
is an instrument through which environmental changes influence metabolism [7]. 
Disruption of DNA methylation has been associated with different metabolic diseases 
such as diabetes [56], obesity, and insulin resistance [57]. Furthermore, the epigen-
etic mechanisms control circadian rhythm, and circadian disturbance leads to DNA 
methylation changes of the clock genes [7, 51, 58]. Adiposity, metabolic syndrome, 
and weight loss are linked to DNA methylation changes of the ARNTL, CLOCK, and 
PER2 gene promoters [7]. It indicates the significance of determining the impact of 
DNA methylation in epigenetic studies in complex human disorders [7].

DNA methylation is cell- or tissue-specific, but epimutations are not restricted 
to the affected tissue and may also be observed in peripheral blood [7]. Compared 
to other genes, the regulatory regions of circadian rhythm genes are plentiful in 
CpG sites [59, 60]. Patients with coronary artery disease have altered methylation 
patterns relative to controls [1, 61, 62]. All mentioned supports the assumption that 
epigenetic variations are associated with an increased CVD risk [1].

Epigenetic alterations of circadian genes are related to obesity and metabolic 
disorders [17, 63]. A positive association was found between the alteration of 
the ARNTL gene methylation and weight loss, and its activity is included in the 
control of adipogenesis and lipid metabolism [63]. The long-term shiftwork, 
associated with obesity and metabolic syndrome risk, induces hypomethylation 
of the CLOCK gene promoter [22]. CLOCK gene SNPs are associated with a 
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predisposition to metabolic syndrome [22, 64]. Long-term shift work, obesity, 
and metabolic syndrome are associated with CRY2 hypermethylation in peripheral 
blood [22]. Genetic variants of the human PER2 gene are related to abdominal 
obesity and CVDs [22, 65]. The methylation status of CpG sites in the PER2 gene is 
associated with obesity, metabolic syndrome, and weight loss [7, 22].

Global hypomethylation of DNA is present in atherosclerotic lesions [3, 66]. The 
severity of atherosclerotic lesions correlates with DNA methylation [3, 14, 67, 68]. 
There are notable variations in DNA methylation after an MI event [69, 70]. DNA 
methylation status in blood samples is related to CVD [71, 72].

Environmental and behavioral factors, such as inflammation, smoking, physical 
activity, or stress, can alter the epigenome [63, 73]. Elevated gene expression in the 
inflammatory pathway is associated with decreased gene methylation [46]. DNA 
methylation relies on the accessibility of methyl groups obtained from methionine, 
and the existence of certain nutrients in the food influences epigenetic changes 
with possible cardiovascular outcomes [46]. Although methylation changes are 
related to healthy aging, they could be in the background of the development of 
some diseases, such as CVD [46, 74]. Reduction in global DNA methylation occurs 
throughout the human lifespan [46].

5. Histone modification and CVDs

Post-translational modifications occur at amino acid residues in the amino-termi-
nal regions of histone and cover histone acetylation, methylation, phosphorylation, 
sumoylation, and ubiquitination. It controls chromatin remodeling and gene expres-
sion [3, 23]. Histone acetylation is a sign of transcription activation [75], while histone 
methylation can both stimulate and inhibit transcription [28, 75]. Post-translational 
histone modifications control genes coding clock proteins [46, 75].   Epigenetic 
 irregularities are related to different disorders, including  atherosclerosis [4, 76].

Histone modifications occur at the CCG promoters in a circadian fashion [4, 44, 
77, 78]. The core clock protein, CLOCK, has HAT activity. It revealed the molecular 
association among epigenetic mechanisms and circadian rhythm [4, 19, 59, 79]. 
CLOCK acetylates ARNTL, which facilitates CRY-dependent repression [19, 28], and 
interaction of CRY1 with the ARNTL-CLOCK heterodimer [9]. CLOCK and NPAS2 
attract different HATs to the promoter of the PER1 in vascular tissues [59, 78]. The 
rhythmic binding of ARNTL and CLOCK transcriptional activators directly influences 
the acetylation of specific histone lysine residues near the DNA-binding site without 
the involvement of additional HAT enzymes [59]. CLOCK acetylates additional non-
histone proteins that have crucial roles in the regulation of different cellular events [4].

SIRT1 is an NAD + -dependent histone deacetylase [4, 59, 80]. It is needed for 
rhythmic transcription of some clock genes, such as ARNTL, CRY1, and PER2 
[80, 81]. STIR1 represents the molecular connection between metabolic processes, 
chromatin remodeling, and circadian physiology [4]. SIRT1 plays a crucial role in 
metabolism. It deacetylates some proteins of the metabolic pathways and regulates 
gene expression by histone deacetylation [75]. SIRT1 expression levels are nearly 
constant over 24 h, just like relatively constant CLOCK gene expression levels*** 
[4, 82–85]. The HAT function of CLOCK is balanced by SIRT1, which deacetylates 
H3 and ARNTL, and PER2 [79, 83, 86]. SIRT1 binds to ARNTL-CLOCK within a 
chromatin complex that, in a circadian fashion, binds to CCG promoters [4, 87]. 
ARNTL and PER2 are SIRT1 targets [4]. SIRT1 associates with ARNTL-CLOCK 
heterodimers and improves the deacetylation and degradation of PER2 [86]. SIRT1 
deacetylates clock proteins in a circadian fashion [4]. HDAC3 is a deacetylase that 
modulates histone acetylation of circadian genes, especially those included in lipid 
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the intensity of myocardial ischemia, especially after MI [16]. Inhibition of HDAC can 
promote angiogenesis and reduce myocardial damage after MI [16], such as valproic 
acid (VPA), which is an HDAC inhibitor [2]. Histone deacetylases, SIRT1 (sirtuin 1), 
and SIRT6 participate in the histone modification, thus controlling gene expression 
[35] and providing a molecular connection among metabolism and circadian rhythm 
[6]. SIRT1 deacetylates regulatory proteins and acts as a rhythm-promoting agent in 
circadian oscillators [35]. SIRT1 has a unique role in central and peripheral circadian 
rhythms [35]. The purpose of histone phosphorylation in CVDs is minimal [14], while 
SUMO proteins influence the activity of several essential factors that are important 
for cardiac development [14]. There are connections between circadian rhythm 
regulators, chromatin modifications, and cellular metabolism [1, 52].

Numerous lncRNAs have essential regulatory functions in various CVDs [14]. 
The miRNAs regulate cholesterol metabolism, oxidative stress, and endothelial 
dysfunction, diverse cellular processes involved in atherosclerosis [14]. MiRNAs 
may be relevant regulators of circadian rhythm [1]. Circulating miRNA-145 and 
miRNA-126 are decreased in patients with coronary artery disease, while miRNA-1, 
miRNA-499, and miRNA-133b are increased during acute myocardial infarction 
[13]. All those miRNAs can be biomarkers of CVD.

Circadian rhythms combine metabolic and environmental signals and alter 
gene expression when adapting the organism to particular circumstances [6]. Many 
epigenetic regulators in some tissues are controlled in a circadian fashion [19, 53]. The 
challenge is to determine whether epigenetic variations happen in a rhythmic pattern 
in tissues included in the CVD development [12, 19]. Epigenetics can contribute to 
enhancing CVD therapies and finding new markers for CVD  screening [16, 54].

4. DNA methylation and CVDs

DNA methylation is a durable, relatively constant epigenetic change. It involves 
the covalent attachment of a methyl group to the cytosine [3, 55]. The primary role 
of DNA methylation is to regulate gene expression by altering the availability of 
DNA to the transcription factors [3, 13].

DNA methylation links the steady genome and the changing environment. It 
is an instrument through which environmental changes influence metabolism [7]. 
Disruption of DNA methylation has been associated with different metabolic diseases 
such as diabetes [56], obesity, and insulin resistance [57]. Furthermore, the epigen-
etic mechanisms control circadian rhythm, and circadian disturbance leads to DNA 
methylation changes of the clock genes [7, 51, 58]. Adiposity, metabolic syndrome, 
and weight loss are linked to DNA methylation changes of the ARNTL, CLOCK, and 
PER2 gene promoters [7]. It indicates the significance of determining the impact of 
DNA methylation in epigenetic studies in complex human disorders [7].

DNA methylation is cell- or tissue-specific, but epimutations are not restricted 
to the affected tissue and may also be observed in peripheral blood [7]. Compared 
to other genes, the regulatory regions of circadian rhythm genes are plentiful in 
CpG sites [59, 60]. Patients with coronary artery disease have altered methylation 
patterns relative to controls [1, 61, 62]. All mentioned supports the assumption that 
epigenetic variations are associated with an increased CVD risk [1].

Epigenetic alterations of circadian genes are related to obesity and metabolic 
disorders [17, 63]. A positive association was found between the alteration of 
the ARNTL gene methylation and weight loss, and its activity is included in the 
control of adipogenesis and lipid metabolism [63]. The long-term shiftwork, 
associated with obesity and metabolic syndrome risk, induces hypomethylation 
of the CLOCK gene promoter [22]. CLOCK gene SNPs are associated with a 
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predisposition to metabolic syndrome [22, 64]. Long-term shift work, obesity, 
and metabolic syndrome are associated with CRY2 hypermethylation in peripheral 
blood [22]. Genetic variants of the human PER2 gene are related to abdominal 
obesity and CVDs [22, 65]. The methylation status of CpG sites in the PER2 gene is 
associated with obesity, metabolic syndrome, and weight loss [7, 22].

Global hypomethylation of DNA is present in atherosclerotic lesions [3, 66]. The 
severity of atherosclerotic lesions correlates with DNA methylation [3, 14, 67, 68]. 
There are notable variations in DNA methylation after an MI event [69, 70]. DNA 
methylation status in blood samples is related to CVD [71, 72].

Environmental and behavioral factors, such as inflammation, smoking, physical 
activity, or stress, can alter the epigenome [63, 73]. Elevated gene expression in the 
inflammatory pathway is associated with decreased gene methylation [46]. DNA 
methylation relies on the accessibility of methyl groups obtained from methionine, 
and the existence of certain nutrients in the food influences epigenetic changes 
with possible cardiovascular outcomes [46]. Although methylation changes are 
related to healthy aging, they could be in the background of the development of 
some diseases, such as CVD [46, 74]. Reduction in global DNA methylation occurs 
throughout the human lifespan [46].

5. Histone modification and CVDs

Post-translational modifications occur at amino acid residues in the amino-termi-
nal regions of histone and cover histone acetylation, methylation, phosphorylation, 
sumoylation, and ubiquitination. It controls chromatin remodeling and gene expres-
sion [3, 23]. Histone acetylation is a sign of transcription activation [75], while histone 
methylation can both stimulate and inhibit transcription [28, 75]. Post-translational 
histone modifications control genes coding clock proteins [46, 75].   Epigenetic 
 irregularities are related to different disorders, including  atherosclerosis [4, 76].

Histone modifications occur at the CCG promoters in a circadian fashion [4, 44, 
77, 78]. The core clock protein, CLOCK, has HAT activity. It revealed the molecular 
association among epigenetic mechanisms and circadian rhythm [4, 19, 59, 79]. 
CLOCK acetylates ARNTL, which facilitates CRY-dependent repression [19, 28], and 
interaction of CRY1 with the ARNTL-CLOCK heterodimer [9]. CLOCK and NPAS2 
attract different HATs to the promoter of the PER1 in vascular tissues [59, 78]. The 
rhythmic binding of ARNTL and CLOCK transcriptional activators directly influences 
the acetylation of specific histone lysine residues near the DNA-binding site without 
the involvement of additional HAT enzymes [59]. CLOCK acetylates additional non-
histone proteins that have crucial roles in the regulation of different cellular events [4].

SIRT1 is an NAD + -dependent histone deacetylase [4, 59, 80]. It is needed for 
rhythmic transcription of some clock genes, such as ARNTL, CRY1, and PER2 
[80, 81]. STIR1 represents the molecular connection between metabolic processes, 
chromatin remodeling, and circadian physiology [4]. SIRT1 plays a crucial role in 
metabolism. It deacetylates some proteins of the metabolic pathways and regulates 
gene expression by histone deacetylation [75]. SIRT1 expression levels are nearly 
constant over 24 h, just like relatively constant CLOCK gene expression levels*** 
[4, 82–85]. The HAT function of CLOCK is balanced by SIRT1, which deacetylates 
H3 and ARNTL, and PER2 [79, 83, 86]. SIRT1 binds to ARNTL-CLOCK within a 
chromatin complex that, in a circadian fashion, binds to CCG promoters [4, 87]. 
ARNTL and PER2 are SIRT1 targets [4]. SIRT1 associates with ARNTL-CLOCK 
heterodimers and improves the deacetylation and degradation of PER2 [86]. SIRT1 
deacetylates clock proteins in a circadian fashion [4]. HDAC3 is a deacetylase that 
modulates histone acetylation of circadian genes, especially those included in lipid 
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metabolism, such as REV-ERBα [88–92]. Mutations of circadian rhythm proteins 
that can either modify histones (such as CLOCK) or link to histone modifiers (such 
as ARNTL, PER2, and REV-ERBα) are related to metabolic syndrome [75, 79]. 
Endogenous SIRT1 plays a crucial role in mediating cell death/survival processes 
and is involved in the pathogenesis of the CVDs [28, 93]. The ARNTL sumoylation 
plays an essential role in ARNTL accumulation and circadian rhythmicity [86].

Histone modifications, and particularly HDACs, have a significant role in 
the control of vascular homeostasis. Dysregulation of HDAC could lead to the 
formation of atherosclerotic lesions [14, 94]. In human carotid arteries, histone 
methylation and acetylation present recognizable patterns depending on the 
seriousness of the plaque [46]. Inhibition of HDACs leads to reduced inflammation 
and atherogenesis [46, 95]. In animal studies, HDAC inhibitors reduce the size of 
MI and ischemia-reperfusion injury after revascularization [46, 96]. The inhibition 
of HDAC may improve myocardial recovery and block post-infarction remodeling 
[46]. Fibrosis after MI was reduced by valproic acid, an HDAC inhibitor [14, 97].

6. MicroRNAs and CVDs

MicroRNAs (miRNAs) are small noncoding RNA molecules that repress the 
expression of target messenger RNAs [1, 3, 5, 98]. MicroRNA dysregulation is 
associated with cardiovascular diseases, lipid metabolism, endothelial function, 
ventricular hypertrophy, and post-infarction dysrhythmias [1, 5].

Oscillating microRNAs, based on external triggers, could affect the expression 
of target genes in a circadian fashion independently of clock genes [5, 99]. In plasma 
and serum of CVD patients are observed decreased levels of numerous miRNAs, 
such as miRNA-126, miRNA-17, miRNA-145, miRNA-92a, and miRNA-155 [3].

MiRNAs control the development of atherosclerosis through their action on 
endothelial function, plaque progression and rupture, and blood vessel develop-
ment [46]. MiRNA-126 expressed by endothelial cells serves as an adverse adjuster 
of vascular inflammation, while miRNA-33 plays a vital role in inhibiting the criti-
cal genes implicated in cellular cholesterol export [14, 100]. Some miRNAs target 
DNMTs and thus regulate the level of DNA methylation in atherosclerotic lesions 
[14]. MiRNA-148 changes HDL and LDL cholesterol levels in murine models and 
thus has a vital function in lipid metabolism [46, 101, 102].

MiRNA-24, 29a, and 30a influence the circadian rhythm by regulating the 
stability and translation of PER1 and PER2 mRNAs [5]. The ARNTL-CLOCK 
heterodimer controls miRNA-142–3p and, in turn, can target ARNTL [5, 103, 104]. 
MiRNA-21 is a PER2-dependent miRNA and mediates PER2-obtained cardioprotec-
tion [5, 105]. Through cellular stress, PER2-dependent miRNA-21 controls cellular 
glycolysis. Myocardial ischemia causes activation of pathways aimed at increasing 
the efficiency of myocardial oxygen [5, 106]. Suppression of miRNA-21 reduces the 
fibrotic response and enhances cardiac activity [5].

A valuable sign of myocardial cell death is the plasma levels of miRNA-208 [3, 
107]. MiRNAs have a function in remodeling after MI, a mechanism closely associ-
ated with the expansion of tissue fibrosis [14]. A more sensitive biomarker of acute 
non-STEM MI is miRNA-499 than cardiac troponin T [46].

MicroRNAs could potentially become new modulators of circadian rhythms 
and could have a positive effect on cardiovascular physiology [5]. MiRNAs regulate 
about 60% of all human genes [46]. Therapeutic strategies should target specific 
microRNAs and thus reduce their capacity to inhibit circadian rhythm components 
or circadian rhythm output genes [5, 108–112]. Administration of microRNAs in a 
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Chapter 4

Overview of the Global Prevalence 
and Diagnostic Criteria of 
Takotsubo Syndrome
Shogade Taiwo and Akpabio Akpabio

Abstract

Takotsubo syndrome (TTS) is an acute and reversible abnormal condition of 
the heart also known as stress cardiomyopathy, apical ballooning syndrome, or 
broken heart syndrome. It is an uncommon disease that mostly occurs among 
Asians though studies have shown its occurrence in other parts of the world. The 
typical takotsubo syndrome patient has a unique circumferential left ventricular 
contraction abnormality that extends beyond a coronary artery supply territory and 
appears to follow the anatomical cardiac sympathetic innervation.

The syndrome predominantly affects postmenopausal women and is often 
preceded by severe emotional or physical stress. The high risk of misdiagnosis on 
account of the similar clinical presentation between acute coronary syndrome 
(ACS) and TTS patients makes it imperative to do a detailed diagnostic work up of 
suspected patients.

Diagnosis of TTS is made by elevation of cardiac enzymes, abnormal electrocar-
diogram (ECG), visualization of abnormal myocardial wall motion, and demonstra-
tion of normal coronary arteries. Often, cardiac wall motion abnormalities resolve 
in weeks, and therapy is only necessary in hemodynamic unstable patients and if 
severe complications, such as arrhythmias, heart failure, thromboembolism, cardiac 
arrest, and cardiac wall rupture, occur. A universally acceptable guideline on TTS is 
necessary for its early diagnosis and optimal management.

Keywords: prevalence, diagnostic criteria, takotsubo syndrome, acute coronary 
syndrome

1. Introduction

Takotsubo syndrome (TTS) also known as left ventricular apical ballooning 
syndrome (LVBS), transient apical ballooning, broken heart syndrome or stress 
cardiomyopathy is an acute and reversible wall motion abnormality classically of 
the left ventricular myocardium, commonly but not exclusively seen among the 
Asian population. Takotsubo syndrome was first diagnosed in Hiroshima City 
Hospital Japan, in 1983 [1]. Sato and Dote in 1990 and 1991 introduced the term 
takotsubo (tako = octopus, tsubo = a pot) to describe the left ventricular silhouette 
during systole in five patients presenting with clinical features of myocardial 
infarction but without obstructive coronary artery disease [2].
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(The syndrome is characterized by regional left ventricular wall motion abnor-
mality (LVWMA) with a peculiar circumferential pattern resulting in a conspicu-
ous ballooning of the left ventricle during systole as seen in Figure 1a and b. The 
LVWMA extends beyond a single coronary artery supply region and is reversible 
with almost complete resolution of ventricular dysfunction in hours to weeks 
depicted in Figure 1c and d). The LVWMA may be localized to the apical, midapical, 
midventricular, midbasal, or basal segments of the left ventricle [4].

However TTS gained international attention in the early 2000s, when the first 
diagnostic criteria: including apical dyskinesia/akinesia with basal hyperkinesia, 
absence of obstructive coronary artery disease (CAD) on coronary angiography, 
new electrocardiographic abnormalities, modest elevation in serum cardiac troponin 
in the absence of pheochromocytoma, and myocarditis, were published [5].

Recently, the Heart Failure Association of the European Society of Cardiology 
in a position statement from the task force on TTS introduced the terms primary 
and secondary TTS. They reported that “Acute cardiac symptoms are the primary 
reason for seeking medical care in primary TTS while in secondary TTS, the 
syndrome occurs in patients already hospitalized for a medical or surgical  
condition” [6].

Figure 1. 
Left ventriculography during the acute stage of takotsubo syndrome shows typical midapical ballooning during 
systole (a) diastole, (b) systole. Cardiac magnetic resonance imaging 4 days after left ventriculography shows 
complete normalization of the left ventricular function (c) diastole, (d) systole. The figure is reproduced with 
permission from Y-Hassan et al. [3].
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2. Global prevalence

The prevalence of TTS has been reported to be approximately 2% of all patients 
presenting with clinical manifestation of ACS and up to 10% if only women are 
considered [7]. More than 85% of the patients with TS are said to be postmeno-
pausal women (aged 65–70 years) thus suggesting a possible hormonal response 
[6]. In Western countries, there is a female-to-male ratio of 9:1 [8], in contrast, men 
are more affected than women, for unknown reasons in Japan [9]. The syndrome 
has also been reported in all age groups and even in children [6].

Since the introduction of the term takotsubo in 1990 [4], TTS has increasingly 
gained more recognition in almost all countries of the world. The syndrome has 
been reported in a variety of races, the incidence and prevalence are rising in the 
Western countries due to greater awareness and widespread access to early invasive 
coronary angiography, but the syndrome is infrequently seen among African and 
Hispanics descents which maybe be due to poor awareness of the disease [10].

Minhas et al. reported from study done among North American population 
almost 20 times increase in the incidence of TTS from 2006 to 2012 (Figure 2) [11]. 
Similarly, a study by Murugiah et al. showed that hospitalization rates for TTS are 
increasing, in that study the incidence of primary TTS increased from 2.3 to 7.1 hos-
pitalizations per 100,000 person-years in 2007 to 2012. The corresponding incidence 
for secondary TTS increased from 3.4 hospitalizations per 100,000 person-years in 
2007 to 10.3 in 2012 [12].

2.1 Pathogenesis/pathophysiology

The proposed mechanism for the pathogenesis and pathophysiology of TS are 
complex and multifactorial which include acute reversible myocardial ischemia 
resulting from multivessel coronary artery spasm, microvascular dysfunction, 
left ventricular outflow tract obstruction (LVOTO), blood-borne catecholamine 
induced myocardial toxicity, epinephrine-induced switch in the intracellular signal 

Figure 2. 
Trends in reported incidence of takotsubo syndrome from 2006 to 2012. Modified with permission from a table 
by Minhas et al. [11].
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trafficking from Gs (stimulatory) to Gi (inhibitory) protein signaling through 
the B2 adrenoreceptor (B2AR) and sympathetic nervous system hyperactivation 
including local cardiac sympathetic disruption and norepinephrine excess and 
spillover [6].

2.2 Clinical presentation

Patients with TTS can present with acute chest pain, dyspnea, and syncope. 
They may also be completely asymptomatic and diagnosis made based on incidental 
abnormal electrocardiographic (ECG) or imaging features [13]. Furthermore, a 
minority of TTS patients may present with symptoms due to complications such as 
heart failure, pulmonary edema, cardiogenic shock, cardiac arrest, or stroke [14]. 
Takotsubo syndrome is often known to be preceded by a stressor; usually emotional 
in females or physical in males though no stressor may be identified in up to 30% of 
cases [14].

A strong association of subarachnoid hemorrhage and status epilepticus with 
TTS as well as a less strong association with seizures, transient global amnesia, 
meningoencephalitis, migraine headache, intracerebral hemorrhage and ischemic 
stroke was reported by Morris et al. [15]. In order to detect triggers in some cases, 
it is mandatory to scrutinize the individual’s history for such events, often time 
relatives or close friends may need to be consulted in instances that patients are 
reluctant to talk about stressful events.

With the present Covid-19 pandemic it will not be unusual if there is a surge 
in the global incidence of TTS which could be as a result of, physical stressors: the 
direct impacts of the covid-19 infection on the heart and other organs of the body 
or emotional stressors: in form of emotional distress arising from direct or indirect 
effects of the covid 19 infection. Covid 19 infection have been associated with stress 
cardiomyopathy especially among postmenopausal females, Minhas et al. reported 
the case of a 58 year old female Caucasian who presented with symptoms of corona 
virus infection and subsequently developed mixed shock with echocardiography 
findings classic for TTS [16].

Morner and colleagues suggested that the presence of a preexisting subclinical 
cardiomyopathy may be a co-pathophysiological factor; they reported a patient with 
background hypertrophic cardiomyopathy (HCM) who developed heart failure with 
echocardiographic confirmed large left ventricular aneurysm after gastrointestinal 
surgery. Therefore, such background condition ought to be identified and monitored 
closely because it may impact negatively on the outcome of the syndrome. Thyroid 
dysregulation and pheochromocytoma are also known stressor in the pathogenesis 
of TTS [17, 18].

2.3 Imaging modalities

Transthoracic echocardiography (TTE): provides a quick method of demon-
strating the left ventricular wall-motion abnormalities which usually extend beyond 
the distribution of a single coronary artery. Typically seen in TTS is hypokinesis 
or akinesis of the apical- and mid-segment of the left ventricle (LV) with charac-
teristic hyperkinetic basal segment. Other variants include basal segment akinesia 
with midventricular and apical sparing, as well as the focal variant, characterized 
by focal wall motion abnormalities. Transthoracic echocardiography also helps in 
following up patients and assessing progress by estimating the LV ejection fraction 
(LVEF). Mean LVEF of affected patients are in the range of 20–49% [19].

Left ventricular ejection fraction though commonly assessed by echocardiog-
raphy, can also be estimated by means of cardiac magnetic resonance imaging 
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(CMRI), or left ventriculography. Cardiac MRI offers unique advantage of safety, 
detailed anatomical visualization, and tissue characterization data, CMRI is 
essential for the exclusion of other entities particularly myocarditis and myocardial 
infarction with nonobstructive coronary arteries (MINOCA) [20].

Cardiac MRI is increasingly being preferred as a diagnostic technique uniquely 
suited for diagnosing TTS by accurately identifying reversible injury to the myocar-
dium by the presence of inflammation/edema and the absence of necrosis/fibrosis, 
quantifying ventricular function as well as visualizing regional wall-motion abnor-
malities. Importantly cardiac MRI helps differentiate TTS which is characterized by 
absence of delayed gadolinium hyper-enhancement from myocardial infarction and 
myocarditis in which delayed enhancement occurs.

In 2011, CMR diagnostic criteria for TTS were established which includes:

1. The presence of wall motion abnormalities

2. Edema of dysfunctional segments on T2 weighted sequences

3. Absence of late gadolinium enhancement (LGE)

The absence of LGE suggests that there is no fibrosis or increased extracellular 
space. However, in some cases up to 9%, some spots of fibrosis are found, and these 
have been associated with worst prognosis [21].

Studies based on positron emission tomography (PET) and myocardial SPECT 
have shown a discrepancy between normal perfusion and reduced glucose utiliza-
tion in TTS, commonly known as “inverse flow metabolism mismatch”. In the acute 
phase, TTS may be clinically indistinguishable from acute MI but, by means of PET, 
it has been successfully distinguished from acute MI [22]. Undoubtedly, coronary 
angiography is essential for the diagnosis of TTS by demonstrating a completely 
normal coronary arteries or rarely noncritical stenosis. It’s important to note that 
left ventriculography is perhaps the best imaging modality for demonstrating the 
pathognomonic wall motion abnormalities and evaluating LV ejection fraction.

Data obtained from several registries including the international Takotsubo 
(InterTAK) Registry, a multicenter, prospective, retrospective, and observational 
study, which was conducted in more than 35 cardiovascular centers in 15 European 
countries, has enabled a diagnostic algorithm to be formulated. The diagnosis of TTS, 
which must be based on the absence of culprit coronary disease or presence of mild 
forms of coronary atherosclerosis. Therefore, TTS is gradually being better investi-
gated and understood, and the number of diagnoses is increasing, as evidenced in the 
disease being included in the recent 4th universal definition of myocardial infarction 
by the European Society of Cardiology (ESC) [23].

2.4 Electrocardiogram

Electrocardiogram (ECG) is important in making a diagnosis of TTS, ECG is 
very useful in differentiating TTS from is closest differential, acute myocardial 
infarction. Table 1 depicts the differences between the two conditions. ST-segment 
elevation and T-wave inversion are the commonest abnormalities seen on the initial 
ECG, which have been found to commonly involve the precordial leads and to be 
maximal in leads V2-V3. Unlike patients with ST-elevation myocardial infarction 
(STEMI) from left anterior descending (LAD) coronary artery occlusion, patients 
with TTS had significantly lower amplitude of ST-segment elevations. Similarly, 
T- wave inversions tend to occur in the days and weeks following presentation as 
the ST segments normalize, thus ECG cannot reliably differentiate TTS from other 
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stroke was reported by Morris et al. [15]. In order to detect triggers in some cases, 
it is mandatory to scrutinize the individual’s history for such events, often time 
relatives or close friends may need to be consulted in instances that patients are 
reluctant to talk about stressful events.
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in the global incidence of TTS which could be as a result of, physical stressors: the 
direct impacts of the covid-19 infection on the heart and other organs of the body 
or emotional stressors: in form of emotional distress arising from direct or indirect 
effects of the covid 19 infection. Covid 19 infection have been associated with stress 
cardiomyopathy especially among postmenopausal females, Minhas et al. reported 
the case of a 58 year old female Caucasian who presented with symptoms of corona 
virus infection and subsequently developed mixed shock with echocardiography 
findings classic for TTS [16].

Morner and colleagues suggested that the presence of a preexisting subclinical 
cardiomyopathy may be a co-pathophysiological factor; they reported a patient with 
background hypertrophic cardiomyopathy (HCM) who developed heart failure with 
echocardiographic confirmed large left ventricular aneurysm after gastrointestinal 
surgery. Therefore, such background condition ought to be identified and monitored 
closely because it may impact negatively on the outcome of the syndrome. Thyroid 
dysregulation and pheochromocytoma are also known stressor in the pathogenesis 
of TTS [17, 18].

2.3 Imaging modalities

Transthoracic echocardiography (TTE): provides a quick method of demon-
strating the left ventricular wall-motion abnormalities which usually extend beyond 
the distribution of a single coronary artery. Typically seen in TTS is hypokinesis 
or akinesis of the apical- and mid-segment of the left ventricle (LV) with charac-
teristic hyperkinetic basal segment. Other variants include basal segment akinesia 
with midventricular and apical sparing, as well as the focal variant, characterized 
by focal wall motion abnormalities. Transthoracic echocardiography also helps in 
following up patients and assessing progress by estimating the LV ejection fraction 
(LVEF). Mean LVEF of affected patients are in the range of 20–49% [19].

Left ventricular ejection fraction though commonly assessed by echocardiog-
raphy, can also be estimated by means of cardiac magnetic resonance imaging 
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(CMRI), or left ventriculography. Cardiac MRI offers unique advantage of safety, 
detailed anatomical visualization, and tissue characterization data, CMRI is 
essential for the exclusion of other entities particularly myocarditis and myocardial 
infarction with nonobstructive coronary arteries (MINOCA) [20].

Cardiac MRI is increasingly being preferred as a diagnostic technique uniquely 
suited for diagnosing TTS by accurately identifying reversible injury to the myocar-
dium by the presence of inflammation/edema and the absence of necrosis/fibrosis, 
quantifying ventricular function as well as visualizing regional wall-motion abnor-
malities. Importantly cardiac MRI helps differentiate TTS which is characterized by 
absence of delayed gadolinium hyper-enhancement from myocardial infarction and 
myocarditis in which delayed enhancement occurs.

In 2011, CMR diagnostic criteria for TTS were established which includes:

1. The presence of wall motion abnormalities

2. Edema of dysfunctional segments on T2 weighted sequences

3. Absence of late gadolinium enhancement (LGE)

The absence of LGE suggests that there is no fibrosis or increased extracellular 
space. However, in some cases up to 9%, some spots of fibrosis are found, and these 
have been associated with worst prognosis [21].

Studies based on positron emission tomography (PET) and myocardial SPECT 
have shown a discrepancy between normal perfusion and reduced glucose utiliza-
tion in TTS, commonly known as “inverse flow metabolism mismatch”. In the acute 
phase, TTS may be clinically indistinguishable from acute MI but, by means of PET, 
it has been successfully distinguished from acute MI [22]. Undoubtedly, coronary 
angiography is essential for the diagnosis of TTS by demonstrating a completely 
normal coronary arteries or rarely noncritical stenosis. It’s important to note that 
left ventriculography is perhaps the best imaging modality for demonstrating the 
pathognomonic wall motion abnormalities and evaluating LV ejection fraction.

Data obtained from several registries including the international Takotsubo 
(InterTAK) Registry, a multicenter, prospective, retrospective, and observational 
study, which was conducted in more than 35 cardiovascular centers in 15 European 
countries, has enabled a diagnostic algorithm to be formulated. The diagnosis of TTS, 
which must be based on the absence of culprit coronary disease or presence of mild 
forms of coronary atherosclerosis. Therefore, TTS is gradually being better investi-
gated and understood, and the number of diagnoses is increasing, as evidenced in the 
disease being included in the recent 4th universal definition of myocardial infarction 
by the European Society of Cardiology (ESC) [23].

2.4 Electrocardiogram

Electrocardiogram (ECG) is important in making a diagnosis of TTS, ECG is 
very useful in differentiating TTS from is closest differential, acute myocardial 
infarction. Table 1 depicts the differences between the two conditions. ST-segment 
elevation and T-wave inversion are the commonest abnormalities seen on the initial 
ECG, which have been found to commonly involve the precordial leads and to be 
maximal in leads V2-V3. Unlike patients with ST-elevation myocardial infarction 
(STEMI) from left anterior descending (LAD) coronary artery occlusion, patients 
with TTS had significantly lower amplitude of ST-segment elevations. Similarly, 
T- wave inversions tend to occur in the days and weeks following presentation as 
the ST segments normalize, thus ECG cannot reliably differentiate TTS from other 
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conditions with ST segments elevation. Chest radiograph, which is readily available 
and affordable, though often normal may demonstrate pulmonary edema in patients 
with the syndrome.

2.5 Biochemical profiles of takotsubo syndrome

Serum troponin is usually positive in the acute phase, but its values tend to be 
low when compares with the extent of myocardial dysfunction. The troponin level 
in TTS is commonly believed to be lower than in acute myocardial infarction (MI), 
though the InterTAK Registry has shown no difference between the two conditions. 
On the contrary, the hs-TnT/CKMB ratio has been found to be significantly higher 
in TTS when compares with STEMI and NSTEMI [25].

Increased levels of serum NT-proBNP can be demonstrated during the course 
of TTS. Nef and colleagues found that serum levels of NT-proBNP on admission 
were correlated to the severity of post-TTS complications during hospitalization, 
the higher the serum levels of NT-proBNP were on admission, the more clinical 
complications such as pulmonary edema and malignant ventricular arrhythmia 
present [26].

Recently, a two-part International expert consensus document on Takotsubo 
syndrome was published, providing a detailed characterization of TTC that allows 
clinicians to understand this cardiac dysfunction with a multidisciplinary view. 
There have been several attempts to create effective diagnostic criteria for TTS. The 
most widely used since 2018 has been the European Society of Cardiology (ESC) 
International Takotsubo Diagnostic Criteria (InterTAK Diagnostic Criteria) [27], 
which implements a diagnostic algorithm and assigns a score to TTS. InterTAK 
Diagnostic Score considers the following variables and gives each one a specific 
score: female sex; emotional and physical stress; absent ST depression; psychiatric 
disorders; neurologic disorders; and QTc prolongation. If the score is ≤70 points, 
the probability of having TTS is intermediate or low, whereas a score ≥70 indicates a 
high probability (Table 2).

Coronary angiography and left ventriculography are indicated in patients 
with a low probability of TTS and suspicion of ACS, while in patients with a high 
score, transthoracic echocardiography (TTE) should be performed. Wall motion 
abnormalities on TTE helps to decide the next step; if the typical presentation 
with circumferential ballooning pattern is absent, coronary angiography with 
left ventriculography is the next choice. In normal coronaries and typical bal-
looning, myocarditis must be excluded. The algorithm includes some red flags of 

Takotsubo syndrome Acute anterior myocardial infarction

1.  ST-segment elevation is detectable on precordial 
leads V1–V4 and limb leads I and aVL.

1.  ST-segment elevation is mainly localized in 
V2–V5 leads and in limb leads II and aVR

2. Absence of reciprocal changes in inferior leads 2.  There is presence of reciprocal changes in lateral 
and inferior leads

3.  ST-segment elevation occurs more frequently  
in aVR

3.  ST-segment elevation occurs more frequently 
in V1

4. There is absence of Q-wave 4. There is presence of Q-wave

5. ST-segment depressions occur in 10% of cases 5. ST-segment depression occurs in 30% of cases

6.  Significantly lower amplitude of ST-segment 
elevation

6. Higher amplitude of ST-segment elevation

Table 1. 
Electrocardiographic differences between takotsubo syndrome and acute myocardial infarction [24].
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myocarditis (signs and symptoms of viral infection, elevated ESR and/or PCR, and 
pericardial effusion); in the presence of the above, myocarditis should be excluded 
by Cardiac MRI.

2.6 Treatment

Supportive treatment is mainly indicated in the acute phase while promptly 
diagnosing and treating complications appropriately. In mild cases, in addition 
to supportive treatment bisoprolol and aspirin may be considered. However, for 
patients with complications standard treatment for the complications should be 
commenced such as antiarrhythmic drugs for arrhythmias, anticoagulation for 
those with documented thrombus in the left ventricle or embolic phenomena or 
until resolution of LVWMA.

The suggested treatment in cardiogenic shock due to left ventricular outflow 
tract obstruction (LVOTO) is intravenous fluid and parenteral beta-blocker which 
increases cardiac filling and suppresses the basal hypercontractility thereby 
reducing LVOTO or phenylephrine if patient is intolerant to intravenous fluid and 
betablocker. In primary failure, venoarterial extracorporeal membrane oxygen-
ation, left ventricular assist device or levosimendan should be considered as bridge 
to recovery [28].

2.7 Complications

Though initially believed to be a benign condition, outcomes in patients with 
TTS can be influenced negatively owing to the various in-hospital complica-
tions that may arise as a result of electrical and hemodynamic instability, such as 
cardiac arrhythmias, cardiogenic shock, ventricular thrombus, pulmonary edema, 
ventricular septal defect, free-wall rupture and arterial thromboembolism. Male 
patients have been shown to have three times higher mortality rate due to major 
adverse cardiac and cerebrovascular events [27].

2.8 Prognosis of takotsubo syndrome

Takotsubo syndrome has been known to recur, recurrence rate varies 
widely between 1.5% and 6.1% during 6 years follow up period. Notably female 
patients showed higher recurrence rate of TTS compared to male [29, 30]. A 
significantly higher recurrence rate of 17.7% have been reported in patients with 

InterTak diagnostic score

Female sex 25 points

Emotional stress 24 points

Physical stress 13 points

No ST depression 12 points

Psychiatric disorders 11 points

Neurologic disorders 9 points

QTc prolongation 6 points

Score >70 points: high probability of TTS

Score ≤70 points: low/intermediate probability of TTS

Table 2. 
Diagnostic criteria used to distinguish takotsubo syndrome (TTS) from acute coronary syndrome (ACS).
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conditions with ST segments elevation. Chest radiograph, which is readily available 
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in TTS when compares with STEMI and NSTEMI [25].

Increased levels of serum NT-proBNP can be demonstrated during the course 
of TTS. Nef and colleagues found that serum levels of NT-proBNP on admission 
were correlated to the severity of post-TTS complications during hospitalization, 
the higher the serum levels of NT-proBNP were on admission, the more clinical 
complications such as pulmonary edema and malignant ventricular arrhythmia 
present [26].

Recently, a two-part International expert consensus document on Takotsubo 
syndrome was published, providing a detailed characterization of TTC that allows 
clinicians to understand this cardiac dysfunction with a multidisciplinary view. 
There have been several attempts to create effective diagnostic criteria for TTS. The 
most widely used since 2018 has been the European Society of Cardiology (ESC) 
International Takotsubo Diagnostic Criteria (InterTAK Diagnostic Criteria) [27], 
which implements a diagnostic algorithm and assigns a score to TTS. InterTAK 
Diagnostic Score considers the following variables and gives each one a specific 
score: female sex; emotional and physical stress; absent ST depression; psychiatric 
disorders; neurologic disorders; and QTc prolongation. If the score is ≤70 points, 
the probability of having TTS is intermediate or low, whereas a score ≥70 indicates a 
high probability (Table 2).

Coronary angiography and left ventriculography are indicated in patients 
with a low probability of TTS and suspicion of ACS, while in patients with a high 
score, transthoracic echocardiography (TTE) should be performed. Wall motion 
abnormalities on TTE helps to decide the next step; if the typical presentation 
with circumferential ballooning pattern is absent, coronary angiography with 
left ventriculography is the next choice. In normal coronaries and typical bal-
looning, myocarditis must be excluded. The algorithm includes some red flags of 
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1.  ST-segment elevation is detectable on precordial 
leads V1–V4 and limb leads I and aVL.

1.  ST-segment elevation is mainly localized in 
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4. There is absence of Q-wave 4. There is presence of Q-wave

5. ST-segment depressions occur in 10% of cases 5. ST-segment depression occurs in 30% of cases

6.  Significantly lower amplitude of ST-segment 
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myocarditis (signs and symptoms of viral infection, elevated ESR and/or PCR, and 
pericardial effusion); in the presence of the above, myocarditis should be excluded 
by Cardiac MRI.

2.6 Treatment

Supportive treatment is mainly indicated in the acute phase while promptly 
diagnosing and treating complications appropriately. In mild cases, in addition 
to supportive treatment bisoprolol and aspirin may be considered. However, for 
patients with complications standard treatment for the complications should be 
commenced such as antiarrhythmic drugs for arrhythmias, anticoagulation for 
those with documented thrombus in the left ventricle or embolic phenomena or 
until resolution of LVWMA.

The suggested treatment in cardiogenic shock due to left ventricular outflow 
tract obstruction (LVOTO) is intravenous fluid and parenteral beta-blocker which 
increases cardiac filling and suppresses the basal hypercontractility thereby 
reducing LVOTO or phenylephrine if patient is intolerant to intravenous fluid and 
betablocker. In primary failure, venoarterial extracorporeal membrane oxygen-
ation, left ventricular assist device or levosimendan should be considered as bridge 
to recovery [28].

2.7 Complications

Though initially believed to be a benign condition, outcomes in patients with 
TTS can be influenced negatively owing to the various in-hospital complica-
tions that may arise as a result of electrical and hemodynamic instability, such as 
cardiac arrhythmias, cardiogenic shock, ventricular thrombus, pulmonary edema, 
ventricular septal defect, free-wall rupture and arterial thromboembolism. Male 
patients have been shown to have three times higher mortality rate due to major 
adverse cardiac and cerebrovascular events [27].

2.8 Prognosis of takotsubo syndrome

Takotsubo syndrome has been known to recur, recurrence rate varies 
widely between 1.5% and 6.1% during 6 years follow up period. Notably female 
patients showed higher recurrence rate of TTS compared to male [29, 30]. A 
significantly higher recurrence rate of 17.7% have been reported in patients with 

InterTak diagnostic score

Female sex 25 points

Emotional stress 24 points

Physical stress 13 points

No ST depression 12 points

Psychiatric disorders 11 points

Neurologic disorders 9 points

QTc prolongation 6 points

Score >70 points: high probability of TTS

Score ≤70 points: low/intermediate probability of TTS

Table 2. 
Diagnostic criteria used to distinguish takotsubo syndrome (TTS) from acute coronary syndrome (ACS).
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pheochromocytoma-triggered TTS [18]. While some studies reported more male 
mortality compared to female [31]. Patel et al. found in their analysis no significant 
sex difference in respect to overall mortality rates of TTS patients aged ≥50 years [32].

Battrawy et al. reported from the multicenter GEIST (German Italian Stress 
Cardiomyopathy) Registry a recurrence rate of 4% at a median follow-up of 
830 days among 749 patients. A variable TTS pattern at recurrence is common in 
up to 20% of recurrence cases. In this study it was observed that many patients that 
presented initially with involvement of only the left ventricle (LV), some years later 
developed right ventricular or biventricular involvement [30].

3. Conclusion

In conclusion, TTC is an acute and reversible cardiac disease, which commonly 
affects females of post-menopausal age and is often triggered by emotional or 
physical factors. Initially thought to be limited to the Asian population, it is also 
found in other parts of the world. This syndrome is associated with acute dysfunc-
tion of the central and autonomic nervous systems.

In order to better understand TTC, research on better diagnostic tools and thera-
peutic options need to be done. The recently published consensus document on TTS 
enhances clinical characterization of the syndrome and is hereby recommended.
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mortality compared to female [31]. Patel et al. found in their analysis no significant 
sex difference in respect to overall mortality rates of TTS patients aged ≥50 years [32].

Battrawy et al. reported from the multicenter GEIST (German Italian Stress 
Cardiomyopathy) Registry a recurrence rate of 4% at a median follow-up of 
830 days among 749 patients. A variable TTS pattern at recurrence is common in 
up to 20% of recurrence cases. In this study it was observed that many patients that 
presented initially with involvement of only the left ventricle (LV), some years later 
developed right ventricular or biventricular involvement [30].

3. Conclusion

In conclusion, TTC is an acute and reversible cardiac disease, which commonly 
affects females of post-menopausal age and is often triggered by emotional or 
physical factors. Initially thought to be limited to the Asian population, it is also 
found in other parts of the world. This syndrome is associated with acute dysfunc-
tion of the central and autonomic nervous systems.

In order to better understand TTC, research on better diagnostic tools and thera-
peutic options need to be done. The recently published consensus document on TTS 
enhances clinical characterization of the syndrome and is hereby recommended.
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Abstract

With the increasing incidence of coronary artery disease, the percutaneous 
coronary intervention (PCI) has become one of the most effective treatments for 
coronary artery disease. After more than 40 years of clinical application, develop-
ment and research, and continuous improvement, it has been widely used around 
the world. In recent years, due to the continuous innovation of drug-eluting stents, 
equipment, drugs, and interventional technology, the indications for treatment 
have been continuously broadened, many heart centers can deal with complete 
revascularization for high-risk indicated patient session, and the efficacy has been 
further improved. However, studies have shown that there are gender differences 
in the clinical prognosis of patients with coronary artery disease after percutaneous 
coronary intervention, which are affected by many related risk factors of gender 
differences, but there is lack of systematic and comprehensive review of relevant 
factors. The purpose of this review is to evaluate the possible causes of gender dif-
ferences in the clinical outcomes of patients after percutaneous coronary interven-
tion and to put forward recommendations for primary prevention and secondary 
prevention.

Keywords: coronary artery disease, percutaneous coronary intervention, gender, 
differences

1. Introduction

Coronary artery disease is the most common cardiovascular disease caused by 
myocardial ischemia, hypoxia, and necrosis due to coronary stenosis, spasm, or 
occlusion. Since the first application of percutaneous coronary intervention (PCI) 
to myocardial infarction by Gruentzig in 1977, it has become the most common 
method to recover myocardial reperfusion under various states, significantly 
improving the survival and quality of life of patients with coronary artery disease 
[1]. Notably, PCI has been considered as the cornerstone of management for 
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patients with or without ST elevation acute coronary syndromes [2–4]. In the past 
two decades, with the emergence of drug-eluting stent, the indication of PCI in 
high-risk patients with coronary artery disease has been tremendously broadened. 
In recent years, the progress of interventional techniques has also fundamen-
tally changed the treatment of coronary artery disease. Moreover, since balloon 
angioplasty has been used in patients with coronary artery disease, the influence 
of gender on clinical outcomes after PCI has been continuously investigated. In 
particular, previous studies have reported that the incidence of adverse outcomes 
in female patients with coronary artery disease after PCI is higher than that in male 
patients with those after PCI, including short- and long-term mortality, major 
adverse cardiovascular events (MACE), and revascularization. On the one hand, 
some studies have shown that gender differences in clinical outcomes persist after 
adjusting for multivariate factors, such as age, prior peripheral vascular disease, 
prior myocardial infarction, prior PCI, and chronic renal failure [5–8]. On the other 
hand, other studies have demonstrated that gender is not an independent factor 
in the clinical outcome [9–11]. Due to the protection of estrogen, a large number 
of studies have revealed that the onset age of female patients with coronary artery 
disease is approximately 5–10 years later than that of male patients with those. 
Additionally, the prevalence of hypertension, diabetes mellitus, and hyperlipidemia 
was higher in female individual than that in male individual, while the prevalence 
of former or current smokers was more in male individual. Therefore, the purpose 
of the present review is to summarize the gender differences in clinical studies of 
patients with coronary artery disease after PCI and to put forward suggestions for 
improving primary and secondary prevention strategies.

2. Representative researches

In a Japanese observational study including 43,231 patients with non-ST-
segment elevation acute coronary syndrome who underwent PCI from January 2014 
to December 2014, the authors concluded that female patients had a higher risk of 
hospital complications than male patients, especially bleeding [5]. Another large-
scale cohort study involving 95,030 male and 35,955 female patients from a clinical 
registry of PCI procedures revealed that female gender remained as an independent 
predictor for mortality of patients with coronary artery disease underwent PCI 
after multivariable adjustment from January 2006 to February 2011 [6]. A multi-
center study from the United Kingdom and Sweden, which included 338,462 male 
and 119,799 female patients, indicated that female patients with coronary artery 
disease after PCI had a higher all-cause mortality than male patients with those 
and the age was also a strong predictor of mortality [7]. Moreover, a retrospective 
cohort study from Germany showed that female patients with ST-segment elevation 
myocardial infarction undergoing PCI harbored a 20% higher age-adjusted risk of 
death and ischemic cardiac and cerebrovascular events [8].

A systematic review involving 21 studies with 21,666 patients from the 
Netherlands showed that crude short- and long-term mortality was higher in female 
patients with ST-segment elevation myocardial infarction than that in male patients 
with those. However, the abovementioned gender differences generally disappeared 
after adjusting for baseline characteristics [12]. A comprehensive meta-analysis 
from the United States reported that there were gender differences in patients with 
coronary artery disease who underwent PCI, including short- and long-term mor-
tality. Nevertheless, these differences were also gradually weakened after adjusting 
for the clinical differences and/or hospitalization course [13]. Although there were 
no significant gender differences in long-term mortality after adjustment, the 
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short-term mortality of female patients with coronary artery disease undergo-
ing primary angioplasty was still higher than that of male patients with those. 
Meanwhile, a meta-analysis involving 48 studies from Italy to explore the gender 
differences in clinical outcomes for patients with ST-segment elevation myocardial 
infarction who underwent PCI [14] indicated that female patients with ST-segment 
elevation myocardial infarction undergoing PCI had higher rates of bleeding and 
stroke and the early mortality was lower than that of male patients with those, but 
not in the mid-term.

Both previous qualitative and quantitative studies have suggested that there are 
gender differences in clinical outcomes of patients with coronary artery disease 
after PCI, which are mainly reflected in the fact that the mortality rate of female 
patients with those is higher than that of male patients with those; however, the 
above systematic review and meta-analysis results were only limited to patients 
with ST-segment elevation myocardial infarction who underwent PCI. In order to 
determine the prognosis other than mortality, a systematic review was performed, 
which suggested that the prognosis of male patients with coronary artery disease 
after PCI was better than that of female patients with those, including mortality, 
MACE, and short-term revascularization, except for long-term revascularization 
[15]. Based on the results of previous studies, it is necessary to analyze the possible 
causes of these gender differences.

3. Related factors of gender differences

3.1 Risk factors

It is clear that the elderly patients not only have a higher risk of cardiovas-
cular disease but also have a higher risk of mortality. The major reason for the 
delayed onset of female patients with coronary artery disease is the protective 
effect of estrogen, which can be delayed to female patients with postmenopause. 
Estrogen can directly protect myocardial cells, reduce myocardial apoptosis, 
and prevent plaque rupture through sarcKATP channels and β-estrogen recep-
tor [16, 17]. Nevertheless, female patients with coronary artery disease were 
facing the same risk factors as male patients with those. Female patients with 
coronary artery disease frequently had hypertension in clinical practice, which 
can damage endothelial cells, lead to endothelial dysfunction, and accelerate 
atherosclerosis. Meanwhile, hypertension is associated with chronic alterations 
of renin-angiotensin-aldosterone system and overexpression of angiotensin II 
receptor 1/renin-angiotensin-aldosterone system, which can increase myocardial 
fibrosis, cardiomegaly, extracellular matrix, and diastolic dysfunction. Besides, 
elevated blood pressure can also increase infarct size of patients with myocar-
dial infarction [18]. In addition, previous studies have shown that more female 
patients with cardiovascular disease had diabetes mellitus and dyslipidemia, 
which can impair the endothelial cells of coronary artery and strengthen the 
functions of coagulation factor VIII and platelets, which can thereby further 
accelerate the occlusion of the coronary artery and arteriosclerosis. It has been 
shown that hyperuricemia and hyperhomocysteinemia are independent predic-
tors of female patients with coronary artery disease. Uric acid crystals can deposit 
on the vessel wall, which can promote inflammation and atherosclerosis [19]. 
Hyperhomocysteinemia can affect the functions of vascular endothelial cells and 
lipid metabolism and increase platelet aggregation and adhesion [20, 21]. All of 
these risk factors may contribute to the occurrence of adverse prognosis events in 
female patients with coronary artery disease after PCI.
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not in the mid-term.

Both previous qualitative and quantitative studies have suggested that there are 
gender differences in clinical outcomes of patients with coronary artery disease 
after PCI, which are mainly reflected in the fact that the mortality rate of female 
patients with those is higher than that of male patients with those; however, the 
above systematic review and meta-analysis results were only limited to patients 
with ST-segment elevation myocardial infarction who underwent PCI. In order to 
determine the prognosis other than mortality, a systematic review was performed, 
which suggested that the prognosis of male patients with coronary artery disease 
after PCI was better than that of female patients with those, including mortality, 
MACE, and short-term revascularization, except for long-term revascularization 
[15]. Based on the results of previous studies, it is necessary to analyze the possible 
causes of these gender differences.

3. Related factors of gender differences

3.1 Risk factors

It is clear that the elderly patients not only have a higher risk of cardiovas-
cular disease but also have a higher risk of mortality. The major reason for the 
delayed onset of female patients with coronary artery disease is the protective 
effect of estrogen, which can be delayed to female patients with postmenopause. 
Estrogen can directly protect myocardial cells, reduce myocardial apoptosis, 
and prevent plaque rupture through sarcKATP channels and β-estrogen recep-
tor [16, 17]. Nevertheless, female patients with coronary artery disease were 
facing the same risk factors as male patients with those. Female patients with 
coronary artery disease frequently had hypertension in clinical practice, which 
can damage endothelial cells, lead to endothelial dysfunction, and accelerate 
atherosclerosis. Meanwhile, hypertension is associated with chronic alterations 
of renin-angiotensin-aldosterone system and overexpression of angiotensin II 
receptor 1/renin-angiotensin-aldosterone system, which can increase myocardial 
fibrosis, cardiomegaly, extracellular matrix, and diastolic dysfunction. Besides, 
elevated blood pressure can also increase infarct size of patients with myocar-
dial infarction [18]. In addition, previous studies have shown that more female 
patients with cardiovascular disease had diabetes mellitus and dyslipidemia, 
which can impair the endothelial cells of coronary artery and strengthen the 
functions of coagulation factor VIII and platelets, which can thereby further 
accelerate the occlusion of the coronary artery and arteriosclerosis. It has been 
shown that hyperuricemia and hyperhomocysteinemia are independent predic-
tors of female patients with coronary artery disease. Uric acid crystals can deposit 
on the vessel wall, which can promote inflammation and atherosclerosis [19]. 
Hyperhomocysteinemia can affect the functions of vascular endothelial cells and 
lipid metabolism and increase platelet aggregation and adhesion [20, 21]. All of 
these risk factors may contribute to the occurrence of adverse prognosis events in 
female patients with coronary artery disease after PCI.
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3.2 Anatomy and pathophysiology

Some studies have elucidated that gender differences in the prognosis of 
patients with coronary artery disease after PCI are due to the fundamental dif-
ferences in physiology, pathophysiology, pathological anatomy, and other aspects 
between male and female. Anatomically, the coronary arteries of female patients 
with coronary artery disease are smaller than that of male patients with those, 
and the smaller blood vessels can cause higher risks of bleeding complications 
and vascular damage [22]. In general, male patients with coronary artery disease 
are prone to complex lesions, such as left main artery lesions, chronic total occlu-
sion lesions, and long lesions, while female patients with coronary artery disease 
tend to have small vessel lesions, which are more likely to show no significant 
stenosis of the coronary artery during coronary angiography [23]. Meanwhile, 
coronary microvascular reactivity and myocardial response to ischemia are also 
different between male and female individuals. It is suggested that the hemo-
dynamic state of female patients with coronary artery disease is worse than that 
of male patients with those, which leads to differences of cell cycle process and 
apoptosis-related protein levels of cardiac fibroblasts between different genders 
[24]. In addition, female patients with myocardial infarction often show atypi-
cal symptoms [25]. As a result, such patients will not be paid much attention to, 
and physicians may be misled or underestimate the possibility of acute coronary 
syndrome, thereby prolonging the time from myocardial infarction to revascu-
larization [26]. These pathophysiology and anatomy differences are irreversible 
factors. If the physiological and pathological characteristics of female patients 
with coronary artery disease can be identified in time, appropriate coronary 
intervention strategies will be selected to reduce complications and improve their 
clinical prognosis.

3.3 Ischemia-reperfusion time

According to the statistics of the time from the onset of coronary artery 
disease to reperfusion ischemia time, the interval of female patients was longer 
than that of male patients, including the prehospital delay and the time from door 
to balloon [27–30]. A study by Lichtman et al. has revealed that the cardiovascular 
risk of female patients with coronary artery disease, especially young female 
patients with those, is not easy to be accurately assessed, which may lead to be 
delayed diagnosis of acute myocardial infarction, thereby affecting treatment and 
prognosis [31]. Another registration study from one of 11 centers in Switzerland 
providing primary PCI around the clock, which has demonstrated that female 
patients with acute myocardial infarction between 2005 and 2010 may be dis-
criminated when they receive PCI [32]. It is speculated that this situation may also 
exist in other countries. The prognosis of female patients with coronary artery 
disease who are discriminated in clinic is partly poor. Moreover, a study from the 
United States has found that female patients with coronary artery disease were 
less likely to undergo PCI than male patients with those and more female patients 
with those had delayed time of ischemia-reperfusion [33]. These controllable 
factors can lead to the failure of female patients with coronary artery disease to 
improve myocardial ischemia effectively in a short period of time, which is one 
of the important factors of poor prognosis. The duration of ischemia-reperfusion 
may be longer in female patients with these atypical symptoms than in male 
patients, which is another factor of higher mortality and MACE in female patients 
with coronary artery disease after PCI.
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3.4 MACE

MACE is one of the factors that significantly affect the prognosis for patients 
with coronary artery disease after PCI. Previous study has indicated that the 
incidence of MACE is lower in male patients with coronary artery disease after PCI 
than that in female patients with those [9, 10, 23, 34]. A prospective, multicenter, 
cohort study by Glaser et al. has exhibited that female patients with non-ST-seg-
ment elevation acute coronary syndrome undergoing PCI at the age of 65 was more 
likely to have MACE than male patients with those at the same time [28]. Further 
analysis has shown that the incidence of congestive heart failure was higher in 
female patients with ST-segment elevation myocardial infarction than that in male 
patients with those, and the former was more likely to have cardiogenic shock when 
myocardial infarction occurred [5–7]. High incidence of ventricular septal rupture 
and severe mitral regurgitation during cardiogenic shock can be considered as 
important factors affecting the poor prognosis of female patients with myocardial 
infarction in the hospital. In a word, the above pathological factors can lead to the 
high incidence of MACE in female patients with coronary artery disease after PCI.

3.5 Revascularization

A study has demonstrated that the low incidence of revascularization in 
female patients with coronary artery disease may also be attributed to the lower 
follow-up rate, atypical symptoms, difficulty identifying myocardial ischemia, 
unwillingness to undergo invasive investigations, and prejudice against female 
patients [9]. In addition, the mortality of female patients with coronary artery 
disease was higher during the short- and long-term follow-up compared with 
male patients with those, which may also reduce the chance of revascularization 
[23, 34]. Furthermore, male patients with coronary artery disease who underwent 
PCI often have more complex lesions, which may be also an independent predictor 
of revascularization [23]. In terms of pathophysiology, the male subjects are more 
likely to have atherosclerotic plaque rupture, platelet-rich thrombus, and micro-
embolism [35], while the platelets are more sensitive to aggregation stimulation 
in female patients, and this pathophysiological difference may also increase the 
risk of male patients with coronary artery disease who underwent PCI or CABG 
[36]. Moreover, some studies have shown that male patients with coronary artery 
disease have a higher PCI or CABG history than the female with those, which may 
be another reason for the higher incidence of overall revascularization in male 
patients with those [7, 8].

3.6 Other risk factors

Earlier evidence has supported that the female individuals would experience 
depression after the initial diagnosis of coronary artery disease and acute cardiac 
events, leading to all-cause mortality and the risk of MACE in the following months 
[37, 38]. Breast cancer is one of the most important causes of female individual 
death worldwide. However, the administration of estrogen receptor modulators in 
anti-breast cancer treatments may increase the incidence of coronary artery disease 
[39]. The incidence of autoimmune diseases for female individuals is also high, 
especially systemic lupus erythematosus, which is more common in female individ-
uals. The pathogenic antibodies of the disease can cause antiphospholipid antibody 
syndrome (thrombosis, thrombocytopenia), thereby involving coronary artery 
and even resulting in acute myocardial infarction [40]. Therefore, it is important 



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

68

3.2 Anatomy and pathophysiology

Some studies have elucidated that gender differences in the prognosis of 
patients with coronary artery disease after PCI are due to the fundamental dif-
ferences in physiology, pathophysiology, pathological anatomy, and other aspects 
between male and female. Anatomically, the coronary arteries of female patients 
with coronary artery disease are smaller than that of male patients with those, 
and the smaller blood vessels can cause higher risks of bleeding complications 
and vascular damage [22]. In general, male patients with coronary artery disease 
are prone to complex lesions, such as left main artery lesions, chronic total occlu-
sion lesions, and long lesions, while female patients with coronary artery disease 
tend to have small vessel lesions, which are more likely to show no significant 
stenosis of the coronary artery during coronary angiography [23]. Meanwhile, 
coronary microvascular reactivity and myocardial response to ischemia are also 
different between male and female individuals. It is suggested that the hemo-
dynamic state of female patients with coronary artery disease is worse than that 
of male patients with those, which leads to differences of cell cycle process and 
apoptosis-related protein levels of cardiac fibroblasts between different genders 
[24]. In addition, female patients with myocardial infarction often show atypi-
cal symptoms [25]. As a result, such patients will not be paid much attention to, 
and physicians may be misled or underestimate the possibility of acute coronary 
syndrome, thereby prolonging the time from myocardial infarction to revascu-
larization [26]. These pathophysiology and anatomy differences are irreversible 
factors. If the physiological and pathological characteristics of female patients 
with coronary artery disease can be identified in time, appropriate coronary 
intervention strategies will be selected to reduce complications and improve their 
clinical prognosis.

3.3 Ischemia-reperfusion time

According to the statistics of the time from the onset of coronary artery 
disease to reperfusion ischemia time, the interval of female patients was longer 
than that of male patients, including the prehospital delay and the time from door 
to balloon [27–30]. A study by Lichtman et al. has revealed that the cardiovascular 
risk of female patients with coronary artery disease, especially young female 
patients with those, is not easy to be accurately assessed, which may lead to be 
delayed diagnosis of acute myocardial infarction, thereby affecting treatment and 
prognosis [31]. Another registration study from one of 11 centers in Switzerland 
providing primary PCI around the clock, which has demonstrated that female 
patients with acute myocardial infarction between 2005 and 2010 may be dis-
criminated when they receive PCI [32]. It is speculated that this situation may also 
exist in other countries. The prognosis of female patients with coronary artery 
disease who are discriminated in clinic is partly poor. Moreover, a study from the 
United States has found that female patients with coronary artery disease were 
less likely to undergo PCI than male patients with those and more female patients 
with those had delayed time of ischemia-reperfusion [33]. These controllable 
factors can lead to the failure of female patients with coronary artery disease to 
improve myocardial ischemia effectively in a short period of time, which is one 
of the important factors of poor prognosis. The duration of ischemia-reperfusion 
may be longer in female patients with these atypical symptoms than in male 
patients, which is another factor of higher mortality and MACE in female patients 
with coronary artery disease after PCI.

69

Gender Differences in Clinical Outcomes of Patients with Coronary Artery Disease…
DOI: http://dx.doi.org/10.5772/intechopen.91878

3.4 MACE

MACE is one of the factors that significantly affect the prognosis for patients 
with coronary artery disease after PCI. Previous study has indicated that the 
incidence of MACE is lower in male patients with coronary artery disease after PCI 
than that in female patients with those [9, 10, 23, 34]. A prospective, multicenter, 
cohort study by Glaser et al. has exhibited that female patients with non-ST-seg-
ment elevation acute coronary syndrome undergoing PCI at the age of 65 was more 
likely to have MACE than male patients with those at the same time [28]. Further 
analysis has shown that the incidence of congestive heart failure was higher in 
female patients with ST-segment elevation myocardial infarction than that in male 
patients with those, and the former was more likely to have cardiogenic shock when 
myocardial infarction occurred [5–7]. High incidence of ventricular septal rupture 
and severe mitral regurgitation during cardiogenic shock can be considered as 
important factors affecting the poor prognosis of female patients with myocardial 
infarction in the hospital. In a word, the above pathological factors can lead to the 
high incidence of MACE in female patients with coronary artery disease after PCI.

3.5 Revascularization

A study has demonstrated that the low incidence of revascularization in 
female patients with coronary artery disease may also be attributed to the lower 
follow-up rate, atypical symptoms, difficulty identifying myocardial ischemia, 
unwillingness to undergo invasive investigations, and prejudice against female 
patients [9]. In addition, the mortality of female patients with coronary artery 
disease was higher during the short- and long-term follow-up compared with 
male patients with those, which may also reduce the chance of revascularization 
[23, 34]. Furthermore, male patients with coronary artery disease who underwent 
PCI often have more complex lesions, which may be also an independent predictor 
of revascularization [23]. In terms of pathophysiology, the male subjects are more 
likely to have atherosclerotic plaque rupture, platelet-rich thrombus, and micro-
embolism [35], while the platelets are more sensitive to aggregation stimulation 
in female patients, and this pathophysiological difference may also increase the 
risk of male patients with coronary artery disease who underwent PCI or CABG 
[36]. Moreover, some studies have shown that male patients with coronary artery 
disease have a higher PCI or CABG history than the female with those, which may 
be another reason for the higher incidence of overall revascularization in male 
patients with those [7, 8].

3.6 Other risk factors

Earlier evidence has supported that the female individuals would experience 
depression after the initial diagnosis of coronary artery disease and acute cardiac 
events, leading to all-cause mortality and the risk of MACE in the following months 
[37, 38]. Breast cancer is one of the most important causes of female individual 
death worldwide. However, the administration of estrogen receptor modulators in 
anti-breast cancer treatments may increase the incidence of coronary artery disease 
[39]. The incidence of autoimmune diseases for female individuals is also high, 
especially systemic lupus erythematosus, which is more common in female individ-
uals. The pathogenic antibodies of the disease can cause antiphospholipid antibody 
syndrome (thrombosis, thrombocytopenia), thereby involving coronary artery 
and even resulting in acute myocardial infarction [40]. Therefore, it is important 



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

70

to prevent and reduce the incidence of female high-risk diseases and to reduce the 
mortality and MACE of female patients with coronary artery disease after PCI.

4. Primary and secondary prevention

For population with high risk of cardiovascular events in the future and popula-
tion who have already suffered from coronary artery disease, it is very important 
to implement the primary and secondary prevention of coronary artery disease. At 
present, various academic institutions around the world have formulated relevant 
suggestions, scientific statements, expert consensus documents, and clinical 
practice guidelines and put forward many measures for the primary and second-
ary prevention for patients with coronary artery disease and its PCI. However, the 
latest study shows that there are still significant gender differences for the primary 
and secondary prevention of cardiovascular disease. Compared with male patients, 
female patients with high risk of cardiovascular disease in the next 10 years are 
difficult to control their blood pressure, blood lipid, and body weight, while female 
patients who suffered from cardiovascular disease were worse in taking guideline-
directed medications [41]. Therefore, the secondary prevention is particularly 
important for patients with coronary artery disease after PCI. On the basis of adher-
ence to long-term drug treatment, the risk factors should be managed and con-
trolled, and appropriate exercise should be performed, especially female coronary 
artery disease patients with higher risk factors and poor prognosis after PCI.

5. Conclusions

PCI has long been the main treatment method for patients with coronary artery 
disease, which significantly reduces the mortality of myocardial infarction and 
improves the quality of life of patients. However, compared with male patients 
with coronary artery disease, female patients with those have a higher MACE and 
mortality after PCI, while male patients with those have advantages in revascular-
ization. Hypertension, diabetes mellitus, and dyslipidemia are the traditional risk 
factors of arteriosclerosis disease, which seriously affect the occurrence and devel-
opment of coronary artery disease. Female patients with coronary artery disease 
are faced with more cardiovascular risk factors and adverse factors affecting the 
prognosis of PCI, which is a major challenge for female patients with PCI. In addi-
tion, it is necessary to pay attention to the management of non-cardiovascular risk 
factors for postmenopausal female. Meanwhile, psychological diseases should be 
identified and intervened in patients with coronary artery disease in time. Finally, it 
should be emphasized that the prevention and treatment of coronary artery disease 
should not be ignored for individuals with more than 65 years and population with 
vulnerable region of medical resources.
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Chapter 6

Obesity Acceptance: Body 
Positivity and Clinical Risk Factors
Ketrell L. McWhorter

Abstract

Most people are aware of how they look and, whether poor or positive, have an 
opinion about their image. Social media influencers, pressure from societal norms, 
media images, and even friends and family can impact body image. Body positivity 
has undoubtedly gone mainstream. Included in this movement are obesity accep-
tance and its demarginalization. However, the acceptance of overweight and obesity 
may undermine the decades-long progress made toward reducing risk factors 
for cardiovascular disease (CVD). Obesity is a global epidemic disease with risk 
factors that include hypertension, inflammation, heart attack, stroke, and diabetes. 
Obesity is also associated with obstructive sleep apnea. Positive body image is an 
important component of overall health. However, also maintaining a proper clinical 
definition and self-perception of what constitutes “normal” weight, coupled with 
weight management, regular exercise, and monitoring blood pressure and blood 
sugar, will continue progress toward reducing the risk of cardiovascular disease.

Keywords: obesity, overweight, weight gain, weight reduction, diet, body image, 
self-image, cardiovascular disease, hypertension, heart disease, stroke, diabetes

1. Introduction

Obesity is a chronic disease with risk factors that include positive energy bal-
ance, resulting primarily from ”obesogenic” changes that include economic growth, 
abundance, inexpensive and nutrient-poor food, industrialization, and sedentary 
lifestyles [1]. Comorbidities and sequelae associated with obesity include hyperten-
sion (HTN), inflammation, dyslipidemia, infertility, certain cancers, heart attack, 
stroke, type 2 diabetes, and obstructive sleep apnea [1, 2]. Weight stigmatization 
and its associated mental and behavioral consequences, economic burden, and 
premature death are also associated with obesity.

Historically, obesity went hand in hand with a poor sense of self-perception. Most 
people are aware of how they look, and whether poor or positive, have an opinion 
about their body image. Social media influencers, pressure from societal norms, and 
media images, as well as friends and family, all have an impact on body image. Over 
the past decade, the body positivity movement has undoubtedly gone mainstream. 
Often synonymous with this movement is fat acceptance, a movement focused on the 
demarginalization of the overweight or obese (OW/obese) population. Also men-
tioned in discussions of fat acceptance and fat rights activism is Health at Every Size® 
(HAES) as a public health approach to obesity. Yet, the acceptance of overweight and 
obesity in the absence of prevention or weight reduction threatens to undermine the 
decades-long progress made toward mitigating risk for cardiovascular disease (CVD).
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Positive body image is indeed a necessary component of overall health and an 
important factor in determining one’s ability to reach weight loss goals. An impera-
tive complement to these movements, however, is adequate health literacy, or an 
ability to read, comprehend, and use information in a manner that promotes and 
maintains good health [3]. It is only with proper knowledge of what constitutes 
a clinical definition of “normal” weight versus higher weights associated with 
increased CVD risk, coupled with mindful weight management, regular exercise, 
monitoring blood pressure (BP), and maintenance of blood sugar, that will con-
tinue progress toward reducing CVD risk.

2. Obesity

2.1 The obesity pandemic

Over the past 40 years, there has been a sharp rise in worldwide obesity 
with prevalence nearly tripling since 1975 [4]. According to the World Health 
Organization (WHO), overweight and obesity are defined as having abnormal 
or excessive fat accumulation that may impair health [4]. Studies show the global 
obesity epidemic is worsening. In 2016, nearly 2 billion adults over 18 years world-
wide were overweight and of these, over 650 million were obese [4].

Prevalence of obesity and severe obesity in the U.S. continue to rise [5]. 
Currently, the rates of obesity exceed 30% in most sex and adult age groups, 
whereas its prevalence has reached 17% among children and adolescents, defined as 
a BMI exceeding the 95th percentile [6]. In 2017–2018, it was estimated that 42.4% 
of U.S. adults aged 20 and over were obese (Figure 1) and 9.2% were severely obese 
[7] (Figure 2), and these may be underestimated. In a study comparing rates of 
obesity diagnosis to national rates of obesity based on BMI data from the Behavioral 
Risk Factor Surveillance System, the authors found that obesity is largely underdi-
agnosed and undertreated in clinical settings [8].

Figure 1. 
Prevalence of obesity among adults aged 20 and over, by sex and age: United States, 2017–2018. Notes: Estimates 
for adults aged 20 and over were age-adjusted by the direct method to the 2000 U.S. Census population using the 
age groups 20–39, 40–59, and 60 and over. Crude estimates are 42.5% for total, 43.0% for men, and 42.1% for 
women. Figure 1 is adapted from data table at: https://www.cdc.gov/nchs/data/databriefs/db360_tables-508.
pdf#1 [Accessed: 13 August 2020]. Source: National Center for Health Statistics (NCHS), National Health and 
Nutrition Examination Survey, 2017–2018.
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Over the past 20 years, mean weight, waist circumference (WC), and BMI 
among U.S. adults over aged 20 increased across all age groups for non-Hispanic 
white and Mexican-American men and women, and for non-Hispanic black women 
[9]. Men had more obesity among those aged 20–39 and 40–59 than women in the 
same respective age groups, and less obesity among those 60 and over compared to 
women of the same age group [7]. However, none of the reported differences were 
significant. On the contrary, during this same time period, women reportedly had a 
higher overall prevalence of severe obesity than men, with significant differences in 
age groups race/ethnicity, and sex [7] (Figure 2).

2.2 Body mass index and other body composition methods

BMI is a useful inexpensive tool that has long been used to assess overweight, 
obesity, and risk for diseases that occur resulting from excess body fat. The interna-
tionally accepted standard cut-off points for defining a healthy or unhealthy weight 
is when body mass index (BMI) is 25 kg/m2. The prevailing BMI classifications are 
underweight (BMI < 18.5 kg/m2), normal weight (BMI of 18.5–24.9 kg/m2), over-
weight (BMI of 25.0–29.9 kg/m2), obesityClass I (BMI of 30.0–34.9 kg/m2), obesityClass II 
(BMI of 35.0–39.9 kg/m2), and extreme obesityClass III (BMI ≥ 40.0 kg/m2) [5].

BMI is not without its limitations, often overestimating body fat in individuals 
with more muscle tissue, while underestimating body fat in individuals who have 
lost muscle [10]. Another challenge with using BMI as an adiposity metric is that it is 
unable to estimate percent body fat nor can it differentiate fat distribution for a given 
BMI, which can vary across age groups, sex, and race/ethnicity [11–13]. Results from 
some epidemiological investigations have even justified implementing adjustments 
to the cut-off values for classifying obesity and elevated WC among racial/ethnic 
populations [5, 14]. Lastly, using BMI percentile cutoffs to determine obesity and 
morbid obesity becomes especially problematic among children as it fails to consider 
large head size and high torso-to-leg ratio in the pediatric population [15]. The 

Figure 2. 
Age-adjusted prevalence of severe obesity among adults aged 20 and over, by sex, age, and race and Hispanic 
origin: United States, 2017–2018. 1Significantly different from men. 2Significantly different from adults aged 
20-39. 3Significantly different from adults ages 40-59. 4Significantly different from all other race and Hispanic-
origin groups. Notes: Estimates for adults aged 20 and over were age-adjusted by the direct method to the 
2000 U.S. Census population using the age groups 20–39, 40–59, and 60 and over. Crude estimates are 9.0% for 
total, 6.8% for men, and 11.1% for women. Figure 2 is adapted from data table at: https://www.cdc.gov/nchs/
data/databriefs/db360_tables-508.pdf#3 [Accessed: 03 August 2020]. Source: Figure adapted from National 
Center for Health Statistics (NCHS), National Health and Nutrition Examination Survey, 2017–2018.
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(BMI of 35.0–39.9 kg/m2), and extreme obesityClass III (BMI ≥ 40.0 kg/m2) [5].
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Figure 2. 
Age-adjusted prevalence of severe obesity among adults aged 20 and over, by sex, age, and race and Hispanic 
origin: United States, 2017–2018. 1Significantly different from men. 2Significantly different from adults aged 
20-39. 3Significantly different from adults ages 40-59. 4Significantly different from all other race and Hispanic-
origin groups. Notes: Estimates for adults aged 20 and over were age-adjusted by the direct method to the 
2000 U.S. Census population using the age groups 20–39, 40–59, and 60 and over. Crude estimates are 9.0% for 
total, 6.8% for men, and 11.1% for women. Figure 2 is adapted from data table at: https://www.cdc.gov/nchs/
data/databriefs/db360_tables-508.pdf#3 [Accessed: 03 August 2020]. Source: Figure adapted from National 
Center for Health Statistics (NCHS), National Health and Nutrition Examination Survey, 2017–2018.
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variation of high BMIz values, due to sex and age, make it very difficult to interpret 
the high BMIz levels (and changes in these levels) among children with severe 
obesity, possibly leading to incorrect conclusions [16]. Despite its limitations, BMI is 
used in most clinical settings and is correlated to more direct measures of body fat, 
such as underwater weighing and dual energy X-ray absorptiometry [17].

When predicting cardiometabolic disease, many studies demonstrate the use 
of WC, a measure of visceral adipose tissue and commonly used to calculate waist-
to-hip ratio, as a preferred approach over BMI for estimating body fat [5, 18]. A 
WC ≥ 102 cm in men and ≥ 88 cm in women can be an indicator of increased risk 
for type 2 diabetes, HTN, and CVD, even among individuals with normal weight 
[19]. Other studies have suggested a combination of adiposity metrics more 
efficiently identifies all CVD risk factors [20], while some have found the use of 
either BMI or WC as the index of adiposity identifying the same persons, with 
equal utility [21].

Many sophisticated direct volumetric techniques are available for body com-
position assessment that vary in sensitivity and specificity. For example, some 
more expensive methods include tracer dilution, bioelectrical impedance pleth-
ysmography, densitometry, dual-energy X-ray absorptiometry (DEXA), and air 
displacement plethysmography [22]. Still, other tools that can better visualize and 
quantify tissues, organs, muscle, and adipose tissue include imaging techniques 
such as nuclear magnetic resonance and computed tomography [14, 22]. However, 
in most clinical settings, BMI along with other simple, non-invasive anthropometric 
measures are used.

2.3 Factors driving obesity

On a physiological level, obesity is the result of an energy imbalance between 
calories consumed and the calories expended, creating an energy surplus and a 
state of positive energy balance resulting in excess body weight [1]. Obesity also 
arises from poor health behaviors (e.g., poor sleep habits, diet, physical activity), 
genetic and epigenetic factors, gut microbiota, and a failure of health care profes-
sionals to advise people with obesity on appropriate courses of action for weight 
reduction [13, 23, 24]. Other “obesogenic” environmental drivers of obesity include 
marketing of inexpensive nutrient-poor foods, sedentary places of employment, 
industrialization, mechanized transportation, and urbanization [1].

An indirect driver of increasing BMI is the increasing trend in mean body weight 
without corresponding increases in height over time. According to the National 
Health Statistics Report, there is a rising trend in BMI with no significant change in 
height, with even slight decreases in height among some racial/ethnic groups [9]. 
For example, among all men, mean height significantly increased from 1999 to 2000 
(175.6 cm) to 2003 to 2004 (176.6 cm) and subsequently decreased until 2015–2016 
(175.4 cm) [9]. Among all male racial/ethnic groups, only non-Hispanic black men 
experienced a significant decrease in mean height from 1999 to 2000 (176.0 cm) to 
2015 to 2016 (175.5 cm). In contrast, among all women, no significant linear trends 
were observed over the same time period or for any racial/ethnic subgroup [9].

2.4 Obesity-related health risks and comorbidities

It is widely recognized that cardiovascular risk and metabolic complications 
are due to a constellation of obesity, physical inactivity, and primary HTN [25]. 
Compared to those with a healthy or normal weight, people with obesity are at 
especially increased risk for many adverse health outcomes, including high BP, 
higher levels of low-density lipoprotein cholesterol, lower levels of high-density 
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lipoprotein (HDL) cholesterol, type 2 diabetes, stroke, sleep apnea, and poor 
quality of life [7, 24, 26] (Figure 3). Obesity has also been linked to cancers of the 
esophagus, colon and rectum, liver, gallbladder and biliary tract, pancreas, breast, 
uterus, ovary, kidney, and thyroid. [26]. Individuals with severe obesity are further 
susceptible to obesity-related complications, such as coronary heart disease and 
end-stage renal disease [7].

A systematic evaluation of the health effects of high BMI revealed that in 2015, 
excess body weight accounted for about 4 million deaths worldwide, with an 
additional 120 million disability-adjusted life-years [26]. Higher BMI classified as 
overweight and not obese is also associated with mortality. Over one-third of global 
deaths and disability-adjusted life-years were related to BMI classified as over-
weight (less than 30 kg/m2) [26].

In a U.S. study using National Health and Nutrition Examination Survey data 
examining the prevalence of 11 common chronic conditions, obesity experienced 
the largest significantly increased trend of any condition over the past 25 years 
(1998–2014) [27]. Due to its pervasiveness and its detrimental impact on morbidity 
and mortality, obesity is included as a chronic condition in multimorbidity models 
rather than as a control factor [27].

2.5 Characterization of metabolic profiles

Although obesity, particularly visceral adiposity, is typically associated with 
metabolic dysfunction and cardiometabolic diseases, there are some obesity 

Figure 3. 
Obesity-related health risks and comorbidities [7, 24, 26].
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phenotypes that appear protected from some of the adverse metabolic effects of 
excess body fat [28]. Disease risk may not be uniform across all obese phenotypes.

The classification of an individual as “metabolically healthy” is not clearly 
defined, with 5 to more than 30 definitions documented across studies [28, 29]. In 
2009, a harmonized definition for metabolic syndrome (MetS) was derived by The 
International Diabetes Federation Task Force on Epidemiology and Prevention, 
the National Heart, Lung, and Blood Institute, American Heart Association, World 
Heart Federation, International Atherosclerosis Society, and the International 
Association for the Study of Obesity [30]. According to this definition, participants 
who met ≥3 of the 5 abnormal criteria, excluding WC, were classified as having 
MetS and thus metabolically unhealthy and obese (MUO). These five components 
include high fasting blood glucose, high systolic and diastolic BP, elevated plasma 
triglyceride levels, low high-density lipoprotein cholesterol levels, and obesity 
(particularly central adiposity) [28, 30]. Obese participants who met 0, 1, or 2 of 
these criteria were classified as metabolically healthy but obese (MHO) [28, 31].

A classification of MHO should not be mistaken for metabolically unhealthy 
normal weight (MUN). These individuals are not phenotypically obese but share 
a metabolic profile similar to an overt obese person, including hyperinsulinemia, 
insulin resistance, and a predisposition to type 2 diabetes and premature CVD 
[32]. Studies suggest that MHO is a transient state and only a precursor to MUO 
[25, 33]. Data from longitudinal studies suggest that approximately 30% to nearly 
half of people with MHO transition back to MUO after 4 to 20 years of follow-up 
[28]. Indeed, in the absence of regular, systematic, and supervised diet and exercise 
programs, obese individuals with MHO profiles experience subsequent declines in 
cardiometabolic health [34].

Differences in metabolic profiles of those with MHO versus MUO could be due to 
phenotypic characteristics that lower risk of MetS, such as lower visceral adiposity, 
higher birth weight, adipose cell size characteristics, and genetic markers of adipose 
cells [35]. Alternatively, differentiation of these metabolic profiles has been attrib-
uted to variations in physical activity and cardiorespiratory fitness levels [28, 31], diet 
(e.g., lower intake of sugar, sugar-sweetened beverages, and saturated fat in MHO 
than MUO), and lower adiponectin concentrations in MUO than MHO [28].

Recent studies have suggested that MHO profiles may not indicate a lower risk for 
mortality, particularly when compared to metabolically healthy normal weight [33], 
and lifestyle interventions (e.g., weight management and physical activity) should 
continue to be recommended to reduce total mortality in all obese individuals [35].

2.6 Other considerations of obesity

Obesity has a profound impact on the cost of health care. Direct costs refer to 
money consumed to treat obesity-related health problems such as hospitalization, 
medical consultations in outpatient clinics, and obesity-related medications [36]. 
Obesity is associated with increases in annual health-care costs of 36% and medication 
costs of 77% compared with being of normal weight [37]. In 2014, a pooled estimate 
of annual medical costs attributable to obesity was $1901 in USD (ranging from 
$1239–$2582), accounting for approximately $150 billion nationally, with variations in 
costs primarily driven by age and severity of obesity-related comorbid condition [6].

There are long-term negative economic consequences and indirect costs of obe-
sity. Indirect costs refer to lost productivity or costs to the economy outside of the 
health sector. Childhood obesity is associated with truancy from school, even after 
controlling for key covariates [37]. According to the National Longitudinal Survey 
on Youth 1979 data, higher BMI in late-teen years was associated with 3.5% lower 
hourly wages for men and women [38]. Obese adolescents were also more likely to 
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be the victim of bullying (e.g., name-calling, teasing, physical abuse) and isola-
tion during adolescence [37], which can result in an economic cost associated with 
(untreated) mental and behavioral health. If obesity could be addressed in early life 
by reducing the number overweight and obese 16 and 17-year-olds by 1%, then the 
number of adults with obesity would reduce by 52,812, and lifetime medical costs 
would decrease by $586 million [37].

Obesity is also a matter of national security. The impact of obesity on the U.S. 
military has largely been unreported [39]. Since 2002, there has been a 61% rise 
among active duty forces, with obesity-related healthcare spending and costs to 
replace personnel unfit to serve exceeding $1.5 billion USD [39]. The military is 
facing significant recruiting challenges, with nearly 25% of young adults and over 
70% of citizens in most states ineligible to serve due to higher BMI [39]. Other 
obesity-related issues faced by the military include lost work among those in active 
duty totaling 656,000 days, violent intentions and behavior, food demand and 
insecurity, impaired responses to infectious diseases, and vulnerability to injury 
and death [40].

Currently, there are no accepted standards for what constitutes a health-related 
threat to national security. Focusing only on the harms of obesity to the wellbeing 
of the population at large, not just to individuals with obesity, carries with it a risk 
of perpetuating weight stigmatization [40]. However, framing obesity as a national 
security threat has significant public health importance, provided importance is 
placed on gathering quantitative and qualitative data that characterizes the threat, 
and correlation and causation relationships are properly differentiated [40].

3. Cardiometabolic research

3.1 Strides

Over the last 40 years, the decline in mortality from CVD in the U.S. has been a 
public health success story. In the U.S., coronary heart disease as a leading cause of 
death has fallen 60% from its peak in the mid-1960s, with similar declines observed 
in nearly all regions of the world, especially in high-income countries [41]. However, 
if we place a narrower focus on racial/ethnic subgroups, or select populations from 
developing countries, we find that progress has not been equally shared [41, 42].

The sharp decline in mortality rates has been fueled by swift progress in preven-
tion and treatment efforts. These efforts include rapid declines in cigarette smok-
ing, improved methods for treating and controlling HTN, the use of statins to lower 
circulating cholesterol levels, and limiting or preventing infarction through the use 
of sophisticated methods [43]. Other factors have resulted in decreases in the rate of 
CVD despite increases in BMI, such as improved treatment or changes in other risks 
[26]. Clinical interventions have also proven effective in treating and controlling 
major risk factors of CVD, such as high systolic BP, cholesterol, and fasting plasma 
glucose [26].

3.2 Setbacks

3.2.1 Medicalizing obesity

The medical profession and social constructionists profess different concepts of 
illness. The medical model approaches disease as a biological condition, universal 
and unchanging, independent of time or place; in contrast, social constructionists 
define illness as the social and cultural meaning of that condition [44].
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The idea of obesity as a social and cultural construct has contributed to its 
shift from being viewed as a comorbidity that ultimately leads to more complex 
diseases to its own treatment as a chronic disease with a complex etiology. In 2013, 
the American Medical Association officially recognized obesity as a complex 
chronic or non-communicable disease requiring medical attention [5, 13, 45]. The 
medicalization of obesity has presented a setback in the progress toward combating 
obesity and its resulting morbidities. Treating obesity as a health outcome rather 
than a comorbid condition leading to a chronic disease influences policies to focus 
on medical solutions (e.g., gastric bypass surgeries or pharmacological treatment 
of obesity-related comorbidities) rather than social and environmental factors as 
primary drivers of obesity, such as health illiteracy, the role of nutrition-deficient 
product promotion by the food industry, or healthy food access in areas with high 
rates of OW/obesity [44]. Other observers have raised similar concerns, not only 
emphasizing medicalization’s overexpansion of medicine’s domain, but also pro-
claiming it to be a mechanism by which the pharmaceutical industry can increase 
markets [46]. These medical policy changes will thus further contribute to rising 
health care costs. The Food and Drug Administration similarly expresses concern 
that proposed obesity drugs themselves increase cardiovascular or other risks and 
may require changes to clinical research protocols [46]. By treating the medical and 
social narratives of obesity as mutually exclusive, we may indeed see a resurgence of 
CVD in the near future.

3.2.2 Constructionist view of the obesity pandemic

The concept of health, illness, and disease are defined differently based on 
various factors in society. A medical practitioner may define health in very dif-
ferent terms than social or cultural definitions. However, all modern concepts of 
health recognize health as more than the absence of disease, pointing toward a 
greater capacity of the individual for self-realization and self-fulfillment [47].

According to the WHO, health is a state of complete physical, mental and social 
well-being and not merely the absence of disease or infirmity [48]. Other definitions 
of health can be found in three main models that include social, biomedical, and 
functional aspects. The social model places its focus on the social determinants of 
health and illness and argues that the way society is structurally organized affects 
the etiology of health and illness [49]. It highlights changes that need to be made 
by society, including health disparities by social class, occupation, race/ethnicity, 
gender, and income, in order to make the population healthier [49]. The biomedi-
cal model of health, currently dominant in medical practice, focuses on biological 
determinants playing a key role in explaining disease as a condition, primarily 
caused by external (e.g., physical, chemical, and microbiologic factors) or internal 
(e.g., vascular, immunologic, and metabolic) factors [50]. In this model, the physical 
or biological aspects of disease and illness serves as the focal endpoint and is associ-
ated with the diagnosis, cure, and treatment of disease. Lastly, functional medicine 
model focuses more on the dynamic functional processes that result in a person’s 
disease and less with disease as the endpoint [51].

There are skeptics, primarily influenced by the social model of health, 
who assert the obesity epidemic, and even the idea of health itself, is socially 
constructed. Holland et al. view obesity as a construct propagated by scientific 
discourse, which functions within a context of social surveillance and bio-power, 
even though they acknowledge obesity rates as “social facts” and being obese as a 
reality [52]. The Association for Size Diversity and Health, an international profes-
sional organization and strong proponent of the HAES® movement, asserts that, 
“health exists on a continuum that varies with time and circumstance for each 
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individual. Health should be conceived as a resource or capacity available to all 
regardless of health condition or ability level, and not as an outcome or objective 
of living [53].”

Natalie Boero characterizes the obesity epidemic as a “postmodern epidemic,” 
or “epidemics in which unevenly medicalized phenomena lacking a clear patho-
logical basis get cast in the language and moral panic of “traditional” epidemics 
[54].” The “postmodern” and constructed labels given to the obesity epidemic are 
said to be justified due to there being no known discrete cause of obesity, having 
been attributed to a wide range of factors, from genetic predisposition, to socio-
economic factors (e.g., food quality/scarcity), to the built environment. Adding 
to this argument is the idea that obesity research tends to conflate overweight 
and obesity, largely attributable to a critical reliance on a fluid metric (due to its 
changing categories) to diagnose health [54] and issues with participant selection 
in study populations [55].

The constructionist view of obesity, largely endorsed by sociologists and members 
of fat activism, and those that treat obesity as a biomedical fact and health risk, 
undoubtedly occupy two poles of obesity scholarship. Both hold influence on how 
the public views and treats OW/obesity. Yet, how can we continue our public health 
campaign of reducing obesity while avoiding what members of the fat acceptance 
movement label as “fat shaming”? Is there still a platform wherein OW/obesity and 
its health ramifications can be publicly discussed from a biomedical perspective 
while also avoiding weight stigmatization? Until these questions are addressed, the 
contention between these two groups will remain and the growing popularity of 
body positivity and fat activism, without regard for the health risks that accompany 
obesity, will render the public health message of the health advantages of preventing 
or treating obesity largely ignored.

4. Body image

Body image involves a person’s perceptions, thoughts, behaviors, and feelings 
regarding his or her appearance. There are several aspects of body image that can 
be explored: perceptual, attitudinal, and psychological [56]. Perceptual body 
image investigates the accuracy of body size estimations relative to its actual size. 
Attitudinal body image assesses an overall subjective satisfaction of the body, 
personal feelings and beliefs about the body, and avoidance of exposure of the 
body to others [56]. Finally, psychological measures combine one or more of these 
components. In all aspects, body image is a subjective concept and experience.

Any aspect of body image an individual has of his or her body is pivotally 
determined by interactions within obesogenic environments [57], (social) media 
[58], fitness imagery [59], and sociocultural experiences [59–61]. For example, in 
a study examining the impact of different forms of inspirational fitness (“fitspira-
tion”) images on women’s image of their bodies, the authors found that exposure 
to “fitspiration” images led to decreased body satisfaction and increased negative 
mood over time [59].

Body image satisfaction also exhibits elasticity and can change throughout 
developmental periods. For example, adolescents display body image elasticity as 
they undergo the significant physical and psychological changes of puberty [56]. 
Other examples of groups who may pay special attention to body-related imagery 
and display sensitivity to media cues are pregnant women, bodybuilders, athletes, 
and people with eating disorders. Research suggests there are also qualitative dif-
ferences in body image that vary between men and women, by age group, sexual 
orientation, and race/ethnicity [56, 62].
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The idea of obesity as a social and cultural construct has contributed to its 
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of obesity-related comorbidities) rather than social and environmental factors as 
primary drivers of obesity, such as health illiteracy, the role of nutrition-deficient 
product promotion by the food industry, or healthy food access in areas with high 
rates of OW/obesity [44]. Other observers have raised similar concerns, not only 
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components. In all aspects, body image is a subjective concept and experience.
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mood over time [59].

Body image satisfaction also exhibits elasticity and can change throughout 
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5. Weight stigmatization

5.1 The role of culture and society

Western societies, particularly those with affluence in the twenty-first century, 
have generally associated thinness with happiness, success, youthfulness, and social 
acceptance [56]. Most citizens of the Western world view fatness as a negative that 
is to be avoided. There has been a cultural prejudice and stigma toward those with 
overweight or obesity [60]. However, weight stigmatization has itself become a 
public health concern due to the associated psychological and physical health conse-
quences to OW/obese individuals. The psychological and social stigmata associated 
with being OW/obese often makes this population vulnerable to discrimination in 
their personal and work lives [5]. Often blamed for their weight, the OW/obese are 
labeled as lazy, weak-willed, out of control, and lacking motivation [2, 56, 60]. The 
prevailing message in the media is that the cause and cure for obesity lies within the 
individual [60]. In a study examining obesity perception among policymakers from 
over 10 developed countries, over 90% saw lack of personal motivation as having a 
“strong” or “very strong” impact on obesity [23].

Nevertheless, weight stigmatization has been a long-standing approach to 
reducing obesity. However, it has not proven to be a motivator for weight loss [60]. 
There are studies that show stigmatizing weight is counterproductive. Individuals 
who experience weight stigma or perceived weight discrimination are at increased 
risk for anxiety, depression, bulimia, body dissatisfaction, low self-esteem and 
other psychological disorders [24]. Other findings have shown that even after con-
trolling for key covariates such as BMI, age, and sex, these psychological outcomes 
remain, indicating that overweight perception rather than obesity is associated 
with psychological distress [63].

Weight stigma perpetuates unhealthy behaviors, including increased eating, 
reduced self-regulation, and avoidance of exercise [64]. Further, chronic stress 
resulting from weight stigma contributes to the development and/or pathophysiol-
ogy of obesity, independent of adiposity [64]. Stress has been found to induce high 
levels of cortisol (an obesogenic hormone), leading to increased activity of the sym-
pathetic nervous system (SNS) and release of corticotrophin-releasing hormone. 
Chronically elevated SNS activity could deregulate hypothalamic-pituitary-adrenal 
axis activity, thus further contributing to the etiology of obesity [65].

5.2 Weight bias in clinical settings

Reducing obesity rates has become a target for public health action, due to the link 
between obesity and a range of chronic diseases and premature mortality. However, 
critics of this view suggest that obesity has been primarily framed within a medical 
narrative, thus generating greater social anxiety and fears of “fatness” [66]. Some 
argue that dominant medical narratives are responsible for the discourse circulating 
around the idea of fatness as a pathology and a moral failing [66], further asserting 
that all the statistics on fat people being unhealthy are baseless due to the failure of 
society to delineate between fat and fat stigma [67]. The supposed bias of physicians 
has increasingly come under scrutiny. Physicians are said to notoriously view fat 
patients as noncompliant, or unwilling to follow their directions [67]. Some medical 
and allied health professionals have been overtly labeled “fat phobic” and showing 
weight bias. Weight bias is defined as having a widespread stereotypical and preju-
dicial attitude, assumption, belief, or judgment toward fat people [68, 69]. Studies 
show widespread weight bias among medical professionals [70], medical students 
and physician assistants [71], and exercise and nutrition professionals [72], with no 
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clearly defined approach to reduce these biases among students and professionals 
across various health disciplines [69]. There have even been reports of obese women 
avoiding routine gynecological exams, despite having higher rates of gynecological 
cancers than nonobese women, due to weight stigmatization and the corresponding 
negative attitudes of health care professionals toward overweight people [44]. The 
obesity problem we are facing is only exacerbated when participants express reluc-
tance to address weight concerns with their health care providers for fear they will 
not be taken seriously [70], or avoid seeing their primary care physician or specialist 
entirely.

6. Body positivity

There has been a growing awareness of the psychosocial harms of weight stig-
matization and fat shaming. Our culture is moving more toward body positivity, 
self-empowerment, inclusivity, and encouraging individuals to take pride in and 
accept their bodies, despite having BMI’s that classify them as clinically OW/obese. 
Popularized through Instagram, with over 11 million posts tagged with #bodyposi-
tive, 4 million for #bodypositivity, and more than 1 million for #bopo [73]. Indeed, 
an internet search of body positivity will yield more than 112 million results [73]. 
Body positivity aims to challenge dominant body image ideals, promote accep-
tance and respect of all bodies, irrespective of shape, size, and features, focusing 
more on appreciating the functionality and health of the body rather than only its 
appearance [73] (Figure 4).

Positive body image is indeed a key factor in determining one’s ability to reach 
weight loss goals. However, setting positive weight loss goals is an assumption in 
traditional approaches to weight loss [74]. Other assumptions include 1) the notion 
that adiposity increases risk of morbidity and mortality, 2) maintaining weight loss 
can be achieved through proper diet and exercise, which will prolong life, 3) obese 
individuals can improve health only through weight loss, 4) and finally, the high 

Figure 4. 
A group of women at a fitness facility stretch to hold a child’s pose with their hands all reaching in to form a 
circle. Body positivity promotes strength and fitness coming in many forms, no matter the body shape or size 
(photo by: Sarah Pflug. Available from: https://burst.shopify.com/photos/ladies-stretch-circle?c=yoga [Accessed: 
13 August 2020]).
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clearly defined approach to reduce these biases among students and professionals 
across various health disciplines [69]. There have even been reports of obese women 
avoiding routine gynecological exams, despite having higher rates of gynecological 
cancers than nonobese women, due to weight stigmatization and the corresponding 
negative attitudes of health care professionals toward overweight people [44]. The 
obesity problem we are facing is only exacerbated when participants express reluc-
tance to address weight concerns with their health care providers for fear they will 
not be taken seriously [70], or avoid seeing their primary care physician or specialist 
entirely.

6. Body positivity

There has been a growing awareness of the psychosocial harms of weight stig-
matization and fat shaming. Our culture is moving more toward body positivity, 
self-empowerment, inclusivity, and encouraging individuals to take pride in and 
accept their bodies, despite having BMI’s that classify them as clinically OW/obese. 
Popularized through Instagram, with over 11 million posts tagged with #bodyposi-
tive, 4 million for #bodypositivity, and more than 1 million for #bopo [73]. Indeed, 
an internet search of body positivity will yield more than 112 million results [73]. 
Body positivity aims to challenge dominant body image ideals, promote accep-
tance and respect of all bodies, irrespective of shape, size, and features, focusing 
more on appreciating the functionality and health of the body rather than only its 
appearance [73] (Figure 4).

Positive body image is indeed a key factor in determining one’s ability to reach 
weight loss goals. However, setting positive weight loss goals is an assumption in 
traditional approaches to weight loss [74]. Other assumptions include 1) the notion 
that adiposity increases risk of morbidity and mortality, 2) maintaining weight loss 
can be achieved through proper diet and exercise, which will prolong life, 3) obese 
individuals can improve health only through weight loss, 4) and finally, the high 

Figure 4. 
A group of women at a fitness facility stretch to hold a child’s pose with their hands all reaching in to form a 
circle. Body positivity promotes strength and fitness coming in many forms, no matter the body shape or size 
(photo by: Sarah Pflug. Available from: https://burst.shopify.com/photos/ladies-stretch-circle?c=yoga [Accessed: 
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economic burden on the health care system incurred by obesity-related costs can be 
mitigated by obesity treatment and prevention [74].

Many people who pursue weight-loss programs are seemingly motivated to 
lose weight to be normal, wear smaller clothes, and avoid weight stigmatization 
and discrimination rather than by the dangers of obesity or its associated health 
risks [54]. OW/obese individuals are now being more positively represented in 
the media, movies, and even in arenas where they have historically been absent or 
ignored, such as in the fitness and fashion industries, or as role models in music 
and entertainment. However, visual normalization of larger bodies, that is, more 
habitual visual exposure to people with excess weight, may further contribute to the 
higher prevalence of overweight and obesity, particularly among those with lower 
levels of education and income [75].

7. Fat acceptance and health at every size movements

7.1 Fat acceptance

Established in 1969, the National Association to Advance Fat Acceptance 
(NAAFA) is a fat-rights organization congealed out of early protests of fat activists 
(Figure 5). Established as a support movement, the organization protests discrimina-
tion in the workplace and lack of fat acceptance in society [76]. The organization is 
dedicated to protecting the rights and improving the quality of life for fat people [77].

Fat acceptance and body positivity have become synonymous terms of late. 
Arguing that the former term is rooted in the latter term, some claim that fat 
acceptance is threatening to destroy the body positive movement. They contend 
that those originally intended to benefit from body positivity were individuals like 
cancer survivors who have suffered physical disfigurement, people with physical 
disabilities, and members of underrepresented racial/ethnic groups frequently 
ignored by the media. These individuals have no control over primarily physical 
factors that have set them apart.

Parallels have been drawn between fatness and smoking (i.e. an unhealthy and 
deadly condition brought on by behaviors, but difficult to change once the behavior 
is set in motion) [78]. It follows that those with no apparent medical reason for 
OW/obesity (e.g., medications, Cushing’s syndrome, polycystic ovary syndrome), 
on some level, choose to be OW/obese. Conversely, there are those that believe 
the idea that fat is permanently changeable to be a myth, citing studies that report 
participants gaining more weight than originally lost within three years of ending a 
diet [67].

Culture, society, (social) media, and reality TV have all influenced obesity per-
ception, outpacing influential and well-established clinical definitions and medical 
advice warning of the cardiometabolic risks of obesity. For example, the terms “fat,” 
“curvy,” “plus-sized,” and “full-figured” are more frequently used among plus-size 
fashion bloggers, reclaiming the use of the word “fat,” and lessening the weight 
stigma around obesity [79]. OW/obese people can now be found on the glossy 
covers of magazines and amassing followers on social media outlets such as blog 
sites, Instagram, YouTube, TikTok, Tumblr, Twitter, and other online spaces. Under 
the guise of glamor and glitz, OW/obese social media and reality TV influencers 
advertise “fit, fabulous, and fat” lifestyles, which only serve to contradict public 
health messaging discouraging unhealthy lifestyles. While fat activists and the fat 
acceptance movement are working to reduce weight stigmatization, their influence 
on the public, particularly those with central adiposity, can potentially undermine 
the recognition of being overweight and its health consequences [75].
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Civil lawmakers are also shifting the narrative to more acceptance and inclusiv-
ity as it relates to OW/obese perception. Antidiscrimination law theorizes unfair-
ness based on government classifications of a group of people who are singled out 
and burdened without sufficiently good reason or in employment decisions based 
on protected traits outlined in Title VII of the 1964 Civil Rights Act. Fat advocates 
have become familiar with the difficulty of seeking legal arguments for fat rights 
protection under Title VII while also arguing that obesity is a medicalized impair-
ment and disability [78].

7.2 Health at every size

Like the fat acceptance movement, HAES® is a weight-neutral approach that 
advocates the idea that health can be achieved and sustained, independent of 
weight status. The HAES® approach advocates intuitive eating, which involves 
listening to and acting on internal hunger and satiety cues and preferences. A 
HAES® approach attempts to addresses weight bias and stigma in individuals 
living with obesity, and is touted as a promising public health approach instead 
of focusing on weight status as an ultimate health outcome [74]. Proponents of 
HAES® assert that the long-term sustainability of traditional medical or behav-
iorally based interventions (e.g., pharmacological, surgical, and behavioral) for 
obesity has been disappointing. HAES® is emerging as standard practice in the 
eating disorders field [80] whose principles are professed by an array of civil rights 
groups and international professional organizations dedicated to promoting fat 
acceptance and fighting weight discrimination [80].

There is evidence supporting the notion of fit at every size. Higher fitness 
levels among the MHO are associated with fewer metabolic complications and 
lower prevalence of MetS at any age and across different weight status groups [31]. 
However, as previously mentioned, MHO has been shown to be a transient state to 
MUO [25, 33].

It is important to emphasize that health is a continuum on which every person 
lies, with one end of the spectrum representing morbidity/mortality and the other 

Figure 5. 
The National Association to Advance Fat Acceptance (NAAFA) is an all-volunteer, multigenerational  
fat-rights organization seeking to change the narrative around fatness, fight for fat-rights, and increase respect 
for all people, regardless of body type or size. Available from: https://naafa.org/ [Accessed: 13 August 2020].
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advice warning of the cardiometabolic risks of obesity. For example, the terms “fat,” 
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advertise “fit, fabulous, and fat” lifestyles, which only serve to contradict public 
health messaging discouraging unhealthy lifestyles. While fat activists and the fat 
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It is important to emphasize that health is a continuum on which every person 
lies, with one end of the spectrum representing morbidity/mortality and the other 

Figure 5. 
The National Association to Advance Fat Acceptance (NAAFA) is an all-volunteer, multigenerational  
fat-rights organization seeking to change the narrative around fatness, fight for fat-rights, and increase respect 
for all people, regardless of body type or size. Available from: https://naafa.org/ [Accessed: 13 August 2020].
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health and vitality. There is a size threshold, albeit non-discrete, over which a per-
son crosses over into a state of increased risk of, or overt illness. Established comor-
bidities and sequelae frequently accompany sustained obesity, despite practicing 
intuitive eating, that reduce quality of life, not the least of which include increased 
risk of musculoskeletal pathology [81], arthritis/joint pain, respiratory conditions/
diseases (e.g., sleep apnea, asthma), depression/anxiety, inability to participate in 
certain activities, and physical disability [1]. Additionally, the association between 
intuitive eating and diet quality remains unclear in epidemiologic literature. 
Nevertheless, HAES® holds value in its deemphasis on restrictive dieting, which 
has been associated with increased psychological stress, increased cortisol levels, 
and subsequent weight gain [65].

Despite years of empirical medical and comprehensive epidemiological 
research, many fat activists take pride in maintaining higher BMI and embracing 
their size, all while holding in contempt any efforts to increase health and wellness. 
Permeating through activism, academia, fashion, and even sports, the HAES® 
approach appears to promote not only acceptance, but pride in the esthetic of the fat 
body. Members of this movement seek to bring people of larger size back from the 
margins of society, fiercely labeling those who oppose their ideas as “body-shamers” 
and “fat phobic” perpetuators of societal norms.

While the OW/obese may find intuitive eating and HAES® approaches success-
ful, there still remains a tremendous (mental) health care cost of obesity-related 
illnesses. These costs are a real economic impact to society. Years of medical and 
scientific research has provided irrefutable evidence of the deadly cost of condon-
ing preventable OW/obesity and unhealthy lifestyles of over 650 million OW/obese 
worldwide. Simultaneously, the medical and public health community must not 
use the campaign to reduce fat as justification for prejudice and oppression. OW/
obese individuals have a right to make their own choices; but health literacy and 
knowledge of the correct information and use of that information to make informed 
health decisions is of utmost public health concern.

8. Preventing the reversal of progress made in CVD research

8.1 Health behaviors

At the primary level of prevention, modifying health behaviors, such as incor-
porating healthy eating and fitness habits into everyday lifestyles, can reduce 
metabolic risk factors (e.g., cholesterol levels, blood sugar levels, and BP) [25, 82]. 
The benefits of both reducing sedentary behavior together with increasing physi-
cal activity, especially in the elderly, is associated with a reduced risk for type 2 
diabetes, compared with those physically inactive [82]. Lowering body fat, even if 
from obesity to overweight, can result in a reduction in metabolic abnormalities and 
lower levels of systemic inflammation, and lower BP [25]. The Look AHEAD study 
examined the effects of an intensive lifestyle intervention and found that lifestyle 
interventions can produce long term weight loss and improvement in fitness and 
sustained beneficial effects on CVD risk factors [83].

8.2 Health literacy

While self-acceptance and positive self-perception are certainly noble attributes, 
scientific knowledge of well-established risks of clinical obesity, particularly excess 
central body fat, cannot go unheeded. Health literacy, in combination with body 
positivity, may prevent reversal of the strides made in the reduction of CVD.
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Health literacy is the degree to which individuals are able to access, understand, 
and use or process basic health information and services, thereby promoting good 
health for themselves, their families, and their communities [3]. Insufficient health 
literacy has been associated with poorer outcomes prior to and following coronary 
events, excess body weight, higher morbidity and mortality rates, healthcare use, 
and costs [84, 85] (Figure 6). Increasing health literacy will contribute to greater 
ability to read food labels, determine energy content, and make better food choices 
complementary to a healthy, physically active lifestyle. Health literacy should be 
evaluated as part of secondary prevention programs aiming to reduce CVD risk, 
such as dropout rates in cardiac rehabilitation [84].

With the power to fundamentally change the way the population regards 
obesity and its health risks, health literacy has the potential to profoundly 
reduce barriers to health delivery, reduce health care costs, and improve overall 
health status.

8.3 Social media

Social media is a crowded space that is filled with competing health messages. 
These platforms play a principal role in attempting to change health behavior and 
prevent or improve CVD health outcomes. Social media messages have influenced 
the health care decision making among patients, not all of whom always check the 
authenticity of information received. For example, in a study exploring the impact 
of health-related information sharing and the influence of social media on people’s 
online health information-seeking behavior, the authors found that social media 
users received health information (80–90%), and admitted to starting (47%), 
and stopping medication (42%) after reading messages received on a social media 
platform [86]. Taking this into account, public health practitioners must focus their 
resources on platforms to counter sociological agendas. For example, most tenets of 
fat acceptance, body positivity (independent of weight status), and HAES® openly 
contradict health guidelines that are based on years of medical research. They must 
increase the amount of available information on CVD health, reinforce its salience 

Figure 6. 
Adverse health risks for patients with low health literacy (source: Centers for Disease Control and Prevention 
(CDC), Center for Preparedness and Response. Available from: https://www.cdc.gov/cpr/infographics/
healthliteracy.htm [Accessed: 03 August 2020]).
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as a CVD risk factor and public health problem, attract the attention of the OW/
obese population, and offer practical solutions [87].

Medical advice must be translated into lay terms, adjusting for multiple levels of 
health literacy. Messages must include health incentives that are relatable to their 
audience. A successful public health campaign will include communication that is 
sensitive to the body positivity movement, one that encourages self-acceptance, 
and supports the mental health of this population. Incorporating elements from the 
social, biomedical, and functional models of health may elucidate why reducing 
body fat is beneficial for cardiometabolic health.

8.4 Clinical settings

In clinical settings, it is imperative that medical professionals, including physician 
assistants [71] and exercise and nutrition professionals [72], increase their awareness 
of their own weight bias, as well as that of their colleagues. Creating a welcoming 
setting where the OW/obese do not feel stigmatized will open more opportunities for 
doctor-patient educational discourse on the health benefits of reducing body weight, 
restructure how they are clinically monitored, and reduce bias while profiling their 
CVD risk.

The biomedical model has been the dominant approach in medicine. However, 
in its organ-oriented approach and its failing to take psychosocial aspects of 
disease into account, its efficacy in the advent of chronic disease prevalence has 
become questionable [50]. There is an increasing recognition of the influential role 
of culture and society in our perception of health and healthy behaviors. Rather 
than medical practitioners taking the historic biomedical model approach to 
obesity in clinical settings, a more effective approach will be to incorporate ideas 
from the social model (e.g., screening for social and environmental contributors 
to obesity), together with concepts from the functional model (e.g., examining 
functional health of the OW/obese). Building bridges across models will advance 
our  prevention efforts and holistic treatment in this population.

9. Chapter conclusion

Obesity is still a pervasive problem, confirming its intractability. Obesity is a 
well-known risk factor for CVD, which is still a leading cause of morbidity and 
mortality in the U.S. and most developed countries. Yet, strides have been made in 
reducing CVD mortality rates. Over the last 40 years, we have seen a decline in mor-
tality from CVD in the U.S. and many regions of the world. In response, there have 
been major setbacks to this progress, namely the fat acceptance and body positivity 
movements. Principally rooted within sociological frameworks, these movements 
appear inattentive to the established adverse health risks of maintaining an OW/
obese status; nor do they promote efforts to modify health behaviors that reduce 
obesity and thus decrease risk of type 2 diabetes and CVD. Yet these emerging 
views are gaining momentum, revealing key changes in trends in fat identity and fat 
acceptance. These trends have key public health implications with a direct impact 
on a generation who daily engages with social media influencers who promote such 
messages. The parallel trend of the body positivity movement, in the absence of 
weight status consideration, threatens to reverse decades of progress made toward 
reducing coronary heart disease and its comorbidities.

The urgency of reducing obesity as a public health message continues. The 
body positivity and fat activism communities must reconcile with medical and 
public health professionals to equally address both the mental health benefits of 

93

Obesity Acceptance: Body Positivity and Clinical Risk Factors
DOI: http://dx.doi.org/10.5772/intechopen.93540

Author details

Ketrell L. McWhorter
School of Science, Health and Mathematics, Asbury University, 
Wilmore, Kentucky, United States

*Address all correspondence to: ketrell.mcwhorter@asbury.edu
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Chapter 7

Genetic Determinant of Familial 
Dilated Cardiomyopathy and 
Genotype-Targeted Therapeutic 
Strategy
Jing Zhong, Li-Ping Li, Jian-Feng Zhou and Yong-He Ding

Abstract

Dilated cardiomyopathy (DCM) is a myocardium disease characterized by left 
ventricular dilation and systolic dysfunction. Genetic susceptibility contributes 
significantly to the disease progression in familial DCM. Mutations in more than 
fifty different genes have been identified to cause DCM, accounting for up to 50% 
of familial DCM cases. Elucidation of genetic basis for the remaining familial DCM 
probands promises to substantially increase the efficiency of genetic testing for 
early disease diagnosis and intervention. Dissecting genetic pathways linked to 
DCM and related pathogenic mechanisms can provide valuable insights into the 
understanding of disease pathophysiology that can be leveraged for development 
of genotype-targeted therapeutic strategy. Here, we review genetic variants, with 
a focus on affected genes most commonly implicated in DCM, and highlight their 
underlying pathophysiological mechanisms of action. We discuss recent progress 
on gene-based therapeutic strategy which holds the opportunities to implement 
individualized medicine and ultimately to improve patient outcome in the future.

Keywords: dilated cardiomyopathy, genetic determinant, genetic testing,  
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1. Introduction

Heart failure afflicts about 26 million patients worldwide. The estimated economic 
burden related to heart failure is 120 billion US dollars [1]. Dilated cardiomyopathy 
(DCM), referred to a group of heart muscle disorders characterized by heart chamber 
dilation and systolic dysfunction, is a common cause of heart failure. DCM is the most 
common form of non-ischemic cardiomyopathy and the most common indication in 
patients who need heart transplantation [2, 3]. In the pediatric, nearly 50% of patients 
dying suddenly or undergoing cardiac transplantation are affected by cardiomyopa-
thy, predominantly by DCM [4]. In the young, DCM is the most frequent cause of 
heart failure [5]. In the adult, it is the second most common cause of heart failure 
(after the coronary heart disease), underlying about one third of all heart failure cases 
[1]. While the true prevalence for DCM in general population is not fully defined 
yet due to lack of well-designed large-scale population based studies, its estimated 
prevalence ranges from 1 in 2500 to 1 in 250 people [6]. The annual incidence of DCM 
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is approximately 7 cases per 10,000 individuals, and males are about 3 times more 
frequently affected than females [2, 7, 8].

Classically, DCM is defined based on two major criteria: 1) left LV fractional 
shortening <25% (> 2 standard deviations [SD]) and/or LV ejection fraction <45% 
(>2 SD); and 2) LV end-diastolic diameter greater than 117% of the predicated 
value corrected for age and body surface area. DCM is diagnosed when any other 
known cause of myocardial diseases are excluded [9]. The updated definitions of 
DCM are left ventricular or biventricular systolic dysfunction and dilatation that 
are not explained by abnormal loading conditions or coronary artery disease [10].

DCM is caused by a variety of etiologies, including acquired, genetic and/or 
mixed origins. Acquired risk factors such as infection, myocarditis, drug toxin, 
autoimmune response, excess alcohol consumption and metabolic disorders are 
recognized to cause DCM. Primary DCM results when all these acquired factors are 
exclude, which can be either idiopathic or familial. Familial DCM (FDC) is clas-
sified when two or more family members are diagnosed in first-degree relatives. 
The prevalence of familial DCM differs in different patient cohorts, estimated to 
range from 20–50% of all DCM cases. The remaining DCM cases are thus classi-
fied as idiopathic [6, 11]. However, the frequency of familial DCM is believed to 
be underestimated, due to the limitation of large pedigree and family’s availability 
for diagnostic screening. Genetic factors which predispose to DCM have been 
increasingly recognized. Since the discovery of the first disease causative gene to 
cardiomyopathy [12], to date, more than 50 genes have been identified to associate 
with DCM and the number is still increasing. Genetic mutations in all these genes 
combined can explain about 40–50% of familial DCM cases, underpinning the 
genetic determinant of this disease [6]. The familial DCM appears to be inherited as 
a monogenic trait and is mainly transmitted in an autosomal dominant inheritance 
pattern, manifesting incomplete, age-related penetrance and variable expression. 
Other patterns such as autosomal recessive, X-linked and mitochondrial inheritance 
also occurs in a small portion of the familial DCM cases [6, 13].

Current management of DCM is mainly focused on treating patients with 
symptoms following the standard guidelines, similar to treating other forms of 
heart failure with reduced ejection fraction (EF). The guideline driven therapies 
mostly adapt a “one-size-fits-all” approach that uses β-adrenergic blockers, 
angiotensin-converting enzyme inhibitors, or angiotensin receptor blockers to 
improve cardiac function and symptom by reducing congestion and management 
of arrhythmia [14, 15]. Recently, several new additions of armamentarium are 
also implemented in the treatment options [16–18]. Despite of advances in these 
treatment protocols, DCM remains one of the major reasons for patients needed 
for heart transplantation, and the morbidity and mortality rate of DCM still 
remains unacceptably high. Thus, the current management of DCM with the “one-
size-fits-all” strategy is challenged. More novel and effective and individualized 
treatment options are desirable.

Considering the genetic determinant of DCM, and up to 50% of familial DCM 
patients have a genetic origin, genotype-targeted therapies, by directly targeting at 
the specific gene mutations, have emerged as promising strategies toward develop-
ment of more effective and individualized treatment. In this chapter, we firstly 
review definitive genes linked to DCM and classify them based on their intracellular 
localization (Figure 1), with a major focus on genes most commonly implicated 
in DCM, and highlight their underlying pathophysiological mechanism of action 
if known (Table 1). Next, we discuss progress and challenges on the emerging 
genotype-based therapeutic strategies for effective and individualized medicine 
explored in the treatment of DCM (Table 2), which hold the opportunities to 
ultimately improve patient outcome in the future.
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Gene Protein Function Frequency and 
overlapping phenotype

Inheritance 
pattern

Sarcomere

ACTC1 Alpha cardiac 
actin

Structural component 
of thin filament

<1% of DCM; HCM, 
LVNC

Autosomal 
dominant

MYH7 Beta-myosin 
heavy chain

Cardiac muscle 
contraction

5% of DCM; HCM, 
ACM, LVNV

Autosomal 
dominant

TNNC1 Cardiac 
troponin C

Cardiac muscle 
contraction

<1% of DCM; HCM, 
LVNC

Autosomal 
dominant

TNNI3 Cardiac troponin I Cardiac muscle 
contraction

<1% of DCM; HCM Autosomal 
recessive

TNNT2 Cardiac 
troponin T

Cardiac muscle 
contraction

3% of DCM; HCM, 
ACM, LVNC

Autosomal 
dominant

TPM1 Tropomyosin 
alpha-1 chain

Cardiac muscle 
contraction

1–2% of DCM; HCM, 
LVNC

Autosomal 
dominant

TTN Titin Sarcomere scaffold 15–25% of DCM; HCM Autosomal 
dominant

Cytoskeleton

DES Desmin Contractile force 
transduction

<1% of DCM; 
Desminopathies

Autosomal 
dominant

DMD Dystrophin Contractile force 
transduction

<1% of DCM; 
Duchenne/Becker 
muscular dystrophy

X-linked

SGCD δ-sarcoglycan Structural component 
of dystrophin-
glycoprotein complex

<1% of DCM; HCM, 
LGMD2E

Autosomal 
recessive

Nuclear envelope

EMD Emerin Nuclear membrane 
anchorage

<1% of DCM; EMDM X-linked

Figure 1. 
Subcellular localization of the protein encoded by dilated cardiomyopathy disease genes. The graphic shows 
schematic representations and approximate intracellular localization of the encoded proteins by genes strongly 
implicated in dilated cardiomyopathy disease.
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a monogenic trait and is mainly transmitted in an autosomal dominant inheritance 
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Other patterns such as autosomal recessive, X-linked and mitochondrial inheritance 
also occurs in a small portion of the familial DCM cases [6, 13].

Current management of DCM is mainly focused on treating patients with 
symptoms following the standard guidelines, similar to treating other forms of 
heart failure with reduced ejection fraction (EF). The guideline driven therapies 
mostly adapt a “one-size-fits-all” approach that uses β-adrenergic blockers, 
angiotensin-converting enzyme inhibitors, or angiotensin receptor blockers to 
improve cardiac function and symptom by reducing congestion and management 
of arrhythmia [14, 15]. Recently, several new additions of armamentarium are 
also implemented in the treatment options [16–18]. Despite of advances in these 
treatment protocols, DCM remains one of the major reasons for patients needed 
for heart transplantation, and the morbidity and mortality rate of DCM still 
remains unacceptably high. Thus, the current management of DCM with the “one-
size-fits-all” strategy is challenged. More novel and effective and individualized 
treatment options are desirable.

Considering the genetic determinant of DCM, and up to 50% of familial DCM 
patients have a genetic origin, genotype-targeted therapies, by directly targeting at 
the specific gene mutations, have emerged as promising strategies toward develop-
ment of more effective and individualized treatment. In this chapter, we firstly 
review definitive genes linked to DCM and classify them based on their intracellular 
localization (Figure 1), with a major focus on genes most commonly implicated 
in DCM, and highlight their underlying pathophysiological mechanism of action 
if known (Table 1). Next, we discuss progress and challenges on the emerging 
genotype-based therapeutic strategies for effective and individualized medicine 
explored in the treatment of DCM (Table 2), which hold the opportunities to 
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Gene Protein Function Frequency and 
overlapping phenotype

Inheritance 
pattern

LMNA Lamin A/C Nuclear envelope 
structure

6% of DCM; EMDM, 
LGMD1B

Autosomal 
dominant

Nucleus

RBM20 RNA-binding 
protein 20

Regulator of cardiac 
gene splicing

2% of DCM Autosomal 
dominant

Ion channel

SCN5A Sodium voltage-
gated channel 
alpha subunit 5

Sodium channel 
protein

2–3% of DCM; LQTs 
Brugada syndrome

Autosomal 
dominant

Z-disk

BAG3 BCL2-associated 
athanogene 3

Co-chaperone, 
inhibition of 
apoptosis

3% of DCM; Myofibrillar 
myopathy

Autosomal 
dominant

FLNC Flamin-C Actin filament 
crosslinking

<1% of DCM; HCM, 
RCM

Autosomal 
dominant

Desomosome

DSP Desmoplakin Structural 
component of 
desomosome, cell–cell 
mechanotransmission

2% of DCM; ACM Autosomal 
recessive

Mitochondrion

DNAJC19 DnaJ heat shock 
protein family 
homolog, C19

Protein transporter <1% of DCM; 
3-Methylglutaconic 
aciduria, type V

Autosomal 
recessive

TAZ Tafazzin Phospholipid 
transacylase

<1% of DCM; HCM, 
Barth syndrome

X-linked

Sarcoplasmic reticulum

PLN Cardiac 
phospholamba

Regulator of calcium 
pump

<1% of DCM; HCM, 
ACM

Autosomal 
dominant

ACM, Arrhythmogenic cardiomyopathy; DCM, dilated cardiomyopathy; EDMD, Emery–Dreifuss muscular 
dystrophy; LVNC, left ventricular noncompaction; HCM, hypertrophic cardiomyopathy; LGMD, limb-girdle 
muscular dystrophy; LQTs, long QT syndrome; RCM, restrictive cardiomyopathy.

Table 1. 
Genes linked to dilated cardiomyopathy with strong evidence.

Gene Variant 
type

Clinical 
phenotype

Molecular 
pathophysiology

Genotype-based 
therapy

Reference

DMD Nonsense
Deletion

DCM, DMD, 
Becker 
muscular 
dystrophy, 
premature 
death

Absence of 
functional 
dystrophin protein, 
replacement of 
muscle by fibrotic 
and adipose tissue, 
contraction weakness

1) Exon skipping; 
2) Mini dystrophin 
gene replacement; 
3) CRISPRA/Cas9 
genome editing; 
4) Stop codon 
readthrough

[60–62, 67, 
71–73, 80]

LMNA Nonsense
Deletion

DCM 
with high 
penetrance, 
high risk of 
arrhythmia, 
early 
lethality

Lamins A and 
C proteins 
haploinsufficiency, 
nuclear 
malformations, 
biomechanical 
defects, activation of 
p38 kinase pathway

1) Preventive 
therapy, lower 
the threshold for 
cardiac defibrillator 
implantation; 2) p38 
inhibition; 3) Trans-
splicing; 4) Stop 
codon readthrough

[29, 30, 58, 
75, 79]
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2. Genetic causes of familial DCM

Extensive studies on genetic basis of DCM underscored profound hetero-
geneous nature of DCM disease. DCM variants mutate genes encoding a broad 
spectrum of proteins with distinct functions and intracellular localization have 
been identified (Figure 1 and Table 1). For example, mutations in genes encoding 
sarcomere protein involving in mechanosensing and force transmission, encod-
ing nuclear envelope proteins required for the protection of biochemical forces, 
encoding desmosomal proteins required for maintaining the structural integrity 
of desomosome, encoding ion channels and molecules involving in calcium 
handling, encoding chaperone proteins, transcription factors and RNA-binding 
proteins have all been identified to cause DCM. Specific variants in these genes 
may alter various signaling pathways and cellular structures in cardiomyocyte that 
can disrupt the mechanism of cardiac muscle contraction and function, leading to 
common phenotypes of DCM.

2.1 Sarcomere genes

Sarcomere is the basic contractile unit mainly composed of thin and thick fila-
ments. Mutations in sarcomere genes are one of the most important causes of DCM, 
which have been identified in about one third of DCM [19–21]. In addition to cause 
DCM, mutations in sarcomere genes often lead to overlapping phenotypes of hyper-
trophic cardiomyopathy (HCM), another major genetic type of cardiomyopathy 
characterized by ventricular wall thickness and diastolic dysfunction. Genes with 
definitive evidence, supported by studies from multiple centers/groups, with both 

Gene Variant 
type

Clinical 
phenotype

Molecular 
pathophysiology

Genotype-based 
therapy

Reference

TTN Truncating DCM, HCM, 
ventricular 
arrhythmias

Titin protein 
haploinsufficiency, 
sarcomere 
insufficiency, 
metabolic and 
energetic adaption, 
increased sensitivity 
to mechanical stress

Exon-skipping [82]

PLN Missense
Deletion

Ventricular 
dilation, 
contractile 
dysfunction 
and 
ventricular 
arrhythmias, 
heart failure 
by middle 
age

Abnormal PLN 
protein subcellular 
localization, calcium 
handling defects, 
electrical instability

TALEN genome 
editing

[22, 84]

SGCD Deletion DCM, HCM δ-sarcoglycan 
protein deficiency, 
sarcolomma 
instability, increased 
myocyte apoptosis, 
reduced expression 
of miRNA-669a

1) Gene replacement; 
2) microRNA 
overexpression

[83, 88, 
89]

Table 2. 
Examples of gene-targeted therapeutic strategies.
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Gene Protein Function Frequency and 
overlapping phenotype

Inheritance 
pattern
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clinical linkage data and confirmative data from animal models, include ACTC1, 
MYH7, TNNT2, TNNC1, TRM1,TTN. Among which, TTN, MYH7 and TTNT2 
are most commonly implicated in DCM, accounting for about 25%, 5% and 3% of 
familial DCM, respectively.

TTN gene encodes the titin, the largest known protein in human, consisting of 
364 exons and about 35,000 amino acids that spans about a half of the sarcomere. 
It has long been recognized as a sarcomere scaffolding protein that serves as a blue 
print for sarcomerogenesis and myofibrillar assembly. In addition, titin also serves 
as a molecular spring that provides passive tension to regulate sarcomere contrac-
tion. With the advent of next-generation sequencing, human genetic analysis had 
revealed that TTN-truncating variants (TTNtvs) represent the most prevalent gene 
mutations in DCM patients, accounting for up to 25% of familial DCM cases [19]. 
Notebly, TTNtvs are also found in about 1% of general population [22, 23]. While 
not all of these healthy individuals with the TTNtvs are expected to develop DCM, 
they showed significantly increased left ventricular volumes and mild reduction of 
contractility [23]. Initially, it was hypothesized that TTNtvs caused DCM through 
a dominant negative mechanism [24]. This hypothesis is compromised by that 
truncated titin peptides were not detected from DCM hearts that harbored TTNtvs. 
Instead, there is evidence to support that premature truncations in the TTN tran-
scripts trigger nonsense-mediated decay in rat models with TTNtvs [23]. Together 
with recently cumulative data derived from studies in human induced pluripotent 
stem cell-derived cardiomyocytes (iPSC-CMs) and human cardiac tissues, the 
hypothesis of haploinsufficiency mechanisms is now more widely recognized [25].

MYH7 encodes the beta isoform of myosin heavy chain (MHC-β) that is 
predominantly expressed in the heart. MHC-β is a major component of the thick 
filament responsible for hydrolyzing ATP to produce force for cardiac muscle con-
traction. The Arg403Gln missense mutation of MYH7 was first identified to cause 
HCM back to 1990 [12]. Since then, many MYH7 variants were identified to associ-
ate with both HCM and DCM, accounting for approximately 40% of HCM and 
5% of DCM cases, respectively. The definitive mechanisms underlying how MYH7 
mutations cause different types of cardiomyopathies remain to be elusive. Clinically, 
HCM is often characterized by hypercontractility. In contrast, DCM is character-
ized by hypocontractility. Mutations in myosin head domain consume more energy, 
leading to hypercontractility. One observation is that the MYH7 variants associ-
ated with HCM are located more in the region encoding the myosin head domain, 
while MYH7 mutations causal to DCM appear to disperse across the entire gene. 
The Arg403Gln variant causal to HCM, for example, increased energy usage due to 
impaired catalytic cycle of ATP hydrolysis, resulting in increased contractility [26]. 
In contrast, mutations associated with DCM showed an increased tension cost, with 
more energy consumption, have reduced force-generating capacity, thus causes a 
hypocontractility, leading to DCM [27, 28]. For example, the ASN1918LYS variant, 
causal to DCM, is located to the coiled-coil rod region, which is hypothesized to 
impair the incorporation of myosin into the myofilaments.

TNNT2 encodes the cardiac muscle isoform of troponin T (cTnT). cTnT is one 
of the major tropomyosin-binding subunits of troponin on the thin filament that 
regulates cardiac muscle contraction. TNNT2 variants are thought to account for 
approximately 5% of HCM, up to 3% of DCM, and a small fraction of arrhythmo-
genic cardiomyopathy (ACM). Many mutations in TNNT2 causing DCM are located 
in both the middle and C-terminal regions of cTnT. These mutations mostly impair 
the cTnT’s interaction with the thin filament regulatory system, myofilament 
calcium sensitivity, and/or the myosin ATPase activity, thus cause DCM.

TPM1 encodes the alpha tropomyosin chain protein that belongs to the tropo-
myosin family of highly conserved thin filament proteins. In association with the 
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troponin complex, tropomyosin mostly participates in the calcium regulation of 
cardiac muscle contraction and interaction of actin and myosin. Mutations in TPM1 
cause both HCM and DCM phenotypes [29, 30], accounting for about 5% of HCM 
and 1% of DCM cases, respectively. Functional characterization of TPM1 mutations 
associated with both cardiomyopathies has led to a better understanding of the 
primary effects and consequence triggered by mutations in the long-range commu-
nication of the thin filament and specific phenotypes [31].

2.2 Nucleus and nuclear envelope genes

Mutations in gene encoding nucleus or nuclear envelope localized proteins that 
definitively link to DCM such as LMNA, EMD and RBM20 were reported. LMNA is 
the second most common gene implicated in DCM, and LMNA variants account for 
about 6–10% of genetic DCM [32, 33]. LMNA encodes the nuclear envelope localized 
lamins A and C resulted from differential splicing at the 3′ end. Both lamins A and C 
are intermediate filament structural proteins, playing major roles in supporting cells 
with stability and strength. LMNA mutations linked to DCM can be both missense 
and frameshift across the coding region. Both dominant negative and haploinsuffi-
ciency mechanisms were proposed for LMNA mutations caused DCM. Beyond their 
roles as structural proteins, both lamins A and C involve in many different cellular 
process including regulation of gene expression, mechanosensing and nuclear to 
cytoplasmic transport. Functional study in animal models revealed that ERK1/2, 
JNK and p38 kinase pathways were drastically activated in LMNA-associated DCM. 
By targeting to the p38 kinase pathway through using a specific p38 kinase inhibitor 
ARRY-371797, Muchir and colleagues showed that LV dilation and deterioration of 
EF were effectively blocked, and LMNA-related severe biomechanical defects were 
significantly rescued in neonatal rat ventricular myocytes [34, 35]. Based on their 
encouraging and other related data, a clinical trial to study the protective effect of 
ARRY-371797 on patients with symptomatic DCM due to LMNA gene mutations was 
initiated (NCT03439514). This represents one of the first clinical trials involving 
genotype-specific therapy particularly for DCM.

The RNA binding motif protein 20 (RBM20) gene encodes a nucleus localized 
RNA-binding protein. RBM20 protein mostly functions as a regulator of post-tran-
scriptional splicing of a subset of genes involved in cardiomyopathy, ion-homeo-
stasis, and sarcomere biology [36]. RBM20 is predominantly expressed in skeletal 
and cardiac muscles. Loss of function mutations in the RBM20 were firstly linked 
to familial DCM and account for 2–5% of DCM cases [37, 38]. Of the many targets 
regulated by RBM20, aberrant splicing of TTN is believed to be the main determi-
nant of RBM20 mutations caused DCM. Calcium/calmodulin-dependent kinase 
II delta (CAMK2D) is another pivotal cardiac gene transcriptionally regulated by 
RBM20. A recent study showed that RBM20 mutations carriers also had increased 
risk of malignant ventricular arrhythmias and sudden cardiac death (SCD), likely 
resultant from disturbed Ca2+ handling and arrhythmic Ca2+ cycling [39].

2.3 Cytoskeletal protein coding genes

Other genes such as DES, DMD and FLNC that encode components of cytoskel-
eton localized proteins are also identified to link to DCM pathogenesis. Pathogenic 
mutations in these genes causing DCM often accompany with additional pheno-
types, most notably skeletal myopathy. DES encodes desmin, a muscle-specific 
component of the intermediate filament presented at the Z-disk and intercalated 
discs that integrates sarcolemma, Z-disk and nuclear membrane to maintain the 
structural and functional integrity of sarcomeric contractile apparatus [40]. 
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clinical linkage data and confirmative data from animal models, include ACTC1, 
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and 1% of DCM cases, respectively. Functional characterization of TPM1 mutations 
associated with both cardiomyopathies has led to a better understanding of the 
primary effects and consequence triggered by mutations in the long-range commu-
nication of the thin filament and specific phenotypes [31].
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definitively link to DCM such as LMNA, EMD and RBM20 were reported. LMNA is 
the second most common gene implicated in DCM, and LMNA variants account for 
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lamins A and C resulted from differential splicing at the 3′ end. Both lamins A and C 
are intermediate filament structural proteins, playing major roles in supporting cells 
with stability and strength. LMNA mutations linked to DCM can be both missense 
and frameshift across the coding region. Both dominant negative and haploinsuffi-
ciency mechanisms were proposed for LMNA mutations caused DCM. Beyond their 
roles as structural proteins, both lamins A and C involve in many different cellular 
process including regulation of gene expression, mechanosensing and nuclear to 
cytoplasmic transport. Functional study in animal models revealed that ERK1/2, 
JNK and p38 kinase pathways were drastically activated in LMNA-associated DCM. 
By targeting to the p38 kinase pathway through using a specific p38 kinase inhibitor 
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EF were effectively blocked, and LMNA-related severe biomechanical defects were 
significantly rescued in neonatal rat ventricular myocytes [34, 35]. Based on their 
encouraging and other related data, a clinical trial to study the protective effect of 
ARRY-371797 on patients with symptomatic DCM due to LMNA gene mutations was 
initiated (NCT03439514). This represents one of the first clinical trials involving 
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RNA-binding protein. RBM20 protein mostly functions as a regulator of post-tran-
scriptional splicing of a subset of genes involved in cardiomyopathy, ion-homeo-
stasis, and sarcomere biology [36]. RBM20 is predominantly expressed in skeletal 
and cardiac muscles. Loss of function mutations in the RBM20 were firstly linked 
to familial DCM and account for 2–5% of DCM cases [37, 38]. Of the many targets 
regulated by RBM20, aberrant splicing of TTN is believed to be the main determi-
nant of RBM20 mutations caused DCM. Calcium/calmodulin-dependent kinase 
II delta (CAMK2D) is another pivotal cardiac gene transcriptionally regulated by 
RBM20. A recent study showed that RBM20 mutations carriers also had increased 
risk of malignant ventricular arrhythmias and sudden cardiac death (SCD), likely 
resultant from disturbed Ca2+ handling and arrhythmic Ca2+ cycling [39].

2.3 Cytoskeletal protein coding genes

Other genes such as DES, DMD and FLNC that encode components of cytoskel-
eton localized proteins are also identified to link to DCM pathogenesis. Pathogenic 
mutations in these genes causing DCM often accompany with additional pheno-
types, most notably skeletal myopathy. DES encodes desmin, a muscle-specific 
component of the intermediate filament presented at the Z-disk and intercalated 
discs that integrates sarcolemma, Z-disk and nuclear membrane to maintain the 
structural and functional integrity of sarcomeric contractile apparatus [40]. 
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Mutations in DES have been associated with a spectrum of cardiomyopathies, 
mostly notably DCM, in about 1–2% of cases [41]. Overlapping phenotypes of DES 
mutations including arrhythmia, cardiac conduction diseases, and skeletal myopa-
thy and smooth muscle defects are frequently observed.

Mutations in the gene encoding dystrophin (DMD) cause severe muscle weak-
ness and DCM in Duchenne muscular dystrophy (DMD). Because the DMD gene 
is located in the short arm of X chromosome, pathogenic mutations causing DMD 
mostly affect boys. The frequency of DMD caused muscular dystrophy and DCM is 
rare, with an estimated incidence 1 in 3500 male births worldwide [42]. Dystrophin 
protein is a key component of dystrophin-glycoprotein complex and plays a critical 
role in maintaining the structural integrity of sarcolemma during repeated cycles 
of muscle contraction and relaxation [43]. Mutations in DMD result in loss of the 
dystrophin protein expression that causes primary muscular dystrophy in males 
presenting with progressive muscle wasting at early childhood. Subsequently, 
cardiac dysfunction is involved and more than 90% of affected individuals manifest 
DCM and patient often died of cardiac and respiratory muscle failure [44].

2.4 Z-disk gene

The Z-disk is an anchoring plane for the actin (thin) filaments to attach and 
stabilize in the sarcomere. Mutations in many Z-disk-associated proteins coding 
genes result in cardiac disorders. BAG3 encodes a highly conserved, Z-disk localized 
co-chaperone protein that is predominantly expressed in heart and skeletal muscle. 
BAG3 binds to the ATPase domain of the heat shock protein (Hsp) 70 and exerts 
multiple functions in regulating apoptosis, preserving the integrity of sarcomere, 
mediating unfolded protein response and autophagy. BAG3 variants linked to 
DCM were firstly reported by two independent genome-wide association studies 
(GWASs). Later on, BAG3 mutations were identified in 2–7% of DCM cases [45–47]. 
Genotype–phenotype correlation study revealed that DCM attributed by BAG3 
mutations is characterized by high penetrance in carriers more than 40 years of age. 
Patients with BAG3 mutations are at a higher risk of developing a more severe and 
progressive heart failure compared with patients without BAG3 mutations [46]. The 
level of BAG3 protein was reduced by about a half in both animal models of heart 
failure and DCM patients as well. Based on the evidence that truncation or deletion 
mutations in BAG3 are associated with BAG3 haploinsufficiency which co-segregates 
with affected DCM family members, it was proposed that the decreased levels of 
BAG3 protein is the cause of DCM. BAG3 is also an independent heart failure risk 
factors associated with subclinical LV dysfunction. Thus, cumulative data support 
that BAG3 as a bona-fide disease susceptibility gene for DCM [48].

2.5 Ion channel gene

Mutations in the ion channel coding gene SCN5A are identified to cause DCM 
with strong supporting evidence. SCN5A encodes the sodium channel Nav1.5 that 
is mainly expressed in the cardiac muscle [49]. Mutations in SCN5A are associated 
primarily with conduction disorder, arrhythmia and DCM. Incidence of pathogenic 
SCN5A variants is estimated to be 2–4% in all DCM cases [50]. Missense mutations 
such as R222Q variant located in a voltage-sensing domain exert activating effects 
on sodium channel function and were thought to cause DCM. While guideline-
based heart failure therapies have moderate effect, drugs that have sodium channel-
blocking properties such as amiodarone or flecainide could substantially reduce 
DCM phenotype in patients with R222Q carriers [51]. Moreover, a recent report 
showed that quinidine treatment of a DCM patient with R222Q mutation achieved 
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a rapid and significant reduction of ventricular tachyarrhythmia and an improve-
ment in the myocardial function [52]. These interesting genotype–phenotype 
association studies thus provide another successful example of elucidation of the 
genetic basis of familial DCM which can lead to effective genotype-tailored thera-
peutic strategy.

2.6 Other DCM genes

PLN encodes phosphlamban, a transmembrane protein localized to the sar-
coplasmic reticulum. Mutations in PLN cause variable DCM phenotype, with 
underlying mechanisms proposed through inhibiting the sarcoplasmic reticulum 
Ca2 + -ATPase (SERCA2a) [53]. While founder mutation R14del mutation in PLN 
is associated with severe phenotype with high risk for lethal ventricular arrhyth-
mias and end-stage heart failure in the European [54], a milder phenotype had 
been reported from others [55], suggesting that genetic background might have a 
big impact on modifying the disease progression associated with PLN mutations 
caused DCM.

Mutations in genes other encoding the sarcoglycans (α, β, γ, δ) were also 
identified to cause DCM. The sarcoglycans are transmembrane proteins mainly 
expressed in heart and skeletal muscle that interact with dystrophin. α-, β-, γ-, 
and δ-sarcoglycans form the sarcoglycan complex that is key components of the 
dystrophin-associated glycoprotein complex, conferring structural integrity and 
stability to the sarcolemma through connecting the muscle fiber cytoskeleton to the 
extracellular matrix, and protecting muscle fibers from mechanical stress during 
muscle contraction. Mutations in sarcoglycans coding genes cause primary limb-
girdle muscular dystrophy presented with early onset muscle weakness and associ-
ate with significant DCM [56]. Notably, mutations in the δ- sarcoglycan coding gene 
lead to DCM without involvement of obvious muscular dystrophy phenotypes [57].

Mutations in nuclear encoded mitochondrial genes such as TAZ and DNAJC19 
were also identified to cause DCM. TAZ encodes a mitochondrial localized 
Tafazzin protein that is predominantly expressed in cardiac and skeletal muscle. 
Tafazzin functions as a phospholipid transacylase that catalyzes the remodeling 
of cardiolipin that is required for oxidative phosphorylation. Mutations in the 
TAZ gene cause X-linked Barth syndrome and DCM, leading to premature death 
[58]. Mechanistically, mutations in TAZ result in Taffazin deficiency and cause 
mitochondrial dysfunction and impaired mitophagy and increased oxidative stress, 
leading to DCM [59].

3. Genetic testing

The advent of next-generation sequencing enables cost-effective genetic testing 
in familial DCM which can define the precise genetic cause of disease. Genetic 
testing can also help optimize risk stratification and assess prognostics of patients 
and their relatives. With the identification of a pathogenic mutation and early diag-
nostic certainty, clinical management of affect individuals could be tailored and 
patients’ survival can be improved. One best example is related to clinical practice 
of early intervention of DCM patients with LMNA mutations. LMNA-related DCM 
usually accompanied by significant conduction system disease, atrial fibrillation, 
ventricular tachycardia, and sudden cardiac death (SCD). Thus, LMNA mutations 
are often associated with a higher disease penetrance and more severe morbid-
ity and high mortality [60]. Studies in several different cohorts of DCM patients 
with LMNA mutations identified non-missense mutations, LVEF<45% and higher 



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

108

Mutations in DES have been associated with a spectrum of cardiomyopathies, 
mostly notably DCM, in about 1–2% of cases [41]. Overlapping phenotypes of DES 
mutations including arrhythmia, cardiac conduction diseases, and skeletal myopa-
thy and smooth muscle defects are frequently observed.

Mutations in the gene encoding dystrophin (DMD) cause severe muscle weak-
ness and DCM in Duchenne muscular dystrophy (DMD). Because the DMD gene 
is located in the short arm of X chromosome, pathogenic mutations causing DMD 
mostly affect boys. The frequency of DMD caused muscular dystrophy and DCM is 
rare, with an estimated incidence 1 in 3500 male births worldwide [42]. Dystrophin 
protein is a key component of dystrophin-glycoprotein complex and plays a critical 
role in maintaining the structural integrity of sarcolemma during repeated cycles 
of muscle contraction and relaxation [43]. Mutations in DMD result in loss of the 
dystrophin protein expression that causes primary muscular dystrophy in males 
presenting with progressive muscle wasting at early childhood. Subsequently, 
cardiac dysfunction is involved and more than 90% of affected individuals manifest 
DCM and patient often died of cardiac and respiratory muscle failure [44].

2.4 Z-disk gene

The Z-disk is an anchoring plane for the actin (thin) filaments to attach and 
stabilize in the sarcomere. Mutations in many Z-disk-associated proteins coding 
genes result in cardiac disorders. BAG3 encodes a highly conserved, Z-disk localized 
co-chaperone protein that is predominantly expressed in heart and skeletal muscle. 
BAG3 binds to the ATPase domain of the heat shock protein (Hsp) 70 and exerts 
multiple functions in regulating apoptosis, preserving the integrity of sarcomere, 
mediating unfolded protein response and autophagy. BAG3 variants linked to 
DCM were firstly reported by two independent genome-wide association studies 
(GWASs). Later on, BAG3 mutations were identified in 2–7% of DCM cases [45–47]. 
Genotype–phenotype correlation study revealed that DCM attributed by BAG3 
mutations is characterized by high penetrance in carriers more than 40 years of age. 
Patients with BAG3 mutations are at a higher risk of developing a more severe and 
progressive heart failure compared with patients without BAG3 mutations [46]. The 
level of BAG3 protein was reduced by about a half in both animal models of heart 
failure and DCM patients as well. Based on the evidence that truncation or deletion 
mutations in BAG3 are associated with BAG3 haploinsufficiency which co-segregates 
with affected DCM family members, it was proposed that the decreased levels of 
BAG3 protein is the cause of DCM. BAG3 is also an independent heart failure risk 
factors associated with subclinical LV dysfunction. Thus, cumulative data support 
that BAG3 as a bona-fide disease susceptibility gene for DCM [48].

2.5 Ion channel gene

Mutations in the ion channel coding gene SCN5A are identified to cause DCM 
with strong supporting evidence. SCN5A encodes the sodium channel Nav1.5 that 
is mainly expressed in the cardiac muscle [49]. Mutations in SCN5A are associated 
primarily with conduction disorder, arrhythmia and DCM. Incidence of pathogenic 
SCN5A variants is estimated to be 2–4% in all DCM cases [50]. Missense mutations 
such as R222Q variant located in a voltage-sensing domain exert activating effects 
on sodium channel function and were thought to cause DCM. While guideline-
based heart failure therapies have moderate effect, drugs that have sodium channel-
blocking properties such as amiodarone or flecainide could substantially reduce 
DCM phenotype in patients with R222Q carriers [51]. Moreover, a recent report 
showed that quinidine treatment of a DCM patient with R222Q mutation achieved 

109

Genetic Determinant of Familial Dilated Cardiomyopathy and Genotype-Targeted Therapeutic…
DOI: http://dx.doi.org/10.5772/intechopen.94434
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ment in the myocardial function [52]. These interesting genotype–phenotype 
association studies thus provide another successful example of elucidation of the 
genetic basis of familial DCM which can lead to effective genotype-tailored thera-
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AV blocker as significant risk factors for disease malignancy [61, 62]. Because of 
this well-determined genotype–phenotype knowledge, an actionable prognostic 
genotype–phenotype association, implementation of a lower threshold and earlier 
implantable cardioverter defibrillator (ICD) therapy than current guidelines 
recommend in patients with LMNA mutations, was demonstrated to significantly 
improve patient outcome and survival [63].

Based on the Genetic Testing Registry (https://www.ncbi.nlm.nih.gov/gtr/), 
there are from 40 to 80 genes included in the testing panels for most commercially 
available genetic testing for DCM. In familial DCM, the yield of genetic testing, 
resulting in identification of pathogenic mutations, can thus far reach up to 40%, 
in a comparable level to that of other inherited cardiac disorders such as HCM and 
long QT syndrome. The sensitivity of genetic testing is compromised partially due 
to that not all genes implicated in DCM are included in the gene panels for testing. 
This is especially the case for those identified from sporadic DCM cases or single 
family. Furthermore, limited by human genetics approaches that heavily rely on 
pedigree availability and candidate gene approaches, variants for more than half of 
familial DCM cases have not been identified yet. As technique advances in genet-
ics of cardiomyopathy, identification of the remaining genetic causes in inherited 
DCM cases and elucidation of the underlying pathogenic mechanisms leading to 
the phenotype are evolving rapidly. Targeted gene panels for genetic testing are 
increasing in an unprecedented scale. With further characterization and functional 
validation, the ever expanding gene panels of genetic testing promise to increase 
the rate of positive identification and provide individuals and families with a more 
comprehensive and conclusive genetic testing.

4. Genotype-targeted therapies

By directly targeting at specific pathogenic mutations causing DCM, genotype-
targeted genetic approaches have emerged as promising strategies for effective and 
individualized therapies to ameliorate disease phenotypes. To carry out genotype-
based therapy, many customized genetic strategies were explored. For examples: 
for loss-of-function mutations that cause reduced or insufficient protein levels, 
the straightforward gene replacement strategy can be employed. In this scenario, 
full-length or partial functional cDNA for corresponding mutated gene can be 
transferred to cardiac tissue to supplement the reduced gene dosage using appropri-
ate gene delivery approach. For mutations that cause dominant-negative effects on 
a particular gene, exon-skipping or trans-splicing approaches can be considered 
to remove or modify the mutant transcripts. For pathogenic mutations that cause 
other protein dysfunction, the highly efficient CRISPRA/Cas9 (Clustered regularly 
interspaced short palindromic repeats/CRISPR-associated endonuclease) system 
can be explored to directly correct the mutant variants. In addition, other genotype-
based therapeutic strategies such as manipulation of the downstream pathways 
evoked by specific DCM mutations were also explored. Below, we summarize 
several examples of gene-targeted therapeutic strategies that produced encouraging 
results in the treatment of DCM (Table 2), which hold the opportunities to ulti-
mately improve patient outcome in the future.

4.1 Dystrophin mutations-targeted gene therapies

Mutations in the dystrophin (DMD) gene cause muscular dystrophy patients and 
X-linked familial DCM in early childhood and patients often die of cardiac and respira-
tory failure [44]. Currently, there are no effective cures for DMD yet and management 
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of DMD mostly focuses on preserving the limited muscle strength and ameliorating 
disease symptoms [64]. Mechanistically, dystrophin protein deficiency due to DMD 
gene mutations is the primary cause of DMD and subsequent DCM and heart failure. 
And the disease severity is mostly correlated with the dystrophin protein level. Thus, 
a plausible treatment strategy would be to restore the expression level of dystrophin 
protein [44]. To cure this devastating disease, dystrophin gene-targeted therapeutic 
strategies such as gene replacement, exon skipping and CRISPRA/Cas9 genome editing 
techniques are mostly employed, which have shown encouraging results in restoration 
of dystrophin protein expression and recovery of dystrophin protein function in both 
animal models and clinical trials.

Gene replacement strategy involves delivering a functioning gene to replace or 
supplement the mutant gene to the target organ and cells to ease the disease pheno-
type caused by genetic mutation. This approach often utilizes the adeno-associated 
virus (AAV) as a vector to mediate gene transfection into the skeletal and cardiac 
muscle cells. However, as the dystrophin gene has 79 exons and its transcript is about 
14 Kb, its size is too large to fit in currently available gene construction vector for gene 
transfection. Alternatively, a mini- or micro- dystrophin gene coding for a function-
ally similar to dystrophin but smaller in size was thus used. The authors Wang and 
colleagues firstly defined the minimal functional region of the dystrophin protein, 
later referred as mini-dystrophin. The authors then packed this min-dystrophin gene 
into an AAV vector to mediate muscle transfection and demonstrated the effective-
ness of gene delivery and restoration of dystrophin gene function [65]. After this 
study, several other independent groups latter confirmed the effectiveness of a 
shortened albeit functional dystrophin gene replacement strategy mediated by the 
AAV gene delivery system in preservation of cardiac and skeletal muscle function and 
extending the lifespan in the dystrophic mice [66, 67]. Notably, further studies in ani-
mal models of muscular dystrophy and human patients detected certain immunologic 
responses to the shortened dystrophin peptide, which need to be carefully considered 
in future clinical application [68–70].

Exon skipping is an RNA-based splice-switching approach that causes cells to 
“skip” the exon containing the pathogenic variant, resultant in-frame transcripts 
that produce a shorter peptide, albeit still at least partially functional protein to 
ameliorate disease phenotypes. This approach was initially developed to mask 
the pathogenic mutations containing exon 51 using an antisense oligonucleotide 
(AON), resulting in genetic correction of the open reading frame of the DMD 
gene and partial restoration of dystrophin protein expression and improvement of 
muscle pathology and function [71–73]. These encouraging studies lead to at least 
two ongoing clinical trials to evaluate the efficacy and safety of this exon skipping 
approach targeting to the pathogenic exon 51 or 53 (NCT02255552, NCT02310906).

With the revolutionary development of the CRISPRA/Cas9 genome editing tech-
nologies that enable precise and efficient genetic modifications from single-nucleotide 
alternation, insertion of gene of interest to deletion of chromosomal regions, numer-
ous studies have demonstrated the feasibility and high efficiency of this technique in 
restoration dystrophin expression and function in skeletal and cardiac muscle, both 
in vitro and in vivo [74, 75]. For example, a recent study carried out by El Refaey and 
colleagues packaged SaCas9 (Cas9 from Staphylococcus aureus)/gRNA constructs into 
an AAV serotype rh74 and delivered it to the mdx/Utr+/− dystrophic mice through 
a retro-orbital approach [76]. The authors showed this CRIPRA-mediated genome 
editing strategy could efficiently excise the mutant exon 23 of dystrophin in the mice 
model, resulting in the restoration of the dystrophin protein expression and cardiac 
myofiber architecture, and significantly improved the cardiac contractility in vivo. 
A follow up study using this AAV-mediated CRISPR genome editing approach found 
that restored dystrophin expression and improved cardiac function were consistently 
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AV blocker as significant risk factors for disease malignancy [61, 62]. Because of 
this well-determined genotype–phenotype knowledge, an actionable prognostic 
genotype–phenotype association, implementation of a lower threshold and earlier 
implantable cardioverter defibrillator (ICD) therapy than current guidelines 
recommend in patients with LMNA mutations, was demonstrated to significantly 
improve patient outcome and survival [63].

Based on the Genetic Testing Registry (https://www.ncbi.nlm.nih.gov/gtr/), 
there are from 40 to 80 genes included in the testing panels for most commercially 
available genetic testing for DCM. In familial DCM, the yield of genetic testing, 
resulting in identification of pathogenic mutations, can thus far reach up to 40%, 
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By directly targeting at specific pathogenic mutations causing DCM, genotype-
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based therapy, many customized genetic strategies were explored. For examples: 
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results in the treatment of DCM (Table 2), which hold the opportunities to ulti-
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of DMD mostly focuses on preserving the limited muscle strength and ameliorating 
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of dystrophin protein expression and recovery of dystrophin protein function in both 
animal models and clinical trials.

Gene replacement strategy involves delivering a functioning gene to replace or 
supplement the mutant gene to the target organ and cells to ease the disease pheno-
type caused by genetic mutation. This approach often utilizes the adeno-associated 
virus (AAV) as a vector to mediate gene transfection into the skeletal and cardiac 
muscle cells. However, as the dystrophin gene has 79 exons and its transcript is about 
14 Kb, its size is too large to fit in currently available gene construction vector for gene 
transfection. Alternatively, a mini- or micro- dystrophin gene coding for a function-
ally similar to dystrophin but smaller in size was thus used. The authors Wang and 
colleagues firstly defined the minimal functional region of the dystrophin protein, 
later referred as mini-dystrophin. The authors then packed this min-dystrophin gene 
into an AAV vector to mediate muscle transfection and demonstrated the effective-
ness of gene delivery and restoration of dystrophin gene function [65]. After this 
study, several other independent groups latter confirmed the effectiveness of a 
shortened albeit functional dystrophin gene replacement strategy mediated by the 
AAV gene delivery system in preservation of cardiac and skeletal muscle function and 
extending the lifespan in the dystrophic mice [66, 67]. Notably, further studies in ani-
mal models of muscular dystrophy and human patients detected certain immunologic 
responses to the shortened dystrophin peptide, which need to be carefully considered 
in future clinical application [68–70].

Exon skipping is an RNA-based splice-switching approach that causes cells to 
“skip” the exon containing the pathogenic variant, resultant in-frame transcripts 
that produce a shorter peptide, albeit still at least partially functional protein to 
ameliorate disease phenotypes. This approach was initially developed to mask 
the pathogenic mutations containing exon 51 using an antisense oligonucleotide 
(AON), resulting in genetic correction of the open reading frame of the DMD 
gene and partial restoration of dystrophin protein expression and improvement of 
muscle pathology and function [71–73]. These encouraging studies lead to at least 
two ongoing clinical trials to evaluate the efficacy and safety of this exon skipping 
approach targeting to the pathogenic exon 51 or 53 (NCT02255552, NCT02310906).

With the revolutionary development of the CRISPRA/Cas9 genome editing tech-
nologies that enable precise and efficient genetic modifications from single-nucleotide 
alternation, insertion of gene of interest to deletion of chromosomal regions, numer-
ous studies have demonstrated the feasibility and high efficiency of this technique in 
restoration dystrophin expression and function in skeletal and cardiac muscle, both 
in vitro and in vivo [74, 75]. For example, a recent study carried out by El Refaey and 
colleagues packaged SaCas9 (Cas9 from Staphylococcus aureus)/gRNA constructs into 
an AAV serotype rh74 and delivered it to the mdx/Utr+/− dystrophic mice through 
a retro-orbital approach [76]. The authors showed this CRIPRA-mediated genome 
editing strategy could efficiently excise the mutant exon 23 of dystrophin in the mice 
model, resulting in the restoration of the dystrophin protein expression and cardiac 
myofiber architecture, and significantly improved the cardiac contractility in vivo. 
A follow up study using this AAV-mediated CRISPR genome editing approach found 
that restored dystrophin expression and improved cardiac function were consistently 
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detected at up to 19 months [77]. Similarly, Hakim and colleagues modified the dose 
of AAV.SaCas9 and AAV-9.gRNA vector that directs Cas9 to introns of 22 and 23 and 
performed the AAV-9 CRISPRA gene therapy in the mdx mice that carry a nonsense 
mutation in exon 23 of the dystrophin gene [78, 79]. The authors found significantly 
increased dystrophin restoration and reduced fibrosis in both skeletal and cardiac 
muscle and improved muscle function and cardiac hemodynamics at up to 18 months.

4.2 LMNA mutations-tailored therapeutic strategy

A genetic approach referred as trans-splicing approach was initially carried 
out to correct LMNA mutations in the Lmna DelK32 knock-in mouse harboring 
a LMNA-related congenital muscular dystrophy mutation in the exon 1 [80, 81]. 
The Lmna DelK32/DelK32 mice exhibited severe muscular and cardiac defects and 
early premature death. The trans-splicing approach allows converting the targeted 
endogenous mutated pre-mRNA to a therapeutic pre–trans-spliced molecule 
containing the wildtype coding sequence, resulting in a processed mRNA tran-
script devoid of the exon harboring the pathogenic variant [82, 83]. To perform 
the trans-splicing rescue in the Lmna DelK32 knock-in mouse model, 5’-RNA 
pre-trans-splicing molecules containing the first five exons of Lmna and targeting 
intron 5 of Lmna pre-mRNA were firstly developed. After confirmed the induced 
trans-splicing events on endogenous Lmna mRNA in vitro, AAV mediated delivery 
system was then evaluated in vivo in the newborn mice. Similarly, trans-splicing 
events were successfully detected in both skeletal and heart muscle of mice up to 
50 days after AAV delivery. However, the tans-splicing occurring efficiency needs 
to be further improved to exert significant rescue effects on cardiac function and 
premature death.

To target at the LMNA pathogenic variants resulting in deficiency of the 
protein level, another strategy referred as stop codon readthrough was explored 
through inactivating the molecules participating in nonsense-mediated decay at 
the RNA level [84]. This approach applies to the scenario when pathogenic vari-
ants result in frameshifts and premature stops, subsequently leading to protein 
deficiency because of increased nonsense-mediated decay of mutant RNAs. 
PTC124, also known as ataluren, is a chemical compound that can selectively 
induce ribosomal readthrough of premature but not normal termination codons 
[85]. PTC124 was tested in iPSC-CMs derived from patients carrying different 
nonsense and frameshift mutations in the LMNA gene [85]. In one of the three 
frameshift mutants tested, administration of PTC124 significantly increased the 
translation of full-length LMNA protein and partially restored the protein func-
tion, as shown by reduced cardiomyocyte apoptosis and improved excitation-
contraction coupling [84].

4.3 TTN truncating variants-targeted gene therapy

While the pathogenicity of TTN missense mutations to DCM remains largely 
undetermined, TTN truncating variants (TTNtvs) are the most common cause to 
DCM. To date, experimental evidence generated largely from rodent animal mod-
els, human induced pluripotent stem cell-derived cardiomyocyte, and patient tis-
sues mostly support the mechanism of titin protein haploinsufficiency. Correction 
of the titin protein deficiency by using traditional viral-mediated gene replacement 
strategy to increase the expression of titin protein, just as that has been successfully 
employed to restore the dystrophin deficiency, however, is challenging. Because the 
TTN gene spans 294 Kb of genomic region and its spliced transcript is more than 
100 Kb, a size that is way bigger than any currently available cargo capacity for AAV 
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mediated gene transfection. Alternatively, exon skipping, a genetic approach that 
had been initially employed to treat the DMD, through using an AON to mask the 
pathogenic mutations containing exon 51 or 53 and restoration of DMD phenotype 
[72], as aforementioned, was explored to treat TTNtvs related DCM. Notably, this 
strategy had been also successfully utilized for treating Mybpc3 mutations caused 
HCM in a knock-in mouse model [86].

To employ exon skipping strategy for treating TTNtvs caused DCM, Gramlich 
and colleagues targeted to the Ser14450fsX4 variant located in the exon 326 identi-
fied in a DCM patient that caused autosomal-dominant truncating frameshift 
mutation [87]. They used an AON-mediated exon skipping approach to remove 
the exon 326 in both patient cardiomyocytes in vitro and mouse heart in vivo. In 
vitro, skipping of the exon 326 containing the Ser14450fsX4 pathogenic variant 
restored the impaired myofibril assembly and stabilized its structural integrity and 
normalized expression of sarcomeric protein in the patient-specific cardiomyocytes 
derived from induced pluripotent stem cells (iPSC-CMs) model. Furthermore, in 
the corresponding Ttn knock-in mice model, skipping of the exon 326 significantly 
improved sarcomere formation and contractile function and prevented subsequent 
development of DCM phenotype. These results provide strong evidence to support 
that the RNA-based exon skipping strategy could be a potential treatment option 
for DCM caused by gene variants that are otherwise technically difficult to be 
delivered due to size limitation for gene replacement therapy.

4.4 Genotype-targeted therapies for other DCM genes

Mutations in the δ- sarcoglycan coding gene (SGCD) can lead to DCM without 
obvious involvement of skeletal muscle disorders [57]. The gene replacement 
strategy was firstly applied in the treatment of DCM caused by a deletion mutation 
in the Sgcd gene that disrupted the dystrophin-associated glycoprotein complex in a 
hamster model [88]. The authors Kawada and colleague constructed a recombinant 
AAV vector containing the full-length cDNA of Sgcd gene driven under the cardiac 
specific expression promoter of CMV and intramurally injected it to the Sgcd muta-
tion induced DCM model in the hamster. They detected robust expression of the 
Sgcd gene and other types of sarcoglycans as well in the transfected myocardium. 
The restored expression of Sgcd and other sarcoglycans normalized the diameter 
of transduced cardiomyocytes, improved the contractile function and ultimately 
prolonged the life span of the animals harboring the Sgcd gene mutation. This study 
provides one of the earliest evidence to employ gene replacement strategy to treat 
DCM caused by a specific gene mutation with efficient and sustained transfection 
capability.

An earlier version of genome editing technique referred as transcription activator-
affected nuclease (TALEN) was explored to directly correct the PLN R14del mutation 
that is associated with high risk for malignant ventricular arrhythmias and end-stage 
heart failure in DCM patient carriers [89]. The authors Karakikes and colleague 
firstly derived iPSC-CMs from a DCM patient harboring the PLN R14del mutation, 
followed by detailed phenotypic characterization of this iPSC-CMs model. Next, 
the authors made the effort to correct the PLN R14del mutation in the iPSC-CMs 
model using TALEN gene editing strategy. This approach successfully corrected 
the R14del mutation and attenuated the R14del-associated disease phenotypes in 
the iPSC-CMs model. Furthermore, the authors engineered an AAV6 vector that 
enabled knock-down the endogenous PLN, while simultaneously overexpress a 
codon-optimized PLN, to effectively reverse the disease phenotype in the iPSC-CMs 
model as well. Thus, this study provides another successful example to using genome 
editing approach to directly target at the pathogenic mutations associated with DCM 
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detected at up to 19 months [77]. Similarly, Hakim and colleagues modified the dose 
of AAV.SaCas9 and AAV-9.gRNA vector that directs Cas9 to introns of 22 and 23 and 
performed the AAV-9 CRISPRA gene therapy in the mdx mice that carry a nonsense 
mutation in exon 23 of the dystrophin gene [78, 79]. The authors found significantly 
increased dystrophin restoration and reduced fibrosis in both skeletal and cardiac 
muscle and improved muscle function and cardiac hemodynamics at up to 18 months.
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A genetic approach referred as trans-splicing approach was initially carried 
out to correct LMNA mutations in the Lmna DelK32 knock-in mouse harboring 
a LMNA-related congenital muscular dystrophy mutation in the exon 1 [80, 81]. 
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early premature death. The trans-splicing approach allows converting the targeted 
endogenous mutated pre-mRNA to a therapeutic pre–trans-spliced molecule 
containing the wildtype coding sequence, resulting in a processed mRNA tran-
script devoid of the exon harboring the pathogenic variant [82, 83]. To perform 
the trans-splicing rescue in the Lmna DelK32 knock-in mouse model, 5’-RNA 
pre-trans-splicing molecules containing the first five exons of Lmna and targeting 
intron 5 of Lmna pre-mRNA were firstly developed. After confirmed the induced 
trans-splicing events on endogenous Lmna mRNA in vitro, AAV mediated delivery 
system was then evaluated in vivo in the newborn mice. Similarly, trans-splicing 
events were successfully detected in both skeletal and heart muscle of mice up to 
50 days after AAV delivery. However, the tans-splicing occurring efficiency needs 
to be further improved to exert significant rescue effects on cardiac function and 
premature death.

To target at the LMNA pathogenic variants resulting in deficiency of the 
protein level, another strategy referred as stop codon readthrough was explored 
through inactivating the molecules participating in nonsense-mediated decay at 
the RNA level [84]. This approach applies to the scenario when pathogenic vari-
ants result in frameshifts and premature stops, subsequently leading to protein 
deficiency because of increased nonsense-mediated decay of mutant RNAs. 
PTC124, also known as ataluren, is a chemical compound that can selectively 
induce ribosomal readthrough of premature but not normal termination codons 
[85]. PTC124 was tested in iPSC-CMs derived from patients carrying different 
nonsense and frameshift mutations in the LMNA gene [85]. In one of the three 
frameshift mutants tested, administration of PTC124 significantly increased the 
translation of full-length LMNA protein and partially restored the protein func-
tion, as shown by reduced cardiomyocyte apoptosis and improved excitation-
contraction coupling [84].

4.3 TTN truncating variants-targeted gene therapy

While the pathogenicity of TTN missense mutations to DCM remains largely 
undetermined, TTN truncating variants (TTNtvs) are the most common cause to 
DCM. To date, experimental evidence generated largely from rodent animal mod-
els, human induced pluripotent stem cell-derived cardiomyocyte, and patient tis-
sues mostly support the mechanism of titin protein haploinsufficiency. Correction 
of the titin protein deficiency by using traditional viral-mediated gene replacement 
strategy to increase the expression of titin protein, just as that has been successfully 
employed to restore the dystrophin deficiency, however, is challenging. Because the 
TTN gene spans 294 Kb of genomic region and its spliced transcript is more than 
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mediated gene transfection. Alternatively, exon skipping, a genetic approach that 
had been initially employed to treat the DMD, through using an AON to mask the 
pathogenic mutations containing exon 51 or 53 and restoration of DMD phenotype 
[72], as aforementioned, was explored to treat TTNtvs related DCM. Notably, this 
strategy had been also successfully utilized for treating Mybpc3 mutations caused 
HCM in a knock-in mouse model [86].

To employ exon skipping strategy for treating TTNtvs caused DCM, Gramlich 
and colleagues targeted to the Ser14450fsX4 variant located in the exon 326 identi-
fied in a DCM patient that caused autosomal-dominant truncating frameshift 
mutation [87]. They used an AON-mediated exon skipping approach to remove 
the exon 326 in both patient cardiomyocytes in vitro and mouse heart in vivo. In 
vitro, skipping of the exon 326 containing the Ser14450fsX4 pathogenic variant 
restored the impaired myofibril assembly and stabilized its structural integrity and 
normalized expression of sarcomeric protein in the patient-specific cardiomyocytes 
derived from induced pluripotent stem cells (iPSC-CMs) model. Furthermore, in 
the corresponding Ttn knock-in mice model, skipping of the exon 326 significantly 
improved sarcomere formation and contractile function and prevented subsequent 
development of DCM phenotype. These results provide strong evidence to support 
that the RNA-based exon skipping strategy could be a potential treatment option 
for DCM caused by gene variants that are otherwise technically difficult to be 
delivered due to size limitation for gene replacement therapy.

4.4 Genotype-targeted therapies for other DCM genes

Mutations in the δ- sarcoglycan coding gene (SGCD) can lead to DCM without 
obvious involvement of skeletal muscle disorders [57]. The gene replacement 
strategy was firstly applied in the treatment of DCM caused by a deletion mutation 
in the Sgcd gene that disrupted the dystrophin-associated glycoprotein complex in a 
hamster model [88]. The authors Kawada and colleague constructed a recombinant 
AAV vector containing the full-length cDNA of Sgcd gene driven under the cardiac 
specific expression promoter of CMV and intramurally injected it to the Sgcd muta-
tion induced DCM model in the hamster. They detected robust expression of the 
Sgcd gene and other types of sarcoglycans as well in the transfected myocardium. 
The restored expression of Sgcd and other sarcoglycans normalized the diameter 
of transduced cardiomyocytes, improved the contractile function and ultimately 
prolonged the life span of the animals harboring the Sgcd gene mutation. This study 
provides one of the earliest evidence to employ gene replacement strategy to treat 
DCM caused by a specific gene mutation with efficient and sustained transfection 
capability.

An earlier version of genome editing technique referred as transcription activator-
affected nuclease (TALEN) was explored to directly correct the PLN R14del mutation 
that is associated with high risk for malignant ventricular arrhythmias and end-stage 
heart failure in DCM patient carriers [89]. The authors Karakikes and colleague 
firstly derived iPSC-CMs from a DCM patient harboring the PLN R14del mutation, 
followed by detailed phenotypic characterization of this iPSC-CMs model. Next, 
the authors made the effort to correct the PLN R14del mutation in the iPSC-CMs 
model using TALEN gene editing strategy. This approach successfully corrected 
the R14del mutation and attenuated the R14del-associated disease phenotypes in 
the iPSC-CMs model. Furthermore, the authors engineered an AAV6 vector that 
enabled knock-down the endogenous PLN, while simultaneously overexpress a 
codon-optimized PLN, to effectively reverse the disease phenotype in the iPSC-CMs 
model as well. Thus, this study provides another successful example to using genome 
editing approach to directly target at the pathogenic mutations associated with DCM 
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to achieve therapeutic benefit. Notably, while it provides evidence to support the 
effectiveness of genome editing technique to correct pathogenic variants causing 
DCM in vitro, germline correction of embryos harboring DCM variants had not been 
reported yet.

5. Conclusions

The ultimate goal of elucidating genetic basis for DCM is for early disease 
diagnosis, early disease intervention and treatment. To date, pathogenic mutations 
in more than 50 genes are associated with DCM. However, these mutations can only 
explain about 40–50% of familial DCM cases, and the genetic architecture of DCM 
still remains incompletely understood. Future research directions rely on technique 
advances for identification of the remaining up to 60% of genetic causes in familial 
DCM cases. After identifying the genetic causes, functional characterization and 
validation studies are needed to confirm the pathogenic variants. Extensive stud-
ies on delineation of genotype–phenotype relationships are necessary to address 
currently unmet issues for translational research. Further dissecting genetic 
pathways linked to DCM and elucidating the pathogenic mechanisms leading to the 
phenotype can provide valuable insights into the understanding of disease patho-
physiology, laying solid foundation for future development of groundbreaking 
therapeutics.

Gene-based therapies, such as gene replacement, exon skipping and recent evo-
lutionarily developed CRISPRA/Cas9 based genome-editing techniques that directly 
target at the underlying genetic mutations responsible for the DCM disease pro-
gression, have led to several clinical trials which have produced promising results. 
Thus, the last decade has witnessed encouraging advances in the development of 
genotype-targeted, personalized therapies. While the progress is promising, several 
technical issues need to be thoroughly assessed before implementation in clinical 
practice. For example, current gene delivery system mostly adapt the AAV system 
because of its many advantages such as long term transgene expression and choice 
of appropriate serotype for heart enriched expression. One primary limitation for 
this system, however, is that there exists certain level of anti-AAV antibodies in 
general human population causing the immunogenicity issue which can potentially 
lead to development of myocarditis [70, 90–92]. While the efficiency for exogenous 
delivery of preprocessed RNAs or oligonucleotides for trans-splicing or exon skip-
ping needs to be further improved, a major concern of off-target issue needs to be 
seriously addressed for the highly efficient AAV9 mediated CRISPR/Cas9 genome 
editing system. Novel approaches are desirable to comprehensively evaluate any 
potential off-target mutagenesis in the heart and other tissues for future clinical 
application.
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to achieve therapeutic benefit. Notably, while it provides evidence to support the 
effectiveness of genome editing technique to correct pathogenic variants causing 
DCM in vitro, germline correction of embryos harboring DCM variants had not been 
reported yet.

5. Conclusions

The ultimate goal of elucidating genetic basis for DCM is for early disease 
diagnosis, early disease intervention and treatment. To date, pathogenic mutations 
in more than 50 genes are associated with DCM. However, these mutations can only 
explain about 40–50% of familial DCM cases, and the genetic architecture of DCM 
still remains incompletely understood. Future research directions rely on technique 
advances for identification of the remaining up to 60% of genetic causes in familial 
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validation studies are needed to confirm the pathogenic variants. Extensive stud-
ies on delineation of genotype–phenotype relationships are necessary to address 
currently unmet issues for translational research. Further dissecting genetic 
pathways linked to DCM and elucidating the pathogenic mechanisms leading to the 
phenotype can provide valuable insights into the understanding of disease patho-
physiology, laying solid foundation for future development of groundbreaking 
therapeutics.
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target at the underlying genetic mutations responsible for the DCM disease pro-
gression, have led to several clinical trials which have produced promising results. 
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genotype-targeted, personalized therapies. While the progress is promising, several 
technical issues need to be thoroughly assessed before implementation in clinical 
practice. For example, current gene delivery system mostly adapt the AAV system 
because of its many advantages such as long term transgene expression and choice 
of appropriate serotype for heart enriched expression. One primary limitation for 
this system, however, is that there exists certain level of anti-AAV antibodies in 
general human population causing the immunogenicity issue which can potentially 
lead to development of myocarditis [70, 90–92]. While the efficiency for exogenous 
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ping needs to be further improved, a major concern of off-target issue needs to be 
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Chapter 8

Coronavirus Disease: 
Epidemiology, Aetiology, 
Pathophysiology and Involvement 
of the Cardiovascular System
David C. Gaze

Abstract

Since the emergence in China of coronavirus disease (COVID-19) in December 
2019; the virus causing the pandemic has infected the human population in almost 
every country and territory on the globe. At the time of writing there are over 84 
million confirmed cases of infection and over 1.8 million deaths globally. Rates of 
infection differ as does the number of severe cases and subsequent deaths between 
countries and continents. This is due in part to lockdown measures, social distanc-
ing and wearing of face coverings. It is also reflected by how healthcare systems 
record coronavirus deaths along with access to testing as well as tracking and 
tracing of infected individuals. Symptoms of COVID-19 include a novel persistent 
cough, fever and anosmia (loss of smell). In most cases, such symptoms are mild. 
A small proportion of those who become infected however, have a severe reac-
tion to the disease affecting multiple organ systems and often require respiratory 
support in the intensive care setting. One such physiological system affected is the 
cardiovascular system. This is likely due to the increased number of ACE2 receptors 
in co-morbid cardiac pathologies. ACE2 receptors serve as the entry port for the 
coronavirus into human cells. Those individuals with underlying cardiovascular risk 
factors are therefore disproportionately at risk of COVID-19 infection. This chapter 
reviews the aetiology and epidemiology of the coronavirus infection; potential 
pathophysiological mechanisms of disease involving the cardiovascular system 
including the clinical utility of biomarkers, electrocardiography and echocardiogra-
phy as well as autopsy cardiac pathology and histopathology.

Keywords: coronavirus disease, cardiovascular system, ACE2 receptors, 
pathophysiological mechanisms

1. Introduction

Coronavirus disease (COVID-19) is an emerging viral disease affecting humans. 
In December 2019, a small series of cases of a pneumonia-like illness presented to a 
hospital in Wuhan, Hubei province in China. The patients displayed bilateral pulmo-
nary infiltrative lesions on chest x-ray. The disease was initially named ‘viral pneumo-
nia of unknown cause’. Many of those presenting with similar symptoms had visited 
or been closely associated with a local wholesale seafood market which also sold 
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exotic species such as civets, snakes, rats and bats. The Chinese Centre for Disease 
Control and Prevention (China CDC) identified the virus as a novel coronavirus 
(nCoV) on 7th January 2020 and renamed the disease ‘pneumonia caused by a novel 
coronavirus. Subsequently on 30th January 2020, the World Health Organisation 
(WHO) referred to the disease as 2019-nCoV. The Coronaviridae study group of the 
International Committee on Taxonomy of Viruses (ICTV) officially named the virus 
Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) on 11th February 
2020. The WHO also announced a name change to COronaVIrus Disease 2019 
(COVID-19). The change reflected the greater reporting of a wide range of clinical 
presentations and multiple organ system involvement in severe cases of the disease. 
At the same time, it became apparent the disease was spreading significantly in Hubei 
Province due to an increase in numbers of cases with no identifiable association to the 
seafood market, demonstrating community (person-to-person) transmission.

The rate of escalation of COVID-19 infection is alarming. This is detailed in the 
following statistics (provided by many resources online via China CDC, news out-
lets and social media coverage). A retrospective epidemiological analysis by China 
CDC indicated there were 104 symptomatic cases by 31st December 2019. All cases 
were contained in Hubei province. Between 1st and 10th January 2020, this had 
risen to 566 cases showing symptoms in Hubei, with a further 87 cases in 19 other 
provinces. On January 20th 2020, 5 cases were reported in Beijing and 2 in Shanghai. 
Further analysis demonstrates that the number of cases of COVID-19 present in 

Figure 1. 
Global epidemiology of COVID-19. (a) Confirmed cases of coronavirus and (b) deaths from coronavirus. 
(source WHO live situation dashboard www.covid19.who.int).
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China by 31st January 2020 reached as staggering 32,642. 75% of these were in 
Hubei province. The incidence of the disease in mainland China had escalated to 
over 74,000 cases by 19th February 2020 along with 65 cases and 5 deaths in Hong 
Kong, 10 confirmed cases in Macao and 24 cases and one death in Taiwan.

From mid to late January countries other than China began reporting COVID-
19 cases. The first non-mainland case was a Chinese national from Wuhan who 
travelled to Thailand and tested positive for COVID-19 on the 13th January 2020. 
The first reported case outside of Asia was announced on the 21st January 2020 in 
the United States of America (USA). At the end of February, the WHO declared the 
epidemic as a ‘Public Health Emergency of International Concern’ with evidence of 
infected cases in South Korea (2,337), Japan (210), Italy (650), Iran (245), Singapore 
(96) and USA (59). The cases in Japan are of note as they are associated with a con-
tained infection on the Diamond Princess cruise ship. The ship departed Japan on 
20th January 2020. Five days later a passenger developed a fever and tested positive 
on 1st February 2020 in Hong Kong. The ship returned to Japan and was placed in 
quarantine. By 12th February 492 passengers were tested of which 174 were positive 
for COVID-19. By 19th February 2020, the number of passengers infected rose to 
621 and 705 nine days later. On 11th March 2020, at the daily briefing by the direc-
tor general, Dr. Tedros Adhanom Ghebreyesus, the WHO declared COVID-19 as an 
offically recognised pandemic [1].

It is now a year since the initial outbreak in China. In this short time the WHO 
report via their live situation dashboard [2] to date (5th January 2021) 84,233,579 
confirmed cases globally of which 1,843,293 individuals have died (Figure 1). What 
is shocking and apparent is the upward escalation of these figures on a daily basis, 
especially in the winter months in the Northern Hemisphere.

2. Novel SARS-CoV-2 variants

Late in 2020, two variants of the SARS-CoV-2 virus have been identified. The 
first was identified in September and sequenced in the United Kingdom [3]. The 
‘UK Kent variant’ as it is commonly known has spread rapidly both in the UK and 
internationally. Since 26th December 2020, cases of the new UK Kent Variant 
have also been reported in other EU/EEA countries (Belgium, Denmark, Finland, 
France, Germany, Iceland, Ireland, Italy, the Netherlands, Norway, Portugal, Spain 
and Sweden) and globally (Australia, Canada, Hong Kong SAR, India, Israel, 
Japan, Jordan, Lebanon, South Korea, Switzerland, Singapore). The second variant 
originated in South Africa and is due to the mutation E484K; known as 501.V2. This 
variant was first detected in October 2020 and is associated with over 300 cases as 
of 26th December 2020. Both variants are highly transmissible, but data suggest 
they do not increase the severity of COVID-19 infection [4].

The first variant was identified following a surge in positive cases in the County 
of Kent in South East England and has spread extensively into London and beyond 
(Figure 2). The variant was named as variant under investigation (VUI) followed 
by year, month and number; thus, the designation given was VUI-202012/01 which 
was changed to variant of concern (VOC-202012/01). The variant is defined by 23 
novel mutations. 13 of which are non-synonymous, 4 deletion and 6 synonymous. 
Of concern is nucleotide A23063T in the spike protein representing mutation 
N501Y. This mutation is located in the receptor-binding domain and is associated 
with increased binding affinity to ACE2; making viral entry into host cells easier 
than with the original strain, thus increasing transmissibility. Although more 
transmissible, recent data suggest this variant is less likely to cause severe infection 
and is likely to respond to the current vaccination programme [5].
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with increased binding affinity to ACE2; making viral entry into host cells easier 
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transmissible, recent data suggest this variant is less likely to cause severe infection 
and is likely to respond to the current vaccination programme [5].
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3. Coronaviruses

3.1 Taxonomy and morphology

Coronaviruses are a large family of viruses found in animals such as camels, 
dogs, rats, cattle, mice, rats and bats; as well as several viruses known to infect 
humans. They were first discovered in 1968 and named Coronaviridae in 1975 by the 
ITCV. The viruses are positive-sense single stranded RNA viruses with 26 to 32 kb 
genomes and are classified into Alpha, Beta, Gamma and Delta genera (Figure 3). 
The viruses that infect mammals are Alpha and Betacoronaviruses. In humans, 
pathogenic coronaviruses include SARS-CoV, SARS-CoV-2, MERS-CoV, HCoV-
HKU1, HCoV-229E, HCoV-NL63 HCoV-OC43. Most are inconspicuous and develop 
into common colds and mild-flu like symptoms, but recently since the emergence of 
SARS and MERS and now SARS-CoV-2, an increasing number of severe illnesses are 
developing associated with novel coronaviruses in humans.

Morphologically, the viral particle of coronaviruses are encased in a bilipid layer 
with three glycoproteins on the surface designated as membrane (M protein), enve-
lope (E protein) and spike (S protein) proteins (Figure 4a). These give the virus the 
characteristic protrusions on the surface akin to a medieval European crown or ‘corona’ 
hence the name coronavirus. An electron micrograph of viral particles isolated in 
alveolar tissue from the first infected case in the United States is shown in Figure 4b.

Utilising cryptoelecton tomography (Cryo-ET), Yao and colleagues determined 
the detailed molecular structure of the novel SARS-CoV-2 enveloped virus and 
elucidated the mechanism of packing the ~30 kb long single RNA into the 80 nm 
diameter luminal space [7].

Figure 2. 
Distribution of confirmed sequenced cases of VOC202012/01 as of 6th January 2021. [source: https://beta.
microreact.org/project/vVnFfZG7o3qYUJ6bnDs3Jo-cog-uk-2020-12-20-sars-cov-2-in-the-uk].
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3.2 Cellular entry of SARS-CoV-2

The SARS-CoV-2 virus enters human cells via interaction of the spike protein with 
the Angiotensin Converting Enzyme 2 protein (ACE2) [8]. ACE2 is integral to the 
renin-angiotensin-aldosterone (RAAS) system. Originally thought to have a systemic 
effect on maintenance of blood pressure and electrolyte balance, it has been found to 
be involved in inflammatory responses in many tissues including the cardiovascular 
system [9]. Activation of the RASS system has been associated with the development 
of hypertension, myocardial infarction, chronic heart failure, diabetes and inflam-
matory processes in lung tissue [10]. SARS-CoV-2 and ACE2 protein interaction is 
like the SARS-CoV virus responsible for the original SARS outbreak [11].

ACE2 is a metallopeptidase and is found in virtually all cell types. It is highly 
expressed on cell surfaces in lung alveolar epithelium, intestinal enterocytes as well 

Figure 3. 
Phylogenic tree of alpha and beta coronaviruses. MERS, Middle East respiratory syndrome; SARS, severe acute 
respiratory syndrome; SARS-COV-2, severe acute respiratory syndrome coronavirus 2.

Figure 4. 
(a) Schematic structure of a coronavirus particle [source: Peiris et al., [6]] (b) transmission electron 
microscopy image of an isolate from the first case of COVID-19 in the USA. The spherical extracellular viral 
particles contain cross-sections through the viral genome seen as black dots [source: cdc.gov].
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Figure 2. 
Distribution of confirmed sequenced cases of VOC202012/01 as of 6th January 2021. [source: https://beta.
microreact.org/project/vVnFfZG7o3qYUJ6bnDs3Jo-cog-uk-2020-12-20-sars-cov-2-in-the-uk].
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3.2 Cellular entry of SARS-CoV-2

The SARS-CoV-2 virus enters human cells via interaction of the spike protein with 
the Angiotensin Converting Enzyme 2 protein (ACE2) [8]. ACE2 is integral to the 
renin-angiotensin-aldosterone (RAAS) system. Originally thought to have a systemic 
effect on maintenance of blood pressure and electrolyte balance, it has been found to 
be involved in inflammatory responses in many tissues including the cardiovascular 
system [9]. Activation of the RASS system has been associated with the development 
of hypertension, myocardial infarction, chronic heart failure, diabetes and inflam-
matory processes in lung tissue [10]. SARS-CoV-2 and ACE2 protein interaction is 
like the SARS-CoV virus responsible for the original SARS outbreak [11].

ACE2 is a metallopeptidase and is found in virtually all cell types. It is highly 
expressed on cell surfaces in lung alveolar epithelium, intestinal enterocytes as well 

Figure 3. 
Phylogenic tree of alpha and beta coronaviruses. MERS, Middle East respiratory syndrome; SARS, severe acute 
respiratory syndrome; SARS-COV-2, severe acute respiratory syndrome coronavirus 2.

Figure 4. 
(a) Schematic structure of a coronavirus particle [source: Peiris et al., [6]] (b) transmission electron 
microscopy image of an isolate from the first case of COVID-19 in the USA. The spherical extracellular viral 
particles contain cross-sections through the viral genome seen as black dots [source: cdc.gov].
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as on vascular endothelial cells [12]. This is especially important in those individuals 
with underlying cardiovascular diseases as expression of ACE2 in the vasculature 
is altered [13]. This will be detailed further in the chapter under cardiovascular 
involvement. Following internalisation via vesicle entry, the ACE2 surface proteins 
are downregulated, potentiating the increasing physiological effects of angiotensin 
II (Figure 5) via proinflammatory mediators [14].

3.3 Routes of transmission of SARS-CoV-2

The major route of transmission in the human population is from person-to-per-
son via respiratory droplets when infected individuals cough, sneeze and talk when 
in close contact with another person [15]. Susceptible individuals inhale droplets 
shed from an infected individual near one another. The risk of infection depends on 
the size of the particles and droplets, the extent of viral shedding from the infected 
individual, the force of expulsion of droplets from an infected individual, the 
proximity between infected and uninfected individuals as well as environmental 
factors such as air density, humidity and wind speed [16]. Aerosol transmission 
is an alternative route of infectivity; however, this has been subject to significant 
debate and scientific study.

Aerosol transmission occurs when proteins and pathogens float in the form of 
aerosols after droplets dry out. This may be possible with SARS-CoV-2 in enclosed 
areas if individuals are exposed to high levels of infected aerosol material such as in 
care home settings and hospital wards; thus, pose a risk to healthcare workers and 
others in close contact with infected individuals over a long period of time. Aerosol 
transmission is often successful with particles with a diameter of 5–10 μm and 
can be carried over a large distance, whereas droplets are often larger than 10 μm 
and fall from the air within 1 metre hence the global adoption of spacing between 
individuals of 1–2 metres [17].

Oral-faecal transmission is another potential route of person-to-person 
transmission [18]. SARS-CoV-2 has been detected in faecal material from known 
COVID-19 patients [15, 19]. This is unsurprising given the clinical gastrointestinal 
manifestations in some individuals. This poses as a rapid transmission route in 

Figure 5. 
Viral entry of SARS-CoV-2 in host cells via the ACE2 surface protein. Following entry ACE2 is downregulated 
resulting in upregulation of angiotensin II (Ang II) which via its AT1R receptor induces NF-kB signalling 
pathways to increase expression of inflammatory cytokines such as interleukins (IL-1, IL1β, IL-6), 
matrixmtalloproteinases (MMP-1, MMP-3) and tumour necrosis factor alpha (TNF-α). [source: Banu 
et al. [14]].
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persons unable to maintain good hygiene such as neonates/infants, the infirm and 
the elderly with cognitive decline such as dementia. It is also a source of environ-
mental viral transmission in developing countries with poor sanitation and no 
running clean water and soap for adequate hand washing. This has wider impact 
on those healthcare systems who provide screening of faecal material for colorectal 
cancer screening [20].

SARS-CoV-2 has not been detected in semen from individuals who have 
either recovered from or have active COVID-19 infections [21, 22], suggesting 
sexual transmission is very unlikely. Maternal-fetal transmission however has 
been described in a small number of clinical cases. A neonate born in Wuhan to a 
COVID-19 positive woman tested positive for COVID-19 in a nasopharyngeal swab 
taken 2 days after birth, however this does not confirm maternal-fetal transmission. 
Oher studies refute vertical intrauterine transmission from mother to child [23, 24] 
however a recent meta-analysis suggests vertical transmission is possible normally 
in the third trimester but the incidence is low at 2–3% [25]. This is in part due to the 
ACE2 receptor portal of SARS-CoV-2 entry into cells being expressed in low con-
centrations at the maternal-fetal barrier, limiting the route of vertical transmission.

4. General clinical presentation of COVID-19

With the emergence of the pandemic in earnest at the beginning of 2020, the 
medical and scientific literature has been flooded with case reports and small 
clinical series often on a regional (district/country) basis. In general, the clinical 
presentation of patients with SARS-CoV-2 is very similar to that of other coronavi-
rus infections in humans. For the majority of those infected, individuals are either 
asymptomatic or have a mild fever, novel dry cough or anosmia (loss of smell). 

Figure 6. 
Respiratory and systemic signs and symptoms associated with COVID-19 [source: Rothan and Byareddy [26]].



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

130

as on vascular endothelial cells [12]. This is especially important in those individuals 
with underlying cardiovascular diseases as expression of ACE2 in the vasculature 
is altered [13]. This will be detailed further in the chapter under cardiovascular 
involvement. Following internalisation via vesicle entry, the ACE2 surface proteins 
are downregulated, potentiating the increasing physiological effects of angiotensin 
II (Figure 5) via proinflammatory mediators [14].

3.3 Routes of transmission of SARS-CoV-2

The major route of transmission in the human population is from person-to-per-
son via respiratory droplets when infected individuals cough, sneeze and talk when 
in close contact with another person [15]. Susceptible individuals inhale droplets 
shed from an infected individual near one another. The risk of infection depends on 
the size of the particles and droplets, the extent of viral shedding from the infected 
individual, the force of expulsion of droplets from an infected individual, the 
proximity between infected and uninfected individuals as well as environmental 
factors such as air density, humidity and wind speed [16]. Aerosol transmission 
is an alternative route of infectivity; however, this has been subject to significant 
debate and scientific study.

Aerosol transmission occurs when proteins and pathogens float in the form of 
aerosols after droplets dry out. This may be possible with SARS-CoV-2 in enclosed 
areas if individuals are exposed to high levels of infected aerosol material such as in 
care home settings and hospital wards; thus, pose a risk to healthcare workers and 
others in close contact with infected individuals over a long period of time. Aerosol 
transmission is often successful with particles with a diameter of 5–10 μm and 
can be carried over a large distance, whereas droplets are often larger than 10 μm 
and fall from the air within 1 metre hence the global adoption of spacing between 
individuals of 1–2 metres [17].

Oral-faecal transmission is another potential route of person-to-person 
transmission [18]. SARS-CoV-2 has been detected in faecal material from known 
COVID-19 patients [15, 19]. This is unsurprising given the clinical gastrointestinal 
manifestations in some individuals. This poses as a rapid transmission route in 

Figure 5. 
Viral entry of SARS-CoV-2 in host cells via the ACE2 surface protein. Following entry ACE2 is downregulated 
resulting in upregulation of angiotensin II (Ang II) which via its AT1R receptor induces NF-kB signalling 
pathways to increase expression of inflammatory cytokines such as interleukins (IL-1, IL1β, IL-6), 
matrixmtalloproteinases (MMP-1, MMP-3) and tumour necrosis factor alpha (TNF-α). [source: Banu 
et al. [14]].

131

Coronavirus Disease: Epidemiology, Aetiology, Pathophysiology and Involvement…
DOI: http://dx.doi.org/10.5772/intechopen.98210

persons unable to maintain good hygiene such as neonates/infants, the infirm and 
the elderly with cognitive decline such as dementia. It is also a source of environ-
mental viral transmission in developing countries with poor sanitation and no 
running clean water and soap for adequate hand washing. This has wider impact 
on those healthcare systems who provide screening of faecal material for colorectal 
cancer screening [20].

SARS-CoV-2 has not been detected in semen from individuals who have 
either recovered from or have active COVID-19 infections [21, 22], suggesting 
sexual transmission is very unlikely. Maternal-fetal transmission however has 
been described in a small number of clinical cases. A neonate born in Wuhan to a 
COVID-19 positive woman tested positive for COVID-19 in a nasopharyngeal swab 
taken 2 days after birth, however this does not confirm maternal-fetal transmission. 
Oher studies refute vertical intrauterine transmission from mother to child [23, 24] 
however a recent meta-analysis suggests vertical transmission is possible normally 
in the third trimester but the incidence is low at 2–3% [25]. This is in part due to the 
ACE2 receptor portal of SARS-CoV-2 entry into cells being expressed in low con-
centrations at the maternal-fetal barrier, limiting the route of vertical transmission.

4. General clinical presentation of COVID-19

With the emergence of the pandemic in earnest at the beginning of 2020, the 
medical and scientific literature has been flooded with case reports and small 
clinical series often on a regional (district/country) basis. In general, the clinical 
presentation of patients with SARS-CoV-2 is very similar to that of other coronavi-
rus infections in humans. For the majority of those infected, individuals are either 
asymptomatic or have a mild fever, novel dry cough or anosmia (loss of smell). 

Figure 6. 
Respiratory and systemic signs and symptoms associated with COVID-19 [source: Rothan and Byareddy [26]].



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

132

In the small minority of those who are severely affected, the overriding clinical 
presentation is of respiratory distress however other symptoms are case-dependent.

The reported clinical characteristics and prognosis of COVID-19 patients varies 
greatly (Figure 6). A recent comprehensive meta-analysis has been performed of 
clinical characteristics, risk factors and outcomes by Li and colleagues [27]. This 
vast analysis includes 212 studies from 11 countries involving 281,461 laboratory 
confirmed COVID-19 cases. The mean age of patients was 46.7y (95%CI 42.8y 
to 50.6y) with 51.9 (95%CI 50.4 to 53.2) males. The mean time of illness onset to 
hospital admission was 5.5 days (95%CI 4.6 to 6.4 days) with an incubation period 
of 5.3 days (95%CI 4.5 to 5.9 days). Clinical presentation characteristics and out-
come are summarised in Table 1. 79% of subjects were febrile and 53% developed 
a cough. Renal and hepatic injury occurred in 4% and 7% respectively but cardiac 
injury was higher at 9%. Overall mortality was reported to be 6% but this differed 
greatly by country. Mortality was significantly associated with age, male sex, the 
presence of hypertension or diabetes mellitus [27].

5. Chest imaging

Thoracic imaging is an important diagnostic tool in screening, early diagnosis 
and monitoring of patients with COVID-19. Although computed tomography 
(CT) is the gold standard, chest x-ray (CXR) is a cheap, readily available and a 

Participants (n) Value (%) 95% CI

Clinical Presentation

Fever 15,921 78.8 76.2 to 81.3

Fatigue 13,680 32.2 28.0 to 36.6

Myalgia 10,728 21.3 18.1 to 24.9

Malaise 2,526 37.9 29.5 to 47.1

Respiratory symptoms

Cough 12,782 53.9 50.0 to 57.7

Expectoration 6,072 7.5 5.7 to 9.6

Chest pain 3,512 9.0 6.2 to 13.1

Shortness of breath 11,205 18.9 15.7 to 22.8

Gastrointestinal symptoms

Nausea 5,599 6.9 5.3 to 9.1

Vomiting 7,484 4.7 3.8 to 5.8

Diarrhoea 12,142 9.5 7.8 to 11.5

Prognosis

Renal injury 77,679 3.6 1.2 to 10.1

Hepatic injury 77,331 7.9 2.6 to 21.7

Cardiac Injury 1,417 9.4 4.5 to 18.8

Mechanical ventilation 6,152 7.1 4.5 to 11.0

Mortality 52,808 5.6 4.2 to 7.5

Table 1. 
Clinical characteristics and outcomes in COVID-19. Analysis of 281,461 confirmed cases. 95% CI, confidence 
interval. [source, data from Li et al. [27]].
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faster alternative. CXR lacks sensitivity for diagnosis in the early presentation of 
COVID-19 being 55% within two days, increasing to 79% at 11 days from onset of 
symptoms. Specificity decreased over time from 83–70% at ≤2d and > 11d respec-
tively [28]. In approximately 60% of cases, CXR reveals interstitial and airspace 
opacities in an IA pattern. This increased over time from 51% at ≤2d vs. 73% at 
>11d [28]. Normal and mild severity CXR findings were the largest factor behind 
false-negative CXR and often associated with young age and some ethnic groups. In 
a real-world reader performance study by Cozzi and colleagues [29], experienced 
radiologist (>10 y experience) reported CXR with higher specificity than less expe-
rienced (<10 y experience) radiologists. Comparative CXR images from different 
respiratory diseases and a normal CXR are shown in Figure 7.

Computed tomography (CT) is the preferred radiological procedure for diagno-
sis. A Cochrane review of CT for diagnosis of COVID-19 found that in 84 studies 
with 8,279 participants; the pooled sensitivity for diagnosis was 86% (95%CI 
90–95%) with a very low specificity of 18% (95%CI 4–56%) [31]. A retrospective 
study of chest CT findings in 121 symptomatic patients in 4 centres in China has 
been reported [32]. The classical findings were bilateral and peripheral ground-glass 

Figure 7. 
Comparative chest X-ray findings in (a) normal CXR (b) SARS (c) MERS (d) COVID-19. [source: Images 
adapted from Pereira et al. [30]].
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consolidative opacity. 56% of subjects had normal CT images in the early phase (0 to 
2 days) of the disease but more frequent in longer infections with consolidation, 
bilateral and peripheral and greater total lung involvement. Bilateral involvement 
occurred in 28%, 76% and 88% of early (0–2 days), intermediate (3–5 days) and late 
(6–12 days) infection times respectively. Further notable CT findings include linear 
opacity, crazy-paving patterns and reverse halo sign (Figure 8).

Following isolation and treatment, most COVID-19 patients stabilise and 
become well. Further CT imaging demonstrates regression of infection with 
absorbed lesions, and some cord-like shadows.

6. Gastrointestinal symptoms in COVID-19

Gastrointestinal (GI) symptoms are emerging in patients with COVID-19. This is 
due to the presence of the ACE2 receptor expressed in the GI tract [33, 34].

COVID-19 patients present with GI symptoms such as diarrhoea (10% of 
patients) with nausea and vomiting less common [35]. In a meta-analysis of 35 
studies, 29 studies reported gastrointestinal symptoms in 6,064 COVID-19 patients 
with a pooled prevalence of gastrointestinal comorbidities of 4%. (95% CI 2 to 5%; 
range 0 to 15%; I2 = 74%). The pooled prevalence of digestive symptoms was 15% 
(10 to 21%; range: 2 to 57%; I2 = 96%) with nausea or vomiting, diarrhoea, and loss 
of appetite being the three most common [36].

Figure 8. 
Representative characteristic findings of COVID-19 infection on thoracic CT imaging: (a) axial CT image 
obtained without intravenous contrast. 36y male showing bilateral ground-glass opacities in upper lobes 
with rounded morphologies (arrows); (b) axial CT image. 65 y female, showing bilateral ground-glass and 
consolidative opacities with striking peripheral distribution (arrows); (c) axial CT image obtained without 
intravenous contrast material in a 43 y female, demonstrating crazy-paving pattern manifested by right lower 
lobe ground-glass opacification with interlobular septal thickening (arrows) with intralobular lines. (d) 
Axial CT image obtained in a 22y female, showing an area of faint ground-glass opacification in left upper 
lobe with a ring of denser consolidation or reverse halo sign (arrow). [source: Images modified from Bernheim 
et al. [32]].
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7. Cardiovascular findings in COVID-19

In addition to respiratory and gastrointestinal symptoms, cardiovascular 
involvement is also common amongst patients with COVID-19. The symptoms are 
wide-ranging in manifestation and severity and are more common in the elderly 
and those hospitalised with the infection. Previous influenza epidemics have been 
associated with an increased prevalence of myocardial infarction, myocarditis 
and chronic/congestive heart failure [37]. Both SARS and MERS were associated 
with either bradycardia, tachycardia, cardiomegaly, diastolic impairments, cardiac 
arrest, cardiomegaly and acute cardiac failure [38–40].

Patients with cardiovascular risk factors or established cardiovascular disease 
disproportionately suffer with severe forms of the infection with worse clinical 
prognosis and outcome. In one of the earliest reports of clinical characteristics of 
COVID-19 from Wuhan China; 14% of 138 patients demonstrated baseline cardio-
vascular disease and 31% had hypertension [41]. Similar data has been reported 
in other population studies from Wuhan, China [42–44]; Italy [45, 46]; Iran [47], 
United Kingdom [48] and the USA [49] to varying cardiac involvement.

The pathophysiological mechanism of cardiac injury in COVID-19 infection are 
similar to those associated with other influenza pandemics and human coronavirus 
diseases (SARS and MERS). Although the pathophysiological mechanisms injury is 
not fully established in COVID-19 patients, it is likely that the elevation is related to 
(1) Systemic inflammatory involvement, cytokine storm mediated through T-cell and 
monocytes resulting in myocarditis. Often patients have concomitant elevations in 
C-reactive protein (CRP), eosinophil sedimentation rate (ESR) (2) Hypercoagulability. 

Figure 9. 
Pathophysiological mechanisms of acute myocardial injury in COVID-19 infection.



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

134

consolidative opacity. 56% of subjects had normal CT images in the early phase (0 to 
2 days) of the disease but more frequent in longer infections with consolidation, 
bilateral and peripheral and greater total lung involvement. Bilateral involvement 
occurred in 28%, 76% and 88% of early (0–2 days), intermediate (3–5 days) and late 
(6–12 days) infection times respectively. Further notable CT findings include linear 
opacity, crazy-paving patterns and reverse halo sign (Figure 8).

Following isolation and treatment, most COVID-19 patients stabilise and 
become well. Further CT imaging demonstrates regression of infection with 
absorbed lesions, and some cord-like shadows.

6. Gastrointestinal symptoms in COVID-19

Gastrointestinal (GI) symptoms are emerging in patients with COVID-19. This is 
due to the presence of the ACE2 receptor expressed in the GI tract [33, 34].

COVID-19 patients present with GI symptoms such as diarrhoea (10% of 
patients) with nausea and vomiting less common [35]. In a meta-analysis of 35 
studies, 29 studies reported gastrointestinal symptoms in 6,064 COVID-19 patients 
with a pooled prevalence of gastrointestinal comorbidities of 4%. (95% CI 2 to 5%; 
range 0 to 15%; I2 = 74%). The pooled prevalence of digestive symptoms was 15% 
(10 to 21%; range: 2 to 57%; I2 = 96%) with nausea or vomiting, diarrhoea, and loss 
of appetite being the three most common [36].

Figure 8. 
Representative characteristic findings of COVID-19 infection on thoracic CT imaging: (a) axial CT image 
obtained without intravenous contrast. 36y male showing bilateral ground-glass opacities in upper lobes 
with rounded morphologies (arrows); (b) axial CT image. 65 y female, showing bilateral ground-glass and 
consolidative opacities with striking peripheral distribution (arrows); (c) axial CT image obtained without 
intravenous contrast material in a 43 y female, demonstrating crazy-paving pattern manifested by right lower 
lobe ground-glass opacification with interlobular septal thickening (arrows) with intralobular lines. (d) 
Axial CT image obtained in a 22y female, showing an area of faint ground-glass opacification in left upper 
lobe with a ring of denser consolidation or reverse halo sign (arrow). [source: Images modified from Bernheim 
et al. [32]].

135

Coronavirus Disease: Epidemiology, Aetiology, Pathophysiology and Involvement…
DOI: http://dx.doi.org/10.5772/intechopen.98210

7. Cardiovascular findings in COVID-19

In addition to respiratory and gastrointestinal symptoms, cardiovascular 
involvement is also common amongst patients with COVID-19. The symptoms are 
wide-ranging in manifestation and severity and are more common in the elderly 
and those hospitalised with the infection. Previous influenza epidemics have been 
associated with an increased prevalence of myocardial infarction, myocarditis 
and chronic/congestive heart failure [37]. Both SARS and MERS were associated 
with either bradycardia, tachycardia, cardiomegaly, diastolic impairments, cardiac 
arrest, cardiomegaly and acute cardiac failure [38–40].

Patients with cardiovascular risk factors or established cardiovascular disease 
disproportionately suffer with severe forms of the infection with worse clinical 
prognosis and outcome. In one of the earliest reports of clinical characteristics of 
COVID-19 from Wuhan China; 14% of 138 patients demonstrated baseline cardio-
vascular disease and 31% had hypertension [41]. Similar data has been reported 
in other population studies from Wuhan, China [42–44]; Italy [45, 46]; Iran [47], 
United Kingdom [48] and the USA [49] to varying cardiac involvement.

The pathophysiological mechanism of cardiac injury in COVID-19 infection are 
similar to those associated with other influenza pandemics and human coronavirus 
diseases (SARS and MERS). Although the pathophysiological mechanisms injury is 
not fully established in COVID-19 patients, it is likely that the elevation is related to 
(1) Systemic inflammatory involvement, cytokine storm mediated through T-cell and 
monocytes resulting in myocarditis. Often patients have concomitant elevations in 
C-reactive protein (CRP), eosinophil sedimentation rate (ESR) (2) Hypercoagulability. 

Figure 9. 
Pathophysiological mechanisms of acute myocardial injury in COVID-19 infection.



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

136

Haematological differentials along with abnormal clotting factors and elevated 
D-dimer result in haemostasis and thrombosis as evident of coronary microvascular 
disease. (3) Endothelial injury causing diffuse disruption to the vasculature in several 
organs including the heart. (4) Down regulation of ACE2 expression in cardiomyocytes 
and loss of the protective signalling pathway (5) Inflammatory and stress response 
causing plaque rupture in those subjects with active coronary artery disease (Figure 9).

8. Biomarker evidence of myocardial injury in COVID-19

A significant proportion of patients requiring hospitalisation, intensive therapy 
and the need for mechanical ventilation demonstrate elevation of biomarkers of 
cardiac injury [42–44, 50–55], namely cardiac troponin T (cTnT); cardiac troponin 
I (cTnI) and the natriuretic peptides N-terminal pro-B-type natriuretic peptide 
(NTproBNP) and the active hormone b-type natriuretic peptide (BNP).

The evidence of cardiac injury in COVID-19 is wide ranging and its associa-
tion with mortality differs between studies. Li and collages performed a meta-
analysis of 28 studies involving 4,189 individuals with COVID-19. Elevated 
cardiac biomarkers (cTn, creatine kinase-MB, myoglobin and NTproBNP were 
associated with the severe forms of infection compared to subjects with mild 
forms of the disease (Figure 10). In addition, those with evidence of COVID-19 

Figure 10. 
Forest plot of cardiac biomarker standard mean difference between severe and less severe cases [source, 
Li et al. [53]].
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related cardiac injury was more likely to die than those without (summary risk 
ratio 3.85 (95%CI 2.13 to 6.96, p = <0.001) [53].

With the emergence of cTn elevation in severe COVID-19 disease, attention 
turned to its prognostic value. A study of 416 COVID-19 patients by Shi and col-
leagues found elevated cTnI in 1 in 5 presenting patients, and positive cTn patients 
were more likely to require non-invasive ventilation and develop acute respiratory 
distress syndrome or acute kidney injury. In addition, the mortality rate was 10-fold 
higher in those patients with evidence of myocardial injury [43]. This is consistent 
with other studies.

Guo and colleagues reported 28% myocardial injury demonstrated by an 
elevated cTnT in 187 COVID-19 patients; with an in-hospital mortality of 60% and 
a higher incidence of mortality (69%) in those cTnT positive patients with underly-
ing cardiovascular disease compared to 38% mortality in those without a cardiac 
history [55].

Figure 11. 
Kaplan–Meier survival analysis of survival by (a) dichotomised cTnI over 40 days and by (b) cTnT quartiles 
over 30 days. [sources: Adapted from Cinar, et al. [61] and Almeida Jr. et al. [62] respectively].



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

136

Haematological differentials along with abnormal clotting factors and elevated 
D-dimer result in haemostasis and thrombosis as evident of coronary microvascular 
disease. (3) Endothelial injury causing diffuse disruption to the vasculature in several 
organs including the heart. (4) Down regulation of ACE2 expression in cardiomyocytes 
and loss of the protective signalling pathway (5) Inflammatory and stress response 
causing plaque rupture in those subjects with active coronary artery disease (Figure 9).

8. Biomarker evidence of myocardial injury in COVID-19

A significant proportion of patients requiring hospitalisation, intensive therapy 
and the need for mechanical ventilation demonstrate elevation of biomarkers of 
cardiac injury [42–44, 50–55], namely cardiac troponin T (cTnT); cardiac troponin 
I (cTnI) and the natriuretic peptides N-terminal pro-B-type natriuretic peptide 
(NTproBNP) and the active hormone b-type natriuretic peptide (BNP).

The evidence of cardiac injury in COVID-19 is wide ranging and its associa-
tion with mortality differs between studies. Li and collages performed a meta-
analysis of 28 studies involving 4,189 individuals with COVID-19. Elevated 
cardiac biomarkers (cTn, creatine kinase-MB, myoglobin and NTproBNP were 
associated with the severe forms of infection compared to subjects with mild 
forms of the disease (Figure 10). In addition, those with evidence of COVID-19 

Figure 10. 
Forest plot of cardiac biomarker standard mean difference between severe and less severe cases [source, 
Li et al. [53]].

137

Coronavirus Disease: Epidemiology, Aetiology, Pathophysiology and Involvement…
DOI: http://dx.doi.org/10.5772/intechopen.98210

related cardiac injury was more likely to die than those without (summary risk 
ratio 3.85 (95%CI 2.13 to 6.96, p = <0.001) [53].

With the emergence of cTn elevation in severe COVID-19 disease, attention 
turned to its prognostic value. A study of 416 COVID-19 patients by Shi and col-
leagues found elevated cTnI in 1 in 5 presenting patients, and positive cTn patients 
were more likely to require non-invasive ventilation and develop acute respiratory 
distress syndrome or acute kidney injury. In addition, the mortality rate was 10-fold 
higher in those patients with evidence of myocardial injury [43]. This is consistent 
with other studies.

Guo and colleagues reported 28% myocardial injury demonstrated by an 
elevated cTnT in 187 COVID-19 patients; with an in-hospital mortality of 60% and 
a higher incidence of mortality (69%) in those cTnT positive patients with underly-
ing cardiovascular disease compared to 38% mortality in those without a cardiac 
history [55].

Figure 11. 
Kaplan–Meier survival analysis of survival by (a) dichotomised cTnI over 40 days and by (b) cTnT quartiles 
over 30 days. [sources: Adapted from Cinar, et al. [61] and Almeida Jr. et al. [62] respectively].



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

138

Giustino and colleagues investigated 305 COVID-19 patients in 7 hospitals in 
New York City, USA and Milan, Italy. Patients exhibiting myocardial injury has 
elevated inflammatory markers, electrocardiographic abnormalities as well as 
transthoracic echocardiographic (TTE) evidence of left ventricular wall motion 
abnormalities, global left ventricular dysfunction, grade II or III left ventricular 
diastolic dysfunction, right ventricular dysfunction and pericardial effusion. 
In-hospital mortality was 32% in patients with myocardial damage and TT abnor-
malities, 19% with cTn positive myocardial injury only and 5% in those without 
evidence of cardiac involvement [56].

Lala and colleagues investigated the degree of myocardial injury in laboratory-
confirmed cases of COVID-19 and correlated findings with outcome [57]. 36% of 
2,736 patients had an elevated cTnI (>0.03 ng/mL).

Seven studies have investigated the prognostic value of elevated cTn in COVID-
19. Five utilised cTnI [57–61], one cTnT [62] and one with combined cTnT and cTnI 
from different institutions [63]. In all cases, an elevated cTn (cTnI, Figure 11a; 
cTnT Figure 11b) was associated with poor outcome; be it in-hospital mortality, 
or combined endpoints of all-cause mortality and need for mechanical ventila-
tion. Lala and colleagues [57] identified even minor elevations in cTnI (0.03 to 
0.09 ng/ml) were associated with mortality (Hazard ratio 1.75; 95%CI = 1.37 to 
2.24, p < 0.001). Those with greater cTnI concentrations above 0.09 ng/L conferred 
greater risk (Hazard ratio 3.03, 95% CI 2.42 to 3.80).

The underlying pathological mechanisms resulting in elevation in cTn in 
patients with COVID-19 have not been fully elucidated. The vast majority of 
reported cardiovascular complications in COVID-19 refer to acute cardiac injury, 
with an incidence of 8–22%. Other mechanisms (% incidence) include pulmonary 
thrombosis and arterial/venous thromboembolism (16–49%); chronic heart failure 
(52% in non-survivors, 12% in survivors); Acute coronary syndromes (44% with 
ST segment elevation myocardial infarction [STEMI]); arrhythmia (17% overall; 
44% vs. 9% in severe and mild cases respectively). A few case reports have demon-
strated myocarditis and pericardial disease [64].

9. Electrocardiographic and echocardiographic changes in COVID-19

The cardiac involvement in COVID-19 is diverse and as such varying different 
findings have been observed with diagnostic tools such as the electrocardiogram 
(ECG) and echocardiography. ECG changes in COVID-19 represent both left and 
right-sided heart disease [65] and are associated with a higher risk of mortality. In a 
study of 756 patients, 90 (12%) of which died (Table 2); one or more atrial prema-
ture contractions right bundle or intraventricular block, ischemic T-wave inversion 
and nonspecific repolarisation were associated with death [65]. These finding were 

ECG Abnormality Odds Ratio 95% CI

One or more atrial premature contraction 2.57 1.23 to 5.36

Right bundle branch or intraventricular block 2.61 1.32 to 5.18

Ischemic T-wave inversion 3.49 1.56 to 7.80

Nonspecific repolarisation 2.31 1.27 to 4.21

Table 2. 
Odds ratio for ECG findings significantly associated with mortality. 95%CI, 95% confidence interval [source: 
McCullough et al. [65]].
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further supported by De Vita and colleagues [66] who observed the ECG on admis-
sion was a helpful tool to identify COVID-19 patients with increased risk of death.

In a retrospective analysis of 319 severe and critically severe COVID-19 cases, 
Wang and colleagues observed 118 (37%) with normal ECG and 201 (63%) abnor-
mal ECG traces. Differences were observed in ST-T changes, sinus tachycardia, 
atrial fibrillation, and atrial tachycardia between the group severity. Sinus tachycar-
dia and atrial fibrillation were the independent risk factors of in-hospital death and 
ventilator use and could be used as an independent predictor of poor outcome [67].

A caveat to ECG induced changes is due to drug therapies given in severe 
COVID-19 infections. Drug-induced changes associated with chloroquine, hydroxy-
chloroquine and azithromycin can result in a prolonged corrected QT (QTc), 
however such elongations do not induce arrhythmia-related death [68].

Echocardiographic findings demonstrate Left and right ventricular abnormali-
ties in 39% and 33% of COVID-19 patients respectively [69]. severe ventricular 
dysfunction or tamponade is observed in approximately 15% of patients. In those 
without pre-existing cardiac disease the echocardiogram is abnormal in roughly 
half of COVID-19 patients with approximately 15% demonstrating severe disease. 
In a study of 90 hospitalised patients with severe (44, 49%) and non-severe (46, 
51%) COVID-19; right ventricular (RV) and left ventricular (LV) functions were 
compared [70]. The RV and LV diameters were larger in severe patients com-
pared to non-severe. Left ventricular ejection fraction (LVEF) were significantly 
(p = <0.001) lower (54.0% ±9.8%) in the severe-infections compared to the non-
severe (61.9 ± 4.8%). Furthermore, pericardial effusions were observed in 23% of 
the severe patients with no observed cases in the non-severe patients.

In a study of 749 known COVID-19 positive patients undergoing transthoracic 
echocardiography (TTE), 38% were found to have LVEF ≤50% and 14% had 
moderately reduced right ventricular function. Stress-induced cardiomyopathy as 
evident by wall motion abnormalities were observed in four patients. A significant 
inverse relationship between cTnT and LVEF was observed (P = −0.34, P = 0.006). 
On the basis of the clinical TTE findings, therapeutic management was altered in 
24% due to concern for a major cardiac even and in 14% where haemodynamic 
instability warranted TTE [71].

Both ECG and echocardiography are useful tools in the identification of left and 
right-sided cardiac dysfunction in COVID-19. Abnormalities are more frequent as 
infection severity increases and are often associated with poor prognosis.

10. Gross cardiac pathology and histopathology

A number of post-mortem (autopsy) studies have been performed on COVID-
19 patients [72–79]. Four main pathological processes are generally observed: (a) 
Diffuse alveolar infiltration and damage with hyaline membrane formation, (b) 
thromboembolic disease in pulmonary and cardiac tissue and peripheral deep 
vein thrombosis, (c) hemophagocytes and (d) depletion of immune related cells 
[80, 81]. Gross cardiac examination (Figure 12) often reveals enlarged hearts 
[75, 76, 79] and the myocardium appears pale and flabby [76]. Thrombotic pathol-
ogy is predominantly found in the lung, being present in 90% of cases; in 60% of 
hearts and 45% of kidneys [80].

In nine community deaths with suspected COVID-19 infections, Youd and 
colleagues did not observe any cases of myocarditis, however one case of bacterial 
bronchopneumonia had associated myocarditis. Contraction band necrosis was 
observed in a 86y Caucasian Male who had an underlying history of hypertension 
and cardiovascular disease. Cardiac amyloidosis was evident in one case [79].
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An Italian study of 22 autopsies (18 with comorbid conditions, 4 without) dem-
onstrated significant pulmonary and cardiovascular pathologies. All 22 deaths were 
reported as cardiorespiratory failure [76]. Cardiovascular pathologies are reported 
in Table 3.

A systematic review of histopathological findings by physiological system have 
identified cardiovascular findings such as focal lymphocytic inflammation, acute 
cardiomyocyte necrosis, presence of inflammatory cells and apoptotic bodies [74].

A multicentre study of 21 autopsy examinations by Basso and colleagues [73] 
examined cardiac tissue. Lymphocytic myocarditis was present in 3 (14%) cases, 
two of which were CD4 predominant T-cells, and one CD8 prominent. 86% of cases 
demonstrated interstitial macrophage infiltration. Mild pericarditis was evident 
in 4 cases. Common histological findings from cardiac tissue are presented in 
Figure 13.

Although the underlying mechanisms of cardiac involvement in COVID-19 
infection remain to be fully elucidated, cardiac fibrosis occurs in tandem with 
local and systemic inflammatory responses [84]. Whilst these mechanisms are 
designed to facilitate healing following tissue damage, an excess of the inflamma-
tory response along with the development of fibrotic tissue are pathological drivers 
for global organ damage. Overt inflammation and fibrosis in the heart can result in 
abnormal cardiac remodelling potentiating the development of acute and chronic 
heart failure. Anti-inflammatory and anti-fibrotic therapies are in general unsuc-
cessful in improving damaged cardiac tissue function. With respect to COVID-19, 

Figure 12. 
Gross macroscopic cardiac pathology in COVID-19. (a) Fibrinous myocarditis; (b) cardiac hypertrophy with 
pale flabby myocardium; (c) macroscopic right coronary artery thrombosis (green arrow); (d) contained 
aortic dissection (green arrow) and fibrinous pericarditis (red arrow and H&E histology inset) in a 22y male; 
(e) gross marantic endocarditis with associated H&E histology inset; (f) extreme right ventricular dilatation 
with intraventricular septum straightening in a formalin fixed heart; (g) transverse sections demonstrating 
extensive right ventricular dilation of (i) 2.9:1.7 cm, (ii) 4.0:0.9 cm, (iii) 3.6:3.4 cm. [sources: Adapted from 
Youd et al. [79], Hanley et al. [80], Fox et al. [82, 83]].
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further work is required to identify potential therapeutic targets of regulation and 
moderation of cardiac fibroblast function and thus reduce the burden of inflamma-
tory-responsive fibrotic-based heart failure.

11. Conclusion

The novel Coronavirus disease, COVID-19 that emerged just over one year 
ago has caused substantial disruption to everyday life for every human on the 

Histopathological findings COVID-19 deaths with comorbid 
conditions (n = 18) (%)

COVID-19 deaths without 
comorbid conditions (n = 4) (%)

Myocarditis 9 (50.0) 3 (75.0)

Vasculitis 5 (27.8 3 (75.0)

Inflammatory infiltrate 13 (72.3) 3 (75.0)

Focal necrosis 6 (33.4) 2 (50.0)

Pericarditis 9 (50.0) 4 (100)

Vascular fibrosis 4 (22.3) 2 (50.0)

Table 3. 
Cardiovascular histopathological findings in COVID-19 cadavers with and without comorbid conditions 
[source: Falasca et al. [76]].

Figure 13. 
(a and b) Myocarditis. Biventricular multifocal and diffuse lymphocytic myocarditis (arrows) with 
extensive myocyte injury and previously undiagnosed cardiac amyloidosis (H&E) x50 in an 86y male; (c 
and d) Biventricular multifocal lymphocytic myocarditis (arrows) with myocyte injury (H&E x100). Atrial 
fibrillation developed 2 d before death, 64y male; (e) Increased interstitial macrophage H&E x400) in a 60y 
male; (f) Increased macrophage cells within the myocardial interstitum (H&E x100) in a 73y female; (g) 
Focal lymphocytic pericarditis (arrows, H&E, x400) comprised of (h) CD8+ lymphocytes associated with focal 
myocardial inflammation in the absence of myocyte injury (arrowhead, CD8 immunostaining x400); (I and j) 
Small vessel changes. Microthrombus in a small myocardial artery (a, arrow H&E x100) and organised venous 
thrombosis (b, arrow H&E x100) in a 70y male; (k) Thrombus in a small myocardial vein (arrow, H&E 
x200) in a 71y male; (l) Leucocyte aggregates of eosinophils and mononuclear cells in capillaries and small 
veins (arrow, H&E x400) in a 64y male.[Source: Adapted from Basso et al., [73]].
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planet. In the ensuing year, science and medicine have fought a race against time 
to understand the aetiology and pathogenicity of the disease. The overriding signs 
and symptoms supported by diagnostic testing indicates diffuse alveolar infiltra-
tion with vascular thromboembolic involvement in pulmonary, cardiac and renal 
tissue. Cardiac electrocardiography, echocardiography and cardiac biomarker 
testing are vital in the identification and management of patients with COVID-19 
and concomitant cardiovascular involvement. Pathological findings at autopsy aid 
in the understanding of the pathophysiology of cardiovascular involvement in the 
disease. With the development of vaccines and mass vaccination programmes for 
the vulnerable along with herd immunity in the young, the global population will 
survive this novel pandemic but to significant cost both socially, economically and 
emotionally.
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and concomitant cardiovascular involvement. Pathological findings at autopsy aid 
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disease. With the development of vaccines and mass vaccination programmes for 
the vulnerable along with herd immunity in the young, the global population will 
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Abstract

The G-protein-coupled receptors (GPCRs, also called seven-transmembrane 
receptor, 7TMRs, or heptahelical receptor) are a conserved family of seven trans-
membrane receptors which are essential not only in the healthy heart and blood 
vessels but also in for treatment and therapy of cardiovascular disease and failure. 
Heart failure is a global leading cause of morbidity and death and as such under-
standing 7TMRs, their functions, structures and potential for therapy is essential. 
This review will investigate the roles of the receptors in the healthy functioning 
cardiovascular system, and in cardiac disorders with an emphasis in cardiomyopa-
thy. It will also explore the role of autoimmunity and autoantibodies against the 
G-protein-coupled receptors in cardiomyopathy.

Keywords: angiotensin, adrenoreceptors, cardiomyopathy, heart disease, 
endothelin-1, muscarinic receptors, vascular

1. Introduction

The 7 transmembrane receptors (7TMRs) also known as G-protein coupled 
receptors (GPCRs) constitute the largest family of plasma membrane receptors. The 
superfamily of 7TMRs includes receptors for hormones, neurotransmitters and ion 
channels, and is critical to mediate physiological and cellular processes [1, 2].

Composed of seven transmembrane hydrophobic alpha (α) helices joined by 
three intracellular and three extracellular loop structures, a cytoplasmic carboxyl 
terminus and an extracellular amino terminus (Figure 1), 7TMRs signal by stimu-
lating heterotrimeric G proteins following the presentation of an agonist to the 
receptor [3]. Agonist binding at the 7TMR extracellular region initiates the forma-
tion of a G protein. Guanosine diphosphate (GDP) is released from the G protein 
in exchange for guanosine triphosphate (GTP). The GTP bound α subunit disas-
sociates from the βγ dimer, both of which activate several effectors such as adenylyl 
cyclase, phospholipases and ion channels [3]. The Gα subunit can be categorised in 
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to sub groups Gαs, Gαi, Gαq/11 and Gα12/13 [3]. The Gα subunits and the Gβγ dimer 
deriving from the heterotrimeric G protein can combine with downstream effector 
molecules such as adenylyl cyclase or phospholipase C to control cellular signalling 
pathways involving secondary messengers [3]. Examples of secondary messengers 
include cyclic adenosine monophosphate (cAMP), inositol-1,4,5-trisphosphate (IP3) 
and diacylglycerol (DAG) which elicit cellular and physiological responses [4].

2. Cardiovascular effects of 7TMRs and therapeutic drug targets

7TMRs are the target for a large proportion of therapeutic drugs, currently 
encompassing more than 30% of prescription medications [5] which directly or 
indirectly alter cellular signalling mechanisms.

2.1 Adrenoreceptors (β-adrenergic receptors)

Adrenergic receptors (ARs; also known as adrenoreceptors) are a class of 7TMRs 
located in the heart and vasculature and are responsible for relaying sympathetic 
nervous system (SNS) messages into cardiovascular reactions [1]. The neurotrans-
mitters norepinephrine (NE) and epinephrine (Epi), which originate from the SNS, 
exert their effects on cardiac cells and tissues by binding to adrenoreceptors [6]. A 
number of adrenoreceptor subgroups are present in the mammalian heart, includ-
ing three α1-ARs, three α2-ARs and three β-ARs (β1, β2 and β3) [6].

β-Adrenergic receptors (β-ARs) are the most important and one of the most 
frequently studied receptors belonging to the family of G-protein coupled receptors 
[7]. There are three subtypes of β-ARs: β1, β2 and β3, activation of which regulates 
important cardiovascular functions [7, 8]. The β1-ARs are characterised mainly 
for the heart, β2-ARs for blood vessels and β3-ARs for adipose tissue [9]. Within the 
vasculature the predominant subtype is β2-AR, which is 65–70% homologous to 
β1- and β3-ARs [8]. The agonists that bind with all three subtypes of β-ARs are the 
hormones adrenaline and noradrenaline, which help regulate cardiovascular and 
pulmonary function [10, 11].

Human genes encoding the β2-ARs are without introns and have been mapped to 
chromosome 5q31–32 [12]. The β-ARs consist of 413 amino acid residues, approxi-
mately 46.5 kDa [8]. There are three domains of β2-ARs: The extracellular domain, 

Figure 1. 
General structure of a seven transmembrane receptor (7TMR)/G protein coupled receptor (GPCR). 
Extracellular loops 1–3 (EL1–3) and intracellular loops (IL1–3) connecting the 7 transmembrane helices 
(TM1–7). NH2▬N-terminal chain and COOH▬C-terminal chain.
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the transmembrane domain responsible for the ligands binding and the intracellular 
domain, which interacts with G protein and kinases such as β-ARK [13]. β2-ARs 
occur mainly in the lungs, where their presence has been shown in airway smooth 
muscle (30,000–40,000 per cell), epithelial and endothelial cells, type II cells and 
mast cells [8]. Moreover β2-ARs are in heart, kidney and blood vessels—mainly 
arterioles [8, 14].

As in the other G-receptors the signalling pathway of β2-ARs, which bind with 
a hormone ligand includes three basic steps: Receptor binding, G protein activa-
tion and effector system activation. β2-ARs may occur in two forms, activated and 
inactivated [6]. The binding of β-ARs agonist with β2-receptor activates the path-
way in which Gs coupled proteins are involved. The stimulation of G proteins causes 
guanosine triphosphate (GTP) to bind to the α-subunit (Gsα) that activates it. The 
G-subunits dissociate, and α-subunits stimulate adenylate cyclase (AC) to forma-
tion of cyclic adenosine 3′,5′-monophosphate (cAMP). It is stated that cAMP acts as 
a catalyst for the process of activation of protein kinase A (PKA) and due to that it 
is involved in control of muscle tone. On the other hand cAMP inhibits the release 
of cytosolic calcium ion (Ca2+) in the smooth muscle cells, which leads to vascular 
relaxation (vasodilation) [8, 15].

Although the β2-ARs activated by β2-ARs agonists mostly influence the blood 
vessels (mainly arterioles and coronary arteries), they can also act in the heart 
and kidney. In the atrial and ventricular myocardium, stimulation of β2-ARs leads 
to increase in cardiac muscle contractility or relaxation, whilst in the kidneys it 
stimulates the release of renin, what it turn influences activation of the renin-
angiotensin-aldosterone system [1, 8].

The primary role of the β-ARs in the heart is to coordinate the heart rate and 
contractility in response to the SNS neurotransmitters [6]. β1-AR is the most 
abundant subtype accounting for 75–80% in a healthy myocardium [6]. Around 
15–18% of cardiomyocyte β-ARs are β2-AR whilst the remaining 2–3% of β-AR 
density is composed of β3-ARs [6]. Activation of β1-ARs and to a smaller degree 
β2-ARs, leads to an increase in cardiac contractility and an accelerated cardiac rate. 
Stimulation of the two predominate β-ARs also increases impulse transmission via 
the atrioventricular node [6]. The activation of cardiomyocyte β1- and β2-ARs also 
leads to a significant increase in free intracellular Ca2+ concentration [6]. Calcium 
is a secondary messenger in many biological systems. In cardiomyocytes, calcium 
affects ion channels which regulate ionic currents, impacting upon action potentials 
and muscle contractility [16]. Β3-AR appears to illicit an opposite effect on cardiac 
function to that induced by β1- and β2-ARs in that it acts to prevent cardiac hyper-
stimulation from NE and Epi (Table 1) [6].

Constant elevation of catecholamines leading to β-AR signalling changes results 
in overstimulation of cardiac function [1]. Reducing the β-AR activity is vital to 
alleviate the risk of long-term cardiac tissue damage such as cardiomyopathy. 
Propanolol was discovered to be a β-AR antagonist in 1964, a so called β-blocker. 
Alprenolol and Practolol β-blockers have also been used for the management of 
heart failure [1]. β-Blockers function to overcome the harmful effects of norepi-
nephrine which overstimulate the β1-AR, leading to a reduction in cardiac workload 
[1]. The most recently used β-blockers bisoprolol and carvedilol target both β1- and 
β2-ARs produce a survival benefit for heart failure patients [1]. In rats β2-AR ago-
nists (fenoterol and zinterol) were shown to reduce progression of left ventricular 
modelling in dilated cardiomyopathy in addition to decreasing myocardial cell 
death [17]. In a later study the same group determined that in a rat model of dilated 
ischemic cardiomyopathy, Metoprolol, a β1-AR blocker, action is enhanced when 
given in combination with the β2-AR agonist fenoterol [18].
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to sub groups Gαs, Gαi, Gαq/11 and Gα12/13 [3]. The Gα subunits and the Gβγ dimer 
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mitters norepinephrine (NE) and epinephrine (Epi), which originate from the SNS, 
exert their effects on cardiac cells and tissues by binding to adrenoreceptors [6]. A 
number of adrenoreceptor subgroups are present in the mammalian heart, includ-
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β-Adrenergic receptors (β-ARs) are the most important and one of the most 
frequently studied receptors belonging to the family of G-protein coupled receptors 
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Figure 1. 
General structure of a seven transmembrane receptor (7TMR)/G protein coupled receptor (GPCR). 
Extracellular loops 1–3 (EL1–3) and intracellular loops (IL1–3) connecting the 7 transmembrane helices 
(TM1–7). NH2▬N-terminal chain and COOH▬C-terminal chain.
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the transmembrane domain responsible for the ligands binding and the intracellular 
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stimulates the release of renin, what it turn influences activation of the renin-
angiotensin-aldosterone system [1, 8].

The primary role of the β-ARs in the heart is to coordinate the heart rate and 
contractility in response to the SNS neurotransmitters [6]. β1-AR is the most 
abundant subtype accounting for 75–80% in a healthy myocardium [6]. Around 
15–18% of cardiomyocyte β-ARs are β2-AR whilst the remaining 2–3% of β-AR 
density is composed of β3-ARs [6]. Activation of β1-ARs and to a smaller degree 
β2-ARs, leads to an increase in cardiac contractility and an accelerated cardiac rate. 
Stimulation of the two predominate β-ARs also increases impulse transmission via 
the atrioventricular node [6]. The activation of cardiomyocyte β1- and β2-ARs also 
leads to a significant increase in free intracellular Ca2+ concentration [6]. Calcium 
is a secondary messenger in many biological systems. In cardiomyocytes, calcium 
affects ion channels which regulate ionic currents, impacting upon action potentials 
and muscle contractility [16]. Β3-AR appears to illicit an opposite effect on cardiac 
function to that induced by β1- and β2-ARs in that it acts to prevent cardiac hyper-
stimulation from NE and Epi (Table 1) [6].

Constant elevation of catecholamines leading to β-AR signalling changes results 
in overstimulation of cardiac function [1]. Reducing the β-AR activity is vital to 
alleviate the risk of long-term cardiac tissue damage such as cardiomyopathy. 
Propanolol was discovered to be a β-AR antagonist in 1964, a so called β-blocker. 
Alprenolol and Practolol β-blockers have also been used for the management of 
heart failure [1]. β-Blockers function to overcome the harmful effects of norepi-
nephrine which overstimulate the β1-AR, leading to a reduction in cardiac workload 
[1]. The most recently used β-blockers bisoprolol and carvedilol target both β1- and 
β2-ARs produce a survival benefit for heart failure patients [1]. In rats β2-AR ago-
nists (fenoterol and zinterol) were shown to reduce progression of left ventricular 
modelling in dilated cardiomyopathy in addition to decreasing myocardial cell 
death [17]. In a later study the same group determined that in a rat model of dilated 
ischemic cardiomyopathy, Metoprolol, a β1-AR blocker, action is enhanced when 
given in combination with the β2-AR agonist fenoterol [18].
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The β2-ARs have also been directed implicated in patients with ischaemic 
cardiomyopathy. A Gln27Glu polymorphism of β2-AR was discovered in a study 
investigating 155 people with heart failure of ischaemic aetiology with impaired 
Left Ventricular Ejection Fraction ≤35% [19]. Three allele categories were discov-
ered, the most common genotype in heart failure was Gln27Gln, and the least com-
mon was Glu27Glu, whilst Gln27Glu was not significantly different between heart 
failure and control subjects. The study concluded that the Glu allele was associated 
with lower myocardial infarction rate and highlighted that patient response to 
β-blockade therapy may be altered [19]. Likewise β1-AR (Ser49Gly, Arg389Gly) 
and β2-AR (Arg16Gly, Gln27Glu, Thr164Ile) polymorphisms did not alter in a 
Polish cohort study of patients with idiopathic dilated cardiomyopathy [20]. It is 
of interest that in patients with Takotsubo cardiomyopathy, β-AR polymorphisms 
(β1-AR (Gly389Arg) and β2-AR (Arg16Gly and Gln27Glu)) were significantly dif-
ferent to controls but similar to patients with ST-elevation myocardial infarction 
[21]. Work combining beta-blockers with ACE-inhibitors/angiotensin receptor 
blockers over the years using meta-analysis data has shown reduced recurrence of 
the disorder [22].

A murine model depleting levels of β2-ARs also resulted in diabetic cardiomy-
opathy in vivo and reduced β2-ARs in cardiomyocytes grown under in hyperglyce-
mic conditions [23]. Conversely, overexpression of β2-ARs (by 300 fold) in mice 
showed that over time severe cardiomyopathy was observed, resulting in interstitial 
fibrosis, loss of myocytes and myocyte hypertrophy. In the majority of the 81% of 
mice that died within 15 months, heart failure was observed [24]. These results were 
similar to other transgenic overexpression mouse lines. The authors hypothesised 
that a number of mechanisms from activation of growth or transcriptional factors, 
cross-talk with other pathways, necrosis or apoptosis of cardiac myocytes and/or 
high heart rates limiting energy supply.

The human heart also possesses α1 adrenoreceptors (α1-AR) although in a 
smaller quantity to the β-ARs [25]. The α1-ARs are expressed in the heart, both the 
α1A-and α1B-AR subtypes are expressed in human myocytes, and have been shown 
to regulate contractility [26, 27]. The α1-ARs combine with the Gq/11 family of G 
proteins, in turn activating phospholipase C. The secondary messenger IP3 binds 
to receptors on the membrane of the sarcoplasmic reticulum, triggering the release 
of intracellular Ca2+ [6]. The raised Ca2+ level leads an increase in vasoconstriction 
[6]. The coupling of α1-ARs to the Gq/11 family of G proteins also produces DAG and 
subsequent protein kinase C [6].

Action β1-AR β2-AR Β3-AR

Heart muscle contraction Yes Yes

Increases cardiac output Yes Yes

Increases heart rate in SA node Yes Yes

Increases atrial contractility Yes Yes

Increases contractility and automaticity of ventricular muscle Yes Yes

Dilates muscular blood vessels Yes Yes

Increases perfusion in blood vessels Yes

Metabolism/lipolysis/thermogenesis Yes

Prevent cardiac hyperstimulation Yes

Table 1. 
Actions of β-adrenergic receptors.
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In heart failure the α1-ARs may offer a protective benefit to maintain cardiac 
inotropy, preventing cardiomyocyte apoptosis and maladaptive cardiac remodelling 
[6]. Although a small study, loss of β1-AR and no change in β2-AR levels in end-stage 
dilated cardiomyopathy patients was observed alongside a loss of α1A-ARs [28]. 
Although the role of β1-AR in heart failure has long been described, this interaction 
between the α-ARs was novel as the few previous studies had shown no change 
or increases in α-ARs binding but these were different types of heart failure. In 
addition a total of 26 proteins of interest were also identified in the cardiomyopathy 
patients, some of which have been linked to G-protein coupled receptor signal-
ling and desensitisation [28]. Prostatic binding protein levels decreased whereas 
increases in ANP32A and clathrin were noted. Also of interest are Takotsubo 
cardiomyopathy (also known as stress cardiomyopathy) patients. This condition is 
often reversible, and two studies have shown that several β1-AR and α2c-AR poly-
morphisms were not implicated in Takotsubo cardiomyopathy [29, 30].

2.2 Angiotensin II type 1 and 2 receptors

Angiotensin II (AngII) is an important protein in the renin-angiotensin system 
(RAS). In the bloodstream renin converts angiotensinogen (derived from liver) into 
angiotensin I, which in turn is transformed into AngII by angiotensin converting 
enzyme (ACE) [14, 31, 32]. AngII can be also secreted in some local tissues includ-
ing within the brain, heart, arteries and kidney [32].

The Angiotensin II type 1 and 2 receptors (AT1 and AT2 receptors) belong to the 
wide family of G-protein coupled receptors (GPCRs), members of which have seven 
transmembrane spanning domains and is the biggest member of the human genome 
[31, 33]. The distinction and classification of AT1 and AT2 receptors is based on 
their varied affinity for different non-peptide antagonists [34]. Moreover the 
AT1 and AT2 receptors differ between each other in their number of amino acids, 
tissue-specific expression and mechanisms of signal transferring [13]. Both of these 
receptors occur in all mammals and bind a peptide hormone angiotensin II (AngII), 
which is the most important effector in the RAS [32].

The main role of angiotensin becomes apparent in the cardiovascular and endo-
crine systems where it regulates blood pressure and hydro-electrolytic homeostasis 
[32, 33]. It is stated that the main physiological functions of AngII (vasoconstriction, 
aldosterone secretion, renal regulations cellular dedifferentiation and proliferation) 
are mediated mostly by the AT1 subtype of angiotensin receptor [14, 31, 33–36]. In 
humans, the genes encoding AT1 receptors are mapped on chromosome 3q21–3q25 
[37]. The AT1 receptors consist of 359 amino acids, with a molecular weight of 
41 kDa, and their amino sequence reveals 20–35% homology with other GPCRs [31].

In adult mammals, AT1 receptors are mainly expressed in kidney (glomeruli, 
proximal tubules, vasculature, medullary interstitial cells), adrenal glands (cortex, 
medulla), heart (myocardium, ganglia, conduction system), brain (circumven-
tricular organs, thalamus, basal ganglia, cerebellar cortex, medulla oblongata) and 
vasculature (smooth muscles, adventitia) [32, 38]. Rats and mice can have two 
isoforms of the Angiotensin II 1 receptor: AT1A and AT1B with amino acid sequence 
convergence seen at 94% [14, 31, 33, 34]. AT1A receptors are present predominantly 
in vascular smooth muscle, liver, lung and kidney whilst AT1B receptors occur 
mainly in the adrenal gland and anterior pituitary [31, 34, 38]. The rodent AT1A and 
AT1B receptor genes are situated on chromosomes 17 and 2 respectively [38].

The activity of angiotensin II through AT1 receptors should be considered in 
physiological and pathophysiological conditions. The physiological signalling path-
way involves the renin-angiotensin-aldosteron system and leads to changes in blood 
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The β2-ARs have also been directed implicated in patients with ischaemic 
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Left Ventricular Ejection Fraction ≤35% [19]. Three allele categories were discov-
ered, the most common genotype in heart failure was Gln27Gln, and the least com-
mon was Glu27Glu, whilst Gln27Glu was not significantly different between heart 
failure and control subjects. The study concluded that the Glu allele was associated 
with lower myocardial infarction rate and highlighted that patient response to 
β-blockade therapy may be altered [19]. Likewise β1-AR (Ser49Gly, Arg389Gly) 
and β2-AR (Arg16Gly, Gln27Glu, Thr164Ile) polymorphisms did not alter in a 
Polish cohort study of patients with idiopathic dilated cardiomyopathy [20]. It is 
of interest that in patients with Takotsubo cardiomyopathy, β-AR polymorphisms 
(β1-AR (Gly389Arg) and β2-AR (Arg16Gly and Gln27Glu)) were significantly dif-
ferent to controls but similar to patients with ST-elevation myocardial infarction 
[21]. Work combining beta-blockers with ACE-inhibitors/angiotensin receptor 
blockers over the years using meta-analysis data has shown reduced recurrence of 
the disorder [22].

A murine model depleting levels of β2-ARs also resulted in diabetic cardiomy-
opathy in vivo and reduced β2-ARs in cardiomyocytes grown under in hyperglyce-
mic conditions [23]. Conversely, overexpression of β2-ARs (by 300 fold) in mice 
showed that over time severe cardiomyopathy was observed, resulting in interstitial 
fibrosis, loss of myocytes and myocyte hypertrophy. In the majority of the 81% of 
mice that died within 15 months, heart failure was observed [24]. These results were 
similar to other transgenic overexpression mouse lines. The authors hypothesised 
that a number of mechanisms from activation of growth or transcriptional factors, 
cross-talk with other pathways, necrosis or apoptosis of cardiac myocytes and/or 
high heart rates limiting energy supply.

The human heart also possesses α1 adrenoreceptors (α1-AR) although in a 
smaller quantity to the β-ARs [25]. The α1-ARs are expressed in the heart, both the 
α1A-and α1B-AR subtypes are expressed in human myocytes, and have been shown 
to regulate contractility [26, 27]. The α1-ARs combine with the Gq/11 family of G 
proteins, in turn activating phospholipase C. The secondary messenger IP3 binds 
to receptors on the membrane of the sarcoplasmic reticulum, triggering the release 
of intracellular Ca2+ [6]. The raised Ca2+ level leads an increase in vasoconstriction 
[6]. The coupling of α1-ARs to the Gq/11 family of G proteins also produces DAG and 
subsequent protein kinase C [6].
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In heart failure the α1-ARs may offer a protective benefit to maintain cardiac 
inotropy, preventing cardiomyocyte apoptosis and maladaptive cardiac remodelling 
[6]. Although a small study, loss of β1-AR and no change in β2-AR levels in end-stage 
dilated cardiomyopathy patients was observed alongside a loss of α1A-ARs [28]. 
Although the role of β1-AR in heart failure has long been described, this interaction 
between the α-ARs was novel as the few previous studies had shown no change 
or increases in α-ARs binding but these were different types of heart failure. In 
addition a total of 26 proteins of interest were also identified in the cardiomyopathy 
patients, some of which have been linked to G-protein coupled receptor signal-
ling and desensitisation [28]. Prostatic binding protein levels decreased whereas 
increases in ANP32A and clathrin were noted. Also of interest are Takotsubo 
cardiomyopathy (also known as stress cardiomyopathy) patients. This condition is 
often reversible, and two studies have shown that several β1-AR and α2c-AR poly-
morphisms were not implicated in Takotsubo cardiomyopathy [29, 30].

2.2 Angiotensin II type 1 and 2 receptors

Angiotensin II (AngII) is an important protein in the renin-angiotensin system 
(RAS). In the bloodstream renin converts angiotensinogen (derived from liver) into 
angiotensin I, which in turn is transformed into AngII by angiotensin converting 
enzyme (ACE) [14, 31, 32]. AngII can be also secreted in some local tissues includ-
ing within the brain, heart, arteries and kidney [32].

The Angiotensin II type 1 and 2 receptors (AT1 and AT2 receptors) belong to the 
wide family of G-protein coupled receptors (GPCRs), members of which have seven 
transmembrane spanning domains and is the biggest member of the human genome 
[31, 33]. The distinction and classification of AT1 and AT2 receptors is based on 
their varied affinity for different non-peptide antagonists [34]. Moreover the 
AT1 and AT2 receptors differ between each other in their number of amino acids, 
tissue-specific expression and mechanisms of signal transferring [13]. Both of these 
receptors occur in all mammals and bind a peptide hormone angiotensin II (AngII), 
which is the most important effector in the RAS [32].

The main role of angiotensin becomes apparent in the cardiovascular and endo-
crine systems where it regulates blood pressure and hydro-electrolytic homeostasis 
[32, 33]. It is stated that the main physiological functions of AngII (vasoconstriction, 
aldosterone secretion, renal regulations cellular dedifferentiation and proliferation) 
are mediated mostly by the AT1 subtype of angiotensin receptor [14, 31, 33–36]. In 
humans, the genes encoding AT1 receptors are mapped on chromosome 3q21–3q25 
[37]. The AT1 receptors consist of 359 amino acids, with a molecular weight of 
41 kDa, and their amino sequence reveals 20–35% homology with other GPCRs [31].

In adult mammals, AT1 receptors are mainly expressed in kidney (glomeruli, 
proximal tubules, vasculature, medullary interstitial cells), adrenal glands (cortex, 
medulla), heart (myocardium, ganglia, conduction system), brain (circumven-
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vasculature (smooth muscles, adventitia) [32, 38]. Rats and mice can have two 
isoforms of the Angiotensin II 1 receptor: AT1A and AT1B with amino acid sequence 
convergence seen at 94% [14, 31, 33, 34]. AT1A receptors are present predominantly 
in vascular smooth muscle, liver, lung and kidney whilst AT1B receptors occur 
mainly in the adrenal gland and anterior pituitary [31, 34, 38]. The rodent AT1A and 
AT1B receptor genes are situated on chromosomes 17 and 2 respectively [38].

The activity of angiotensin II through AT1 receptors should be considered in 
physiological and pathophysiological conditions. The physiological signalling path-
way involves the renin-angiotensin-aldosteron system and leads to changes in blood 
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pressure primarily through vasoconstriction of arteries and arterioles, secretion of 
aldosterone from adrenal gland and sodium reabsorption by via the kidney tubules 
[32]. Ang II mediates vasoconstriction through the IP3/DAG pathway, which uses 
Gq/11 protein-coupled receptors. Gq/11 activates phospholipase C (PLC), which 
hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) and produces diacyl glyc-
erol (DAG) and inositol trisphosphate (IP3). IP3 causes an increase in intracellular 
calcium whilst DAG activates protein kinases C [31]. The increased concentration 
of calcium (Ca2+ ions) within vascular smooth muscle cells leads to vasoconstriction 
which results in an increase in blood pressure or may causing a localised reduction 
in blood flow in some specific tissues [32, 36]. AngII acting through the AT1 recep-
tors located in the zona glomerulosa of the adrenal gland stimulates the release of 
aldosterone [32]. Aldosterone then acts on the distal convoluted tubules and the 
cortical collecting ducts in kidney, firstly causing sodium (Na+) retention, leading 
to increased peripheral resistance and secondly causing resorption of water from 
urine which also increases extracellular fluid volume. Both of these mechanisms 
lead to an elevation in arterial pressure [32].

Considering the pathological conditions, the activity of AngII through AT1 
receptors may induce the proliferation of vascular smooth muscle cells which in 
turn promotes myocyte hypertrophy and causes vascular fibrosis. Proliferation of 
smooth muscle cells is also involved in the initial stages of atherosclerotic plaques 
formation in arteries [32]. AngII binding to AT1 receptors also activate the mul-
tiple intracellular signalling pathway that promotes atherosclerosis. The pathway 
includes oxidative stress, inflammation, endothelial dysfunction, tissue remodel-
ling, proliferation fibrosis, thrombosis and autostimulation. Moreover AngII 
may participate in the process of atherosclerosis lesion formation as it stimulates 
the release of endothelin-1 (ET-1) from the endothelial cells [32]. In addition to 
inducing proliferation and atherosclerotic plaques formation, AngII may have an 
effect on the developing/developed plaques. Atherosclerotic plaque stability and 
disruption is in turn associated with matrix metalloproteinase (MMP) enzymes, 
the production of which can be stimulated by AngII [32]. The MMPs are inhibited 
by tissue inhibitors of metalloproteinases (TIMPs) and disruption of the balance 
between MMPs and TIMPs may lead to cardiovascular diseases [37, 39]. Moreover, 
in pathological states, the activation of AT1 receptor by AngII may cause vascular 
remodelling and growth by expression of autocrine growth factors (including 
fibroblast growth factor and platelet-derived growth factor) in vascular smooth 
muscle cells [32, 40].

The activation of AT2 receptors by AngII has an opposite effect to AT1 receptors. 
It means that the functions of AngII mediated by AT2 receptors are vasodilation, 
natriuresis and inhibition of cellular growth and proliferation [14]. Genes encod-
ing AT2 receptors are localised on chromosome Xq22-q2 [13, 31]. The molecular 
weight of AT2 receptors is approximately 41 kDa and they consist of 363 amino 
acids [13, 41].

AT2 receptor expression has been localised in both foetal and adult tissues. 
In foetuses, expression of AT2 receptors is intense, especially in a cardiovascular 
system [13]. In adult mammals the expression of AT2 receptor is still observed in 
heart (mainly in myocardium) and renal blood vessels but is significantly lower 
than before birth [13, 38]. Expression of AT2 receptors has been also noted in the 
adrenal gland (cortex and medulla), brain (thalamus, cerebellar cortex), mesenteric 
and uterine arteries [38, 42].

It is stated that the AT2 receptor acts to stabilise blood pressure by control-
ling vascular tone by vasodilation [13]. In this action the AT2 receptor together 
with other GPCR family B2 receptors for bradykinin form a stable functional 
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heterodimer, which causes the increase of nitric oxide (NO) and stimulating cyclic 
guanosine monophosphate (cGMP) synthesis. The cGMP contributes to relaxation 
of smooth muscles, which in large veins, large arteries, and smaller arterioles leads 
to vasodilation and causes decreased blood pressure. It has also been suggested that 
activation of AT2 receptors by AngII may inhibit arterial and myocardial hypertro-
phy and fibrosis in the ageing heart and vasculature.

Therefore AngII exerts its influence via the activation of the Angiotensin II 
type I receptor (AT1R), a 7TMR located in vascular smooth muscle as well as in the 
kidneys, brain and adrenal glands in an effort to maintain sodium/water homeosta-
sis and moderate vasoconstriction [1]. AT1R acts to control arterial pressure, blood 
volume and to encourage growth and proliferation through the activation of cellular 
signalling mechanisms [15]. The AT1R is a Gq/11 coupled receptor [25]. Stimulation 
by AngII leads to the activation of phospholipase C-β and the release of DAG and 
IP3, followed by the activation of protein kinase C and movement of intracellular 
calcium [3]. AT1Rs are upregulated in cardiac tissue in response to hypertrophic 
triggers, encouraging unfavourable cardiac remodelling in heart failure [9]. These 
complex roles have resulted in a number of angiotensin receptor blockers (ARBs) 
and angiotensin converting enzyme (ACE) inhibitors to be developed and used as 
cardiovascular treatments. ARBs and ACE inhibitors have demonstrated a reduction 
in deleterious left ventricular remodelling, such as hypertrophy and myocardial 
stiffness which as associated with heart failure [6]. ACE inhibitors alongside 
antagonists of the AT1R, the -sartans, have become one of the main pharmaceutical 
treatments for hypertension and cardiovascular disease [1]. Commonly used ARBs 
include Losartan, Valsartan and Candesartan [43]. ARBs function to interfere with 
the renin-angiotensin system by preventing the binding of AngII to AT1R. This inhi-
bition of AngII result in vascular smooth muscle relaxation, a reduction in cellular 
hypertrophy, and a decrease in plasma volume resulting from an increase in salt and 
water excretion [43].

A number of advances in terms of cardiomyopathy and ANGII and its recep-
tors have been made in the last few years. In terms of cardiomyopathy, the AngII 
receptor inhibitor LCZ696 has been shown to inhibit extracellular signal-regulated 
kinase (ERK), resulting in increased survival in pregnancy-associated cardio-
myopathy mice. The authors indicated that by reducing cardiac hypertrophy, 
fibrosis and apoptosis it could act as a potential treatment for this cardiomyopathy 
[44]. Another study showed that this angiotensin receptor-neprilysin inhibitor 
reduced inflammation, oxidative stress and apoptosis in vitro and in vivo [45]. It 
has also been stated that in end-stage hypertrophic cardiomyopathy, the modern 
Angiotensin receptor neprilysin inhibitor treatments are both safe and effective 
[46]. Angiotensin-converting enzyme 2 (ACE2) has also showed therapeutic 
potential when looking at doxorubicin-induced cardiomyopathy rat models [47]. 
The enzyme reduced apoptosis, inflammatory responses, and oxidative stress 
and reduced mortality and myocardial fibrosis whilst improving ventricular 
remodelling and cardiac function. They also showed activation of the AMPK and 
PI3K-AKT pathways, inhibition of the ERK pathway, and decreased TGF-β1 [47]. 
Sulforaphane, which activates nuclear factor erythroid 2-related factor 2 (Nrf2), 
has also been shown to present angiotensin II-induced cardiomyopathy via Akt/
GSK-3ß/Fyn -mediated Nrf2 activation [48].

Aldehyde dehydrogenase 2 (ALDH2) has also been shown to protect against 
alcoholic cardiomyopathy [49]. By decreasing angiotensinogen and AngII this 
cardioprotective enzyme inhibited local RAS in mice by inhibiting the p38 
MAPK/CREB pathway. In another form of cardiomyopathy, hypertrophic, ACE 
inhibitors angiotensin-receptor blockers have been used to try and regulate the 
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pressure primarily through vasoconstriction of arteries and arterioles, secretion of 
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calcium whilst DAG activates protein kinases C [31]. The increased concentration 
of calcium (Ca2+ ions) within vascular smooth muscle cells leads to vasoconstriction 
which results in an increase in blood pressure or may causing a localised reduction 
in blood flow in some specific tissues [32, 36]. AngII acting through the AT1 recep-
tors located in the zona glomerulosa of the adrenal gland stimulates the release of 
aldosterone [32]. Aldosterone then acts on the distal convoluted tubules and the 
cortical collecting ducts in kidney, firstly causing sodium (Na+) retention, leading 
to increased peripheral resistance and secondly causing resorption of water from 
urine which also increases extracellular fluid volume. Both of these mechanisms 
lead to an elevation in arterial pressure [32].

Considering the pathological conditions, the activity of AngII through AT1 
receptors may induce the proliferation of vascular smooth muscle cells which in 
turn promotes myocyte hypertrophy and causes vascular fibrosis. Proliferation of 
smooth muscle cells is also involved in the initial stages of atherosclerotic plaques 
formation in arteries [32]. AngII binding to AT1 receptors also activate the mul-
tiple intracellular signalling pathway that promotes atherosclerosis. The pathway 
includes oxidative stress, inflammation, endothelial dysfunction, tissue remodel-
ling, proliferation fibrosis, thrombosis and autostimulation. Moreover AngII 
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cardioprotective enzyme inhibited local RAS in mice by inhibiting the p38 
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renin-angiotensin-aldosterone system [50]. This has resulted in patients having a 
lower risk of developing atrial fibrillation which is associated with hypertrophic 
cardiomyopathy.

Much work has looked into polymorphisms in the angiotensin-converting 
enzyme gene itself in relation to hypertrophic cardiomyopathy risk; however, 
the studies have sometimes shown conflicting results. A systematic review and 
meta-analysis indicated that the ACE insertion/deletion (I/D of 287 base pairs in 
intron 16) polymorphism was probably a risk for hypertrophic cardiomyopathy 
[51]. People with the DD genotype have increased levels of ACE and angiotensin 
II and therefore more hypertrophy and fibrosis, as seen in other situations where 
their levels increase. Although many of the 1 in 500 people affected by hypertro-
phic cardiomyopathy have mutations in the genes coding for sarcomeric proteins, 
polymorphisms in the components of the RAS are implicated. ACE DD has also 
been associated with dilated cardiomyopathy patients, angiotensin receptor type 
11166CC genotypes with both hypertrophic and dilated cardiomyopathy and the 
235TT genotype of angiotensinogen (M235T) is associated with hypertrophic, 
dilated and restrictive cardiomyopathy [52].

Overstimulation of AngII has also been reported in dilated cardiomyopathy [53] 
and AT1R overexpression resulted in female mice being more affected (especially 
in terms of heart failure and increased mortality) than males [53]. In particular, 
ventricular hypertrophy and dilation and changes in Ca2+ activity and homeostasis 
were observed, and these reflect that clinical observations that dilated cardiomy-
opathy can be exacerbated in women in comparison to men. This can also be linked 
to oestrogen which increases angiotensinogen and decreased renin, ACE and AT1R 
expression but of course following menopause these effects are lost [54].

Much has been investigated in relation to the use of ACE inhibitors in patients 
with ischemic cardiomyopathy. Much work has been carried out in patients with 
an ejection fraction of less than 40% with these enzymes working well. More 
recently attention has turned to those with an ejection fraction of more than 40% 
who were studied less. In patients with 40–50% ejection fraction, the ACE inhibi-
tors were seen to reduce the risk of mortality, nonfatal myocardial infarction and 
stroke by 21% [55].

2.3 Endothelin-1 (ET-1) receptor

There are three different forms of 21-amino acid peptides, which belong to the 
endothelin peptide family: ET-1, ET-2, and ET-3 [56]. They vary in biological func-
tion and may affect blood vessels as well as other tissues both within and outside of 
the cardiovascular system [56]. The predominant form of endothelin peptide is an 
isopeptide ET-1 with potent vasoconstrictor and proliferative properties [57]. ET-1 
is synthetized by endothelial cells, airway smooth muscles cells, cardiomyocytes, 
macrophages, leukocytes and mesangial cells [57].

There are two subtypes of receptors which are mediated by endothelin, known 
as Endothelin Type A receptor (ETA) and type B (ETB) [57]. Although mediated 
by the same peptide agonist, activity of these two subtypes is usually opposite, as 
the ETA receptor promotes vasoconstriction, growth, and inflammation whilst ETB 
receptors may cause both vasoconstriction and vasodilation and also increases in 
sodium excretion and inhibition of growth and inflammation [57–59].

The potential to bind with ETA receptors is the same for ET-1 and ET-2 
endothelin but lower for ET-3 endothelin, whilst the potential binding rate 
with ETB receptors is equal for every form of endothelin [57, 58]. In people the 
genes responsible for expression of the ETA receptors are situated on chromo-
some 4q31.22-q31.23, whilst genes encoding ETB receptors are mapped onto 
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chromosome 13q22.3 [60]. The molecular weight of the ETA and ETB receptors are 
48 and 50 kDa respectively [61, 62]. The human 427 amino acid long ETA recep-
tors and 442 amino acid long ETB receptors are approximately 64% homologous 
[58]. The homology of ETA and ETB receptors in humans and other mammalian 
species is between 88% and 97% [58].

ETA receptors are expressed predominantly in the heart (coronary vasculature 
and cardiomyocytes), lungs (pulmonary artery), kidney (renal artery, affer-
ent and efferent arteriole, cortical vasculature, mesangial cells), brain (cerebral 
vasculature) and adrenal gland. ETB receptors also occur in the heart (coronary 
vasculature and cardiomyocytes), lungs (pulmonary artery), kidney (renal artery, 
afferent and efferent arteriole, medullar vasculature), brain (cerebral vasculature) 
and adrenal gland [63].

The ETA receptors mediated by ET-1 endothelin in vascular smooth muscle cells 
promoting vasoconstriction, hypertension, hypertrophy, fibrosis and inflammatory 
changes, including atherosclerosis and due to that has activity similar to the AT1 
receptors mediated by AngII [63]. The vasoconstrictive pathway of ETA receptors 
includes: Coupling to phospholipase C (PLC) via GTP-binding protein, phospholi-
pase C activation, phosphatidyl inositol hydrolysis, inositol 1,4,5 triphosphate (IP3) 
generation and 1,2-diacylglycerol (DCG) accumulation. Inositol triphosphate is a 
signalling molecule that leads to mobilisation of Ca2+ from intra- and extra-cellular 
sources resulting in long-lasting vasoconstriction [56, 64].

The ETB receptors mediated by ET-1 endothelin in the vascular endothelium are 
involved in the clearance of ET-1 and stimulate vasodilation due to the nitric oxide 
and cyclooxygenase metabolites production, which also exert vasorelaxant effects 
on the underlying smooth muscle. Moreover, the ETB receptors have a natriuretic 
action causing sodium and water resorption from the distal tubules and collecting 
ducts in the kidney. The ETB receptors, which occur in smooth muscle cells, addi-
tionally act as vasoconstrictors [57, 63, 64].

In the last few years research into endothelin has progressed the information 
known about links to cardiomyopathies. Some of the early published studies 
showed that ET-1 and its receptor either played a causative role in hypertrophic 
cardiomyopathy, idiopathic dilated cardiomyopathy and uremic cardiomyopathy 
or could be a marker [65–68]. Indeed work in cats has even reflected the increased 
ET-1 levels in cases of hypertrophic, dilated, restrictive and unclassified cardio-
myopathy [69]. More work has now been carried out into other cardiomyopathies 
and the potential mechanisms of action. Much like ACE2, the endothelin receptor 
blocker bosentan has been shown to inhibit doxorubicin-induced cardiomyopa-
thy in a rodent model [70]. This study looked at the receptor blocker as elevated 
levels of ET-1 were discovered in doxorubicin treated patients. The in vitro studies 
indicated that activation of the epidermal growth factor (EGF) receptor and the 
MEK1/2-ERK1/2 cascade were possible mechanisms of action [70]. A good review 
looking at endothelin-1 and atrial cardiomyopathy, published in 2019 brings 
together the information in this area. The work over the years has indicated that 
endothlin-1 plays an active role affecting Ca2+ levels, via the ET-1-superoxide-
MMP9 cascade and via apoptosis, resulting in both electrical and anatomical 
remodelling [71].

Not only is endothelin-1 a potential therapeutic route but it also shows promise 
in predicting patient outcomes. A recent study investigating new-onset atrial fibril-
lation in patients with obstructive hypertrophic cardiomyopathy has shown that 
elevated pre-operative levels may indicate increased likelihood of atrial fibrillation 
[72]. Big endothelin-1, the precursor of endothelin-1 has also been shown to be use-
ful when predicting prognosis for hypertrophic cardiomyopathy patients and the 
authors have suggested that it should be added to marker panels [73, 74]. Endothelin 
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sources resulting in long-lasting vasoconstriction [56, 64].

The ETB receptors mediated by ET-1 endothelin in the vascular endothelium are 
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and cyclooxygenase metabolites production, which also exert vasorelaxant effects 
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or could be a marker [65–68]. Indeed work in cats has even reflected the increased 
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MMP9 cascade and via apoptosis, resulting in both electrical and anatomical 
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1 has also been implicated as a modifier in dilated cardiomyopathy. With variations 
including the rare G > A and a C > T at c.90 seen in dilated cardiomyopathy patients 
and EDN1 polymorphisms linked to increased risk of the disorder, likely by altered 
the stability of the protein [75]. A model of diabetic cardiomyopathy in rats also 
showed that plasma endothelin-2 levels were higher that controls and that overex-
pression of the protein results in a more severe phenotype [76].

2.4 Muscarinic receptors

Cardiac function is controlled by the SNS and parasympathetic nervous system 
(PNS). Parasympathetic vagal nerves are distributed throughout all areas of the 
heart, particularly in the ventricles [77]. Cardiac muscarinic receptors are activated 
by acetylcholine, having been stimulated by vagal nerve activation. The muscarinic 
acetylcholine receptors (M-ChR) are glycoproteins belonging to the 7TMR super-
family [77]. The M2 subtype of M-ChR are the most prevalent group within the 
mammalian heart and their function is opposed to the β-ARs in that they cause a 
reduction in myocardium contractility and a lower cardiac rate [10]. M-ChR exert 
their influence on the myocardium via the Gα1-coupled receptors which inhibit 
adenylyl cyclase whilst the Gβγ dimer impedes the activity of potassium channels 
in the sinoatrial node [1]. M-ChR can also exert an effect over Ca2+ channels [77] 
affecting cardiac contractility.

Heart failure patients demonstrate an increase in M2 muscarinic receptor 
density, with activated M2 receptors encouraging an inotropic response [9]. One 
study using serum from a patient showed that when autoantibodies to the musca-
rinic receptors and β-ARs were activated it resulted in cardiomyopathy and atrial 
tachyarrhythmias [78]. Along a similar line, autoantibodies against β1-ARs have 
been shown to cause sudden death in idiopathic dilated cardiomyopathy patients 
[79]. Antibodies to β-ARs have been discovered in people with idiopathic dilated 
cardiomyopathy, even leading to the suggestion of a form of ‘adrenergic cardio-
myopathy’ [80]. In addition autoantibodies against muscarinic receptors have also 
been noted in cases of peripartum cardiomyopathy [81], dilated cardiomyopathy 
[82–85], and M2-muscarinic acetylcholine receptor autoantibodies have been 
implicated in playing a role in atrial fibrillation in dilated cardiomyopathy patients 
[86] Similar increases were not observed in patients with Takotsubo cardiomy-
opathy [87] or in rats with cirrhotic cardiomyopathy [88]. Autoantibodies against 
cardiomyocytes, β1- or β2-ARs or M2 muscarinic receptors were not noted in 20 
people with Takotsubo cardiomyopathy in comparison to healthy controls, or in 
rats with cirrhotic cardiomyopathy.

3. Conclusions

The superfamily of 7TMRs includes receptors for hormones, neurotransmitters 
and ion channels, and are critical to mediate physiological and cellular processes 
[1, 2]. This chapter has investigated adrenoreceptors (both α- and β-adrenergic 
receptors) and the components of the renin-angiotensin system (RAS) especially 
AngII, ACE and the AT1 and AT2 receptors. The chapter has also looked at endo-
thelin-1 (ET-1) and its receptor, and precursor Big endothelin-1 and finally the 
muscarinic receptors. By looking at their numerous effects in both healthy and 
diseased vasculature and cardiac disorders, especially cardiomyopathies, it can 
be seen that there are wide ranging effects. Developing these 7TMRs as markers 
of disease, for prognosis, diagnosis and therapeutic treatments is becoming more 
important as their many roles as being uncovered in the cardiovascular system.

159

The Function of Seven Transmembrane Receptors in the Cardiovascular System and Their Role…
DOI: http://dx.doi.org/10.5772/intechopen.92628

Author details

Valentina Kubale1, Ewelina Prozorowska2,4, Kristýna Glocová3,4, Lucy Slater4  
and Catrin Sian Rutland4*

1 Veterinary Faculty, Institute for Preclinical Sciences, University of Ljubljana, 
Ljubljana, Slovenia

2 Department of Histology and Embryology, Poznań University of Life Sciences, 
Poznań, Poland

3 University of Veterinary and Pharmaceutical Sciences Brno, Brno, Czech Republic

4 School of Veterinary Medicine and Science, Medical Faculty, University of 
Nottingham, Nottingham, UK

*Address all correspondence to: catrin.rutland@nottingham.ac.uk

Acknowledgements

The authors would like to thank their institutions for funding them. Ewelina 
Prozorowska, Kristýna Glocová, and Lucy Slater were undertaking research intern-
ships with Catrin Sian Rutland at The University of Nottingham, UK. Kristýna 
Glocová had her internship funded by The European Association of Veterinary 
Anatomists (EAVA), Young Research Career Development Award; therefore, 
Kristýna and Catrin would like to thank the EAVA. The ORCID ID of Catrin 
Rutland is https://orcid.org/0000-0002-2009-4898.

Conflicts of interest

The authors declare no conflicts of interest.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

158

1 has also been implicated as a modifier in dilated cardiomyopathy. With variations 
including the rare G > A and a C > T at c.90 seen in dilated cardiomyopathy patients 
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pression of the protein results in a more severe phenotype [76].
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Cardiac function is controlled by the SNS and parasympathetic nervous system 
(PNS). Parasympathetic vagal nerves are distributed throughout all areas of the 
heart, particularly in the ventricles [77]. Cardiac muscarinic receptors are activated 
by acetylcholine, having been stimulated by vagal nerve activation. The muscarinic 
acetylcholine receptors (M-ChR) are glycoproteins belonging to the 7TMR super-
family [77]. The M2 subtype of M-ChR are the most prevalent group within the 
mammalian heart and their function is opposed to the β-ARs in that they cause a 
reduction in myocardium contractility and a lower cardiac rate [10]. M-ChR exert 
their influence on the myocardium via the Gα1-coupled receptors which inhibit 
adenylyl cyclase whilst the Gβγ dimer impedes the activity of potassium channels 
in the sinoatrial node [1]. M-ChR can also exert an effect over Ca2+ channels [77] 
affecting cardiac contractility.

Heart failure patients demonstrate an increase in M2 muscarinic receptor 
density, with activated M2 receptors encouraging an inotropic response [9]. One 
study using serum from a patient showed that when autoantibodies to the musca-
rinic receptors and β-ARs were activated it resulted in cardiomyopathy and atrial 
tachyarrhythmias [78]. Along a similar line, autoantibodies against β1-ARs have 
been shown to cause sudden death in idiopathic dilated cardiomyopathy patients 
[79]. Antibodies to β-ARs have been discovered in people with idiopathic dilated 
cardiomyopathy, even leading to the suggestion of a form of ‘adrenergic cardio-
myopathy’ [80]. In addition autoantibodies against muscarinic receptors have also 
been noted in cases of peripartum cardiomyopathy [81], dilated cardiomyopathy 
[82–85], and M2-muscarinic acetylcholine receptor autoantibodies have been 
implicated in playing a role in atrial fibrillation in dilated cardiomyopathy patients 
[86] Similar increases were not observed in patients with Takotsubo cardiomy-
opathy [87] or in rats with cirrhotic cardiomyopathy [88]. Autoantibodies against 
cardiomyocytes, β1- or β2-ARs or M2 muscarinic receptors were not noted in 20 
people with Takotsubo cardiomyopathy in comparison to healthy controls, or in 
rats with cirrhotic cardiomyopathy.

3. Conclusions

The superfamily of 7TMRs includes receptors for hormones, neurotransmitters 
and ion channels, and are critical to mediate physiological and cellular processes 
[1, 2]. This chapter has investigated adrenoreceptors (both α- and β-adrenergic 
receptors) and the components of the renin-angiotensin system (RAS) especially 
AngII, ACE and the AT1 and AT2 receptors. The chapter has also looked at endo-
thelin-1 (ET-1) and its receptor, and precursor Big endothelin-1 and finally the 
muscarinic receptors. By looking at their numerous effects in both healthy and 
diseased vasculature and cardiac disorders, especially cardiomyopathies, it can 
be seen that there are wide ranging effects. Developing these 7TMRs as markers 
of disease, for prognosis, diagnosis and therapeutic treatments is becoming more 
important as their many roles as being uncovered in the cardiovascular system.
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Chapter 10

Hemodialysis Vascular Access with 
Central Venous Disease
Hemant J. Mehta

Abstract

Vascular access (VA) for hemodialysis (HD) is the lifeline of a patient. 
Arteriovenous fistula (AVF) is the gold standard of VA, but there are challenging 
situations when providing long-term VA becomes challenging, in the presence of 
central vein stenosis (CVS), which is common in patients on hemodialysis, but its 
exact prevalence is not known. It would be ideal to have proper venous mapping 
with imaging modality to be able to plan central venous access. This prior venous 
mapping will help to plan the target vein and delineate venous path to be able to 
place HD catheter in the best position or resolve the VA-related problems. However, 
digital subtraction angiography remains the gold standard of the procedure, during 
which the target vein is accessed via ultrasound guidance, and subsequent passage 
of wire is done under fluoroscopic guidance. Venous angiography and, if indicated, 
angioplasty are performed. For complete chronically occluded thrombotic veins, 
recanalization needs to be attempted. Stenting is reserved for a select group of 
patients. There are advances in endovascular techniques to deal with CVS, and it 
needs a multidisciplinary team approach to tackle the complex issues of VA-related 
central venous disease (CVD).

Keywords: hemodialysis vascular access, central venous disease, central venous 
stenosis, central vein angioplasty, central vein stenting, complete thrombotic 
occlusion of central veins

1. Introduction

Long-term hemodialysis (HD) is dependent on reliable vascular access (VA), 
which is the lifeline of a patient. We have come a long way in the chronic HD 
treatment due to advances in VA. Starting from Scribbner’s shunt to single-lumen 
HD catheters in the femoral vessels to double-lumen non-tunneled non-cuff HD 
catheters, to tunneled cuff catheters (TCC), and to early stick arteriovenous grafts; 
all for urgent start HD. Over the years, we also moved the catheters from subclavian 
veins (SCV) to internal jugular veins (IJV), for VA in the upper part of the body, 
basically for access draining to the superior vena cava (SVC). Unfortunately, the 
non-cuffed HD catheters became a tool to continue HD for a prolonged period 
(a practice very commonly encountered in the part of the world where the author is 
working, mainly due to nonavailability of VA expertise) in the absence of matured 
arteriovenous fistula (AVF) or graft. This led to injury to the vessel wall, leading to 
thrombosis and central vein occlusion and compromised VA for HD due to central 
venous stenosis (CVS). Even the TCCs are associated with CVS. Two major factors 
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implicated in development of CVS are venous trauma resulting from cannulation of 
central veins and hemodynamic stress secondary to high flow due to access site AVF, 
causing central venous disease (CVD).

AVF is the gold standard of VA. Ideally, all patients starting HD should have 
AVF in place, but that is not possible. In 2015, 80% of patients were using a cath-
eter at HD initiation, a rate that has changed only marginally since 2005, and at 
90 days after the initiation of HD, 68.5% of patients were still using catheters [1, 2]. 
Late referral by nephrologists to surgeons has been an underappreciated cause of 
initiation of HD with central catheters. [3]. There are situations when a patient has 
multiple AVF failures, in the upper limbs. It then becomes a challenging situation to 
provide dialysis to these patients with a reliable access. The problem is further com-
pounded in patients with prior central vein HD catheters, resulting in CVD. CVS 
is considered to be common in patients on hemodialysis, but its exact prevalence 
is not known. The CVS may have occurred due to insertion of central catheters, 
PICC, or pacemaker leads. Due to direct contact of these devices with the wall of 
the central veins, and the constant movement, both lateral (like a pendulum) and 
cephalocaudal direction associated with breathing and the cardiac cycle cause 
endothelial injury. Pathological examinations of central veins obtained at autopsy 
have shown that even short-term catheters are associated with foci of local intimal 
injury with endothelial denudation and adherent thrombus [4].

In patients with AVF, development of CVS is partly related to turbulent blood 
flow and neointimal hyperplasia (NIH). Infection related to prior catheter insertion 
may also be responsible for CVS. Extrinsic compression, either musculoskeletal or 
arterial, can be contributing to CVS.

However, in an otherwise healthy person, the CVS hardly, if ever, causes prob-
lems. The problem comes to light when an AVF or graft is placed on the ipsilateral 
side where there is presence of CVS. It also gets recognized when a fresh attempt is 
made to insert cuffed or non-cuffed tunnel catheter in the central vein. We should 
realize that CVS leading to CVD is difficult to treat and often resistant to treat-
ment. In CVD, VA for HD sometimes need to be abandoned, or in serious cases, the 
patient’s life may be threatened. Therefore, one should strive for the ideal situation 
of catheter avoidance and central vein preservation and remember that prevention 
is ideal and better than cure.

2. Clinical case study

This is a 52-year-old diabetic female, who was on regular hemodialysis 3 times a 
week with right internal jugular vein (IJV) TCC as her vascular access for 7 months 
and a non-maturing left brachiocephalic vein AVF. She presented with progres-
sively increasing orthopnea of 1-week duration and was presumed to have coronary 
artery disease. She was referred to our hospital cardiology department for coronary 
angiography (CAG), who subsequently asked nephrology services to give her a 
post CAG dialysis. Her CAG was normal. When on dialysis and on attempting to 
ultrafilter her, she had intradialytic hypotension, with persistent and increasing 
breathlessness. She was examined by a consultant and a clinical diagnosis of CVS 
was made. The patient was clinically not in fluid overload state. HD was terminated, 
and her blood pressure and symptoms settled. The next day, she underwent con-
trast-enhanced tomography of central vein, which proved stenosis at the cavo-atrial 
junction, at the site of the tip of the dialysis catheter. She was subjected to central 
vein angioplasty and her symptoms resolved (Figure 1) (author’s personal work).
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3. What are central veins?

In the neck, SVC, bilateral brachiocephalic vein (BCV), IJV, external jugular vein 
(EJV), and SCVs would constitute the central veins for upper limb access, whereas 
femoral, common iliac, and external iliac veins and the infrarenal inferior vena cava 
could constitute the lower limb central veins.

Figure 1. 
CT scan and angiography images: (a) 3D reconstructed image showing clots around the TCC tip and also 
multiple collateral veins in the thoracic cage, suggestive of CTO; (b) stenosis at cavo-atrial junction at the site 
of TCC tip; (c) findings of (b) on CT scan are confirmed on angiography; and (d) angioplasty of the CVS with 
TCC in situ.
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4. Preservation of central veins

Since CVS precludes to a creation of successful VA for long-term HD, it is 
essential to spread the awareness about preservation of central veins. It is a common 
practice to preserve peripheral veins (especially in nondominant hand) in a patient 
with chronic kidney disease (CKD, G III or higher). This is known to residents, 
fellows, nursing staff, etc. However, the concept of preservation of central veins in 
CKD is not widespread. CKD patients do get repeated central catheters at pre-HD 
stage due to medical problems, or PICC line, or the cardiologists requiring to put 
cardiac rhythm devices. There needs to be a dialog with cardiology colleagues to 
try and avoid insertion of SCV leads in CKD patients who are going to need HD 
in future. They can be requested to go for epicardial lead pacemakers (Figure 2) 
(author’s personal work). Also, stiff non-cuffed HD catheters should not be kept in 
situ in jugular veins for more than 15 days. Even if patient has acute kidney injury 
and likely to need prolonged HD beyond 15 days, it is essential to change them to 
TCC, which has lesser chances of CVS than non-cuffed catheters. SCV catheteriza-
tion should not be performed in CKD patients, although it still occurs frequently. 
Many intensivists prefer SCVs for central line insertion, and they should be con-
vinced to avoid it in CKD patients.

5. Pathophysiology

CVS can be either related or unrelated to current or previous catheters. Catheter-
associated CVS are related to type of catheter, i.e., stiff non-tunneled or softer 
tunneled catheter, duration, number of catheters in the same site, vein site, and tip 
position are all related to CVS. The material of catheter can be responsible for plate-
let aggregation and thrombosis. This can lead to episodes of catheter-related blood-
stream infections (CRBSI). Also, the blood turbulence produced due to tip design 
can be responsible for CVS. Traditionally, catheters inserted in SCVs are known to 
cause CVS, as the SCV is located between the clavicle and first rib. However, left IJV 
or EJV catheters passing through the left brachiocephalic veins are responsible for 
left BCV stenosis. In the left BCV, stenosis occurs at two points, at the junction of the 

Figure 2. 
(A) Pacemaker lead, with TCC. Pull back angiograph shows SVC occlusion and filling of azygous vein. (B) 
Pacemaker with epicardial leads in a patient with CKD GIIIb due to DKD.

173

Hemodialysis Vascular Access with Central Venous Disease
DOI: http://dx.doi.org/10.5772/intechopen.93030

left IJV to the left SCV and junction of the left BCV to the right BCV continuing as 
the SVC. So, the stenosis occurs at the contact points of catheters with vessel wall in 
this situation. Also, left BCV is situated between aorta and sternum and can con-
tribute to stenosis. Right IJV catheters were not considered to cause CVS; however, 
prolong catheters in the right IJV, passing through the right BCV, can also cause right 
BCV CVS. Catheter tips in the SVC or SVC-right atrium junction are also known to 
cause thrombosis and/or CVS at the tip position site, (as illustrated in the clinical 
case above). Catheters on the ipsilateral side of cardiac rhythm device lines or ipsi-
lateral AVF are also known to cause CVS. In the later situation, it is due to turbulent 
blood flow at high flow generated by AVF. This is more prominently seen in cephalic 
arch with proximal brachiocephalic AVF and rarely with distal radio-cephalic AVF.

6. Asymptomatic CVS

Patients with prior history of central catheters or pacemaker leads may have CVS 
but are usually asymptomatic. The CVS comes to notice only when a VA is placed on 
ipsilateral side of CVS or a patient undergoes imaging for some other indications. 
Even in the presence of VA, asymptomatic CVS (<50%) are sometimes detected 
during other radiological procedures. These are usually found in cephalic arch or 
brachiocephalic veins. If these lesions are asymptomatic, one need not do interven-
tion, even if stenosis is >50%. These require only observation for development of 
any symptoms or signs. This is because central veins are more elastic and prone 
to recoil after angioplasty. Also, the intimal damage to the veins caused by angio-
plasty balloon (cracking and fissuring of the vessel intima) may accelerate further 
stenosis, due to aggregation of thrombocytes and occurrence of thrombi leading to 
intimal hyperplasia and fibrosis at the site of the original stenosis [5, 6].

Prophylactic treatment of a stenosis that fulfills the anatomic criteria (>50% 
diameter reduction) but is not associated with a hemodynamic, functional, or clini-
cal abnormality is not warranted and should not be performed. This is especially 
important for central venous lesions [7]. Two studies in one cohort were performed 
to address the issue of likelihood of developing CVS. Among 2811 patients, central 
venous stenosis was diagnosed in 120 (4.3%), at a median dialysis vintage of 2.9 
(interquartile range, 1.8–4.6) years. Among a subset of 500 patients, all with a his-
tory of catheter use, 34 (6.8%) developed central venous stenosis, at a rate of 2.2 per 
100 patient-years. The incidence of central venous stenosis was higher with a larger 
number of previous catheters [relative risk (RR), 2.2; 95% confidence interval (95% 
CI), 1.6–2.9]and pacemaker insertion (RR, 3.9; 95% CI, 1.7–8.9) and was lower with 
older age (RR, 0.7 per decade; 95% CI, 0.6–0.8) [8].

7. Diagnosis of CVS in symptomatic patients

The diagnosis of CVS is made from clinical and imaging findings. Most patients 
will have a history of previous central venous catheter placement and will pres-
ent with ipsilateral arm, breast, face, or neck swelling. Many patients will have 
evidence of AV access dysfunction, with decreased access flows, increased venous 
pressures during dialysis, and a history of excessive bleeding from the puncture 
site after removal of needle. CVS leading to venous hypertension (VH) in the 
ipsilateral extremity and chest wall is a frequently encountered problem affecting 
17 to 40% patients on HD. On physical examination, there may be numerous dilated 
collaterals in the neck or chest and arm edema or dilated tortuous draining veins 
of fistula on the side of the CVS. In the cases of bilateral innominate vein or SVC 
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cause thrombosis and/or CVS at the tip position site, (as illustrated in the clinical 
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blood flow at high flow generated by AVF. This is more prominently seen in cephalic 
arch with proximal brachiocephalic AVF and rarely with distal radio-cephalic AVF.

6. Asymptomatic CVS

Patients with prior history of central catheters or pacemaker leads may have CVS 
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brachiocephalic veins. If these lesions are asymptomatic, one need not do interven-
tion, even if stenosis is >50%. These require only observation for development of 
any symptoms or signs. This is because central veins are more elastic and prone 
to recoil after angioplasty. Also, the intimal damage to the veins caused by angio-
plasty balloon (cracking and fissuring of the vessel intima) may accelerate further 
stenosis, due to aggregation of thrombocytes and occurrence of thrombi leading to 
intimal hyperplasia and fibrosis at the site of the original stenosis [5, 6].

Prophylactic treatment of a stenosis that fulfills the anatomic criteria (>50% 
diameter reduction) but is not associated with a hemodynamic, functional, or clini-
cal abnormality is not warranted and should not be performed. This is especially 
important for central venous lesions [7]. Two studies in one cohort were performed 
to address the issue of likelihood of developing CVS. Among 2811 patients, central 
venous stenosis was diagnosed in 120 (4.3%), at a median dialysis vintage of 2.9 
(interquartile range, 1.8–4.6) years. Among a subset of 500 patients, all with a his-
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evidence of AV access dysfunction, with decreased access flows, increased venous 
pressures during dialysis, and a history of excessive bleeding from the puncture 
site after removal of needle. CVS leading to venous hypertension (VH) in the 
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17 to 40% patients on HD. On physical examination, there may be numerous dilated 
collaterals in the neck or chest and arm edema or dilated tortuous draining veins 
of fistula on the side of the CVS. In the cases of bilateral innominate vein or SVC 
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stenosis or occlusion, patients may present with SVC syndrome. CVS can often be 
diagnosed by duplex ultrasound, with an absence of normal respiratory variation in 
the diameter of central veins and polyphasic atrial waves. It is difficult to visualize 
the central veins with duplex ultrasound in obese and muscular patients [9]. The 
author has seen patients with severe CVS presenting with not only ipsilateral limb 
edema but hemifacial swelling, diminished vision, and hearing loss on the right side 
and throbbing headache. We have also encountered a patient in whom there was 
no prior history of any catheters or lines but had narrowed fibrosed right IJV. This 
was detected at the time of insertion of TCC for initiation of chronic dialysis. In 
this particular patient, right EJV was patent (indirect evidence that the right IJV 
was blocked for a long time, but patient was asymptomatic). We had a patient with 
right upper limb oedema and history of multiple right IJV non-cuffed catheters 
for dialysis but never had any SCV catheters. During angiography, right SCV was 
found to be thrombosed. As per the European Best Practice Guidelines on VA [10], 
if symptomatic CVS is suspected, digital subtraction angiography (DSA) of the 
access and the complete venous outflow tract should be performed. In certain cases, 
ultrasonography with Doppler, computerized tomography (CT) of central veins or 
magnetic resonance imaging (MRI) plain study with time of flight (TOF) technique 
(Figure 3) may be deployed prior to DSA for venous mapping.

The main regions of central vein which are affected are the right BCV or SCV, 
right IJV, left BCV or SCV, and left IJV or SVC. The problem of cephalic arch 
stenosis in proximal brachiocephalic AVF (prevalence ~30%) or sometimes due to 
radio-cephalic AVF should also be kept in mind. Percutaneous transluminal angio-
plasty (PTA) with balloon dilatation is the primary basis for endovascular therapy. 
However, balloon dilation should be performed only if there is a clinical indication 
such as arm or face swelling. Several studies have reported that balloon dilation for 
a narrowed lesion found incidentally on angiogram and without symptoms acceler-
ates lesion growth [11–13].

Figure 3. 
MRI using TOF protocol, without contrast, to have venous mapping prior to intervention, in a patient who 
was grossly edematous and had no veins available to perform CT venography. It showed multiple levels of CVS, 
including bilateral IJVs, EJVs, and bilateral BCVs.
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A major problem with lesions in the central veins is that many are elastic. It 
has been postulated that there are actually two types of lesions based upon their 
response to angioplasty, elastic and inelastic [14].

It is reasonable to perform PTA for central venous lesion if this intervention is 
required to maintain stable dialysis therapy. However, the presence of large fresh 
thrombus at the lesion site represents a contraindication to PTA unless the throm-
bus can first be removed by thrombectomy or another method. The left brachioce-
phalic lesions can be due to not only compressive stenosis but also organic stenosis. 
In particular, the left brachiocephalic vein may be compressed between the sternum 
and the right brachiocephalic artery [15].

8. CVD and similar conditions

The lesions can be partial but significant (>60% stenosis, for intervention 
purpose, however, venography demonstrating more than 50% stenosis of the sub-
clavian, brachiocephalic vein, and superior vena cava in the upper extremity or the 
iliac vein or inferior vena cava in the lower extremity is considered central venous 
occlusion) or complete thrombotic occlusion [or chronic total occlusion (CTO)]. 
In addition, patients with TCC present with catheter malfunction and may have 
catheter-related sheath (CRS) (old term: fibrin sheath), with or without clot at the 
catheter tip (called catheter-related atrial thrombus, CRAT).

9. Options for patients with CVS needing VA

They can change to peritoneal dialysis if feasible. One can plan for thigh AVF or 
graft. But if both these are not the options, one is left with exploring central venous 
access with angioplasty and insertion of HD catheters, with TCC or Hemodialysis 
Reliable Outflow (HeRO®) device. For the purpose of this chapter, we would focus 
on upper limb CVS. Not to forget the fact that in the presence of SVC stenosis, no 
AVF or upper limb grafts will be feasible if the SVC stenosis is tight and has a chance 
for recurrence in spite of SVC angioplasty with or without stent. With improved 
dialysis survival, there are increasing numbers of patients who have exhausted 
definitive access options due to central venous stenosis and are maintaining dialysis 
on a central venous catheter. The HeRO allows an alternative by providing a defini-
tive access solution [16].

10. The procedure: approaching and crossing stenosis

The approach to central vein could be from femoral veins, internal jugular 
veins, and brachial or cephalic veins. One needs to have thorough history, clinical 
examination, and Doppler study to arrive at a conclusion about suspected site of 
CVS. When these are unable to point the site of likely lesion, one may perform 
contrast-enhanced computer tomography (CT) venogram. The problem with CT 
venography is the need to inject iodinated contrast. This can be a problem in HD 
patients at times, who have no peripheral access to inject contrast. In such cases, 
magnetic resonance (MR) venography without gadolinium, using time-of-flight 
protocol, may yield equally good results and help plan the procedure. Gadolinium 
should be avoided in patients with eGFR of <30 ml/min due to risk of nephrogenic 
systemic fibrosis.



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

174

stenosis or occlusion, patients may present with SVC syndrome. CVS can often be 
diagnosed by duplex ultrasound, with an absence of normal respiratory variation in 
the diameter of central veins and polyphasic atrial waves. It is difficult to visualize 
the central veins with duplex ultrasound in obese and muscular patients [9]. The 
author has seen patients with severe CVS presenting with not only ipsilateral limb 
edema but hemifacial swelling, diminished vision, and hearing loss on the right side 
and throbbing headache. We have also encountered a patient in whom there was 
no prior history of any catheters or lines but had narrowed fibrosed right IJV. This 
was detected at the time of insertion of TCC for initiation of chronic dialysis. In 
this particular patient, right EJV was patent (indirect evidence that the right IJV 
was blocked for a long time, but patient was asymptomatic). We had a patient with 
right upper limb oedema and history of multiple right IJV non-cuffed catheters 
for dialysis but never had any SCV catheters. During angiography, right SCV was 
found to be thrombosed. As per the European Best Practice Guidelines on VA [10], 
if symptomatic CVS is suspected, digital subtraction angiography (DSA) of the 
access and the complete venous outflow tract should be performed. In certain cases, 
ultrasonography with Doppler, computerized tomography (CT) of central veins or 
magnetic resonance imaging (MRI) plain study with time of flight (TOF) technique 
(Figure 3) may be deployed prior to DSA for venous mapping.

The main regions of central vein which are affected are the right BCV or SCV, 
right IJV, left BCV or SCV, and left IJV or SVC. The problem of cephalic arch 
stenosis in proximal brachiocephalic AVF (prevalence ~30%) or sometimes due to 
radio-cephalic AVF should also be kept in mind. Percutaneous transluminal angio-
plasty (PTA) with balloon dilatation is the primary basis for endovascular therapy. 
However, balloon dilation should be performed only if there is a clinical indication 
such as arm or face swelling. Several studies have reported that balloon dilation for 
a narrowed lesion found incidentally on angiogram and without symptoms acceler-
ates lesion growth [11–13].

Figure 3. 
MRI using TOF protocol, without contrast, to have venous mapping prior to intervention, in a patient who 
was grossly edematous and had no veins available to perform CT venography. It showed multiple levels of CVS, 
including bilateral IJVs, EJVs, and bilateral BCVs.

175

Hemodialysis Vascular Access with Central Venous Disease
DOI: http://dx.doi.org/10.5772/intechopen.93030

A major problem with lesions in the central veins is that many are elastic. It 
has been postulated that there are actually two types of lesions based upon their 
response to angioplasty, elastic and inelastic [14].

It is reasonable to perform PTA for central venous lesion if this intervention is 
required to maintain stable dialysis therapy. However, the presence of large fresh 
thrombus at the lesion site represents a contraindication to PTA unless the throm-
bus can first be removed by thrombectomy or another method. The left brachioce-
phalic lesions can be due to not only compressive stenosis but also organic stenosis. 
In particular, the left brachiocephalic vein may be compressed between the sternum 
and the right brachiocephalic artery [15].

8. CVD and similar conditions

The lesions can be partial but significant (>60% stenosis, for intervention 
purpose, however, venography demonstrating more than 50% stenosis of the sub-
clavian, brachiocephalic vein, and superior vena cava in the upper extremity or the 
iliac vein or inferior vena cava in the lower extremity is considered central venous 
occlusion) or complete thrombotic occlusion [or chronic total occlusion (CTO)]. 
In addition, patients with TCC present with catheter malfunction and may have 
catheter-related sheath (CRS) (old term: fibrin sheath), with or without clot at the 
catheter tip (called catheter-related atrial thrombus, CRAT).

9. Options for patients with CVS needing VA

They can change to peritoneal dialysis if feasible. One can plan for thigh AVF or 
graft. But if both these are not the options, one is left with exploring central venous 
access with angioplasty and insertion of HD catheters, with TCC or Hemodialysis 
Reliable Outflow (HeRO®) device. For the purpose of this chapter, we would focus 
on upper limb CVS. Not to forget the fact that in the presence of SVC stenosis, no 
AVF or upper limb grafts will be feasible if the SVC stenosis is tight and has a chance 
for recurrence in spite of SVC angioplasty with or without stent. With improved 
dialysis survival, there are increasing numbers of patients who have exhausted 
definitive access options due to central venous stenosis and are maintaining dialysis 
on a central venous catheter. The HeRO allows an alternative by providing a defini-
tive access solution [16].

10. The procedure: approaching and crossing stenosis

The approach to central vein could be from femoral veins, internal jugular 
veins, and brachial or cephalic veins. One needs to have thorough history, clinical 
examination, and Doppler study to arrive at a conclusion about suspected site of 
CVS. When these are unable to point the site of likely lesion, one may perform 
contrast-enhanced computer tomography (CT) venogram. The problem with CT 
venography is the need to inject iodinated contrast. This can be a problem in HD 
patients at times, who have no peripheral access to inject contrast. In such cases, 
magnetic resonance (MR) venography without gadolinium, using time-of-flight 
protocol, may yield equally good results and help plan the procedure. Gadolinium 
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Once the procedure of angiography is decided, one needs to be ready with 
proper hardware, including various types of wires (0.35 and 0.14 regular and 
double length wires, hydrophilic wires, and stiff wires), various types of diagnostic 
and guiding catheters, larger-size high-pressure balloons, stents, or stent grafts. 
One may need large length vascular sheaths to provide stability to the catheter and 
guide wire, especially when femoral venous access is used.

10.1 How are the target lesion approached?

The indications to perform central vein angioplasty are either the patient is 
symptomatic with functioning vascular access in the upper limb, or the patient has 
had multiple vascular access failures in upper limb, and no reliable long-term vascu-
lar access is available. In such cases, the aim of central vein angioplasty is to create a 
passage to insert central dialysis catheter, which can be either TCC or hybrid graft if 
a reliable arterial inflow is available.

If the target lesion is right brachiocephalic vein or SVC, the right IJV is punctured, 
lesion attempted to be crossed with 0.014′ hydrophilic wire. If that is not successful, 
the right femoral vein is punctured and the lesion approached. The combination of 
this approach from either side helps take simultaneous angiographic shoots to define 
site and extent of lesion in terms of its length and diameter. We have encountered 
several cases, in which the thinnest of wires, sometimes even the coronary wires, 
or CTO wires (chronic thrombotic occlusion) fail to cross the lesion. In such cases, 
recanalization is attempted, which is described as sharp needle recanalization. When 
traditional endovascular methods fail, experienced interventionalists may utilize 
sharp or radiofrequency (RF)-assisted recanalization techniques. Sharp recanaliza-
tion techniques require the use of the back end of a wire, 20- to 22-gauge (15–20 cm) 
percutaneous or transseptal needles, or transjugular intrahepatic portosystemic 
shunt needles [17]. In the absence of any other alternatives, we have been doing it 
with a long Chiba needle. One has to have simultaneous projections in anterior-
posterior and lateral views to be sure that the puncture is in the proper venous 
plain and perforation is avoided. There is no true vessel wall, and a stent is placed to 
reconstitute the vessel wall if this is being done for upper extremity vascular access 
preservation. Otherwise, a catheter is inserted after balloon angioplasty of target 
lesion and creating enough venous diameters to allow smooth passage of the dialysis 
catheter. Recently, a new device called Surfacer® Inside-Out® access catheter system 
is available. The Surfacer Device offers a new approach for repeated venous access in 
patients with thoracic central venous occlusion (TCVOs) that enables the avoidance 
of left-sided catheter placement in individuals awaiting creation or maturation of 
permanent AV access or in patients who have exhausted all thoracic venous access 
options [18]. The author has no personal experience of using it; however, it is meant 
to restore and preserve access in the chronically occluded veins. Its advantages 
include restoration and sustenance of access, reliable and repeatable central venous 
access to the right IJV, preserving viability of secondary central veins, and optimiza-
tion of the placement and maturation of permanent AV access.

TCVO [19], the authors divided TCVO as type 1, defined as any unilateral obstruc-
tion affecting either the internal jugular or subclavian vein. Type 2 includes all cases 
with ipsilateral occlusion of the brachiocephalic vein or ipsilateral obstruction of both 
internal jugular and subclavian veins. In TCVO type 3, both brachiocephalic veins 
are obstructed. Type 4 is characterized by central obstruction of the SVC. Thirty-
six patients with TCVO treated in Vienna, Austria; Oxford, England; or Cologne, 
Germany, who required hemodialysis access between July 2016 and June 2018, with 
TCVO and history of multiple CVCs and AVF, were referred to the participating 
centers for vascular access. Thirty-two (89%) patients were eligible for the inside-out 
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approach (IOA) approach. Thirty-nine treatments were performed, with seven 
patients undergoing the IOA procedure for the second time more than 3 months after 
initial CVC placement. Dialysis access was established successfully in 38 of 39 (97%) 
implementations of the IOA procedure. Median intervention time was 43 minutes. No 
complications occurred. This appears to be a promising method, although this was an 
observational study and no comparison was made to any other methods.

If CVS is bypassed, and adequate inflow with axillary artery is available, the 
HeRO® device can be implanted, which will avoid the need for external TCC and 
minimize risk of CRBSI.

a. If the target lesion is in the subclavian vein or cephalic arch or left brachio-
cephalic vein, approach from arm cephalic, basilic, or rarely brachial vein is 
required, usually combined with femoral vein approach. In cases of tight CTO, 
to provide adequate support and stability to the procedure of angioplasty, 
the wire from the arm vein is passed all the way down to the femoral vein and 
snared out. The hydrophilic wire is then changed over to a stiff wire, and the 
procedure of angioplasty is completed.

b. If attempting to put femoral vein or inferior vena cava (IVC) TCC and dealing 
with iliac vein or IVC stenosis, approach will be from the femoral vein, and 
again recanalization is attempted with thin wire or sharp needle.

PTA with balloon dilatation is the primary basis for endovascular therapy. If 
symptoms are present, PTA is performed; however, patency is poor, so repeat proce-
dures are often required. If it is a first PTA and there is no elastic recoil of the vein on 
table, one should not consider stenting. Recent studies using intravascular ultra-
sound (IVUS) for CVS showed that, although the lesion was sufficiently enlarged on 
angiography after PTA, IVUS demonstrated insufficient dilation or extrusion by the 
balloon catheter [20]. In such cases, repeat angioplasty with larger-size and higher-
pressure balloons can be tried, keeping in mind the risk of central venous rupture. 
Insertion of stents in such situation can be tried. However, numerous studies 
showed failure of stent use, especially in HD VA, because of neointimal hyperplasia 
within the stent, leading to a lower patency rate than that of PTA [21, 22].

The stent graft (SG) is a structure that applies graft material to the inside or 
outside of the stent to create a physical barrier to NIH. Various studies and author’s 
experience have been that even the SGs do not provide long-term venous patency. 
There have been reports of using drug-coated balloons for CVS; however, at pres-
ent, the benefit seems limited.

Stenting for TCVO is appropriate in the following situations, provided there 
are associated hemodynamic or clinical abnormalities: acute elastic recoil (>50%) 
following PTA and recurrent stenosis within a 3-month period of PTA. If balloon 
angioplasty achieves insufficient dilation (e.g., severe recoil) or leads to dissection 
or acute occlusion of the affected vein, bailout stenting is performed. [15]. Balloon 
angioplasty is a basic treatment for central venous lesion, but stent implantation 
is sometimes required. The self-expandable or balloon-expandable stent is chosen 
by the lesion location and characteristics. The lesion in SCV is generally treated by 
self-expandable stent, and right BCV is treated by balloon-expandable stent. The 
organic lesion of innominate vein with plaque is treated by self-expandable stent. 
Note that the innominate venous stenosis is sometimes caused by compression 
between the right brachiocephalic artery and the sternum and this lesion is treated 
by balloon-expandable stent because the radial force of balloon-expandable stent 
is stronger than self-expandable stent. It is important to understand the indication 
and stent selection for central venous PTA [15].
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self-expandable stent, and right BCV is treated by balloon-expandable stent. The 
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It is also important to remember to choose a proper-sized stent. This is some-
times not possible to judge from the angiographic images, and what appears to be 
adequate angioplasty could be inadequate in terms of adequate vein diameter. IVUS 
is sometimes useful to guide the choice of proper balloon or stent size, as what 
appears to be an adequately treated vein could be having significant underlying 
stenosis, which is not possible to realize on conventional two-dimensional angiogra-
phy. IVUS is an invasive modality that provides cross-sectional imaging of the veins 
but without the need for ionizing radiation or contrast administration. In addition 
to being a diagnostic tool that is easy and repeatable, it aids treatment decision-
making. Though IVUS may be better suited than traditional venography to identify 
intraluminal narrowing and pre-/post-intervention outcomes, additional study is 
warranted to better characterize the value of IVUS in the VA-related CVS patient 
population. In a patient with CVS and prior allergy to iodinated contrast, angiog-
raphy was performed using 1 cc of contrast, CVS confirmed, and the rest of the 
procedure of angioplasty and confirmation of adequate result was completed using 
IVUS (personal communication, Dr. Daniel Patel, Interventional Nephrologist, 
Volusia-Flagler Vascular Centre, Daytona Beach, Florida, USA).

If CRS is the cause for catheter malfunction, the same can be confirmed during 
catheter exchange procedure by doing pullback angiography prior to full removal 
of TCC. There can be only CRS, which can be tackled by balloon angioplasty and 
fibrin sheath disruption. Rarely (and in the authors’ own experience), the CRS can 
be snared out. However, the CRS can be associated with CRAT. And it can become 
tricky to perform angioplasty, as the risk of pulmonary thromboembolism due 
to large CRAT, attached to TCC tip, is high. Sometimes, CRAT is attached to the 
wall of the right atrium. In such a case, if TCC is functioning well, the patient can 
be anticoagulated and kept under close observation. For a large CRAT or infected 
CRAT, attached to TCC tip, and where it is risky and not advisable to remove the 
CRAT, AngioVac thrombectomy device can be used. If these patients are poor can-
didates for conventional therapy of thrombolytics or surgical thromboembolectomy 
because of bleeding, failure of thrombolytics, or hemodynamic instability, they 
may benefit from percutaneous mechanical thrombectomy by AngioVac, which is 
proved to be effective for complete evacuation in most patients [23].

Surgical options may be considered for CVS, when the stenosis persists, and 
there are no alternative avenues to provide long-term reliable VA. One must assess 
the AVF for flow velocity, as this may be the cause of CVD. In such cases, inflow 
reduction either surgically or percutaneously can be performed. Another surgical 
option is unusual bypass including reconstruction surgery and claviculectomy or 
first rib resection if there is thoracic outlet syndrome. If an experienced vascular 
surgeon is available, the bypass surgery can be performed using graft (PTFE) from 
the brachial artery to ipsilateral or contralateral internal jugular veins or axillary or 
femoral veins. Direct connection to SVC or right atrium have also been attempted. 
One must remember that such surgeries are complicated and carries its own risks 
and complications.

There are occasions when there is coexistence of CVS and stenosis in the drain-
ing vein, either juxta-anastomotic or away from the site of anastomosis. In such 
situation, one must attempt and achieve patency of CVS lesion. Failure to do so can 
lead to severe swelling of the ipsilateral arm. The best way to relieve symptomatic 
CVS is closure of AVF. But it is not possible in patients, who have the last surviving 
access and shortage of vascular estate.

But, sometimes, there are more than one possible approach to a problem, 
and the opinion varies as per the specialist handling the case. For example, refer 
to Figure 4, a middle-aged lady on hemodialysis with CVS who had undergone 
angioplasty with stenting and resolution of right upper limb painful edema. She 
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presented with the same symptoms 6 months later. The angiography image shows 
in-stent stenosis. It was difficult to negotiate the stenosis. Various opinions were 
sought. The interventional nephrologist found that it was the high-flow fistula 
(flow volume 2600 ml/min, very high) which was responsible for her symptoms, 
and the patient should undergo flow reduction procedure. The interventional 
radiologist said that attempt to do in-stent angioplasty, followed by stent placement 
within the stent, should be the first option. The vascular access surgeon said that 
the stenosis is due to external compression and the patient should undergo middle 
1/3rd claviculectomy to relieve her symptoms.

11. Cardiovascular consequences of AVF

Sometimes very-high-flow AVFs can lead to VH, progressive aneurysmal dilata-
tion of vein with skin ulceration, hemodialysis access-induced distal ischemia, and 
high-output heart failure with or without pulmonary hypertension. AVFs have 
effects on cardiac functions related to the increase in preload and cardiac output 
(CO). It is difficult to define cardiovascular consequences due to AVF in a precise 
manner. This is due to the fact that patients requiring long-term hemodialysis tend 
to have volume overload due to water and salt retention. There could also be pres-
sure load due to arterial sclerosis and hypertension and increased CO secondary to 
chronic anemia. In addition, many hemodialysis patients have significant pre-exist-
ing myocardial, valvular, or coronary heart disease, as the vascular calcification due 
to CKD-MBD (chronic kidney disease—mineral and bone disorder). Congestive 
heart failure (CHF) is highly prevalent among patients with ESRD. Approximately 
35–40% of patients with ESRD have an established CHF diagnosis at initiation of 
hemodialysis. Worsening in cardiac functions soon after AVF creation has also been 
observed favoring a causative effect of the AVF on certain cardiac functions [24].

12. Conclusion

CVD is a common occurrence in HD patients, either due to mechanical or 
hemodynamic factors. It could be related to catheters or AVF. It can be symptomatic 
or asymptomatic. Interventions will be required in symptomatic patients and in 
those who have VA malfunction. There are various options, and one needs to choose 
the modality based on the patient’s need. The outcomes cannot be predicted as each 
vein behaves differently. Proper knowledge of anatomical lesion, pathophysiology 
of the lesion, patient needs, and expertise available will determine the intervention 

Figure 4. 
Right SCV in-stent thrombosis.
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modality and outcomes. There is a need for multidisciplinary approach to tackle the 
situation. We, at our institute, work with a motto which is slightly modified from 
the old proverb, and we proudly say that “if there’s a will and a vein, there’s a way.” 
Prevention of CVS by catheter avoidance is an ideal situation; however CVD due to 
hemodynamic issues not related to catheters cannot be avoided, and VA surveillance 
is the best way for early diagnosis and management of such lesions.
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modality and outcomes. There is a need for multidisciplinary approach to tackle the 
situation. We, at our institute, work with a motto which is slightly modified from 
the old proverb, and we proudly say that “if there’s a will and a vein, there’s a way.” 
Prevention of CVS by catheter avoidance is an ideal situation; however CVD due to 
hemodynamic issues not related to catheters cannot be avoided, and VA surveillance 
is the best way for early diagnosis and management of such lesions.
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Early Detection and Endovascular 
Intervention to Correct Dialysis 
Vascular Access Malfunction
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Abstract

Endovascular intervention in hemodialysis vascular access is among the most 
frequent interventions performed in an angiography suite. Vascular stenosis is the 
most prevalent lesion causing vascular access malfunction. Vascular access pathol-
ogy and the outcomes in response to endovascular treatment are quite different 
from the arterial territory. Treatment strategy must be integrated, multidisci-
plinary, and with a long-term perspective, as recurrence rates of malfunction are 
quite common. We will detail our experience managing an extremely busy vascular 
access center serving a population of 4000 dialysis patients, performing all endo-
vascular techniques in close coordination with the surgical team.

Keywords: hemodialysis, vascular access, angioplasty

1. Introduction

Endovascular interventions have substituted surgical repair as the primary 
treatment of failing or thrombosed vascular access (VA). Endovascular and surgical 
techniques, however, are complementary. Optimizing endovascular interventions 
of VA malfunction is a crucial component for a successful vascular access program. 
The identification and early treatment of stenosis are essential to prevent access 
thrombosis and ultimate failure.

Despite recent advances in endovascular techniques and devices, angioplasty 
continues to be the primary method for the treatment of access-related stenosis. 
Not all stenosis needs to be treated. When timely applied, angioplasty is a fast, easy, 
and safe procedure that can extend the patency of a hemodialysis graft or fistula.

The early detection and endovascular intervention to correct dialysis vascular access 
malfunction are reviewed in this chapter, describing the authors’ experience in a 
highly active Vascular Access Center in Lisbon, integrated in a large outpatient 
dialysis network. We will cover the following topics: (1) vascular access options and 
its selection, (2) vascular access morbidity and complications, (3) vascular access 
malfunction detection, (4) endovascular interventions to correct dialysis vascular 
access malfunction, and (5) endovascular intervention outcomes.

2. Vascular access options and its selection

The VA constitutes the interface between chronic kidney disease (CKD) patient 
and machine (the dialysis monitor); its function is a key factor that affects most 
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dialysis treatment quality indicators, such as dialysis dose and adequacy (Kt/V), 
substitution volume during hemodiafiltration, operating costs, and vital prognosis 
of the dialysis patient.

In this chapter, we deal only with long-term arteriovenous accesses:

A. The native AV fistula (nAVF), usually result from an end-to-side anastomosis 
of a vein to an artery, either at the wrist (distal fistula), most commonly a 
radio-cephalic fistula, or at the elbow/upper arm level (proximal fistula), in 
this position most commonly a brachiocephalic fistula, or a brachio-basilic 
fistula, this last one requiring a second procedure the transposition to the 
surface of the arterialized vein.

B. The arteriovenous graft (AVG), usually a second choice in patients not suitable 
for a nAVF fistula, has better mechanical strength, can be used earlier, and has 
lower primary failure rates when compared with nAVF, but has a much higher 
infection risk, a poorer primary long-term patency, and needs many more 
interventions to remain functional.

The VA dysfunction and its complications, such as low access flow (Qa), infec-
tion, loss of dialysis adequacy, or thrombosis, are the major single cause of hospi-
talization and morbidity requiring endovascular intervention, as well as one of the 
most important drivers of the total cost of an end-stage renal failure program.

Whenever a native arteriovenous fistula (AVF) can be built and is able to mature 
in no more than 8 weeks, it is considered the first and best choice as a vascular 
access. It results in higher long-term longevity and less thrombotic or infectious 
morbidity, needs fewer procedures for maintenance, and is overall a big life and 
money saver.

The nAVF, however, comes with its own set of disadvantages. There is a higher 
risk of primary failure (nonmaturation) up to 60% prior to cannulation, requiring 
frequent angiographic procedures to assist maturation [1–3]. Studies have shown 
that the primary failure rate is two times greater for fistulas (40%) than grafts 
(19%), with similar cumulative patency; in addition, the number of catheter days 
before AV access use was more than double in those using a fistula (81 days) than 
those with AV grafts (38 days); however, grafts require more angioplasties (1.4 vs. 
3.2 events) and thrombolysis (0.05 vs. 0.98 events) interventions per 1000 patient-
days [2, 4]. The risk of primary fistula failure is much higher for lower arm fistula 
(28%) than with upper arm fistula (20%), although these last ones produce more 
than 90% of all cephalic arch stenosis [1].

The secondary patency rates of AV grafts (total life span even if requiring 
several interventions to maintain its function) are on average around 3 years, all in 
all identical to AV fistulas, but those improved rates are achieved at the expense of 
three- to six-fold greater reintervention rates.

There has never been a randomized control trial (RCT) comparing different 
VA choices regarding mortality or other hard outcomes. All large observational 
trials compared accesses achieved as opposed to the accesses that were intended 
(as in intention to treat). As 25–60% of all AVFs created either fail or need several 
procedures to mature and the central venous catheter (CVC) group in most studies 
were people in whom AVF failed or CVC was chosen because of a predictable bad 
prognosis (age, congestive heart failure, short life expectancy, etc.), we really can-
not answer the question on which VA is the best. If we exclude patients that begin 
hemodialysis urgently, mortality between nAVF and CVC patients becomes identi-
cal. Using a decision analysis model (fed with data extracted from DOPPS 2, the 
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REDUCE FTM study, the DAC study, and CMS data) for choosing the best option 
for patients initiating hemodialysis (HD) with a CVC, a nAVF attempt strategy is 
associated with better survival and lower annual cost, but that advantage is progres-
sively lost in patients above 60 years or diabetics [5, 6].

Access malfunction is a source of tremendous emotional and physical suffering, 
dialysis treatments loss, low treatment adequacy, urgent need for a central catheter 
as a substitution access, and referral for new angiography or surgical procedures at 
huge costs.

In this chapter, we basically describe our experience on VA management in 
our dialysis network treating approximately 5000 patients in our Vascular Access 
Center (VAC) that performs more than 1000 VA surgeries and more than 1600 
endovascular interventions per year.

3. Vascular access morbidity and complications

The most common VA complications are failure to mature, persistently low Qa, 
suboptimal dialysis adequacy, pain, aneurysms, rupture/hemorrhage, infection, 
and thrombosis. Endovascular stenosis is the underlying lesion and the direct 
culprit behind most of these complications.

Neointimal hyperplasia is the common pathogenic mechanism inducing ste-
nosis, and stenosis is the underlying promoter of thrombosis. Stenotic plaques 
are composed of myofibroblasts (smooth muscle cells) surrounded by extracel-
lular matrix and macrophages. This cell proliferation begins in the adventitia and 
migrates toward the lumen of anastomotic areas or endothelial segments exposed 
to several stresses, such as surgical trauma, shear stress, wall stress, diameter and 
compliance mismatch, uremic endothelial dysfunction, and wall lesion secondary 
to repeated needle punctures.

Stenosis is necessary for thrombosis, but it is not enough. Only 30% of stenosis 
above 50% of lumen compromise will cause thrombosis in the next 6 months; we 
just do not know which ones. On the other hand, angioplasty induces accelerated 
NH with recurrent stenosis [7]. In 20% of the cases, recurrent stenosis occurs 
in 1 week and in 40% in 1 month [8], and although stenosis stenting may delay 
stenosis recurrence, it did not reduce the incidence of thrombosis [9].

As in other vascular territories, we do not know and have no biomarkers to decide 
which stenosis will progress to cause thrombosis, which stenosis if dilated will pre-
vent thrombosis, which stenosis once dilated will suffer early recurrence, which is 
the best option to prevent recurrence, and how to define the successful angioplasty.

4. Vascular access malfunction detection

In hemodialysis vascular access management, just as in general medicine, an 
early diagnosis of malfunction and prevention of definite failure is considered the 
best approach to diminish morbidity and costs. This axiom was strongly suggested 
in several seminal studies [10, 11] and is expressed in most guidelines of scientific 
societies in this field.

It is recommended that regular monitoring of access function should be 
performed, preferably by measuring vascular access flow (Qa), and when access 
stenosis is present, preemptive intervention should be performed percutaneously 
without further delay. In support of these level 2 recommendations, we can quote: 
“All types of pressure measurement should be abandoned in favor of access flow 
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REDUCE FTM study, the DAC study, and CMS data) for choosing the best option 
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in 1 week and in 40% in 1 month [8], and although stenosis stenting may delay 
stenosis recurrence, it did not reduce the incidence of thrombosis [9].
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which stenosis will progress to cause thrombosis, which stenosis if dilated will pre-
vent thrombosis, which stenosis once dilated will suffer early recurrence, which is 
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4. Vascular access malfunction detection

In hemodialysis vascular access management, just as in general medicine, an 
early diagnosis of malfunction and prevention of definite failure is considered the 
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performed, preferably by measuring vascular access flow (Qa), and when access 
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without further delay. In support of these level 2 recommendations, we can quote: 
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measurement,” and “Monitoring plus intervention reduces thrombotic rates, 
morbidity and costs” [11, 12].

Consensual recommendations for preemptive intervention in malfunction-
ing grafts are (a) Qa measurement <600 ml/min for grafts or <400 ml/min for 
native fistulas and (b) a Qa drop higher than 25% over two consecutive measure-
ments [13].

However, recent and quite relevant information has questioned those recom-
mendations, and scanning through recent prospective randomized controlled trials 
in this field reveals some discordant opinions.

No matter if we are looking at native fistulas or PTFE grafts, using only Qa 
measurements, or its association with Doppler studies or dynamic venous pressure 
as surveillance techniques, it is believed that VA stenosis is now very effectively 
detected and responsible for a large increase in percutaneous vascular access 
procedures. Surprisingly, however, it has been found that all these diagnostic and 
therapeutic procedures fail to reduce the thrombosis rate or prolong access longev-
ity, fueling an ongoing controversy regarding its beneficial effects, both in terms of 
overall access survival and associated costs [6, 8, 14–20].

All presently approved clinical guidelines recommend performing surveillance 
of vascular access quality and performance, aiming at early detection of access 
stenosis, which induced a global trend toward implementation of Qa-based moni-
toring programs in many dialysis units.

The recommended Qa thresholds for angiography referral are based on its puta-
tive predictive power of access malfunction and/or failure.

However, even before the final decision on the clinical relevance of periodic Qa 
determination, the quality and accuracy of the Qa measurements methods must 
be questioned, as most techniques have a good correlation among them, but high 
variation in absolute terms (±200 ml/min) [21–30].

We are now in a position where we feel that we must do some form of VA sur-
veillance, but do not know exactly which. Qa, although not perfect, with results that 
are hard to interpret and need specific calibration to fine tune appropriate alarm 
thresholds for each measurement technique, is probably the best hemodynamic 
parameter to follow.

In our unit, we evaluate monthly Qa, together with a trend analysis of other 
equally not perfect parameters, like physical examination [31], Kt/V in all dialysis 
treatments, recirculation, and maximum obtainable Qb with circuit arterial pres-
sure above −250 mmHg, and then decide empirically, as physicians always do, when 
to refer to angiography.

A successful program of surveillance should reduce thrombosis rate by an 
amount identical to the angioplasty rate it induces. The key to measure surveillance 
effectiveness is avoidance of thrombosis; no other surrogate is acceptable.

As a matter of fact, absolute flow (Qa) and drop in flow, measured using 
several different flow indicators (ultrasound, thermal dilution, ionic dilution), 
are inaccurate predictors of thrombosis. Most thromboses are unpredictable, and 
interventions based on surveillance likely yield many unnecessary procedures at 
high cost.

We do not know if a vascular access defined by us as well functioning actually 
looks normal in angiography. Without that, it is difficult to really appreciate the 
specificity of our monitoring indicators and, most of all, the meaning of stenosis in 
the natural history of the VA.

Our data suggest that the presence of what we call a significant stenosis is not 
correlated with measured Qa and it might not be associated with early thrombo-
sis deserving immediate intervention [20]. Further studies are needed to clarify 
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the best surveillance protocol and the role of preemptive intervention in signifi-
cant stenosis.

A proposal for surveillance could well include the following:

A. Each unit should perform sequential measurement and trend analysis of the 
parameters of their choice.

B. Physical examination done and recorded before each dialysis by the R.N., in an 
access without dressings and needles. Signs to be looked for include a pounding 
pulse, an intermittent thrill, arm swelling, increment in collateral veins, dif-
ficult hemostasis, a new or an enlarging aneurysm, and pain during treatment, 
reaching an agreement rate with angiogram to detect stenosis of 80% [31].

C. Access flow measurement (Qa) in:

i. High-risk grafts—Every 2 weeks.

ii. Other grafts—Quarterly.

iii. Native fistulas with a Qa < 1000 ml/min—Quarterly.

iv. Native fistulas with a previous Qa ≥ 1000 ml/min—Once a year or whenever 
clinically indicated.

We consider high-risk grafts:

a. “Last” available vascular access site of that patient.

b. Frequent clotter.

c. Frequent recurrence of significant stenosis (less than 3 months apart).

Patients are referred from the dialysis unit to our VAC by their nephrologists, the 
indication for intervention is confirmed upon arrival, and an ultrasound/Doppler 
study will be performed if needed, to decide if it should be referred to the surgical 
or endovascular arm of the VAC and to help planning the endovascular approach 
localizing eventual stenotic lesions, their location, and preferred puncture site.

Our referral criteria to surgery: (a) Native AVF thrombosis; (b) VA rupture; 
(c) infection with visible abscesses or purulent discharge at puncture sites; (d) need 
for a new VA; (e) steal syndrome, VA limb distal ischemia; (f) primary malfunction 
of a VA created or submitted to open surgery less than 1 month ago; (g) growing 
aneurysm; and (h) hemorrhage.

Referral criteria to endovascular intervention: (a) Growing edema of the VA 
limb, (b) VA pain during dialysis treatment, (c) recent increment of VA venous 
pressure associated with a drop in dialysis adequacy, (d) unexplained drop in dialy-
sis adequacy, (e) a drop of VA flow (Qa) in 2 measurements <600 ml/min in a AVG 
or <400 ml/min a nAVF, (f) need for assisted maturation of a nAVF, (g) superior 
vena cava syndrome, and (h) AVG thrombosis.

The techniques we perform in the angiography suite are (a) diagnostic angi-
ography in no more than 7% of all cases, (b) percutaneous angioplasty (PTA) of 
stenotic lesions, (c) thrombolysis for thrombosed AVGs, and (d) stenting of elastic 
or frequently relapsed stenosis.
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a. “Last” available vascular access site of that patient.
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Patients are referred from the dialysis unit to our VAC by their nephrologists, the 
indication for intervention is confirmed upon arrival, and an ultrasound/Doppler 
study will be performed if needed, to decide if it should be referred to the surgical 
or endovascular arm of the VAC and to help planning the endovascular approach 
localizing eventual stenotic lesions, their location, and preferred puncture site.

Our referral criteria to surgery: (a) Native AVF thrombosis; (b) VA rupture; 
(c) infection with visible abscesses or purulent discharge at puncture sites; (d) need 
for a new VA; (e) steal syndrome, VA limb distal ischemia; (f) primary malfunction 
of a VA created or submitted to open surgery less than 1 month ago; (g) growing 
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stenotic lesions, (c) thrombolysis for thrombosed AVGs, and (d) stenting of elastic 
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In our unit, prospective results of 1-year follow-up in 71 new AV grafts with 
monthly surveillance revealed the following:

a. A Qa < 600 ml/min had the same predictive value with that ΔQa of 25%, and 
dynamic venous pressure was useless.

b. After 1 year only 35% of PTFEs did not need any kind of intervention. We 
demonstrated then a sensitivity of 82% and a specificity of 90% to detect 
stenosis.

c. “Successful” PTA in 91% and Qa↑ on average 142%.

d. A sensitivity of 39% and a specificity of 21% to detect thrombosis.

e. A thrombosis rate—0.46 thru/pt. year.

f. In 60% of cases, previous monitoring was normal.

5.  Endovascular intervention to correct dialysis vascular access 
malfunction

The initial treatment recommended for stenotic lesions in both nAVF and AVG 
is endovascular intervention, primarily angioplasty. Endovascular intervention is 
employed to maintain or even rescue AV access [32].

The recommendation within the K/DOQI guidelines is to treat hemodialysis access 
stenosis of more than 50% of the vessel lumen, if those are related with reduced flow 
rate and high venous pressure. PTA is considered a standard of care in failing hemodi-
alysis access due to its high rates of success and satisfactory patency rate [33].

5.1 Stenosis location

The stenotic lesions in an AV fistula can occur in any location of the access 
system, with a higher incidence in specific spots for each type of VA. This is the 
case of stenosis at the proximal “swing segment” (the vein segment immediately 
after the arteriovenous anastomosis of a nAVF, which was dissected and brought 
close to the artery to create the anastomosis) either in the upper arm in transposed 
brachio-basilic fistulas, or in the lower forearm, in radio-cephalic fistulas, which are 
relatively more frequent than lesions at any other site [34]. Another example is the 
cephalic arch region, in patients with brachiocephalic fistulas [32].

Below we describe some types of stenosis of the vascular circuit, selected for 
their particularities, namely, their frequency, risk of restenosis, and predictable 
danger of VA failure.

5.2 Cephalic arch stenosis

The proximal cephalic vein is characterized by a curved shape, which occurs as 
the cephalic arch passes though the coracoclavicular ligament, just before joining the 
subclavian vein.

Several reasons have been put forward to justify the development of cephalic 
arch stenosis, such as increased blood flow rates, hemodynamic factors associated 
with the vessel shape, external compression by the outer structures surrounding the 
vein, and hypertrophy of valves that are often present in the cephalic arch.
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Although angioplasty is the accepted initial treatment of cephalic arch stenosis, 
it can be problematic because lesions in that location are more resistant to dilatation. 
When dealing with resistant stenotic lesions, it is shown that employing cutting bal-
loons (see below) may improve outcomes. On the other hand, complications are more 
likely (vein rupture), and patency is reduced compared with other vein location. Stent 
placement in the arch is a delicate task because the stent should invade the subclavian 
vein lumen, which can result in its partial or total occlusion, impeding the future cre-
ation of an AVF or AVG using the basilic or axillary vein, thereby consuming vascular 
patrimony. In view of the recurrent problems with angioplasty of the cephalic arch, 
the stent placement can be an alternative to rescue the vascular access (Figure 1).

For several reasons, it is not possible to make any evidence-based recommenda-
tions on best practices for management of CAS (endovascular or surgical). There 
is profound heterogeneity in the studies retrieved, from their initial design to their 
presentation of data. Few studies were prospective, few studies involved more than 
one or two centers, and the lack of uniformity of outcomes is another weakness of 
current published studies. CAS is often managed alternatively by interventionists 
and surgeons, in our experience with identical success.

5.3 Central vein stenosis

The prior placement of a central venous catheter is by far the most common 
cause of central vein stenosis (CVS) in dialysis patients. Transvenous wires of 
cardiac rhythm devices are more and more related with central veins stenosis in this 
population of high cardiovascular morbidity. Hemodialysis patients are, therefore, 
primary candidates for new wireless pacemakers or epicardial pacemaker leads.

The surgical approach to central vein stenosis is difficult because they can hide 
behind the bone structure. Therefore, endovascular intervention with angioplasty 
and/or stent placement becomes a logistically more receptive proposal for treatment 
of CVS. Still, anatomically and functionally, central veins have several specific 
characteristics including the diameter, angle, and elasticity that make treatment 
and maintenance of their patency after intervention difficult.

Some central vein stenoses are not symptomatic. Asymptomatic central veins 
stenosis, involving less than 50% of the vessel lumen, does not require treatment 
and is best managed by simple supervision [35].

Angioplasty with or without stent placement has been the recommended 
preferred approach to CVS. The guideline 20 NKF-K/DOQI suggests that the 
percutaneous intervention with transluminal angioplasty is the preferred treatment 
for CVS [36]. PTA has very high initial technical success rates, ranging from 70 to 
90% [37, 38]. Primary and cumulative patency rates are widely variable and can 

Figure 1. 
(a) and (b). Stenosis affecting cephalic arch; this lesion responded well to balloon angioplasty.
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Figure 1. 
(a) and (b). Stenosis affecting cephalic arch; this lesion responded well to balloon angioplasty.
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Figure 2. 
(a) Right brachiocephalic trunk stop flow. (b) PTA of stenosis with 12 mm balloon. (c) Final angiogram result.
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range between 23 and 63% at 6 months and 12 and 50% at 12 months in the case 
of primary patency rate, as well as 29 and 100% at 6 months and 13 and 100% at 
12 months in the case of cumulative patency rate (Figure 2) [36, 39–42].

Our cumulative experience shows that angioplasty and stent placement is under-
mined by frequent and rapid recurrence. It can also happen that an asymptomatic 
lesion can become symptomatic upon intervention. Indeed, one study showed that 
stenosis can progress faster after intervention [37]. The venous response may be 
worsening, and the stenosis process can be accelerated due to angioplasty.

Correction of CVS with endovascular approaches remains therefore limited 
and suboptimal and may even be harmful in certain cases. After angioplasty, more 
aggressive neointimal hyperplasia and proliferative lesions were found in restenosis 
areas than in the original stenotic lesions [38].

A major problem with lesions in the central veins is that many are quite elastic. 
For this reason, endovascular stents are used more frequently for central veins ste-
nosis than for other types of dialysis access lesions. Cost considerations are highly 
relevant and also the fact that we are left without any option to treat effectively a 
restenosis inside a stent. Even if we extend 100% the half-life of a recurrent stenotic 
access (from a procedure every 3 months to every 6 months), it may look as an 
impressive achievement, but with little clinical relevance.

5.4 Juxta-anastomotic location

The vein immediately adjacent to the arteriovenous anastomosis (commonly 
referred to as juxta-anastomosis) is a common location of stenosis. This is in part 
due to injury, which occurred while “swinging” the vein to form the AV anastomo-
sis. Some studies demonstrate that the frequency of juxta-anastomotic stenosis may 
be up to 55% [43].

Angioplasty and surgery are two treatment options. Percutaneous angioplasty 
has 1-year patency rates of 44–79% [44–46]. For surgery, 1-year patency rates are 
between 64 and 88% [45–47]. In this location, we usually need very high-pressure 
balloons to deal with very hard lesions. If we elect a surgical solution, we get better 
results at the expense of a few more centimeters of vascular territory. Regrettably, 
randomized studies comparing endovascular treatment and surgery for this lesion 
are not available (Figure 3).

5.5 Type of angioplasty balloons

There are several types of balloons that we can use in angioplasty: (i) “high-
pressure,” (ii) “ultrahigh-pressure (UHP),” (iii) “cutting,” and (iv) “drug-eluting.”

5.5.1 High-pressure balloons

High-pressure, noncompliant balloons (e.g., Conquest from Bard Peripheral 
Vascular Inc., Tempe, Arizona) have rated burst pressures of 20 to 24 atm and are 
used to treat dialysis vascular access stenosis.

5.5.2 Ultrahigh-pressure balloons

Venous stenosis is characterized by extensive fibrosis and the need for ultrahigh-
pressure balloon inflations [48] or cutting balloon atherotomy for optimal treat-
ment [49, 50].
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An UHP balloon is certified for a burst pressure of 27 atm, but higher inflation 
pressures are possible. Although those balloons do not provide better results in terms 
of permeability, when compared to conventional ones, it has been suggested that 
such devices may achieve better patency rates than traditional HP angioplasty bal-
loons [51]. Its use is indicated in the treatment of symptomatic stenosis not respond-
ing to conventional high-pressure balloon. The high price of UHP balloon, the need 
for use thicker inserts, the difficulty of emptying, and its lower compliance and 
flexibility make it advisable that UHP balloons should not be a first choice in stenosis 
treatment.

Despite that, ultrahigh-pressure balloons have significantly reduced the inci-
dence of “resistant” lesions [52].

5.5.3 Cutting balloons

The cutting balloons are special angioplasty balloons with three or four cutting 
edges (atherotomes) fixed longitudinally to its surface. The atherotomes expand 
radially with balloon inflation and provide longitudinal incisions into the lesion 
cutting into tenacious neointima. Using cutting balloons has the advantage that 
disruption of the lesion occurs in a more controlled manner and at lower balloon 
inflation pressure than with conventional angioplasty.

The use of a cutting angioplasty balloon (CAB) to treat resistant lesions can be 
found in several reports [49, 51]. Most of these reports are constrained because 
they are retrospective, lack control, or the size is too small to allow meaningful 

Figure 3. 
(a) Severe stenosis in juxta-anastomotic radio-cephalic fistula. (b) Angiogram result after angioplasty with 
7 mm PTA balloon.
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conclusions. Taking into account the data reported in the literature and also consid-
ering the authors experience, it can be stated that angioplasty with a cutting balloon 
is safe and can be considered as an alternative treatment for stenosis of hemodialy-
sis AVFs that do not respond to conventional balloons.

There are serious methodologic limitations in the published reports describ-
ing the use of cutting balloon angioplasty to treat hemodialysis vascular access 
stenosis [53–56]. Studies include the concurrent use of cutting and conventional 
balloon angioplasty, the use of a high-pressure balloon, or a combination with 
placement of a stent after cutting balloon angioplasty. In other studies, cutting 
PTA was used only after the failure of high-pressure balloon angioplasty. In these 
reports, the long-term patency rate does not reflect the results obtainable with 
cutting balloon angioplasty as a primary, stand-alone treatment. The cutting 
balloon was designed primarily to reduce vascular trauma, thereby diminish-
ing neointimal hyperplasia, thereby improving hemodialysis access long-term 
patency. It should be noted that studies comparing cutting balloon and conven-
tional balloon angioplasty in the treatment of vascular access stenosis are fraught 
with conflicting results.

5.6 Drug-coated balloons

Good results have been obtained with drug-coated balloon (DCB) angioplasty 
used to prevent restenosis in the treatment of arterial stenosis. This approach (using 
paclitaxel-coated balloons) was extended to the treatment of stenosis associated 
with hemodialysis AV access, with mixed results [57].

Drug-coated balloon endovascular technology merges the dilating properties 
of angioplasty with local drug delivery. Balloon surface excipients enable drug-
eluting within the vessel wall, inhibiting cell proliferation, and reducing neointimal 
hyperplasia, while avoiding the use of permanent metal stents.

DCB angioplasty of vascular access stenosis seem to be safe and effective, providing 
superior reintervention-free intervals compared to conventional plain balloon angio-
plasty [58–60]. Recently, Yan and others published a meta-analysis that reveals that 
DCB is an effective and safe method that can significantly prolong 6-month and 1-year 
target lesion primary patency for failing hemodialysis access, as compared to conven-
tional plain balloon angioplasty. However, their study was limited by the small number 
of patients enrolled in each trial, the diversity characteristics of the lesions, the vintage 
of the dialysis access, and the formulations of paclitaxel (different dose or excipients 
used). A very heterogeneous group of studies lumped together [61].

The reported number of dialysis patients treated with DCBs is low, and several 
concerns remain unanswered. First of all, it is uncertain which lesions will ben-
efit from the use of this balloon device. Lesion preparation is another issue that 
deserves further investigation. Manufacturing companies suggest pre-dilation with 
a shorter balloon, with the same diameter, to promote drug diffusion within the 
deeper layers of the vessel wall and to improve the restenosis rate. However, in some 
RCTs published, pre-dilation was not even performed. Last but not least, although 
the long-term safety of PCBs in dialysis access treatment has been proven, preclini-
cal and experimental studies in animal models are lacking; consequently, we have 
no available information on the posttreatment lesion pathology, degree of drug 
diffusion, and the extent of paclitaxel fixation within the venous wall.

It should be noted that the use of drug-eluting balloons is a novel medical 
device that aims to decrease the trauma in the endothelium of the vascular wall of a 
fistula. Although more expensive than the conventional balloon, it is much cheaper 
than a bare metal stent, and repeated procedures can be performed in case of 
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recurrences. More trials are needed to find out if this more expensive material can 
really increase the patency of venous lesions.

5.7 Stent placement

Several challenges must be faced by resistant or recurrent stenosis throughout 
the access circuit in terms of providing optimal hemodialysis treatment. Those 
stenoses can be successfully treated by endovascular stent placement, although it 
usually requires multiple procedures to maintain patency.

Indeed, bare metal stents and covered stents have emerged as a potential addi-
tional therapeutic intervention in vascular access dysfunction. However, results are 
not encouraging. For example, bare stents are seldom used due to a high incidence 
of in-stent stenosis, and covered stents also have problems.

There are three mostly accepted indications for stent deployment: (i) a stenotic 
lesion that recurs within a 3-month period after initially successful balloon angioplasty 
in a patient with exhausted VA sites, (ii) a stenotic lesion with high elastic recoil (usu-
ally in central veins), and (iii) rupture of an outflow vein after balloon angioplasty 
that cannot be handled using more conventional actions (balloon tamponade). Other 
special conditions where a stent implantation should be considered include (i) venous 
outflow stenosis, (ii) pseudo-aneurysms, and (iii) cephalic arch stenosis.

We must take special care not to occlude important collateral veins with 
implanted stent, namely, the homolateral internal jugular vein, always required for 
future central vein catheters.

There are several reported complications associated with stent placement, such 
as stent migration, or stent fracture, which is usually seen on control angiograms. 
Infection is also a significant complication with potentially tragic outcomes. It 
should be noted that the combination of the immune-compromised status of 
patients with ESRD and repetitive cannulations for dialysis treatments is likely fac-
tors leading to infection. One unique complication is stent struts protrusion, which 
results from placing stents in cannulation sites [62]. Damage of the metal part of the 
stents (struts) can result from repetitive cannulation.

The high cost of stents has to be taken into account, raising the question whether 
the benefits obtained by placing stents at stenotic lesions outweigh the costs associ-
ated with such treatment [9]. One should reflect if the option of creating a secondary 
AVF should be considered as an alternative treatment for placing a stent (Figure 4).

5.8 AVG thrombolysis

Graft thrombosis occurs in one-third of all AVG per year, and of those that 
thrombose, 60% have more than two episodes per year. Ninety percent of all 
AVG thrombosis are associated with a stenotic lesion, most commonly in the 
venous anastomosis, but can occur in any location, in 36% of the cases in more 
than one site.

In our VAC, AVG thrombosis is primarily referred to interventional nephrology 
for endovascular thrombectomy, combining pharmaco-mechanical thrombolysis 
with a multiperforated catheter occluded at its tip, allowing high-pressure lateral 
injection of heparinized saline to dislodge wall adherent clots, followed by angio-
plasty with a 8 mm balloon of all stenotic lesions and finally embolectomy of the 
arterial anastomosis with a 4 French Fogarty catheter, to remove a more adherent, 
residual, fibrin “white” clot. Alternatively, some of us may use a mechanical device, 
the Arrow-Trerotola©, that combines clot fragmentation and aspiration, adding 
quite a substantial extra cost, without improving outcomes.
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The procedure should not be performed if the AVG is suspected to be infected 
or a graft rupture is detected. At the end of the procedure, we must check AVG 
flow, the presence of residual clot inside the VA, and the most dreadful complica-
tion, symptomatic hand ischemia due to distal arterial embolization, which must 
be resolved with embolectomy in the angiographic suite or urgently referred to 
surgery.

6. Endovascular intervention outcomes

The quality indicators achieved in our VAC include: (a) creation of a nAVF as 
first access in 80% of all patients and in 60% of subsequent accesses, (b) less than 
40% primary failure of nAVF at 3 months, (c) less than 55% secondary failure of 
nAVF at 12 months, (d) less than 30% primary failure of AVGs at 3 months, (e) per-
cent of functioning AVG post-thrombolysis >75% at 7 days and >50% at 3 months, 
and (f) no VA infections 15 days post-intervention. Regarding VA, the dialysis 
unit quality indicators are (a) percent of prevalent patients with nAVF >65%, (b) 
percent of patients with long-term tunneled catheters <20%, and (c) referral’s rate 
to the VAC <0.8/patient years.

Figure 4. 
(a) Stop flow at right BCT. (b) Placement of a stent. (c) Angiogram after 12 mm PTA balloon. (d) Final 
angiogram result.
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The technical details of all procedures we perform in our VAC are thoroughly 
described in a recent textbook [63, 64].

The National Kidney Foundation (KDOQI) guidelines [65] define a successful 
angioplasty a residual stenosis <30%, with return to acceptable levels of the parame-
ters used to place the indication for angioplasty. Initial success rates using anatomical 
criteria ranged from 80 to 98%, but in some reports, 20–30% of these patients with 
anatomical success fail to increase blood flow (residual stenosis, a missed lesion, or 
elasticity). Primary patency rates are 41–76% at 6 months and 31–45% at 1 year.

Long-term primary patency rates for thrombectomy are not as good as for 
angioplasty; therefore every effort should be made to prevent thrombosis by the 
prospective diagnosis and treatment of venous stenosis.

In a thrombosed access, the treatment must be timely to avoid catheters, done 
as an outpatient, venous stenosis must be detected and corrected, hemodynamic 
parameters should return to baseline, and patient should be evaluated for a second-
ary arteriovenous native fistula, created using upper arm veins that have become 
dilated because of the functioning graft.

In 2019, 139 surgical thrombectomies were performed in 127 patients (69 in 
nAVF and 70 in AVG). In 49.6%, no new intervention was required, and the 
average time until a new intervention was 46.7 days. Primary patency at 1 month 
was 66%, at 3 months 54.4%, and at 6 months 17.5%. In that same period, the 
angiography suite received 134 patients for 179 procedures (171 in AVGs, 8 with 
a nAVF), there was immediate success in 159 patients, the average time until a 
new intervention was 58.1-day, and primary patency at 1 month was 71.6% and at 
6 months 42.5%. In our case, Qa average improvement is >50%, and we expect a 
Kt/V above 1.4.

In intervening in a nAVF, use when available ultrasound localization of stenosis to plan the best place and 
direction to puncture the access

In intervening in a AVG, always puncture close to the arterial anastomosis in the direction of the flow toward 
the venous anastomosis

Use a 7F sheath and a hydrophilic guide wire. It allows balloons up to 14 mm to be inserted more than once

Do not miss any step even when it seems unnecessary. Always check AV anastomosis in nAVFs and arterial 
and venous anastomosis in AVGs, as well as central venous drainage

Do not accept incomplete balloon dilation. If necessary, use high-pressure balloons or cutting balloons

Avoid stents, only as a last resort

In AVG thrombolysis, after dealing with the venous anastomosis, even if the graft is already working, do 
approach with a Fogarty the arterial anastomosis

Always test flow at the end of a procedure. An eyeball test as the TIMI for cardiologists. If flow does not look 
great, it is because there is something else to fix

Table 2. 
Clinical pearls to take home.

Procedures At 30 days 
(%)

At 90 days 
(%)

At 180 days (%)

Diagnostic angiography 83 55 45

Angioplasty 92 60 45

Thrombolysis + angioplasty (AVG) 86 51 40

Table 1. 
Primary patency in our VAC at 30, 90, and 180 days, in line with most literature in the field.
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The immediate success rate of thrombolysis should be 85% or greater accord-
ing to the NKF/KDOQI guidelines and the primary (unassisted) patency goals at 
3 months at least 40% (Tables 1 and 2).

7. Conclusion

In conclusion, we are still dealing with quite a number of known unknowns. 
There has been no RCT to elucidate which percentage of lumen compromise should 
dictate the indication for angioplasty, and most operators choose 50%. Not all ste-
notic plaques were created equal, and some will never progress, but we cannot guess 
which ones. We also have no proof that a successful PTA in a graft improves long-
term patency rate [14], angiographic criteria to assess the success of angioplasty are 
not predictive of changes in blood flow, and there is no correlation between changes 
in blood flow and changes in the percent of stenosis post-PTA [66]. In an era 
characterized by less is more, under the imperative of being useful for our patients, 
creating long-term solutions at sustainable costs, we feel a desperate need for robust 
scientific evidence to support our decision process and the procedures we perform. 
Just because it can be done, does not mean it should be done, our intervention is no 
more a question of know-how, but of know-when.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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The immediate success rate of thrombolysis should be 85% or greater accord-
ing to the NKF/KDOQI guidelines and the primary (unassisted) patency goals at 
3 months at least 40% (Tables 1 and 2).

7. Conclusion

In conclusion, we are still dealing with quite a number of known unknowns. 
There has been no RCT to elucidate which percentage of lumen compromise should 
dictate the indication for angioplasty, and most operators choose 50%. Not all ste-
notic plaques were created equal, and some will never progress, but we cannot guess 
which ones. We also have no proof that a successful PTA in a graft improves long-
term patency rate [14], angiographic criteria to assess the success of angioplasty are 
not predictive of changes in blood flow, and there is no correlation between changes 
in blood flow and changes in the percent of stenosis post-PTA [66]. In an era 
characterized by less is more, under the imperative of being useful for our patients, 
creating long-term solutions at sustainable costs, we feel a desperate need for robust 
scientific evidence to support our decision process and the procedures we perform. 
Just because it can be done, does not mean it should be done, our intervention is no 
more a question of know-how, but of know-when.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 12

Coronary Artery Intervention
Techniques
Imran Khalil

Abstract

The topic of coronary artery intervention techniques is very complex. This
chapter’s goal is to discuss basic to complex techniques summarized to help coro-
nary operators at all levels to understand the practical aspects of daily coronary
interventions using a noncomplex approach. With the revolution of percutaneous
cardiovascular and valvular interventions, more patients with complex coronary
lesions are treated with percutaneous coronary intervention (PCI) over coronary
artery bypass graft (CABG) surgery. Thus, mastering all approaches, techniques of
PCI, being comfortable with performing high risk PCIs, and using hemodynamic
support devices have become very important. While the basics of coronary inter-
ventions have not changed, equipment innovation has a very rapid pace with almost
daily additions to the arsenal of coronary interventions, in particular, stent devel-
opment. Stent therapy for coronary interventions especially in acute coronary syn-
drome is a proven concept. This created a race to develop a perfect stent that allows
for physiological healing of the coronaries and avoid their use in long-term issues.
With each addition to the equipment collection comes a learning curve on both
technical and clinical evidence aspects, all which make coronary intervention a
more specialized and rapidly progressive field.

Keywords: percutaneous coronary interventions, techniques, complex, high risk,
equipment, radial approach, bifurcations stenting, coronary guidewires, coronary
guide catheters, left main, venous graft interventions, instent restenosis

1. Introduction

For daily planned procedures, there are several approaches for coronary inter-
ventions. In reality and especially an emergency situation, any kind of arterial
approach that can reach the coronary tree can be used as long as emergency percu-
taneous coronary interventions could be successfully and safely performed.

These common approaches include radial right and left, ulnar right and left,
distal radial right and left, femoral, and brachial. Carotid, axillary approaches might
be necessary in the right clinical presentation. For each approach, operators need to
be familiar with the limitations, advantages, disadvantages, access and closure
techniques, potential complications, and their management. Knowledge of arterial
and venous anatomy and its possible anomalies are basic requirements of any
vascular operator.

This chapter is focusing on PCI technical aspects and high-risk interventions.
Reader is redirected to other resources that focus on performing diagnostic left
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heart catheterization (LHC) as it is crucial to understand everything about
diagnostic catheters, procedure, and equipment before proceeding with PCI.

Table 1 includes a required checklist of equipment needed in any catheterization
lab performing PCI, especially high-risk PCI.

2. Percutaneous coronary interventions

Performing successful PCI requires good planning. Access site, anticoagulation,
antiplatelet therapy, good assessment of target lesions, intravascular imaging,
adjunct therapies (i.e. atherectomy or other plaque modification procedures), and
instruments necessary to perform the procedure and handle complications should
be available.

The main simple steps for any PCI are engaging the target system with the guide
catheter, wiring the lesion, preparing the lesion for stenting and finally deploying
the stent. Every step can be a challenge by itself.

2.1 Radial approach

Over the last two decades, radial approach for coronary interventions has devel-
oped significantly. It has become the standard of care in any catheterization lab.

In addition to growing evidence that supports this approach of safety and better
outcome in coronary interventions [1–4], it is also significantly evolving as a great
approach for peripheral arterial interventions, including abdominal vessel inter-
ventions and even lower extremity interventions.

With obesity pandemic, operators need to perform LHC/PCI using a radial
approach and avoid femoral at all prices, and we will discuss the femoral approach
in obese patients. Obese patients can be very challenging patients for radial
approach, but it is definitely worth it to avoid using femoral approach and dealing
with access and potential complications that rise especially in obese diabetic
patients [5].

For our topic of coronary interventions, radial approach especially right radial
approach is the main approach for any patient; first time coronary angiogram and
PCI patients or returning patients, chronic total obstruction interventions and even
patients with prior CABG [6].

In case of suspected acute stent thrombosis after completing PCI, radial access at
the same site can be safely performed. While in femoral approach, it depends on the
closure device that has been used.

It has proven that it is safer than any other approach with less bleeding, access
complications, and outcome at least in STEMI patients [3].

Even in post-CABG patients, right radial approach can be used effectively. All
aortic grafts can be imaged easily. Even the left internal mammillary artery LIMA
can be reached but requires manipulating across the aortic arch to reach left sub-
clavian and wiring it. Meaning crossing all the head vessel which in diseased aortic
arch might not be a smart idea as it could increase risk of emboli ischemic stroke
significantly. That is where left radial approach comes handy.

In elderly small size females, radial approach for LHC/PCI is a priority as this
category of patients carries the highest risk of vascular complications and bleeding
using femoral approach. 5Fr radial sheath is considered in general safer to perform
LHC and even simple PCI that does not require 6F guide catheters.
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Sheaths 6–8 French standard (short and supportive long 23, 45, 65 cm for support
of a tortuous, iliac and aorta for femoral approach). Multiple sheaths
available: pinnacle, bright tip, braided and destinations
Radial sheaths 6–7 French; several available sheaths: slender sheath most
commonly used
Sheathless 7Fr system like RailWay system

Injection system Manifold 4 valve system or Acist device. At least Manifold should be
available

Y-connector with
hemostatic valve

Regular Tuohy, Co-pilot, or Guardian

Guide catheters Multiple available guide catheters available from different companies and
for right and left system; differences are minimal. Starting from less
support to maximum support. More support is provided with contralateral
support guide catheters against the contralateral aortic wall or aortic valve
For the right: Judkins right 4, IMA, Amplatz right, Multipurpose, KR4,
IKARI left, Voda right, Amplatz left
For the left system: Judkins left, IKAR left, Kimny, Voda left, EBU, XB,
CLS, SAL, Amplatz left etc.

Guide catheter extensions Guideliner, Guidezilla, Guidion, Trapliner

Guide wires Vascular wires and catheters: 0.035 or 0.038 J tip wire, wholey wire, glide
wire, glide wire advantage wire, super stiff or extra stiff wire (help
advance sheath through scar tissue and straighten tortuous large vessels),
glide straight and angled tip catheters
For coronary wires: see Table 2 for list of available wires

Intravascular diagnostic
imaging

IVUS, OCT

Micro-catheters/support
catheters

See Table 3 for list of available micro catheters

Lesion crossing/
preparation for stenting

Small balloons, over the wire or rapid exchange
Tornus or Turnpike Gold
Threader
LASER
Atherectomy systems (rotational, orbital)

Dissection/reentry
equipment

CrossBoss Catheter/Stingray LP balloon and wire

Balloons and stents Compliant and noncompliant balloons of all different sizes and lengths,
cutting balloons, Ostial Flash
Bare metal stents, drug eluting stents and Covered stents

Complications
management

Covered stents (Graftmaster or PK Papyrus)
Vascular coils: better if detachable and 0.014 compatible such as Axium
coils. Other 0.018 pushable coils could be used if there are the only
available ones but they require higher profile micro catheters like Progreat
or Renegade
Pericardiocentesis tray, echo contrast
Echocardiogram probe and vascular probe
Thrombin
Snares: Esnare or Atrieve 18–30 mm or 27–45 mm
Vascular balloons and stents for vascular access complications

Hemodynamics support Impella 2,5, CP, Impella RP, IABP and VA ECMO

Radiation protection

Table 1.
Necessary equipment for successful PCI program.
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In chronic total occlusion (CTO) interventions, radial approach can be used as a
single access in antegrade approach or in retrograde approach with another access
that could be femoral or even left radial depending on the clinical scenario.

Radial approach is very convenient for patients, allowing them to move as soon
as possible and avoid prolonged bed rest and recurrent need for applying pressure
in case of recurrent bleeding.

Initially, radial approach had increased radiation exposure and time compared to
femoral approach. As it has a learning curve, this is not true anymore due to
increase in operators’ experience. Still, left radial approach has more operator radi-
ation compared to femoral and right radial but less complications compared to
femoral approach [7–9]. Using appropriate radiation protection could decrease
operator’s radiation exposure [10].

As in any artery, radial artery can dilate, but the dilation ratio depends on the
baseline size, presence of atherosclerosis disease, and calcifications. Complications
can occur when inappropriate dilation is performed. Specific medication mix is used
to avoid spasm of radial or ulnar artery after getting access and sheath inserted. Still,
some patients have significant spasm which can make radial approach very hard
and even impossible to complete the requiring switching to femoral approach.

When facing any resistance advancing the wire, operator should perform an
angiogram especially if 7F system is planned.

Sheath-less technique is encouraged when using larger than 6 F. 7Fr and can be
performed in most patients. 8F requires large radial artery. Female patients with
small size and short status are more likely to not have a radial vessel that
accommodates larger than 6Fr system.

Ulnar artery can be dominant or the same size and can be used for PCI easily and
safely. There is no significant data to compare radial and ulnar approaches.

2.2 Understanding coronary artery lesions

Atherosclerosis is the most common etiology for coronary artery disease. How-
ever, operator should understand the difference in physiology and invasive man-
agement of other etiologies such in inflammatory post-transplant vasculopathy
(Cardiac Allograft Vasculopathy CAV) (Tables 2 and 3), vasculitis, aneurysms, and
spontaneous coronary artery dissections (Table 4). Although the main principles of
interventions are similar, these special etiologies require special considerations.

National American College of Cardiology/American Heart Association/Society
for Cardiovascular Angiography and Interventions ACC/AHA/SCAI and interna-
tional societies of cardiovascular diseases European Society of Cardiology ESC have
their classifications of lesions risk of interventions for each coronary lesion based on

Type A Discrete, tubular, or multiple stenosis

Type B1 Abrupt onset with distal diffuse concentric
narrowing and obliterated vessels

Type B2 Gradual, concentric tapering with distal
portion having some residual lumen

Type C Narrowed irregular distal branches with
terminations that are often none-tapered and
squared off, ending abruptly

Table 2.
Types of cardiac allograft vasculopathy lesions.
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specific characteristics and success rate of intervention (Tables 5 and 6), Systemic
evaluation of coronary lesion and understanding of the anatomical and physiologi-
cal characteristics for each lesion are essential for successful intervention.

Syntax score is an additional tool that was developed to stratify patients based on
the complexity of their coronary artery disease (CAD) and identify patients who
benefit from different revascularizations options (CABG and PCI) based on their
score. Similar to ACC/AHA classification of lesions, Syntax score is calculated based
on each lesion characteristics with more details (Figure 1 and Table 7). It is another
available tool to evaluate the risk of lesions and subsequently the outcome of
procedure.

Type 1 Multiple radiolucent lumen

Type 2 Long diffuse and smooth narrowing of the body or distal end of the vessel

Type 3 Focal or tubular stenosis

Table 4.
Classification of spontaneous coronary artery dissection.

Type A lesions: high success rate > 85%; low risk

Discrete <10 mm length Little or no calcification

Concentric Less than total occlusion

Readily accessible Not ostial location

None-angulated segment <45° No major branch involvement

Smooth contour Absence of thrombus

Type B lesions: moderate success 60–85%: moderate risk

Tubular 10–20 mm length Ostial in location

Eccentric Bifurcation lesions requiring double guidewires

Moderate tortuosity of proximal segment Some thrombus

Moderately angulated 45–90° Total occlusion <3 months old

Irregular contour Moderate to heavy calcifications

Type C lesions: low success <60%; high risk

Diffuse lesion >20 mm length Degenerated venous graft with friable lesions

Excessive tortuosity of proximal segment Total occlusion >3 months old

Extremely angulated segment >90° Inability to protect side branch

Table 5.
ACC/AHA classification of coronary lesions and outcome predictors.

Class I Class II Class III Class IV

Severity Minimal Mild Moderate Severe

Intimal thickness <0.3 mm <0.3 mm 0.3–0.5 mm >1 mm

Or Or Or

Extent of plaque <180 >180 >0.5 mm, <180 >0.5 mm, >180

Table 3.
Duke classification of cardiac allograft vasculopathy on IVUS.
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Table 5.
ACC/AHA classification of coronary lesions and outcome predictors.

Class I Class II Class III Class IV

Severity Minimal Mild Moderate Severe

Intimal thickness <0.3 mm <0.3 mm 0.3–0.5 mm >1 mm

Or Or Or

Extent of plaque <180 >180 >0.5 mm, <180 >0.5 mm, >180

Table 3.
Duke classification of cardiac allograft vasculopathy on IVUS.
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Bifurcation lesions are one of the most challenging lesions for intervention.
Multiple classifications have been developed with Medina being the most used one
(Figure 2).

All classifications are meant to help operator to address the risk of intervention,
success rate, potential complications and outcome. Operator should always keep in
mind that coronary angiograms are only two dimensional images of three dimen-
sional lesions. Baseline orthogonal and multiple projections angiogram should be
used as possible to help achieve best angiographic results.

Deciding the need for hemodynamic support is not only related to the lesion
characteristics. It is also based on the whole picture of the patient presentation,
coronary and peripheral anatomy, comorbidities and evidence-based outcome. In
some cases, the decision is clear whether to use hemodynamic mechanical support
or not but in most of the cases, the answer is not clear.

Available mechanical hemodynamic support devices (left ventricular assist
device LVAD) are intra-aortic balloon pump IABP, Impella (which comes in differ-
ent sizes depending on the cardiac output they provide Impella 2.5, Impella CP,
Impella 5), RP Impella (right ventricular Impella), venous arterial Extracorporeal
membrane oxygenation (ECMO) (which also can provide different cardiac output
depending on cannula size but also provide oxygenation which Impella does not)
and Tandem heart. The discussion of each device indications, advantage and disad-
vantages is beyond this chapter.

The timing of hemodynamic support in acute setting (not planned PCI) before
or after restoration of coronary flow is controversial and depends on several

SCAI Type I: highest success rate and lowest risk

Does not meet the criteria for ACC/AHA type C lesion

Patent

SCAI Type II lesion

Diffuse lesion >20 mm length

Excessive tortuosity of proximal segment

Extremely angulated segment >90°

Inability to protect major side branch

Degenerated venous graft with friable lesions

Patent

SCAI Type III lesion

Does not meet the criteria for ACC/AHA type C lesion

Occluded

SCAI Type IV lesion

Diffuse lesion >20 mm length

Excessive tortuosity of proximal segment

Extremely angulated segment >90°

Inability to protect major side branch

Degenerated venous graft with friable lesions

And occluded OR occluded more than 3 months alone

Table 6.
SCAI classification of coronary lesions.
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cofounders such as the presence of cardiogenic shock and the expected time to
restore coronary flow in challenging lesions. Ongoing clinical trial are trying to
address these questions. So far, there is no strong data to support placement

Figure 1.
Syntax score: top shows the dominance and numbering of coronaries segments, bottom: characteristics of each
segment.
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of any hemodynamic support device in cardiogenic shock in the setting of acute
coronary syndrome.

2.3 Choosing the appropriate guide catheter

Several medical companies provide wide range of options for guide catheters
designs. Each has their own catheters designs for radial or femoral approach. They
share the general principle and look similar. Operator should be knowledgeable of
advantages and disadvantages of each and be comfortable to deal with challenges
and complications as they appear.

Choosing the appropriate guide catheter is a very important step. It can make
the intervention significantly easier and smother than using inappropriate guide
catheter.

Goals of guide catheter:
Engage target coronary coaxially to avoid damage of the engagement and deep
intubation.

Lesion characteristics Impact on syntax score

Diameter reduction

Total occlusion X5

Significant lesion (50–99%) X2

Total occlusion

Age > 3 months +1

Blunt stump +1

Bridging +1

First segment visible beyond total occlusion +1 per nonvisible segment

Side branch present +1

Trifurcations

1 diseased segment +3

2 diseased segments +4

3 diseased segments +5

4 diseased segments +6

Bifurcations

Type A, B, C +1

Type D, E, F, G +2

Angulated <70° +1

Aorto-ostial lesions +1

Severe tortuosity +2

Length > 2 cm +1

Heavy calcifications +2

Thrombus +1

Diffuse disease/small vessels +1 per segment number

Table 7.
Factors affecting lesion scoring in the syntax score.
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Provide support for intervention and stability with multiple exchanges of
balloons, stent, guide extensions, and adjunct therapies.

Allow coronary flow during intervention.

2.3.1 Basic information to help operator handling guide catheters

Guide catheters although have three layers (diagnostic have two layers); they
have thinner walls than diagnostic catheters to allow larger lumen. This makes
them prone to kinking and weakening, and the middle layer is usually braided
wire to minimize this risk. The tip of guide catheter is not tapered (diagnostic
catheters have tapered tip).

Moving/rotating the guide catheter similar to diagnostic catheters with slower
speed and patience to transmit torque (1 to 1 torque transmission) when
withdrawing or advancing.

Advancing guide catheter slowly to avoid deep coronary intubation and
damage.

Live monitoring of pressure wave to notice any change (ventricularization,
damping or disappearance).

Guide catheters are used with hemostasis valve to allow instrumentation and
imaging at the same time.

A lot of operators and some companies recommend keeping the 0.035″ guide
wire inside while trying to engage the target coronary and adjust the location
of the wire based on the operator assessment of the guide segment that need
more support to stay straight. This only possible with a hemostasis valve
(Tuohy) in place. Operator should make sure to de-air the system well while
using this technique and assure good seal that prevents air from entering the
system. Most operators keep the main 0.035″ guide wire in till they wire the

Figure 2.
Medina classification.
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coronary with 0.014 guide wire and secure guide engagement. This technique
is mostly used for radial approach especially in patients with extensive
tortuous vessels.

Consider longer sheath to provide good support through tortuous vessels. This
is mainly a femoral approach option.

Bleed back from the hemostasis valve after performing exchanges to avoid
introducing air or building clots in the system. This is very important while
performing complex interventions with multiple wires and balloons and after
aspiration thrombectomy.

If more support is needed and guide catheter needed to be advanced inside the
coronary, operator should perform that over a wire or a balloon.

Advancing any instrument can push the guide out (especially if not a good
support guide) causing disengagement and vice versa; pulling instruments can
create a suction mechanism and advance the guide catheter deep inside the
coronary and cause complications (dissection, perforation, and ischemia).
Operators can use this mechanism to their benefit to provide more support or
disengage the guide when needed (i.e. stenting ostial left main).

Guide catheters are available with or without side holes. Side holes purpose to
prevent coronary obstruction by allowing some blood flow especially when
using severe ostial lesions. Some operators argue that although using side holes
can help avoid dampening of pressure, it does not support much coronary
support and only give operators a false sense of comfort. Interventional guide
wires can come out of these side holes and make it to coronary and unless
operators are aware of that potential issue, complications can occur. Lastly,
side holes can increase contrast volume used and weaken the tip of the guide
catheter and make it prone to kink.

In addition to tip shape and length, shaft length is another important
characteristic. Shorter guide catheters are used in CTO, bypass grafts and
internal mammillary artery IMA interventions to allow for more wire to reach
lesions in retrograde CTO approach and distal lesion in the grafts, anastomosis
or target bypassed vessel. Longer shafts are used in tall patients or patients with
significant tortuous aorto-femoral vessels. Standard shaft length is 100 cm,
short is 80 or 90 cm, and long is 110–115 cm. Operators can shorten the guide by
cutting a segment of the guide and connect them using sheath segment.

2.3.2 Sizing of guide catheter

There are four available sizes for coronary interventions (Table 8). Amount of
contrast used in PCI increases with increasing guide catheter size.5Fr guide

catheters: rarely used. Allows for simple single vessel PCI.

Outer lumen size (French) 5 6 7 8

Manufacturer/guide design Inner lumen size (inch)

Boston Scientific/Wiseguide NA 0.066 0.076 0.086

Abbott/Viking NA 0.068 0.078 0.091

Boston Scientific/Mach1 NA 0.070 0.081 0.091

Cordis/Vista Brite Tip 0.056 0.070 0.078 0.088

Medtronic/Launcher NA 0.071 0.081 0.090

Table 8.
Different guide catheter designs per company and sizes.
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6Fr guide catheters:

The workhorse size for most of PCI cases.
Allow for performing kissing rapid exchange balloons of almost any coronary
size.

Does not allow simultaneous double stenting techniques.
Allow for simultaneous balloon and stent deployments but with limitation of
size related to stent size.

Allow for rotational atherectomy max size Rotablator 1.5.
Limited on the size of covered stent that can be used. For Graftmaster covered
stent (Max size 3.5 mm stent). Newer PK papyrus covered stent can fit in 5Fr
for sizes up t0 4.0 mm and requires 6Fr guide for >4.0 mm stents.

7Fr guide catheters:

The most commonly used size in high risk interventions for technical support or
in preparation to deal with complications:

Allow for simultaneous double stenting techniques.
Allow for rotational atherectomy max size Rotablator 1.75.
Allows for two over the wire balloons.

8Fr guide catheter:

Limited in availability.
Used for high risk interventions and CTO.
Allow for rotational atherectomy max size Rotablator 2.0.
Required for complex CTO intervention where intravascular ultrasound (IVUS)
directed true lumen reentry and balloon are required.

2.3.3 Choice for guide catheter tip curve, shape and length for PCI depends on several
factors

The access approach: radial right, left or femoral. Technically, most of femoral
guide catheters could be used in radial approach and vice versa. However, some guide
catheters are originally designed for radial approach (i.e. XB) and would be more
effective if it is used for the same purpose especially nonexperience operators and in
challenging interventions. A big advantage of radial approach is the availability of
multiple guide catheter that can be used as a single catheter to perform diagnostic and
intervention using same catheter for left and right with very good support and
without the need to exchange. Some of these guide catheters are: EBU, Kimny,
Q-Curve, Multi-Aortic Curve MAC and even Amplatz left. Manipulating and
adjusting the guide bend with 0.035″ wire might be required to achieve that (Wire
assisted guide engagement technique). Using the guide wire can make any left con-
tralateral support catheter (EBU, XB, Kimny, Voda, Q-Curve, FCL, MAC, CLS, Kiesz
left, Amplatz left) a single catheter for both left and right but this requires caution
and experience to avoid advancing the 0.035″ wire inside the coronary (Figure 3).
Left radial approach is similar to femoral approach in regard to guide catheter choice.

Anatomical factors:

The diagnostic catheter used to perform diagnostic angiogram is one of the most
important factors. The diagnostic angiogram procedure is very important in general
in deciding the choice for interventional guide catheter as it provides information
about the difficulty of vessel engagement, vessel take off, position of the heart in
the chest, ascending aortic length, width and orientation in chest, length and degree
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of required support of the guide catheter. In femoral and radial approaches using
pre-shaped diagnostic catheters, guide catheter length is usually 0.5 shorter than the
diagnostic catheter used. This rule does not apply for radial approach when a single
diagnostic catheter is used. In this case, operator makes the choice based on the
diagnostic catheter used and the other factors.

The vessel involved; left anterior descending (LAD) or left circumflex (LCX), or
right coronary artery (RCA), the location of takeoff of the vessel, presence of
anomalous coronary and the shape of coronary or graft takeoff.

Lesion specific factors: the location of the lesion (ostial or not), the difficulty of
the lesion and the need for support (tortuous, calcified coronary) (Tables 9 and 10),
setting of intervention CTO vs. acute vs. elective case.

For left system: shorter guides will selectively engage LAD and longer guides will
electively engage and support LCX like Voda left (VL) and Amplatz left (AL).

2.3.4 Special cases for choosing appropriate guide catheters

Left coronary system: there are large range of guide catheters GC especially for left
system catheters and all of them can be used in all different left system variable
anatomies. XB, EBU, CLS, VL, SAL, MAC, Q-wave and AL catheters can provide
good contralateral aortic or leaflet support especially during radial approach. JL/FL
guide catheter are the old typical GC used in femoral approach. It provides minimal
support from femoral approach. However, during radial approach, support of this
GC can varies depending on the brachiocephalic and aortic anatomy. There are
variable take offs and length of the left main. Superior take off would require longer
GC to engage and at the same time achieve good support from aortic leaflet with or
without contralateral aortic support. Horizontal take off could be engaged from the
top by JL/FL GCs or by contralateral support GC. Short left main and separate ostia
of LAD/LCX poses more challenge. Longer GC could engage either LAD or LCX
selectively which could be a significant advantage when the target lesion is beyond
the ostium. This provides much strong support for intervention but might occludes
the other vessel and induces ischemia. This challenge is sometime unavoidable and
thus could be managed by careful intermittent engagement and disengagement as
needed during intervention. On the other hand, shorter GCs are needed for ostial
target lesions.

For ostial left main interventions, a guide with side holes and easy way to
disengage is preferred. JL/FL are good guide catheters for that. Still, contralateral

Figure 3.
Changing catheter tip shape with wire assist.
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Judkins Left (least support) Catheter with two bends the sort bend does
not provide much support. Can have some
advantage for ostial and proximal left main
lesions where deep engagement is
contraindicated

Ikari Left Radial guide: can be used for both left and
right interventions as a single catheter
technique (Useful in STEMI). Better
support that JL but for the same double
curve reason

Kimny Similar to Ikari but more support

Contralateral Support
Catheters (EBU, XB, Voda left,
CLS, Q Curve, Kiesz left)

Very good support from contralateral
aortic wall or sinus of Valsalva. EBU and Q
curve can be used as a single catheter for
left and right (STEMI cases). A workhorse
guide catheter
Voda left is a good support catheter for
LCX interventions

Amplatz Left, SAL (Best
support)

Best support guide catheter. Deep
engagement. Very useful for complex PCI
and CTO interventions

Table 9.
Classification of left coronary system guide catheters by level of support.
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Amplatz Left, SAL (Best
support)

Best support guide catheter. Deep
engagement. Very useful for complex PCI
and CTO interventions

Table 9.
Classification of left coronary system guide catheters by level of support.
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Judkins Right (least support) A workhorse guide catheter. Very useful for all
types of take offs

Very useful for engaging all venous grafts and
head vessels

IMA guide catheter is similar with more acute
distal bend

Amplatz Right, KR (Kiesz
Right), Hockey stick

A little better support than JR but still passive
support with no contralateral support

Also can be used for engaging venous grafts

Multipurpose Requires significant manipulation and use f
wire to support it. Very helpful in most

downward pointing vessels like RCA and right
venous grafts and anomalous LCX

Ikari Left, Ikari Right Radial guide: can be used for both left and right
interventions as a single catheter technique
(Useful in STEMI). Provide contralateral and
better support for right interventions than left

Contralateral Support
Catheters (EBU, XB, Voda,
CLS, Q-Curve MAC)

Very good support from contralateral aortic
wall or sinus of Valsalva

EBU, Q curve and MAC (Multi-Aortic Curve)
guide catheter can be used as a single catheter
for left and right using radial approach (STEMI
cases). Another advantage of radial approach to
make these guides workhorse guide catheters

Voda right is a specific for RCA
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aortic support GC can be used especially when additional interventions with sup-
port is required.

RCA system: because of the variable origin and takeoff of the RCA (posterior,
anterior, superior anterior origins, inferior, horizontal, superior, Shepherd’s Crook
take offs), contralateral support guides for RCA interventions are less available, but
some of the left guides can be used for the right interventions with aortic contra-
lateral wall support like EBU, Voda, SAL, Q-Curve, MAC, and AL. Some companies
have more specific right guide catheter with contralateral aortic wall support (Voda
with right curve).

Contralateral support is very important for RCA interventions that needs signif-
icant support. However, workhorse guide catheters (JR/FR/IMA/3RDC/AR) are still
mostly used due to their availability and operators’ comfort level using them espe-
cially in challenging RCA take offs. Coaxial engagement and good support are two
qualities for good interventions that are difficult to obtain at the same time in
abnormal RCA take off using especially using workhorse GCs. For example: inferior
take off engagement with multipurpose GC would provide good engagement but
minimal support. Superior and Shepherd’s Crook take off are one of the most
challenging cases for any operator. Special radial designed GCs (KR superior, Voda
right, RCA Shepher’s Crook RC4SC, Ikari right) also can be very helpful. Posterior
origin of the RCA can be reached with WRP, multipurpose AR and AL GCs. Ante-
rior origin of the RCA would require long GC such as AL. Using RAO projections
can be very helpful to engage posterior and anterior origin.

For the most common coronary anomaly (LCX origin from RCA): multipurpose
GC and JR short tip are good options. However, due to poor support, aforemen-
tioned contralateral aortic GCs can provide significant support with deep engage-
ment that can cause pressure dampening and decrease coronary flow.

Grafts: internal thoracic artery or internal mammillary artery IMA has special
diagnostic catheters with similar guide catheters like regular IMA tip and LIMA
VB-1 that can be used. JR, 3RDC, Cobra and LCB guides can be used too and all
depends on the LIMA take off left subclavian.

Venous grafts can be engaged and intervene on using multiple catheters
depending on their take off: JR, AL, IMA, special RCB, LCB right and left coronary
bypass catheters, MPA, Hockey stick or even JL. Some operators use catheters used
to engage abdominal aorta branches like Cobra, Renal catheters RC, Contralateral,
MIK, HK1.0 or SHK. Amplatz left is a workhorse GC that can be used in all venous
grafts and almost any types of origins or take offs while providing best support.

RIMA: free RIMA is imaged and intervene on similar to venous grafts depending
on its origin from the aorta. Pedicle RIMA can be reached by right radial approach
or femoral approach. JR, Barbeau or special RIMA guide catheter can be helpful in
femoral approach.

Thrombotic lesions are common findings in ACS especially STEMIs and venous
grafts lesions. There are multiple available catheters approved for cardiac vessels

Amplatz Left, (Best support) Best support guide catheter. Deep engagement.
Very useful for complex PCI and CTO

interventions
A very good support guide catheter for all venous
graft interventions and for the same reason, it is
good for abnormal take off of the RCA (anterior,

superior, and posterior)

Table 10.
Classification of right coronary system guide catheters by level of support.

219

Coronary Artery Intervention Techniques
DOI: http://dx.doi.org/10.5772/intechopen.93458



Judkins Right (least support) A workhorse guide catheter. Very useful for all
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distal bend
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aortic support GC can be used especially when additional interventions with sup-
port is required.

RCA system: because of the variable origin and takeoff of the RCA (posterior,
anterior, superior anterior origins, inferior, horizontal, superior, Shepherd’s Crook
take offs), contralateral support guides for RCA interventions are less available, but
some of the left guides can be used for the right interventions with aortic contra-
lateral wall support like EBU, Voda, SAL, Q-Curve, MAC, and AL. Some companies
have more specific right guide catheter with contralateral aortic wall support (Voda
with right curve).

Contralateral support is very important for RCA interventions that needs signif-
icant support. However, workhorse guide catheters (JR/FR/IMA/3RDC/AR) are still
mostly used due to their availability and operators’ comfort level using them espe-
cially in challenging RCA take offs. Coaxial engagement and good support are two
qualities for good interventions that are difficult to obtain at the same time in
abnormal RCA take off using especially using workhorse GCs. For example: inferior
take off engagement with multipurpose GC would provide good engagement but
minimal support. Superior and Shepherd’s Crook take off are one of the most
challenging cases for any operator. Special radial designed GCs (KR superior, Voda
right, RCA Shepher’s Crook RC4SC, Ikari right) also can be very helpful. Posterior
origin of the RCA can be reached with WRP, multipurpose AR and AL GCs. Ante-
rior origin of the RCA would require long GC such as AL. Using RAO projections
can be very helpful to engage posterior and anterior origin.

For the most common coronary anomaly (LCX origin from RCA): multipurpose
GC and JR short tip are good options. However, due to poor support, aforemen-
tioned contralateral aortic GCs can provide significant support with deep engage-
ment that can cause pressure dampening and decrease coronary flow.

Grafts: internal thoracic artery or internal mammillary artery IMA has special
diagnostic catheters with similar guide catheters like regular IMA tip and LIMA
VB-1 that can be used. JR, 3RDC, Cobra and LCB guides can be used too and all
depends on the LIMA take off left subclavian.

Venous grafts can be engaged and intervene on using multiple catheters
depending on their take off: JR, AL, IMA, special RCB, LCB right and left coronary
bypass catheters, MPA, Hockey stick or even JL. Some operators use catheters used
to engage abdominal aorta branches like Cobra, Renal catheters RC, Contralateral,
MIK, HK1.0 or SHK. Amplatz left is a workhorse GC that can be used in all venous
grafts and almost any types of origins or take offs while providing best support.

RIMA: free RIMA is imaged and intervene on similar to venous grafts depending
on its origin from the aorta. Pedicle RIMA can be reached by right radial approach
or femoral approach. JR, Barbeau or special RIMA guide catheter can be helpful in
femoral approach.

Thrombotic lesions are common findings in ACS especially STEMIs and venous
grafts lesions. There are multiple available catheters approved for cardiac vessels

Amplatz Left, (Best support) Best support guide catheter. Deep engagement.
Very useful for complex PCI and CTO

interventions
A very good support guide catheter for all venous
graft interventions and for the same reason, it is
good for abnormal take off of the RCA (anterior,

superior, and posterior)

Table 10.
Classification of right coronary system guide catheters by level of support.
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interventions (Table 11). They share the same principle of mechanical aspiration
embolectomy that depends on manual or machine assisted aspiration of the clot.
Multiple passes might be required for some cases. No blood return while aspirating
is a sign of either poor flow triggered by clot occluding the catheter or suctioning
against the vessel wall. When no blood return is seen, the catheter should be
withdrawn till blood return is seen. If blood return still not seen, the catheter should
be removed out of the body and examined for clot at the tip. It is very important to
keep negative pressure while withdrawing the catheter out of the GC followed by
bleed back of the GC to remove any potential clot left within the GC.

Aspiration thrombectomy can aspirate the clots from the coronaries and displace
it to systemic circulation. The data of using aspiration embolectomy is controversial.
Most recent guidelines recommend against their routine use due to increased risk of
embolic strokes and no clinical outcome benefit. However, some cases with signif-
icant thrombosis cannot be resolved without their use.

Coronary micro-catheters are small catheters compatible with 0.014″
coronary wires. There is a wide spectrum of micro-catheters with different
designs (Table 12). They provide operators with significant ability to provide
wire exchanges, crossing difficult lesions, assist wiring difficult angulated
lesions (Table 13) and many other technical advantages especially in CTO
interventions.

Upsizing or exchanging GC to provide more support during procedure is chal-
lenging after crossing a difficult lesion or any case where guide wire position is
critical. The risk of losing guide wire position while loading the new GC is high.
Long guide wire or adding extension wire is first step. More support with additional
buddy wire and/or using micro catheter inside the new GC could be helpful.

Manufacturer Catheter name Compatibility Length Note

Pneumbra Indigo CAT RX 5.3 Fr 140 cm Aspiration catheter of
CAT RX

SEPC4 catheter can be
used to break the clots

(200 cm)

Medtronic Export Advance 6.0 Fr 140 cm

Export AP 6.0 Fr 140 cm

Vascular
solutions/
Teleflex

Pronto 5.0 to 10 Fr Pronto V4 (138 cm)
Pronto V3 (140 cm)
Pronto LP (138 cm)

Pronto V4 and V3 are
available with 5.5, 6, and

8Fr
Pronto LP available with

5, 6 Fr
Pronto 0.03 is peripheral

catheter 10 Fr, 120°
angled 4 cm tip

Terumo Priority one 6 and 7FR 140 cm

Spectranetics Quick Cat 6Fr 145 cm

Atrium Xpress-Way 6 and 7 Fr 140 cm

Boston
Scientific

Fetch 2 6Fr 135 cm

Stron Medical Vmax 5, 6 and 7Fr 135–141 cm

Tsuna Med Emax 5, 6 and 7Fr 136.5–141 cm

Table 11.
Coronary Embolectomy Catheters.
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2.4 Choosing the appropriate guide wire

There are large number of guide wires from different companies with different
characteristics. Operator should be comfortable and familiar with design, charac-
teristics, advantages, and disadvantages of at least workhorse wires and special
wires especially high risk and CTO operators.

Manufacturer Catheter name Length Distal shaft outer
diameter (French)

Notes

CSI
cardiovascular
systems

Teleport
Teleport
Control

135 cm,
150 cm

2.0 Proximal shaft
2.6

2.1 Proximal shaft
2.7

Advanced both by clock and
counterclockwise rotation

Terumo Progreat 110 cm,
130 cm

2.4 and 2.7 Used for coiling with large
coils and 0.018 wires

Finecross MG 130 cm,
150 cm

1.8 Very small, not much
support to cross any lesion

Spectranetics Quick Cross 135 cm,
150 cm

2.0

Boston
Scientific

Renegade 18 105 cm,
114 cm,
135 cm

2.5 Used for coiling with large
coils and 0.018 wires

Mamba 135 cm 2.3

Mamba Flex 135 cm,
150 cm

2.1

Cordis Transit 135 cm 2.5

Prowler 150 cm 1.9

Raxwood MicroCross 14
MicroCross 14

es

155 cm 1.6

Vascular
solutions

Minnie 90 cm,
135 cm,
150 cm

2.2

Turnpike 135 cm,
150 cm

2.6

Turnpike LP 135 cm,
150 cm

2.2

Turnpike Spiral 135 cm,
150 cm

3.1

Turnpike Gold 135 cm 3.2

Asahi Tornus 135 cm 2.1 and 2.6 To advance it,
counterclockwise rotation

Corsair
Corsair Pro

135 cm,
150 cm

2.6

Caravel 135 cm,
150 cm

1.9

Volcano Valet 135 cm,
150 cm

1.8 Shapeable distal tip

Table 12.
Coronary micro catheters.
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interventions (Table 11). They share the same principle of mechanical aspiration
embolectomy that depends on manual or machine assisted aspiration of the clot.
Multiple passes might be required for some cases. No blood return while aspirating
is a sign of either poor flow triggered by clot occluding the catheter or suctioning
against the vessel wall. When no blood return is seen, the catheter should be
withdrawn till blood return is seen. If blood return still not seen, the catheter should
be removed out of the body and examined for clot at the tip. It is very important to
keep negative pressure while withdrawing the catheter out of the GC followed by
bleed back of the GC to remove any potential clot left within the GC.

Aspiration thrombectomy can aspirate the clots from the coronaries and displace
it to systemic circulation. The data of using aspiration embolectomy is controversial.
Most recent guidelines recommend against their routine use due to increased risk of
embolic strokes and no clinical outcome benefit. However, some cases with signif-
icant thrombosis cannot be resolved without their use.
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coronary wires. There is a wide spectrum of micro-catheters with different
designs (Table 12). They provide operators with significant ability to provide
wire exchanges, crossing difficult lesions, assist wiring difficult angulated
lesions (Table 13) and many other technical advantages especially in CTO
interventions.

Upsizing or exchanging GC to provide more support during procedure is chal-
lenging after crossing a difficult lesion or any case where guide wire position is
critical. The risk of losing guide wire position while loading the new GC is high.
Long guide wire or adding extension wire is first step. More support with additional
buddy wire and/or using micro catheter inside the new GC could be helpful.
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2.4 Choosing the appropriate guide wire

There are large number of guide wires from different companies with different
characteristics. Operator should be comfortable and familiar with design, charac-
teristics, advantages, and disadvantages of at least workhorse wires and special
wires especially high risk and CTO operators.

Manufacturer Catheter name Length Distal shaft outer
diameter (French)

Notes

CSI
cardiovascular
systems

Teleport
Teleport
Control

135 cm,
150 cm

2.0 Proximal shaft
2.6

2.1 Proximal shaft
2.7

Advanced both by clock and
counterclockwise rotation

Terumo Progreat 110 cm,
130 cm

2.4 and 2.7 Used for coiling with large
coils and 0.018 wires

Finecross MG 130 cm,
150 cm

1.8 Very small, not much
support to cross any lesion

Spectranetics Quick Cross 135 cm,
150 cm

2.0

Boston
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Renegade 18 105 cm,
114 cm,
135 cm

2.5 Used for coiling with large
coils and 0.018 wires

Mamba 135 cm 2.3

Mamba Flex 135 cm,
150 cm

2.1

Cordis Transit 135 cm 2.5

Prowler 150 cm 1.9

Raxwood MicroCross 14
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solutions
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Turnpike LP 135 cm,
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Turnpike Spiral 135 cm,
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Every wire has unique characteristics: the easiest way to remember the details of
each wire is dividing them into groups with shared characteristics (Table 14).

There are three basic components of guide wires: central core (Stainless steel
or Nitinol) and form the first 145 cm (or 140 cm) of guide wires, the distal 40 cm
(or 35 cm) which has thinner extension part of the central core covered by
polymer sleeve or coil-spring (platinum, tungsten, and stainless steel) and finally
the tip which is usually covered by lubricious coating that define the wire as
hydrophobic or hydrophilic. The tip is usually radiopaque and varies in length
(20 mm–25 cm).

Last few decades have introduced nitinol to wires’ design instead of stainless
steel. This advancement has shown significant improvement in wires’ design. Niti-
nol is a unique element that allows wires’ tip to be more flexible, kink resistance,
durable (retain the shape), and reshapable, all of which allow wires to be used
several times to cross/wire different lesions and vessels. A very practical and time-
saving tool especially in complex, bifurcation, and multivessel interventions.

Guide wire comes in two lengths. Long wires of 300 cm are used to perform
exchanges, using micro-catheters, using over the wire balloons, CTO retrograde
approaches (and externalization), or while using adjunct therapy like atherectomy.
Regular length guide wires of 180 cm are of the workhorse wire length and used
with rapid exchange balloons and stents. Few extension wires (Doc wire, AddWire,
Cynch) are available and can be attached to all guide wires when needed.

The goals of guide wires are to cross the target lesion safely without causing any
damage to the vessel or alternating of the plaque in addition to providing good
support to deliver other equipment (balloons and stents).

The operator’s choice of guide wire is dependent mainly on two factors: lesions/
vessel related factors and wire characteristics.

Wire characteristics: shaft characteristics are mainly related to the support and
stiffness they provide. Most important characteristics are related to guide
wires’ tip:

Wire tip’s strength, shape, and coating: tip can be straight or tapered, have
polymer coating or not, have coil support or not, hydrophilic, or hydrophobic.
Tapered, polymer coating, coiled, and hydrophilic tips can cross difficult
lesion while increasing the risk of vessel injury.

Strength of the tip: it is how many grams of power is required to bend the tip
when applied against the surface of the vessel wire. Multiple wires have a

Manufacturer Catheter
name

Length Distal shaft outer
diameter (French)

Notes

Vascular
solutions

SuperCross 130 cm,
150 cm

2.1 Preformed angled catheter;
straight, 45, 90, 120°

Venture 145 cm (rapid
exchange)

140 cm (over
the wire)

2.2 Steerable micro catheter to
help change the angle

Twin Pass
Twin Pass
Torque

140 cm 1.9 distal tip and 3Fr
crossing profile

NinjaSwift Steerable micro catheter to
help change the angle

Table 13.
Steerable, angled, dual lumen micro-catheters.
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Manufacturer Tip style Commercial name Tip
stiffness
(gf)

Clinical tips

Boston
Scientific

Hydrophilic
polymer,
straight

(nontapered)

Samurai 0.5 Workhorse wire. Longer
radiopaque segment 4 cm, longer
coil 20 cm, which provides more
support for tortuous vessels and
makes it a good buddy wire

Boston
Scientific

Marvel 0.9 Workhorse wire. Longer
radiopaque segment (3 cm), more
slippery than other work hose

wires

Abbott BALANCE
MIDDLEWEIGHT
UNIVERSAL II

0.7 Hi Torque workhorse wire

Asahi Hydrophobic tip
(But the coil is
coated with
hydrophilic
coating),
straight

(nontapered)

ProWater 0.8 Good Workhorse wire with good
torque control and support. Has
transition point to the stiff part
10 cm to distal tip that operator
would feel challenge advancing
the wire distally and can cause
Wire artifact if it was at a bend.

Longer coil (20 cm)

Asahi Hydrophilic
polymer,
tapered

Fielder XT
Fielder XT-A
Fielder XT-R

0.8
1.0
0.6
1.2

More used in CTO PCI for
antegrade crossing and Knuckle
technique, retrograde crossing.
Fielder XT-R is used for wiring

retrograde collaterals

Boston
Scientific

Fighters 1.2 Same as above

Asahi Hydrophilic
coated, straight
nontapered,

Fielder FC 0.8 Can be used as a workhorse wire,
used more for retrograde

approaches in CTO

Asahi Sion Black 0.8 Mostly used for retrograde
approaches in CTO

Abbott Whisper LS
Whisper MS
Whisper ES

0.8
1.0
1.2

Slippery and can wire very small
vessels and cause perforation if
operator has limited experience

Abbott Pilot 50 1.5 Stronger tip stiffness with
hydrophilic coating that can be
used to cross difficult branches

but carries higher risk of
dissection and that’s why it can be

used for CTO dissection and
reentry techniques

Boston
Scientific

Choice PT Floppy 2.1 Same as above

Abbott Pilot 150/200 2.7/4.1 Same as above with stiffer tip

Asahi Gladius 3

Terumo Crosswire NT 7.7

Boston
Scientific

PT Graphic
Intermediate

1.7

Boston
Scientific

PT2 Moderate
support

2.9
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Every wire has unique characteristics: the easiest way to remember the details of
each wire is dividing them into groups with shared characteristics (Table 14).

There are three basic components of guide wires: central core (Stainless steel
or Nitinol) and form the first 145 cm (or 140 cm) of guide wires, the distal 40 cm
(or 35 cm) which has thinner extension part of the central core covered by
polymer sleeve or coil-spring (platinum, tungsten, and stainless steel) and finally
the tip which is usually covered by lubricious coating that define the wire as
hydrophobic or hydrophilic. The tip is usually radiopaque and varies in length
(20 mm–25 cm).

Last few decades have introduced nitinol to wires’ design instead of stainless
steel. This advancement has shown significant improvement in wires’ design. Niti-
nol is a unique element that allows wires’ tip to be more flexible, kink resistance,
durable (retain the shape), and reshapable, all of which allow wires to be used
several times to cross/wire different lesions and vessels. A very practical and time-
saving tool especially in complex, bifurcation, and multivessel interventions.

Guide wire comes in two lengths. Long wires of 300 cm are used to perform
exchanges, using micro-catheters, using over the wire balloons, CTO retrograde
approaches (and externalization), or while using adjunct therapy like atherectomy.
Regular length guide wires of 180 cm are of the workhorse wire length and used
with rapid exchange balloons and stents. Few extension wires (Doc wire, AddWire,
Cynch) are available and can be attached to all guide wires when needed.

The goals of guide wires are to cross the target lesion safely without causing any
damage to the vessel or alternating of the plaque in addition to providing good
support to deliver other equipment (balloons and stents).

The operator’s choice of guide wire is dependent mainly on two factors: lesions/
vessel related factors and wire characteristics.

Wire characteristics: shaft characteristics are mainly related to the support and
stiffness they provide. Most important characteristics are related to guide
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Wire tip’s strength, shape, and coating: tip can be straight or tapered, have
polymer coating or not, have coil support or not, hydrophilic, or hydrophobic.
Tapered, polymer coating, coiled, and hydrophilic tips can cross difficult
lesion while increasing the risk of vessel injury.

Strength of the tip: it is how many grams of power is required to bend the tip
when applied against the surface of the vessel wire. Multiple wires have a
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used for CTO dissection and
reentry techniques

Boston
Scientific

Choice PT Floppy 2.1 Same as above

Abbott Pilot 150/200 2.7/4.1 Same as above with stiffer tip

Asahi Gladius 3

Terumo Crosswire NT 7.7

Boston
Scientific

PT Graphic
Intermediate

1.7

Boston
Scientific

PT2 Moderate
support

2.9
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Manufacturer Tip style Commercial name Tip
stiffness
(gf)

Clinical tips

Cordis Shinobi 7.0

Cordis Shinobi Plus 6.8

Asahi No polymer,
Hydrophilic,

Straight

Suoh 03 0.3 Very low profile wire so best to
wire EPICARDIAL collaterals and

minimize risk of perforation

Asahi SION 0.7 Most common wire used for
wiring collaterals

Asahi SION blue (less
hydrophilic)

0.5 Good Workhorse wire

Boston
Scientific

Samurai RC 1.2 More support than Samurai with
longer coil 24 cm and much higher

tip stiffness

Terumo Tapered,
M-coating
hydrophilic/
hydrophobic

coating

Runthrough NS
Extra Floppy (Tip

0.008)
RUNTHROUGH
NS HYPERCOAT

1.o
0.7

“M-coat” technology hydrophilic
coating over the distal 24.8 cm of

the distal tip enables smooth
tractability in the tortuous

anatomy while the silicone tip on
the distal 2 mm

Recently became one of the
workhorse wires given its

favorable crossing profile for
complex PCI and ability to use

same wire for different lesions and
reshaping the tip

Abbott Tapered Cross it 100XT
(0.010″)

1.7

Asahi Tapered, no
polymer,

hydrophilic

Gaia 1st (0.010″)
Gaia 2nd (0.011″)
Gaia 3rd (0.012″)

1.7
3.5
4.5

High stiffness tip so used for
crossing CTO in a vessel with
known course or retrograde

known course without significant
tortuosity

Asahi Confianza Pro 9, 12
(0.009″)

9.3
12

Asahi Astato 20 (0.008″) 20

Abbot Progress 140 T
(0.0105″)

Progress 200 T
(0.009″)

12.
13.3

Medtronic Persuader 9
(0.011″)

9.1

Medtronic ProVia 9, 12
(0.009″)

11.8, 13.5

Boston
Scientific

Hornet 10, 14
(0.00″)

10, 14

Asahi Straight tip, no
polymer

MiracleBros, 3, 4.5,
6

3.9, 4.4,
8.8

High tip stiffness, Antegrade
crossing for CTO when vessel

course is known
MiracleBros 12 13

Abbott Ultimate 3 3

Abbott Progress 40, 80,
120

5.5, 9.7,
13.9
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number that determine the strength of the tip. The highest the number the
stronger the tip.

Steer-ability, tip control, tracking, support (push-ability), lubricity: optimal
wire has best steer-ability, tip control, tracking and support to cross a lesion or
branch vessel jailed by stent without vessel damage. Ability to provide
accurate transmit of torque to the tip of the wire and direct it to where
operator needed to be is one of the most important characteristics for any wire.

Tips for guide wire handling:

Always start with a workhorse wire and escalate the strength as needed
(Prowater, BMW, Runthrough, etc.).

Avoid using polymer coated wire at the beginning. Polymer coated wires
become stiffer in a warm environment, and pre-shaped ones have no
secondary curve.

Advance wire slowly and freely. Assure tip of the wire is free by performing
continuous spinning and advancing slowly.

Find the best safest lumen or micro-channel to cross the lesion using multiple
orthogonal views and direct the tip to it while rotating and advancing to cross
the lesion. This becomes very important while crossing an occluded vessel
(STEMIs) or CTOs to avoid disturbing plaque or wiring sub-intimal space and
cause thrombosis or dissection/perforation.

Never cross a lesion after the tip bends (Knuckled wire). Pull to straighten the
tip and rotate to find the micro-channel. Advancing the wire after bending can
cross to sub-intimal space and causes dissection (it is a technique for CTO

Manufacturer Tip style Commercial name Tip
stiffness
(gf)

Clinical tips

Medtronic Persuader 3, 6
(philic and phobic)

5.1, 8.0

Medtronic ProVia 3, 6 (philic
and phobic)

8.3, 9.1

Asahi Tapered, no
polymer,

hydrophobic

Confianza Pro 9, 12
(0.009″)

Hydrophobic

8.6, 12

Medtronic Persuader 9
Hydrophobic

9.1

Medtronic ProVia 9, 12
Hydrophobic

11.8, 13.

Abbott Soft, nontapered Iron Man 1 Extra support wire, good buddy
wires

Asahi Grand Slam 0.7

Boston
Scientific

Mailman

Asahi Externalization
wires (most
common used

ones)

RG3 Only for CTO retrograde
interventions

Vascular
solutions

R350

Table 14.
Coronaries guide wires 0.014.
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Manufacturer Tip style Commercial name Tip
stiffness
(gf)

Clinical tips

Cordis Shinobi 7.0

Cordis Shinobi Plus 6.8

Asahi No polymer,
Hydrophilic,

Straight

Suoh 03 0.3 Very low profile wire so best to
wire EPICARDIAL collaterals and

minimize risk of perforation

Asahi SION 0.7 Most common wire used for
wiring collaterals

Asahi SION blue (less
hydrophilic)

0.5 Good Workhorse wire

Boston
Scientific

Samurai RC 1.2 More support than Samurai with
longer coil 24 cm and much higher

tip stiffness

Terumo Tapered,
M-coating
hydrophilic/
hydrophobic

coating

Runthrough NS
Extra Floppy (Tip

0.008)
RUNTHROUGH
NS HYPERCOAT

1.o
0.7

“M-coat” technology hydrophilic
coating over the distal 24.8 cm of

the distal tip enables smooth
tractability in the tortuous

anatomy while the silicone tip on
the distal 2 mm

Recently became one of the
workhorse wires given its

favorable crossing profile for
complex PCI and ability to use

same wire for different lesions and
reshaping the tip

Abbott Tapered Cross it 100XT
(0.010″)

1.7

Asahi Tapered, no
polymer,

hydrophilic

Gaia 1st (0.010″)
Gaia 2nd (0.011″)
Gaia 3rd (0.012″)

1.7
3.5
4.5

High stiffness tip so used for
crossing CTO in a vessel with
known course or retrograde

known course without significant
tortuosity

Asahi Confianza Pro 9, 12
(0.009″)

9.3
12

Asahi Astato 20 (0.008″) 20

Abbot Progress 140 T
(0.0105″)

Progress 200 T
(0.009″)

12.
13.3

Medtronic Persuader 9
(0.011″)

9.1

Medtronic ProVia 9, 12
(0.009″)

11.8, 13.5

Boston
Scientific

Hornet 10, 14
(0.00″)

10, 14

Asahi Straight tip, no
polymer

MiracleBros, 3, 4.5,
6

3.9, 4.4,
8.8

High tip stiffness, Antegrade
crossing for CTO when vessel

course is known
MiracleBros 12 13

Abbott Ultimate 3 3

Abbott Progress 40, 80,
120

5.5, 9.7,
13.9
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number that determine the strength of the tip. The highest the number the
stronger the tip.

Steer-ability, tip control, tracking, support (push-ability), lubricity: optimal
wire has best steer-ability, tip control, tracking and support to cross a lesion or
branch vessel jailed by stent without vessel damage. Ability to provide
accurate transmit of torque to the tip of the wire and direct it to where
operator needed to be is one of the most important characteristics for any wire.

Tips for guide wire handling:

Always start with a workhorse wire and escalate the strength as needed
(Prowater, BMW, Runthrough, etc.).

Avoid using polymer coated wire at the beginning. Polymer coated wires
become stiffer in a warm environment, and pre-shaped ones have no
secondary curve.

Advance wire slowly and freely. Assure tip of the wire is free by performing
continuous spinning and advancing slowly.

Find the best safest lumen or micro-channel to cross the lesion using multiple
orthogonal views and direct the tip to it while rotating and advancing to cross
the lesion. This becomes very important while crossing an occluded vessel
(STEMIs) or CTOs to avoid disturbing plaque or wiring sub-intimal space and
cause thrombosis or dissection/perforation.

Never cross a lesion after the tip bends (Knuckled wire). Pull to straighten the
tip and rotate to find the micro-channel. Advancing the wire after bending can
cross to sub-intimal space and causes dissection (it is a technique for CTO

Manufacturer Tip style Commercial name Tip
stiffness
(gf)

Clinical tips

Medtronic Persuader 3, 6
(philic and phobic)

5.1, 8.0

Medtronic ProVia 3, 6 (philic
and phobic)

8.3, 9.1

Asahi Tapered, no
polymer,

hydrophobic

Confianza Pro 9, 12
(0.009″)

Hydrophobic

8.6, 12

Medtronic Persuader 9
Hydrophobic

9.1

Medtronic ProVia 9, 12
Hydrophobic

11.8, 13.

Abbott Soft, nontapered Iron Man 1 Extra support wire, good buddy
wires

Asahi Grand Slam 0.7

Boston
Scientific

Mailman

Asahi Externalization
wires (most
common used

ones)

RG3 Only for CTO retrograde
interventions

Vascular
solutions

R350

Table 14.
Coronaries guide wires 0.014.
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interventions using specific wires and the goal is to cross to sub-intimal space
and re-cross to true lumen). One exception is presence of large burden of
thrombus and unclear trajectory of the vessel. In such case, operator might use
the knuckle technique to minimize the risk of vessel injury as knuckled
workhorse wire can pass easily through thrombus and allow safely the true
lumen and trajectory of the vessel. Still, this technique is better performed by
experienced operator.

Pull the branch wire before performing optimization of stent apposition when a
stent is jailing a branch wire.

Develop a tactile feed-back for wires to avoid wiring small branch vessel or
wiring under stent (between stent and vessel’s wall).

To avoid perforation: keep a wire in a main large vessel (not small branch) and
be aware of the distal tip of the wire at all times especially while performing
multiple over the wire exchanges where the wire can travel distally and cause
perforations. These kinds of distal perforation can be missed easily unless
operator pays a good attention to angiograms. Also, the distal perforation
causes slow bleeding that can take hours to manifest as tamponade. Thus, early
detection and prevention are very important.

Any wire can cause perforation especially distal end perforation.
Wire effect or pseudo stenosis (Accordion’s effect): occurs more in tortuous
vessels and wires with strong shaft that can straighten the vessel at the
tortuous segments and cause pseudo-stenosis (lesions) and even dissections.
Examining baseline images can help distinguish this effect in addition to
repeat angiogram after pulling the stiff segment of the wire out of the tortuous
segment of the vessel. This way, operator can be assured that it is a wire effect
and at the same time in safe position to re-advance the wire if the repeat
angiogram revealed true damage (dissection or plaque shifting) that requires
further intervention.

In cases that require more guide wires support, operators can use buddy wire
technique by using additional wire with good support or (if the support wire
can be advanced) exchanging the workhorse wire for a strong support wire
using over the wire balloon or micro-catheter.

For cases where wiring a jailed vessel through stent struts, operator would
choose a wire with good tip control, tracking and lubricity to direct the wire
toward the vessel lumen jailed by stent. Strength here is not necessary and
wires with high strength should be avoided as it carries higher risk of
perforation or crossing under stent struts and dissect the branch vessel that
supposed to be wired. However, some strength might be required in case of
significant lesion in the branch vessel. That is why the operator should always
plan the techniques for bifurcation stenting that requires rewiring based on
the easiest vessel to rewire in addition to other factors will discuss later. To
avoid under stent wiring, operator can use the main vessel wire and use it to
wire the branch vessel. As long as operator does not withdraw the wire beyond
the stent proximal edge level, operator can be comfortable that the wire is not
under stent.

Strength is important in CTO or heavy calcified/organized thrombus lesions.
Wires with higher strength tip should be used when the vessel track/trajectory
is easy to see. Having a balloon or micro catheter close to the tip to increase
support can increase the strength of the tip by 10 times and even more
depending on the wire.

Shaping the tip of the wire: also an important step to get to the lesion especially
in tortuous vessels and to cross the target lesion. Operators have different
ways to approach the best shape for a specific lesion. Primary curve is the bend
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closer to the tip. A secondary curve is the bend distal to the tip. Basic rule for
shaping is making primary curve mates most angulated vessel bend and
secondary curve matches the vessel size. A simple primary curve is enough in
most cases. A primary 120 angle curve is usually referred to as a CTO curve
because it provides a good strength to cross the lesion and mainly used in CTO
lesions. When operator is working on a distal lesion with tortuous vessel a
secondary curve is required most of the time to reach the distal lesion. In left
system interventions, a lot of the times the LAD and/or LCX comes out with
very acute angle. Such case would require mainly a secondary curve to cross
the first angle of takeoff unless further tortuosity distally is present then
another curve is required. The more acute the curve and especially secondary
curve, the more likely that the wire would be entering the branch vessels. That
is because a secondary curve is more likely to be larger than the width of the
vessel which makes the wire easier to reach branches. For the same reason, if
the vessel is straight, a simple short primary curve is sufficient to reach a distal
lesion without difficulty wiring all branches across the vessel.

Extension wires are very helpful when a long wire is needed in cases that
require the use of over the wire balloon, micro catheter, or atherectomy. To
perform catheter exchanges (micro catheter or OTW balloon) over a regular
length wire while assuring minimal or no movement of the wire, there are few
techniques:

To avoid withdrawing the wire and losing wire position:
A trapper catheter which is special catheter with a balloon designed to trap the
wire. Sometimes this catheter can be too short to trap the wire.

Advancing an extra balloon inside the GC close to the tip without getting out of
the guide catheter then inflating the balloon to trap the wire while performing
the exchange then it is deflated and pulled out.

A 3 cc syringe filled of heparinized saline is attached to the catheter hub and
continuous slow injection is performed after assuring no air in the system.
That generates enough energy to prevent the wire from being withdrawn
while pulling the catheter are pulled out of guide. This technique is least
successful and requires a lot of experience and luck. It is not a trusted
technique, so it is not encouraged to be used in critical scenarios where losing
wire position is critical.

To avoid wire migration distally while advancing the catheter, a 10 cc syringe is
attached to the catheter hub then a slow negative pressure is applied while the
it is advanced till the wire is seen coming out of the hub inside the syringe. At
this point the syringe is disconnected, the wire is railed, and the catheter is
advanced in a usual manner.

2.5 Balloons and angioplasty

Multiple balloons with different designs from multiple companies are available.
Main important characteristics for balloons are: balloon diameter, length, compli-
ance, rupture pressure, tip designs, crossing profile, shaft diameter and length.
Standard diameter for coronary interventions starts from 1.2 mm and goes up.
However, there are commercially available smaller balloons: nano-balloon 0.85 and
1 mm balloons (Sapphire Pro, Ikazuchi Zero, Ryurel). If necessary, even large
diameter peripheral balloons can be used.

Selection of Balloons: after wiring the target vessel and lesion, balloon can be
advanced and inflated to perform angioplasty. The goal of pre-dilatation of lesion is
to prepare lesion for stenting and assess whether the lesion/plaque would response
to balloon and stenting afterwards would have a good results or further plaque
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interventions using specific wires and the goal is to cross to sub-intimal space
and re-cross to true lumen). One exception is presence of large burden of
thrombus and unclear trajectory of the vessel. In such case, operator might use
the knuckle technique to minimize the risk of vessel injury as knuckled
workhorse wire can pass easily through thrombus and allow safely the true
lumen and trajectory of the vessel. Still, this technique is better performed by
experienced operator.

Pull the branch wire before performing optimization of stent apposition when a
stent is jailing a branch wire.

Develop a tactile feed-back for wires to avoid wiring small branch vessel or
wiring under stent (between stent and vessel’s wall).

To avoid perforation: keep a wire in a main large vessel (not small branch) and
be aware of the distal tip of the wire at all times especially while performing
multiple over the wire exchanges where the wire can travel distally and cause
perforations. These kinds of distal perforation can be missed easily unless
operator pays a good attention to angiograms. Also, the distal perforation
causes slow bleeding that can take hours to manifest as tamponade. Thus, early
detection and prevention are very important.

Any wire can cause perforation especially distal end perforation.
Wire effect or pseudo stenosis (Accordion’s effect): occurs more in tortuous
vessels and wires with strong shaft that can straighten the vessel at the
tortuous segments and cause pseudo-stenosis (lesions) and even dissections.
Examining baseline images can help distinguish this effect in addition to
repeat angiogram after pulling the stiff segment of the wire out of the tortuous
segment of the vessel. This way, operator can be assured that it is a wire effect
and at the same time in safe position to re-advance the wire if the repeat
angiogram revealed true damage (dissection or plaque shifting) that requires
further intervention.

In cases that require more guide wires support, operators can use buddy wire
technique by using additional wire with good support or (if the support wire
can be advanced) exchanging the workhorse wire for a strong support wire
using over the wire balloon or micro-catheter.

For cases where wiring a jailed vessel through stent struts, operator would
choose a wire with good tip control, tracking and lubricity to direct the wire
toward the vessel lumen jailed by stent. Strength here is not necessary and
wires with high strength should be avoided as it carries higher risk of
perforation or crossing under stent struts and dissect the branch vessel that
supposed to be wired. However, some strength might be required in case of
significant lesion in the branch vessel. That is why the operator should always
plan the techniques for bifurcation stenting that requires rewiring based on
the easiest vessel to rewire in addition to other factors will discuss later. To
avoid under stent wiring, operator can use the main vessel wire and use it to
wire the branch vessel. As long as operator does not withdraw the wire beyond
the stent proximal edge level, operator can be comfortable that the wire is not
under stent.

Strength is important in CTO or heavy calcified/organized thrombus lesions.
Wires with higher strength tip should be used when the vessel track/trajectory
is easy to see. Having a balloon or micro catheter close to the tip to increase
support can increase the strength of the tip by 10 times and even more
depending on the wire.

Shaping the tip of the wire: also an important step to get to the lesion especially
in tortuous vessels and to cross the target lesion. Operators have different
ways to approach the best shape for a specific lesion. Primary curve is the bend
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closer to the tip. A secondary curve is the bend distal to the tip. Basic rule for
shaping is making primary curve mates most angulated vessel bend and
secondary curve matches the vessel size. A simple primary curve is enough in
most cases. A primary 120 angle curve is usually referred to as a CTO curve
because it provides a good strength to cross the lesion and mainly used in CTO
lesions. When operator is working on a distal lesion with tortuous vessel a
secondary curve is required most of the time to reach the distal lesion. In left
system interventions, a lot of the times the LAD and/or LCX comes out with
very acute angle. Such case would require mainly a secondary curve to cross
the first angle of takeoff unless further tortuosity distally is present then
another curve is required. The more acute the curve and especially secondary
curve, the more likely that the wire would be entering the branch vessels. That
is because a secondary curve is more likely to be larger than the width of the
vessel which makes the wire easier to reach branches. For the same reason, if
the vessel is straight, a simple short primary curve is sufficient to reach a distal
lesion without difficulty wiring all branches across the vessel.

Extension wires are very helpful when a long wire is needed in cases that
require the use of over the wire balloon, micro catheter, or atherectomy. To
perform catheter exchanges (micro catheter or OTW balloon) over a regular
length wire while assuring minimal or no movement of the wire, there are few
techniques:

To avoid withdrawing the wire and losing wire position:
A trapper catheter which is special catheter with a balloon designed to trap the
wire. Sometimes this catheter can be too short to trap the wire.

Advancing an extra balloon inside the GC close to the tip without getting out of
the guide catheter then inflating the balloon to trap the wire while performing
the exchange then it is deflated and pulled out.

A 3 cc syringe filled of heparinized saline is attached to the catheter hub and
continuous slow injection is performed after assuring no air in the system.
That generates enough energy to prevent the wire from being withdrawn
while pulling the catheter are pulled out of guide. This technique is least
successful and requires a lot of experience and luck. It is not a trusted
technique, so it is not encouraged to be used in critical scenarios where losing
wire position is critical.

To avoid wire migration distally while advancing the catheter, a 10 cc syringe is
attached to the catheter hub then a slow negative pressure is applied while the
it is advanced till the wire is seen coming out of the hub inside the syringe. At
this point the syringe is disconnected, the wire is railed, and the catheter is
advanced in a usual manner.

2.5 Balloons and angioplasty

Multiple balloons with different designs from multiple companies are available.
Main important characteristics for balloons are: balloon diameter, length, compli-
ance, rupture pressure, tip designs, crossing profile, shaft diameter and length.
Standard diameter for coronary interventions starts from 1.2 mm and goes up.
However, there are commercially available smaller balloons: nano-balloon 0.85 and
1 mm balloons (Sapphire Pro, Ikazuchi Zero, Ryurel). If necessary, even large
diameter peripheral balloons can be used.

Selection of Balloons: after wiring the target vessel and lesion, balloon can be
advanced and inflated to perform angioplasty. The goal of pre-dilatation of lesion is
to prepare lesion for stenting and assess whether the lesion/plaque would response
to balloon and stenting afterwards would have a good results or further plaque
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modification is needed. Balloons are also used for post stenting optimization of
stents size and assuring stent well apposition. Inflation should always be started at
the target lesion and monitored under fluoroscopy.

There are two general balloons designs: one over the wire and would require
long wire and one referred to as rapid exchange which allows loading over the wire
without long wire. Rapid exchange balloon is the first choice usually and considered
the workhorse balloon design. Regular balloons have two radio-opaque markers at
both ends. Smaller balloons ≤1.2 mm diameter and ≤ 8 mm have a single marker in
the middle.

Balloon compliance: compliance is one of the most important factors to select the
appropriate balloon. More compliance allows for more adoption to vessel morphology
without damaging normal vessel. Compliant balloons can extend as much as it is
inflated till they reach rupture pressure so they are limited by pressure range that can
be used safely without rupture, whereas less compliant balloons can take high pres-
sure and technically they are not supposed to expand beyond the size they are
designed for (limited by diameter). Still, even noncompliant balloons can rupture if
inflated beyond their rupture pressure. Operators develop experience and remember
rupture pressure so they anticipate rupture based on the balloons and avoid it. Each
balloon comes with instructions about inflation pressures and diameters and rupture
pressure. Rupture should be avoided unless it is intentional (in some CTO techniques)
as the rapid release in pressure can cause dissections, perforations, and air embolism.
Risk of rupture increases with calcified tortuous severe lesions and using high infla-
tion pressures. Operator can recognize rupture easily by feeling sudden drop in
balloon pressure and can be seen on fluoroscopy. If balloon rupture occurs, negative
pressure should be applied rapidly, and balloon should be withdrawn. Follow up
angiogram and assessing for complication should be performed. Semi-compliant
balloons are mostly used for pre-dilatation and preparation of the lesion.

Balloon length is determined mainly by the lesion length (should match). It is
usually shorter than the final stent which covers the proximal and distal edge of the
lesion. Shorter balloons can be considered for resistant lesions. For post stenting
dilation, balloon length matches the stent length.

Balloon diameter: for pre-dilatation, balloon diameters are based on the target
vessel. The role is 0.9–1.1 balloon to vessel ratio. However, there are multiple
exceptions to the role. Resistance lesion does not allow using this role. Starting with
small balloon and escalating diameter is necessary. This approach is also helpful to
avoid complications in cases of total occlusion of the vessel and especially if vessel
trajectory is not clear and suspicion of being in small branch.

Best balloons for pre-dilatation are balloons with the lowest crossing profiles:
crossing profile has direct effect on a balloon’s ability to cross the lesion. It is related
to specific balloon design, balloon tip diameter in addition to diameter (balloon and
shaft), and length. Shorter, smaller balloons have lower crossing profiles.

PlainOldBalloonAngioplasty POBA is still performed evenwith rapid development
of stents. The indication for POBA is limited to recurrent instent restenosis in small
vessel and especially in diabetic patient where the risk of restenosis is very high in case
of adding additional layer of stent. In rare indication, pre op POBA is performed for
severe stenosis to avoid stenting and the need for dual anti-platelets therapy.

Cutting or scoring balloons are noncompliant balloons surrounded by metal
wires or microtomes that can help in preparation resistance calcified lesions. Several
designs are available. In general, cutting balloons are available in limited sizes and
lengths. They have high crossing profile which make their use challenging especially
where they are needed the most. This makes their use not common and mainly
indicated in ostial lesions. Some operators use it for resistant lesions not amendable
to other adjunct lesion modifications and instent restenosis due to new
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atherosclerosis where the stent struts are not close to the lumen. Other instent
restenosis mechanisms where the stent struts are close to the lumen, it is not
recommended to use cutting balloons.

Withdrawing balloons should be performed after full deflation and confirmed
re-wrapping of the balloon using fluoroscopy.

2.6 Stents

There are several stents from several medical companies with variable designs
and engineering. Operator should be familiar with the basics of stent design, engi-
neering, and generations. Stent design’s topic is extensive, and reader is referred to
dedicated stent chapter.

Similar to balloons: crossing profiles, stents design/generation, struts character-
istics, stent drug, presence of polymer, sizes (diameter and length), clinical safety
data and outcome all factors that affect operator choice of stent. Smallest stent
diameter is 2 mm. Stenting vessel <2 mm size is not recommended as the value and
long-term outcome is significantly questionable. However, balloon angioplasty of
small vessels is recommended especially when these vessels supply a significant
territory of the myocardium and when their occlusion cause significant symptoms
or hemodynamic effect such as in cases of some septal perforators and right ven-
tricular branch which could cause right ventricular infarction, shock and even
death. These branches could shut down when jailed by stents and so it is
recommended to avoid multiple layers of stents or stents overlap when jailing a
branch vessel. In cases where multiple stents are needed in the main vessel, operator
should plan to avoid multiple layers of stents jailing the branch vessel.

In coronary world, all available stents are rapid exchange balloon expanded
design. In rare cases, it is necessary to use a peripheral size or self-expandable stent
such in very large coronaries >6 mm or in cases of complications like perforations in
a large coronary. Balloon expandable stents are semi-compliant balloons that can
expand by increasing inflation pressure but there a max stent size for each design.
As in balloons, each stent has a table for inflation pressure and correlating diameter
as part of their design.

The old and still active role is to use stent length that covers the lesion with both
proximal and distal stent edges at normal segment of the coronary. This is the role
that current evidence support. However, with rapid progress in coronary stents
design, wide spread of stent use, and expansion of stent indications such in diabetic
patients with diffuse coronary disease, this role might not be applicable anymore.

Stent size topic is more complicated than balloon. The technical goal of stenting
is to achieve a good coverage of the plaque, restore the vessel lumen, allow covering
of struts with endothelium and prevent restenosis by using stent with strong radial
force to prevent recoil and assuring well apposed struts. Operator should be knowl-
edgeable of available stent sizes and design that allow them to expand beyond their
original size by inflating the balloon beyond the design pressure or by post dilata-
tion using larger balloon. For example: if an operator used a 3.0 mm stent that is
designed to expand only to 3.5 mm and tried to expanded the stent to match the
vessel size of 4 mm, that might be unsuccessful, cause struts fracture, significant
recoil and restenosis. At the same time, using inappropriately large stent size, can
cause edge dissection, perforation, rapid atherosclerosis at the edges due to inflam-
mation and under expansion of the stent and restenosis. Stent size should be based
on the size of reference vessel diameter RVD proximal and distal to the lesion to
match the vessel size as close as possible. Operator can use several techniques to
choose the appropriate stent size: using the balloon size used to prepare the lesion,
compare vessel size to the guide catheter diameter, performing angiogram after
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modification is needed. Balloons are also used for post stenting optimization of
stents size and assuring stent well apposition. Inflation should always be started at
the target lesion and monitored under fluoroscopy.

There are two general balloons designs: one over the wire and would require
long wire and one referred to as rapid exchange which allows loading over the wire
without long wire. Rapid exchange balloon is the first choice usually and considered
the workhorse balloon design. Regular balloons have two radio-opaque markers at
both ends. Smaller balloons ≤1.2 mm diameter and ≤ 8 mm have a single marker in
the middle.

Balloon compliance: compliance is one of the most important factors to select the
appropriate balloon. More compliance allows for more adoption to vessel morphology
without damaging normal vessel. Compliant balloons can extend as much as it is
inflated till they reach rupture pressure so they are limited by pressure range that can
be used safely without rupture, whereas less compliant balloons can take high pres-
sure and technically they are not supposed to expand beyond the size they are
designed for (limited by diameter). Still, even noncompliant balloons can rupture if
inflated beyond their rupture pressure. Operators develop experience and remember
rupture pressure so they anticipate rupture based on the balloons and avoid it. Each
balloon comes with instructions about inflation pressures and diameters and rupture
pressure. Rupture should be avoided unless it is intentional (in some CTO techniques)
as the rapid release in pressure can cause dissections, perforations, and air embolism.
Risk of rupture increases with calcified tortuous severe lesions and using high infla-
tion pressures. Operator can recognize rupture easily by feeling sudden drop in
balloon pressure and can be seen on fluoroscopy. If balloon rupture occurs, negative
pressure should be applied rapidly, and balloon should be withdrawn. Follow up
angiogram and assessing for complication should be performed. Semi-compliant
balloons are mostly used for pre-dilatation and preparation of the lesion.

Balloon length is determined mainly by the lesion length (should match). It is
usually shorter than the final stent which covers the proximal and distal edge of the
lesion. Shorter balloons can be considered for resistant lesions. For post stenting
dilation, balloon length matches the stent length.

Balloon diameter: for pre-dilatation, balloon diameters are based on the target
vessel. The role is 0.9–1.1 balloon to vessel ratio. However, there are multiple
exceptions to the role. Resistance lesion does not allow using this role. Starting with
small balloon and escalating diameter is necessary. This approach is also helpful to
avoid complications in cases of total occlusion of the vessel and especially if vessel
trajectory is not clear and suspicion of being in small branch.

Best balloons for pre-dilatation are balloons with the lowest crossing profiles:
crossing profile has direct effect on a balloon’s ability to cross the lesion. It is related
to specific balloon design, balloon tip diameter in addition to diameter (balloon and
shaft), and length. Shorter, smaller balloons have lower crossing profiles.

PlainOldBalloonAngioplasty POBA is still performed evenwith rapid development
of stents. The indication for POBA is limited to recurrent instent restenosis in small
vessel and especially in diabetic patient where the risk of restenosis is very high in case
of adding additional layer of stent. In rare indication, pre op POBA is performed for
severe stenosis to avoid stenting and the need for dual anti-platelets therapy.

Cutting or scoring balloons are noncompliant balloons surrounded by metal
wires or microtomes that can help in preparation resistance calcified lesions. Several
designs are available. In general, cutting balloons are available in limited sizes and
lengths. They have high crossing profile which make their use challenging especially
where they are needed the most. This makes their use not common and mainly
indicated in ostial lesions. Some operators use it for resistant lesions not amendable
to other adjunct lesion modifications and instent restenosis due to new
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atherosclerosis where the stent struts are not close to the lumen. Other instent
restenosis mechanisms where the stent struts are close to the lumen, it is not
recommended to use cutting balloons.

Withdrawing balloons should be performed after full deflation and confirmed
re-wrapping of the balloon using fluoroscopy.

2.6 Stents

There are several stents from several medical companies with variable designs
and engineering. Operator should be familiar with the basics of stent design, engi-
neering, and generations. Stent design’s topic is extensive, and reader is referred to
dedicated stent chapter.

Similar to balloons: crossing profiles, stents design/generation, struts character-
istics, stent drug, presence of polymer, sizes (diameter and length), clinical safety
data and outcome all factors that affect operator choice of stent. Smallest stent
diameter is 2 mm. Stenting vessel <2 mm size is not recommended as the value and
long-term outcome is significantly questionable. However, balloon angioplasty of
small vessels is recommended especially when these vessels supply a significant
territory of the myocardium and when their occlusion cause significant symptoms
or hemodynamic effect such as in cases of some septal perforators and right ven-
tricular branch which could cause right ventricular infarction, shock and even
death. These branches could shut down when jailed by stents and so it is
recommended to avoid multiple layers of stents or stents overlap when jailing a
branch vessel. In cases where multiple stents are needed in the main vessel, operator
should plan to avoid multiple layers of stents jailing the branch vessel.

In coronary world, all available stents are rapid exchange balloon expanded
design. In rare cases, it is necessary to use a peripheral size or self-expandable stent
such in very large coronaries >6 mm or in cases of complications like perforations in
a large coronary. Balloon expandable stents are semi-compliant balloons that can
expand by increasing inflation pressure but there a max stent size for each design.
As in balloons, each stent has a table for inflation pressure and correlating diameter
as part of their design.

The old and still active role is to use stent length that covers the lesion with both
proximal and distal stent edges at normal segment of the coronary. This is the role
that current evidence support. However, with rapid progress in coronary stents
design, wide spread of stent use, and expansion of stent indications such in diabetic
patients with diffuse coronary disease, this role might not be applicable anymore.

Stent size topic is more complicated than balloon. The technical goal of stenting
is to achieve a good coverage of the plaque, restore the vessel lumen, allow covering
of struts with endothelium and prevent restenosis by using stent with strong radial
force to prevent recoil and assuring well apposed struts. Operator should be knowl-
edgeable of available stent sizes and design that allow them to expand beyond their
original size by inflating the balloon beyond the design pressure or by post dilata-
tion using larger balloon. For example: if an operator used a 3.0 mm stent that is
designed to expand only to 3.5 mm and tried to expanded the stent to match the
vessel size of 4 mm, that might be unsuccessful, cause struts fracture, significant
recoil and restenosis. At the same time, using inappropriately large stent size, can
cause edge dissection, perforation, rapid atherosclerosis at the edges due to inflam-
mation and under expansion of the stent and restenosis. Stent size should be based
on the size of reference vessel diameter RVD proximal and distal to the lesion to
match the vessel size as close as possible. Operator can use several techniques to
choose the appropriate stent size: using the balloon size used to prepare the lesion,
compare vessel size to the guide catheter diameter, performing angiogram after
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lesion preparation and intra-coronary Nitroglycerin, fluoroscopy based quantitative
measurement and using intravascular imaging (IVUS or OCT).

To assure good results, operator can use stent imaging enhancement technology
(Available on Phillips Fluoroscopy system) and intravascular imaging. Most operators
use post dilatation with balloon to achieve good angiographic results. This step has
been shown to improve angiographic results. Clinically, the benefit and long-term
outcome of this step is a complex question to answer as it has multiple variables and
cofounders. It is related to the clinical presentation acute myocardial infarction vs.
stable angina, type of lesion and stent generation. Best data support this step for bare
metal stents and first-generation drug eluting stents. For second and third generation
DES, the data are controversial [11–13]. Significant evidence supports this step [14].
However, some question it as it might lead to microvascular injury or distal emboli-
zation in the setting of acute myocardial infarction. It is best to make individual
decision to perform post dilatation in acute myocardial infarction cases.

Operator should minimize the number of stents used by using single stent and
avoid stents overlap. This can be challenging in long lesions with significant dis-
crepancy between proximal and distal vessel size or in challenging distal lesion in
tortuous vessel. Using shorter and multiple stents might be required if other tech-
niques for increasing support for delivery are not successful.

Stent restenosis is related to target vessel size (smaller have higher risk), stent length
(longer higher risk), small diameter stents, undersized stent, stent drug type and body
response (inflammation), ostial lesions, venous grafts lesions especially distal anasto-
mosis to target vessel, presence of diabetes mellitus and calcifications. Appropriate
oversizingmight have beneficial results and reduce target lesion revascularization.

Stents thrombosis risk increases with premature stopping of anti-platelets ther-
apy, stents overlap, bifurcation lesions, stent edge dissection, stent’s struts mal-
apposition, time from implantation, poor distal flow post intervention, presence of
diabetes mellitus and chronic kidney disease, reduced left ventricular systolic func-
tion. There are some data to subject larger vessel and especially RCA has more risk
of thrombosis.

3. Helpful tips to address difficulties performing basic steps of PCI

3.1 Difficulty wiring

Wiring the true lumen during PCI is the initial and most important step.
Operators can face several difficulties and some solutions are listed:

1.Severe stenotic lesions:
Find the microchannel using multiple views and use escalating wire technique
to provide more support to the wire tip.
Use a micro catheter or balloon to support wire’s tip.

2.Tortuous vessels and lesions: use wires with strong shaft support and torque
transmission.

3.Angulated target vessels:

Adjust the wire tip to the most angulated vessel.
Useangulatedmicro-catheter like supercross45-90-120°or steerablemicro-catheter.
Use dual lumen micro-catheter.
Use knuckled wire retro wiring technique: advancing knuckled wire in the main
vessel beyond the takeoff of the branch angulated vessel then withdrawing
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slowly toward till the tip of the wire engage the target vessel. This technique is
helpful to wire a jailed branch vessel and assuring the wire is not between stent
and vessel wall (under stent).

3.2 Difficulty delivering balloons and stents

First step to recognize if the difficulty is related to the lesion itself or difficulty
due to the target vessel (severe tortuosity or calcifications)

Use a buddy wire technique.
Use a wire with strong shaft (Grandslam, ironman, mailman) that provide more
support. If not able to deliver such wire, use special wire that can navigate
tortuous vessels (Suoh, Sion blue or Black, Samurai) and exchange for stiffer
wire using over the wire balloon or micro-catheter.

Use a guide extension: guide extensions should be advanced carefully over a
balloon or stent using balloon-assisted tracking technique to avoid vessel
injury especially at vessel bends. Guide extension shaft is to one side (not
centered like balloons or stents) and their lumen is on the other side which
make them biased to one side and that’s the reason the tip can damage the
intima and cause dissection while advancing them. Guide extensions will cause
pressure dampening and can increase ischemia as they get advanced within the
coronary. Operator should avoid advancing them to a target vessel smaller
than the size of guide extension to avoid vessel injury. Contrast injection with
high pressure through a guide extension can cause dissection.

Deep guide intubation.
Using anchor balloon. A small compliant balloon in a proximal branch is usually
used to provide support.

If the difficulty is more related to the lesion itself:
Use simultaneous two small balloons inflations.
Use glide balloon.
Grenadoplasty: intentionally inflating small balloon to rupture which could
affect the lesion integrity.

Wire cutting technique: using two wires across the lesion, passing small balloon
over one wire, and performing tugging and pushing on the balloon or the other
wire that can act as a saw cutting the lesion.

Use lesion modification techniques such as atherectomy, LASER, Intra vascular
lithotripsy, brachytherapy.

More aggressive techniques involve sub-intimal access to perform external
crush or distal anchoring.

Combination of above techniques is needed in difficult cases.

3.3 Difficulty with stent delivery

In addition to techniques above:
Use shorter stent with smaller struts.
Administration of Rota glide/Viper glide while advancing the stent toward the
lesion.

4. Special challenging cases of PCIs

4.1 Aorto-ostial lesions

Aorto-ostial lesions (RCA, left main, and bypass grafts) can be challenging for
several reasons:
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lesion preparation and intra-coronary Nitroglycerin, fluoroscopy based quantitative
measurement and using intravascular imaging (IVUS or OCT).

To assure good results, operator can use stent imaging enhancement technology
(Available on Phillips Fluoroscopy system) and intravascular imaging. Most operators
use post dilatation with balloon to achieve good angiographic results. This step has
been shown to improve angiographic results. Clinically, the benefit and long-term
outcome of this step is a complex question to answer as it has multiple variables and
cofounders. It is related to the clinical presentation acute myocardial infarction vs.
stable angina, type of lesion and stent generation. Best data support this step for bare
metal stents and first-generation drug eluting stents. For second and third generation
DES, the data are controversial [11–13]. Significant evidence supports this step [14].
However, some question it as it might lead to microvascular injury or distal emboli-
zation in the setting of acute myocardial infarction. It is best to make individual
decision to perform post dilatation in acute myocardial infarction cases.

Operator should minimize the number of stents used by using single stent and
avoid stents overlap. This can be challenging in long lesions with significant dis-
crepancy between proximal and distal vessel size or in challenging distal lesion in
tortuous vessel. Using shorter and multiple stents might be required if other tech-
niques for increasing support for delivery are not successful.

Stent restenosis is related to target vessel size (smaller have higher risk), stent length
(longer higher risk), small diameter stents, undersized stent, stent drug type and body
response (inflammation), ostial lesions, venous grafts lesions especially distal anasto-
mosis to target vessel, presence of diabetes mellitus and calcifications. Appropriate
oversizingmight have beneficial results and reduce target lesion revascularization.

Stents thrombosis risk increases with premature stopping of anti-platelets ther-
apy, stents overlap, bifurcation lesions, stent edge dissection, stent’s struts mal-
apposition, time from implantation, poor distal flow post intervention, presence of
diabetes mellitus and chronic kidney disease, reduced left ventricular systolic func-
tion. There are some data to subject larger vessel and especially RCA has more risk
of thrombosis.

3. Helpful tips to address difficulties performing basic steps of PCI

3.1 Difficulty wiring

Wiring the true lumen during PCI is the initial and most important step.
Operators can face several difficulties and some solutions are listed:

1.Severe stenotic lesions:
Find the microchannel using multiple views and use escalating wire technique
to provide more support to the wire tip.
Use a micro catheter or balloon to support wire’s tip.

2.Tortuous vessels and lesions: use wires with strong shaft support and torque
transmission.

3.Angulated target vessels:

Adjust the wire tip to the most angulated vessel.
Useangulatedmicro-catheter like supercross45-90-120°or steerablemicro-catheter.
Use dual lumen micro-catheter.
Use knuckled wire retro wiring technique: advancing knuckled wire in the main
vessel beyond the takeoff of the branch angulated vessel then withdrawing
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slowly toward till the tip of the wire engage the target vessel. This technique is
helpful to wire a jailed branch vessel and assuring the wire is not between stent
and vessel wall (under stent).

3.2 Difficulty delivering balloons and stents

First step to recognize if the difficulty is related to the lesion itself or difficulty
due to the target vessel (severe tortuosity or calcifications)

Use a buddy wire technique.
Use a wire with strong shaft (Grandslam, ironman, mailman) that provide more
support. If not able to deliver such wire, use special wire that can navigate
tortuous vessels (Suoh, Sion blue or Black, Samurai) and exchange for stiffer
wire using over the wire balloon or micro-catheter.

Use a guide extension: guide extensions should be advanced carefully over a
balloon or stent using balloon-assisted tracking technique to avoid vessel
injury especially at vessel bends. Guide extension shaft is to one side (not
centered like balloons or stents) and their lumen is on the other side which
make them biased to one side and that’s the reason the tip can damage the
intima and cause dissection while advancing them. Guide extensions will cause
pressure dampening and can increase ischemia as they get advanced within the
coronary. Operator should avoid advancing them to a target vessel smaller
than the size of guide extension to avoid vessel injury. Contrast injection with
high pressure through a guide extension can cause dissection.

Deep guide intubation.
Using anchor balloon. A small compliant balloon in a proximal branch is usually
used to provide support.

If the difficulty is more related to the lesion itself:
Use simultaneous two small balloons inflations.
Use glide balloon.
Grenadoplasty: intentionally inflating small balloon to rupture which could
affect the lesion integrity.

Wire cutting technique: using two wires across the lesion, passing small balloon
over one wire, and performing tugging and pushing on the balloon or the other
wire that can act as a saw cutting the lesion.

Use lesion modification techniques such as atherectomy, LASER, Intra vascular
lithotripsy, brachytherapy.

More aggressive techniques involve sub-intimal access to perform external
crush or distal anchoring.

Combination of above techniques is needed in difficult cases.

3.3 Difficulty with stent delivery

In addition to techniques above:
Use shorter stent with smaller struts.
Administration of Rota glide/Viper glide while advancing the stent toward the
lesion.

4. Special challenging cases of PCIs

4.1 Aorto-ostial lesions

Aorto-ostial lesions (RCA, left main, and bypass grafts) can be challenging for
several reasons:
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Engaging challenges: after selecting appropriate guide shape, engaging severe
lesions most likely would cause dampening, possibly ischemia, dangerous
arrhythmias, and subsequent hemodynamic effect. To avoid these issues or in
cases with challenging coronary take offs, operators can use one or more of the
following techniques:

Using a GC with side holes. Again, side holes can cause a false sense of
assurance.

Quick engagement and wiring followed by disengagement to minimize
ischemia.

Phishing technique: it involves having the tip of the guide few millimeters close
to the ostium without engagement then attempting to wire the coronary. If the
ostium lumen can accommodate a micro catheter, then micro catheter can be
used to approach the ostium with long wire to facilitate wiring the coronary.
Steerable micro catheters are the most helpful when using this technique.

Using a small 4 or 5Fr diagnostic catheter to engage and wire the coronary with
a long wire then exchange with the appropriate guide catheter over the long
wire.

Calcified ostial lesions that requires adjunct plaque modification such as
atherectomy carries risk of causing aortic dissections. This can occur with
simple angioplasty. The inflations time while performing angioplasty or
stenting should be short as these vessels might be the only perfusion source of
the heart.

Missing the target: as operators try to match the proximal end of the stent to the
ostium, it is not uncommon to miss the target ostial lesions. Locating the
ostium is challenging and appropriate imaging views are critical here. To
assure best view of ostial lesion, orthogonal views should be used. For ostial
left main, superficial LAO/cranial and for RCA steep RAO and even lateral
views are required depending on its origin. It is essential to know where the
stent ends in regard to its radiopaque markers in order not to miss the ostium
as some stents ends at the distant end of the radiopaque marker and others at
the proximal end of the marker. In order to achieve good lesion coverage,
stents are deployed to protrude couple of millimeters out of the coronary and
inside the ascending aorta. A lot of operators recommend flaring the
protruding part with large balloon and high pressure to make the stent take the
shape of the internal aorta. This step is important especially when future
interventions are anticipated. Without this step, future engagement of the
stent and PCI becomes a very difficult mission and almost impossible. There
are special designed balloons that can help with achieving this step. A catheter
with two balloons, two inflating ports, and three markers that identify the
edges of the two balloons. Operators should use caution while using these
double balloons as inflating proximal balloon inside the vessel can cause
vessel injury. Sbazo technique is a unique technique where another wire is
passed through the proximal stent cell and while advancing the stent the
wire stops the advancement while assuring covering the ostium. The same
technique can be used at a bifurcation ostium lesion while avoiding jailing the
branch vessel.

4.2 Bifurcation lesion techniques

Bifurcation of lesions in general is one of the most technically complex coronary
interventions. Multiple classifications for bifurcation coronary lesions are available.
The most common one is Medina classification which has three digits depending on
true lesion involvement of vessels around bifurcation.
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In order to make bifurcation stenting simpler, the first decision is to decide
whether the single-stent (provisional stenting) or the two-stent approach is the
appropriate technique. There are significant data comparing provisional stenting to
other two stent techniques. Both are acceptable techniques with good outcome and
the decision to choose one is related to several factors.

Several techniques are used for bifurcation lesions. Deciding the best technique
to use depends on multiple factors: medina classification, the angle between main
and branch vessels, size difference of main and branch vessels, difficulty to rewire
the sent struts, expected plaques shifting/angle changes post stenting and need for
branch stenting distal to the bifurcation lesion, size and territory size of branch
vessel and presence of trifurcation or proximal lesion.

Proximal optimization technique POT is an important step while performing
any PCI and especially in the setting of bifurcation stenting. It refers to performing
angioplasty inside the proximal segment of the stent/stents (making sure the distal
end of the balloon at the level of side branch) to make sure proximal stent are well
apposed and dilated to match the proximal vessel size. Injecting contrast while the
balloon is inflated can help assuring well stent apposition when no contrast leak to
distal vessel. POT allows safe rewiring and further intervention of the SB when
required. It is important to perform POT at the right level, repeat it or perform
kissing balloons if the SB was ballooned to optimize any possible distortion of the
stent and to remove the SB wire before repeating POT or performing kissing
balloons to avoid wire trapping complications.

Final kissing balloon is recommended in all two stents techniques. Kissing bal-
loons goal is to optimize the bifurcation carina and lumens of both vessel at this
level without compromise one of the bifurcation lumens.

IVUS-assisted bifurcation stenting has better outcome especially in distal left
main bifurcation lesion. Because fluoroscopy angiogram provides only two-
dimensional images, intravascular imaging with IVUS and/or OCT can be very
helpful to understand the morphology of bifurcation stenosis if performed before
and after to evaluate the results and need for further intervention.

For any bifurcation lesion, protecting both vessels, branch vessel (side branch
SB) and main vessel (MV) by wiring them is recommended especially when branch
vessel is 2 mm and larger in diameter. Even in Medina 0.1.0 lesions, wiring both
vessel for protection is recommended. Acute vessel closure of large branch could
occur when least expected especially in the setting of small bifurcation angle.

It is very important to pre-determine the best views that allow the operator to
evaluate the bifurcations accurately and assess the changes in both branches andmain
vessel at the same timewith each step. Orthogonal views are important during all steps.

There is no available guide catheter that allows simultaneous three balloon
inflations or stent deployments. There are techniques that use two guide catheters
one 7Fr and the other 6 or Fr to treat trifurcation lesion with the risk of inducing
ischemia by completely obstructing the coronary ostium.

Bifurcation lesions that carry the highest risk are true bifurcation lesions Medina
1.1.1 of distal left main involving ostial LAD and LCX. Unprotected left main is
referred to any left main with no bypass to the LAD or LCX. It is important to
recognize that intervention on unprotected left main carries a higher risk especially
in the setting of left dominant system. Although recent emerging data suggest a
similar outcome comparing PCI to CABG in such lesions even in diabetic patients,
CABG still has the best data [11–13]. Discussion of the data is beyond this chapter.
However, a simple decision-making approach is that the more complex anatomy,
the more benefit CABG can provide especially in diabetic patients with low left
ventricular ejection fractions [14]. It is important to recognize that diabetic patients
have higher risk of restenosis and tend to have smaller vessels’ lumen due to diffuse
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Engaging challenges: after selecting appropriate guide shape, engaging severe
lesions most likely would cause dampening, possibly ischemia, dangerous
arrhythmias, and subsequent hemodynamic effect. To avoid these issues or in
cases with challenging coronary take offs, operators can use one or more of the
following techniques:

Using a GC with side holes. Again, side holes can cause a false sense of
assurance.

Quick engagement and wiring followed by disengagement to minimize
ischemia.

Phishing technique: it involves having the tip of the guide few millimeters close
to the ostium without engagement then attempting to wire the coronary. If the
ostium lumen can accommodate a micro catheter, then micro catheter can be
used to approach the ostium with long wire to facilitate wiring the coronary.
Steerable micro catheters are the most helpful when using this technique.

Using a small 4 or 5Fr diagnostic catheter to engage and wire the coronary with
a long wire then exchange with the appropriate guide catheter over the long
wire.

Calcified ostial lesions that requires adjunct plaque modification such as
atherectomy carries risk of causing aortic dissections. This can occur with
simple angioplasty. The inflations time while performing angioplasty or
stenting should be short as these vessels might be the only perfusion source of
the heart.

Missing the target: as operators try to match the proximal end of the stent to the
ostium, it is not uncommon to miss the target ostial lesions. Locating the
ostium is challenging and appropriate imaging views are critical here. To
assure best view of ostial lesion, orthogonal views should be used. For ostial
left main, superficial LAO/cranial and for RCA steep RAO and even lateral
views are required depending on its origin. It is essential to know where the
stent ends in regard to its radiopaque markers in order not to miss the ostium
as some stents ends at the distant end of the radiopaque marker and others at
the proximal end of the marker. In order to achieve good lesion coverage,
stents are deployed to protrude couple of millimeters out of the coronary and
inside the ascending aorta. A lot of operators recommend flaring the
protruding part with large balloon and high pressure to make the stent take the
shape of the internal aorta. This step is important especially when future
interventions are anticipated. Without this step, future engagement of the
stent and PCI becomes a very difficult mission and almost impossible. There
are special designed balloons that can help with achieving this step. A catheter
with two balloons, two inflating ports, and three markers that identify the
edges of the two balloons. Operators should use caution while using these
double balloons as inflating proximal balloon inside the vessel can cause
vessel injury. Sbazo technique is a unique technique where another wire is
passed through the proximal stent cell and while advancing the stent the
wire stops the advancement while assuring covering the ostium. The same
technique can be used at a bifurcation ostium lesion while avoiding jailing the
branch vessel.

4.2 Bifurcation lesion techniques

Bifurcation of lesions in general is one of the most technically complex coronary
interventions. Multiple classifications for bifurcation coronary lesions are available.
The most common one is Medina classification which has three digits depending on
true lesion involvement of vessels around bifurcation.
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In order to make bifurcation stenting simpler, the first decision is to decide
whether the single-stent (provisional stenting) or the two-stent approach is the
appropriate technique. There are significant data comparing provisional stenting to
other two stent techniques. Both are acceptable techniques with good outcome and
the decision to choose one is related to several factors.

Several techniques are used for bifurcation lesions. Deciding the best technique
to use depends on multiple factors: medina classification, the angle between main
and branch vessels, size difference of main and branch vessels, difficulty to rewire
the sent struts, expected plaques shifting/angle changes post stenting and need for
branch stenting distal to the bifurcation lesion, size and territory size of branch
vessel and presence of trifurcation or proximal lesion.

Proximal optimization technique POT is an important step while performing
any PCI and especially in the setting of bifurcation stenting. It refers to performing
angioplasty inside the proximal segment of the stent/stents (making sure the distal
end of the balloon at the level of side branch) to make sure proximal stent are well
apposed and dilated to match the proximal vessel size. Injecting contrast while the
balloon is inflated can help assuring well stent apposition when no contrast leak to
distal vessel. POT allows safe rewiring and further intervention of the SB when
required. It is important to perform POT at the right level, repeat it or perform
kissing balloons if the SB was ballooned to optimize any possible distortion of the
stent and to remove the SB wire before repeating POT or performing kissing
balloons to avoid wire trapping complications.

Final kissing balloon is recommended in all two stents techniques. Kissing bal-
loons goal is to optimize the bifurcation carina and lumens of both vessel at this
level without compromise one of the bifurcation lumens.

IVUS-assisted bifurcation stenting has better outcome especially in distal left
main bifurcation lesion. Because fluoroscopy angiogram provides only two-
dimensional images, intravascular imaging with IVUS and/or OCT can be very
helpful to understand the morphology of bifurcation stenosis if performed before
and after to evaluate the results and need for further intervention.

For any bifurcation lesion, protecting both vessels, branch vessel (side branch
SB) and main vessel (MV) by wiring them is recommended especially when branch
vessel is 2 mm and larger in diameter. Even in Medina 0.1.0 lesions, wiring both
vessel for protection is recommended. Acute vessel closure of large branch could
occur when least expected especially in the setting of small bifurcation angle.

It is very important to pre-determine the best views that allow the operator to
evaluate the bifurcations accurately and assess the changes in both branches andmain
vessel at the same timewith each step. Orthogonal views are important during all steps.

There is no available guide catheter that allows simultaneous three balloon
inflations or stent deployments. There are techniques that use two guide catheters
one 7Fr and the other 6 or Fr to treat trifurcation lesion with the risk of inducing
ischemia by completely obstructing the coronary ostium.

Bifurcation lesions that carry the highest risk are true bifurcation lesions Medina
1.1.1 of distal left main involving ostial LAD and LCX. Unprotected left main is
referred to any left main with no bypass to the LAD or LCX. It is important to
recognize that intervention on unprotected left main carries a higher risk especially
in the setting of left dominant system. Although recent emerging data suggest a
similar outcome comparing PCI to CABG in such lesions even in diabetic patients,
CABG still has the best data [11–13]. Discussion of the data is beyond this chapter.
However, a simple decision-making approach is that the more complex anatomy,
the more benefit CABG can provide especially in diabetic patients with low left
ventricular ejection fractions [14]. It is important to recognize that diabetic patients
have higher risk of restenosis and tend to have smaller vessels’ lumen due to diffuse
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disease which in turn increases the need for vessel revascularization due to more
hemodynamically significant restenosis. The same percentage of stenosis could be
tolerated better with less hemodynamic effect in larger non-diabetic vessels. If a
patient is not a candidate for CABG, a hemodynamic support device should be
considered depending on the severity of stenosis, calcification, the need for
atherectomy or other lesion modification techniques, presence of aortic valve ste-
nosis, and LV function. Even with normal LV function, operator should consider
mechanical support with severe calcified lesions with high risk of acute vessel
closure, low LVEF, prolonged ischemia or complication. Simultaneous kissing stents
to minimize ischemia time is a good option especially in Medina 0.1.1 lesions.
Figure 4 shows a simple decision-making approach for bifurcation stenting.

4.2.1 Provisional stenting

Stenting from main vessel to main vessel or branch depends on size differences,
angulation of the SB, and the easier vessel to rewire after jailing it in case further
intervention is needed.

When the size difference is less between the SB and proximal MV compared to
difference between distal lesion of MV and proximal vessel, then stenting from
main vessel to the SB is a good option, otherwise, stenting from proximal to distal
MV is most common especially in LAD bifurcation lesions. Stenting to SB like from
proximal LCX to branch obtuse marginal is more common than stenting from
proximal to distal LCX. Evaluating the SB flow is very important to make a decision
whether it requires angioplasty or stenting. Before judging the branch flow, it is
recommended to administer intracoronary nitroglycerin.

As long as SB has normal flow and is not at risk of closure, no further intervention
is required. If SB flow is impaired, performing angioplasty of stent struts the next step.
If the results of angioplasty weren’t successful to improve the flow, or caused SB
injury, stenting becomes required. For the same reason SB with normal flow or small
lumen <2 mm should not be rewired unless poor flow is present as rewiring with or
without angioplasty might cause more complications than benefits. When attempting
to rewire the jailed SB through stent struts, there is always a concern of wiring under
the stent or not able to wire the SB especially when POT is not performed. To avoid
that, the MV wire can be used to rewire the SB as long as the operator does not
withdraw the wire beyond the proximal edge of the stent. In this way, the operator
can be assured that the wire is inside the stent. Another approach is to reverse wire the
SB by wiring theMV stent with J tip wire and then the wire is withdrawn to the origin
of SB. Lastly, a special twin pass micro-catheter loaded on the MVwire and passed till

Figure 4.
A simple decision-making approach for bifurcation stenting.
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the bifurcation. The second lumen can be used to wire the branch safely within the
stent and provide support in challenging SB rewiring cases. However, this technique
requires long wire (or extension wires) to make exchanges.

When SB stenting is required, reverse crush, T-stenting, TAP or Culottes tech-
niques could be used.

4.2.2 Mini crush technique

After wiring both the main vessel and its branch. A stent sized to the SB is placed
into the branch vessel. To assure complete coverage of the lesion, part of the stent
protrudes insides the MV. As the goal is to cover the whole bifurcation, the length of
the protruding segment of stent correlates with the angulation angle. The smaller
the angle the longer this protruding segment inside the MV. If the SB is taking off at
80° then theoretically, no part of stent should be protruding inside the MV. After SB
stenting, a balloon loaded on the wire of the MV is used to crush the protruding
segment of stent followed by stenting of the MV. The goal of mini crush that
protruding segment of the stent would not jail the SB completely so if post stenting
intra vascular imaging is performed, the distal part of the SB takeoff lumen will
have two layers of stent, the protruding crushed segment of the SB stent and the
MV stent while the proximal part will have only the MV stent. Rewiring the branch
through the main stent struts and performing kissing balloon creating new carina is
recommended. The lesion under the carina will have two layers of stents. If the
segment of stent protruding inside the MV is long enough that when it is crushed by
angioplasty/stenting the MV, the technique turns to crush stenting technique.

4.2.3 Crush stenting technique

After wiring both vessels, loading a balloon on the MV wire, stenting the SB with
significant part of stent protruding inside the MV is performed. The MV balloon
then used to crush the protruding segment of the SB stent jailing the lumen of the
branch completely with two layers of stents. Stenting of MV is then performed
jailing the SB with additional layer of stent struts. Before that the SB wire is with-
drawn to avoid wire trapping complications. Now, the SB is covered with three
layers of stent struts which most likely will affect the flow of the SB. Thus, rewiring
across these layers of stents is required and used to perform angioplasty to dilate the
stent struts followed by performing kissing balloons.

4.2.4 Reverse crush technique

It is similar to the crush technique but in reverse sequences. After wiring both
vessels, the MV is stented then the SB is rewired across the MV stent struts which
maybe challenging especially in the setting of true SB severe stenosis, and rewiring
becomes more difficult with plaque shifting/angulation angle changes after stenting
the MV. A balloon angioplasty followed by stent that protrude partially or
completely inside the MV is deployed. At this point, depending on the angiographic
results and the covering of diseased, the operator might crush the SB stent
performing angioplasty inside the MV stent (followed by the rest of crush tech-
nique) or perform kissing balloon leaving segment of the protruding stent hanging
in the lumen of the MV.

4.2.5 Culottes’ bifurcation stenting

It is the most complicated technique but has a good supportive data. After wiring
both vessels. The vessel with the hardest to rewire is stented first. Then alternating
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disease which in turn increases the need for vessel revascularization due to more
hemodynamically significant restenosis. The same percentage of stenosis could be
tolerated better with less hemodynamic effect in larger non-diabetic vessels. If a
patient is not a candidate for CABG, a hemodynamic support device should be
considered depending on the severity of stenosis, calcification, the need for
atherectomy or other lesion modification techniques, presence of aortic valve ste-
nosis, and LV function. Even with normal LV function, operator should consider
mechanical support with severe calcified lesions with high risk of acute vessel
closure, low LVEF, prolonged ischemia or complication. Simultaneous kissing stents
to minimize ischemia time is a good option especially in Medina 0.1.1 lesions.
Figure 4 shows a simple decision-making approach for bifurcation stenting.

4.2.1 Provisional stenting

Stenting from main vessel to main vessel or branch depends on size differences,
angulation of the SB, and the easier vessel to rewire after jailing it in case further
intervention is needed.

When the size difference is less between the SB and proximal MV compared to
difference between distal lesion of MV and proximal vessel, then stenting from
main vessel to the SB is a good option, otherwise, stenting from proximal to distal
MV is most common especially in LAD bifurcation lesions. Stenting to SB like from
proximal LCX to branch obtuse marginal is more common than stenting from
proximal to distal LCX. Evaluating the SB flow is very important to make a decision
whether it requires angioplasty or stenting. Before judging the branch flow, it is
recommended to administer intracoronary nitroglycerin.

As long as SB has normal flow and is not at risk of closure, no further intervention
is required. If SB flow is impaired, performing angioplasty of stent struts the next step.
If the results of angioplasty weren’t successful to improve the flow, or caused SB
injury, stenting becomes required. For the same reason SB with normal flow or small
lumen <2 mm should not be rewired unless poor flow is present as rewiring with or
without angioplasty might cause more complications than benefits. When attempting
to rewire the jailed SB through stent struts, there is always a concern of wiring under
the stent or not able to wire the SB especially when POT is not performed. To avoid
that, the MV wire can be used to rewire the SB as long as the operator does not
withdraw the wire beyond the proximal edge of the stent. In this way, the operator
can be assured that the wire is inside the stent. Another approach is to reverse wire the
SB by wiring theMV stent with J tip wire and then the wire is withdrawn to the origin
of SB. Lastly, a special twin pass micro-catheter loaded on the MVwire and passed till

Figure 4.
A simple decision-making approach for bifurcation stenting.
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the bifurcation. The second lumen can be used to wire the branch safely within the
stent and provide support in challenging SB rewiring cases. However, this technique
requires long wire (or extension wires) to make exchanges.

When SB stenting is required, reverse crush, T-stenting, TAP or Culottes tech-
niques could be used.

4.2.2 Mini crush technique

After wiring both the main vessel and its branch. A stent sized to the SB is placed
into the branch vessel. To assure complete coverage of the lesion, part of the stent
protrudes insides the MV. As the goal is to cover the whole bifurcation, the length of
the protruding segment of stent correlates with the angulation angle. The smaller
the angle the longer this protruding segment inside the MV. If the SB is taking off at
80° then theoretically, no part of stent should be protruding inside the MV. After SB
stenting, a balloon loaded on the wire of the MV is used to crush the protruding
segment of stent followed by stenting of the MV. The goal of mini crush that
protruding segment of the stent would not jail the SB completely so if post stenting
intra vascular imaging is performed, the distal part of the SB takeoff lumen will
have two layers of stent, the protruding crushed segment of the SB stent and the
MV stent while the proximal part will have only the MV stent. Rewiring the branch
through the main stent struts and performing kissing balloon creating new carina is
recommended. The lesion under the carina will have two layers of stents. If the
segment of stent protruding inside the MV is long enough that when it is crushed by
angioplasty/stenting the MV, the technique turns to crush stenting technique.

4.2.3 Crush stenting technique

After wiring both vessels, loading a balloon on the MV wire, stenting the SB with
significant part of stent protruding inside the MV is performed. The MV balloon
then used to crush the protruding segment of the SB stent jailing the lumen of the
branch completely with two layers of stents. Stenting of MV is then performed
jailing the SB with additional layer of stent struts. Before that the SB wire is with-
drawn to avoid wire trapping complications. Now, the SB is covered with three
layers of stent struts which most likely will affect the flow of the SB. Thus, rewiring
across these layers of stents is required and used to perform angioplasty to dilate the
stent struts followed by performing kissing balloons.

4.2.4 Reverse crush technique

It is similar to the crush technique but in reverse sequences. After wiring both
vessels, the MV is stented then the SB is rewired across the MV stent struts which
maybe challenging especially in the setting of true SB severe stenosis, and rewiring
becomes more difficult with plaque shifting/angulation angle changes after stenting
the MV. A balloon angioplasty followed by stent that protrude partially or
completely inside the MV is deployed. At this point, depending on the angiographic
results and the covering of diseased, the operator might crush the SB stent
performing angioplasty inside the MV stent (followed by the rest of crush tech-
nique) or perform kissing balloon leaving segment of the protruding stent hanging
in the lumen of the MV.

4.2.5 Culottes’ bifurcation stenting

It is the most complicated technique but has a good supportive data. After wiring
both vessels. The vessel with the hardest to rewire is stented first. Then alternating
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wires positions to wire the SB through stent struts followed by performing angio-
plasty to dilate struts to the nonstented vessel. This step might require several
balloons’ angioplasty with escalating sizes. Then, stenting the SB jailing the first
stented vessel. Again, here alternating wire positions are performed followed by
final kissing balloon. The advantage of this technique is complete coverage of the
lesions with stents. However, double coverage of proximal MV with two layers of
stents and new carina have been controversial and suspected to increase risk of
thrombosis. Most recent evidence suggests no difference between this technique
and other two stents techniques in terms of stent thrombosis. Culottes’ technique is
best used when the branched vessels are close in diameter to the MV to avoid stent
size mismatch and the angulation angle is acute below 70°.

4.2.6 V stenting

This technique is best used in bifurcation lesion Medina class 0.1.1 where the
proximal MV is not involved or when the lesion is barely involving the proximal
MV. After wiring both vessels, angioplasty of both vessels might be required
regardless to pass stents followed by simultaneous kissing stenting. Stenting is step
wise fashion with deploying one stent at time is feasible using 6F GC as long as it is
followed by kissing balloons. Otherwise, performing kissing stent requires 7F GC.

4.2.7 Double barrel kissing stents technique

As in the case of V stenting, this technique requires 7F GC. It can be quick
minimizing ischemia time and thus useful for large left main vessel with bifurcation
disease involving LAD and LCX. After wiring both vessels, simultaneous stenting is
performed creating double barrel in the proximal MV. Clearly, the stents in the
proximal MV are not fully deployed and they are crushed against each other and the
relationship between these barrels are not as simple it might appear. They are
mostly twisted around each other and the size difference might affect the morphol-
ogy of each stent within that part, i.e., one stent could be circle, the other is D
shaped where in perfect scenario they both should have D shaped appearance with
full apposition against the vessel. Clearly, re-accessing can be very challenging,
which makes this technique less suitable for small vessel bifurcation lesions and for
patients with expected need for further revascularization.

4.2.8 T-stenting technique

Bifurcation lesions that are appropriate for T stenting are lesions where the
angulation angle is between 70 and 90°. The steps include wiring both vessels,
performing necessary pre ballooning if needed, and then stenting the SB followed
by stenting MV jailing the SB stent. A helpful technique to assure full coverage of
bifurcation lesion is to leave inflated balloon inside the MV first then pulling he
stent of the SB till it faces the resistance from the inflated MV balloon and then
deflating that balloon followed by deploying the SB stent and finally stenting the
MV. Depending on the results, rewiring through the MV stent struts might be
necessary, followed by performing kissing balloons. When the angulation angle is
less than 70, this approach is called TAP.

4.2.9 T-stenting and small protrusion technique TAP

It is a modification of the T-stenting technique aimed at optimizing “bail-out”
SB stent implantation after MV treated by the “provisional” approach. Thus, it is
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applied after the MV stent has been deployed and kissing balloon inflation has been
performed. In particular, TAP stenting was developed to ensure full SB ostium
coverage by DES struts. To achieve this, the SB stent is delivered with intentional
minimal protrusion inside the MV with an uninflated balloon positioned in the MV
across the SB take-off. After SB stent deployment, kissing balloons inflation is
immediately performed with the stent’s balloon and the MV balloon. Further kissing
balloon inflations with noncompliant balloons may be advisable in the case of
suboptimal stent expansion. During the practice of TAP stenting, the operator
should pay attention to and try to limit as much as possible the protrusion inside the
MV which influences the length of the neo-carina. Nevertheless, similar to crush
techniques, two main determinants of neo-carina length should be recognized: the
SB take-off angle and the “quality” of pre-TAP kissing inflation. The impact of the
SB take-off angle is quite intuitive: when the SB has a “T” shape take-off, small or
absent SB stent protrusion inside the MV is needed to cover the SB ostium success-
fully. On the other hand, acute SB angles (Y-shapes) are associated with longer,
oval-shaped SB ostia. Such an anatomic configuration implies the need for wider
protrusion of the SB stent inside the MV, resulting in a longer neo-carina.

4.3 Grafts interventions

Engaging, performing angiogram and interventions on RIMA/LIMA carries
higher risk for multiple reasons. LIMA is a vessel with high risk for dissection
during any instrumentation. Most patients that requires LIMA interventions have
significant underlying native vessel a baseline with possible occlusion of other
bypass grafts. In a lot of clinical scenarios, LIMA could be the only source of
perfusion for the heart.

Grafts/LIMA interventions could be performed via any approach. Left radial or
distal left radial has the advantage of avoiding complications of femoral approaches
and avoid left subclavian issues. Most common LIMA interventions are related to
anastomosis at the LAD, left subclavian pseud or true stenosis, and ostial lesions at
the takeoff from left subclavian. Lesions in the body of LIMA are less common.
When using femoral approach, a lot of operators prefer to use a short LIMA guide
which allows for more wire to reach distally to distal LAD after the anastomosis.
Short GC usually is not required when using left radial approaches and if needed,
shortening the guide catheter is a technique that can be used.

Distal anastomosis interventions: in early post-operative days, grafts angiogram
(especially arterial grafts LIMA, RIMA, radial) might appear concerning for a dis-
section or spasm and this could be related to the post-operative shock or vasoactive
medication. Most of the times, graft has not yet matured, and later imaging would
confirm that. Stenosis at the anastomosis is mostly related to operative technical
issues during post-operative period vs. true progression of CAD during the months
or years after. Intervention if truly indicated should be performed quickly but safely
specially in fresh LIMA-LAD anastomosis. Operator should minimize occluding the
target grafts with the guide catheter as much as safely possible. Direct stenting is a
good option if a stent could be passed without ballooning. Fresh anastomosis and
sutures might be frail and over inflation of the balloon or stent should be avoided.
Stent is sized based on the size of the bypassed vessel. One of the challenges in SVG
anastomosis interventions is sizing the stent. It is very common that SVG is much
larger than the target bypassed vessel. Proximal optimization technique using bal-
loon diameter sized to SVG to dilate the segment of stent inside SVG. Data suggests
good outcome post PCI of LIMA-LAD if performed by experience operator. Proxi-
mal optimization technique to the size of the LIMA has a lower risk especially in
early days post bypass.
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wires positions to wire the SB through stent struts followed by performing angio-
plasty to dilate struts to the nonstented vessel. This step might require several
balloons’ angioplasty with escalating sizes. Then, stenting the SB jailing the first
stented vessel. Again, here alternating wire positions are performed followed by
final kissing balloon. The advantage of this technique is complete coverage of the
lesions with stents. However, double coverage of proximal MV with two layers of
stents and new carina have been controversial and suspected to increase risk of
thrombosis. Most recent evidence suggests no difference between this technique
and other two stents techniques in terms of stent thrombosis. Culottes’ technique is
best used when the branched vessels are close in diameter to the MV to avoid stent
size mismatch and the angulation angle is acute below 70°.

4.2.6 V stenting

This technique is best used in bifurcation lesion Medina class 0.1.1 where the
proximal MV is not involved or when the lesion is barely involving the proximal
MV. After wiring both vessels, angioplasty of both vessels might be required
regardless to pass stents followed by simultaneous kissing stenting. Stenting is step
wise fashion with deploying one stent at time is feasible using 6F GC as long as it is
followed by kissing balloons. Otherwise, performing kissing stent requires 7F GC.

4.2.7 Double barrel kissing stents technique

As in the case of V stenting, this technique requires 7F GC. It can be quick
minimizing ischemia time and thus useful for large left main vessel with bifurcation
disease involving LAD and LCX. After wiring both vessels, simultaneous stenting is
performed creating double barrel in the proximal MV. Clearly, the stents in the
proximal MV are not fully deployed and they are crushed against each other and the
relationship between these barrels are not as simple it might appear. They are
mostly twisted around each other and the size difference might affect the morphol-
ogy of each stent within that part, i.e., one stent could be circle, the other is D
shaped where in perfect scenario they both should have D shaped appearance with
full apposition against the vessel. Clearly, re-accessing can be very challenging,
which makes this technique less suitable for small vessel bifurcation lesions and for
patients with expected need for further revascularization.

4.2.8 T-stenting technique

Bifurcation lesions that are appropriate for T stenting are lesions where the
angulation angle is between 70 and 90°. The steps include wiring both vessels,
performing necessary pre ballooning if needed, and then stenting the SB followed
by stenting MV jailing the SB stent. A helpful technique to assure full coverage of
bifurcation lesion is to leave inflated balloon inside the MV first then pulling he
stent of the SB till it faces the resistance from the inflated MV balloon and then
deflating that balloon followed by deploying the SB stent and finally stenting the
MV. Depending on the results, rewiring through the MV stent struts might be
necessary, followed by performing kissing balloons. When the angulation angle is
less than 70, this approach is called TAP.

4.2.9 T-stenting and small protrusion technique TAP

It is a modification of the T-stenting technique aimed at optimizing “bail-out”
SB stent implantation after MV treated by the “provisional” approach. Thus, it is
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applied after the MV stent has been deployed and kissing balloon inflation has been
performed. In particular, TAP stenting was developed to ensure full SB ostium
coverage by DES struts. To achieve this, the SB stent is delivered with intentional
minimal protrusion inside the MV with an uninflated balloon positioned in the MV
across the SB take-off. After SB stent deployment, kissing balloons inflation is
immediately performed with the stent’s balloon and the MV balloon. Further kissing
balloon inflations with noncompliant balloons may be advisable in the case of
suboptimal stent expansion. During the practice of TAP stenting, the operator
should pay attention to and try to limit as much as possible the protrusion inside the
MV which influences the length of the neo-carina. Nevertheless, similar to crush
techniques, two main determinants of neo-carina length should be recognized: the
SB take-off angle and the “quality” of pre-TAP kissing inflation. The impact of the
SB take-off angle is quite intuitive: when the SB has a “T” shape take-off, small or
absent SB stent protrusion inside the MV is needed to cover the SB ostium success-
fully. On the other hand, acute SB angles (Y-shapes) are associated with longer,
oval-shaped SB ostia. Such an anatomic configuration implies the need for wider
protrusion of the SB stent inside the MV, resulting in a longer neo-carina.

4.3 Grafts interventions

Engaging, performing angiogram and interventions on RIMA/LIMA carries
higher risk for multiple reasons. LIMA is a vessel with high risk for dissection
during any instrumentation. Most patients that requires LIMA interventions have
significant underlying native vessel a baseline with possible occlusion of other
bypass grafts. In a lot of clinical scenarios, LIMA could be the only source of
perfusion for the heart.

Grafts/LIMA interventions could be performed via any approach. Left radial or
distal left radial has the advantage of avoiding complications of femoral approaches
and avoid left subclavian issues. Most common LIMA interventions are related to
anastomosis at the LAD, left subclavian pseud or true stenosis, and ostial lesions at
the takeoff from left subclavian. Lesions in the body of LIMA are less common.
When using femoral approach, a lot of operators prefer to use a short LIMA guide
which allows for more wire to reach distally to distal LAD after the anastomosis.
Short GC usually is not required when using left radial approaches and if needed,
shortening the guide catheter is a technique that can be used.

Distal anastomosis interventions: in early post-operative days, grafts angiogram
(especially arterial grafts LIMA, RIMA, radial) might appear concerning for a dis-
section or spasm and this could be related to the post-operative shock or vasoactive
medication. Most of the times, graft has not yet matured, and later imaging would
confirm that. Stenosis at the anastomosis is mostly related to operative technical
issues during post-operative period vs. true progression of CAD during the months
or years after. Intervention if truly indicated should be performed quickly but safely
specially in fresh LIMA-LAD anastomosis. Operator should minimize occluding the
target grafts with the guide catheter as much as safely possible. Direct stenting is a
good option if a stent could be passed without ballooning. Fresh anastomosis and
sutures might be frail and over inflation of the balloon or stent should be avoided.
Stent is sized based on the size of the bypassed vessel. One of the challenges in SVG
anastomosis interventions is sizing the stent. It is very common that SVG is much
larger than the target bypassed vessel. Proximal optimization technique using bal-
loon diameter sized to SVG to dilate the segment of stent inside SVG. Data suggests
good outcome post PCI of LIMA-LAD if performed by experience operator. Proxi-
mal optimization technique to the size of the LIMA has a lower risk especially in
early days post bypass.
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SVG are prone to thrombosis. Microvascular thrombosis can lead to bad out-
comes. Using distal embolic protection (Table 15) in cardiac vessels interventions
has showed benefits in interventions on SVGs especially with thrombotic lesions.
The goal of distal embolic protection is to minimize/stop any thrombi from travel-
ing distally to microvasculature. These devices cannot be used for all SVGs inter-
ventions. Distally to the target lesion, vessel should have about 4 cm safe landing
segment where the device can be deployed. Severe stenotic lesions (especially aorto-
ostial lesions) make using distal embolic protection technically challenging or
impossible. Some operators advocate in such cases with difficulty passing the
embolic protection device is to perform direct stenting if it allows. Fibrotic lesions
(instent restenosis) with no friable thrombotic material, might not benefit from
embolic protection. Direct stenting is another approach to minimize distal emboli-
zation and microvascular obstruction when feasible. Aneurysmal changes in SVG
are very common which makes stent sizes difficult. Sizing should be based on the
nonaneurysmal segment and post dilation can be used when needed. Proximal
embolic protection devices are still available but are not used as much as the distal
one during PCI on SVGs. The idea of these devices to reduce the thrombi that can
travel upwards and cause organ ischemia specifically a stroke.

No reflow phenomena is common during any coronary or graft intervention. It
is more common with thrombotic lesions and thought to be related to microvascular
thrombosis and/or dysfunction. In addition to minimize clot burden with embolec-
tomy, angioplasty and stenting to trap clots, administrating of microvascular active
medications nitroprusside, verapamil and/or adenosine is necessary.

4.4 Instent restenosis treatment

Simple focal restenosis is usually treated with DES. The era of DES changed the
approach of instent restenosis treatment. A second and a third layer of stents can be
used to treat the lesion especially focal lesions in the body of the stent or edge of
stent whether the prior used stent was a BMS or DES. Treatment of instent reste-
nosis can be very challenging due to the variable potential underlying pathophysi-
ology of stent restenosis: undersized, under expanded stent, presence of
calcification, neoatherosclerosis, fibrotic tissue or presence of diffuse instent reste-
nosis. Understanding the mechanism of restenosis is the main step to choose the
appropriate treatment strategy. Intravascular imaging with IVUS or OCT if possible
can be very helpful. However, most of the time these imaging catheters cannot cross
the restenosis. In these setting, ballooning might be the only option.

In case of diffuse instent neoatherosclerosis cutting balloons is not a good option
especially if the prior stents are well sized and fully apposed. The decision of adding a

Device Guide
compatibility

Crossing
profile

Vessel size Length of filter/
landing zone

Notes

Spider RX (ev3) 6Fr 3.2 Fr 3–6 mm 10 mm/39 mm, Only one with wire
of choice

FilterWire
(Boston Scientific)

6Fr 3.2 Fr 2.5–5.5 mm 15 mm/39 mm

GaurdWire 6Fr 2.1 and
2.8 Fr

3–6 mm

Interceptor 6Fr 2.7 Fr 2.5–5.5 mm Capture Small
Particles <50 μm

Table 15.
Distal embolization protection devices.
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second layer of stent depends on the results of angioplasty, size of the vessel, and
long-term outcome. If the mechanism of restenosis is under expanded stent, fibrotic
tissue, calcifications underneath the stent or hyper intimal hyperplasia, the treatment
is targeting the underlying tissue. Available treatment options are those used for
adjunct plaque modifications (brachytherapy, LASER, and intravascular lithotripsy).

4.5 Post aortic valve replacement coronary intervention

Supra-annular valves like CoreValve bio prosthetic makes coronary access chal-
lenging. The goal is to a use a guide catheter to cross the cells of the bio prosthetic
valve at the level of the coronary. Best approach is to use a 0.5 shorter guide catheter
than usually used. Wire assisted technique to manipulate the GC to sit within the
bio prosthetic and at the appropriate cell level to cross toward the coronary ostium.
Manipulating the GC with a 0.035″ guide wire should be performed within the
lumen of the aorta and away from the aortic wall to avoid aortic or coronary ostium
injury. Guide wire makes the GC stiff and moving the GC quickly could cause the
GC to jump quickly and damage the coronary ostium. Once the GC is in a good
trajectory and directed toward the coronary ostium, GC should be advanced slowly
toward the ostium.

5. Conclusion

Percutaneous coronary interventions have always been crucial in medical care.
Now more than ever, with rapidly evolving percutaneous interventions and less
surgical interventions, coronary percutaneous interventions are priority. Develop-
ing required technical skills and mastering basic and complicated intervention
techniques have never been as important as they are now. Before proceeding with
any intervention, all necessary equipment and medications should be available.
Other essential requirements for any successful intervention include planning, hav-
ing competency in required techniques, early recognition, and being prepared to
manage complications.
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SVG are prone to thrombosis. Microvascular thrombosis can lead to bad out-
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Device Guide
compatibility

Crossing
profile

Vessel size Length of filter/
landing zone

Notes

Spider RX (ev3) 6Fr 3.2 Fr 3–6 mm 10 mm/39 mm, Only one with wire
of choice

FilterWire
(Boston Scientific)

6Fr 3.2 Fr 2.5–5.5 mm 15 mm/39 mm

GaurdWire 6Fr 2.1 and
2.8 Fr

3–6 mm

Interceptor 6Fr 2.7 Fr 2.5–5.5 mm Capture Small
Particles <50 μm

Table 15.
Distal embolization protection devices.
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second layer of stent depends on the results of angioplasty, size of the vessel, and
long-term outcome. If the mechanism of restenosis is under expanded stent, fibrotic
tissue, calcifications underneath the stent or hyper intimal hyperplasia, the treatment
is targeting the underlying tissue. Available treatment options are those used for
adjunct plaque modifications (brachytherapy, LASER, and intravascular lithotripsy).

4.5 Post aortic valve replacement coronary intervention

Supra-annular valves like CoreValve bio prosthetic makes coronary access chal-
lenging. The goal is to a use a guide catheter to cross the cells of the bio prosthetic
valve at the level of the coronary. Best approach is to use a 0.5 shorter guide catheter
than usually used. Wire assisted technique to manipulate the GC to sit within the
bio prosthetic and at the appropriate cell level to cross toward the coronary ostium.
Manipulating the GC with a 0.035″ guide wire should be performed within the
lumen of the aorta and away from the aortic wall to avoid aortic or coronary ostium
injury. Guide wire makes the GC stiff and moving the GC quickly could cause the
GC to jump quickly and damage the coronary ostium. Once the GC is in a good
trajectory and directed toward the coronary ostium, GC should be advanced slowly
toward the ostium.

5. Conclusion

Percutaneous coronary interventions have always been crucial in medical care.
Now more than ever, with rapidly evolving percutaneous interventions and less
surgical interventions, coronary percutaneous interventions are priority. Develop-
ing required technical skills and mastering basic and complicated intervention
techniques have never been as important as they are now. Before proceeding with
any intervention, all necessary equipment and medications should be available.
Other essential requirements for any successful intervention include planning, hav-
ing competency in required techniques, early recognition, and being prepared to
manage complications.
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Chapter 13

Primary Angioplasty: From the 
Artery to the Myocardium
Miguel Angel Farah, Franco Farah  
and Miguel Alejandro Farah

Abstract

The prognosis of patients suffering from acute myocardial infarction (AMI) is 
related to the amount of muscle loss and ventricular function deterioration caused 
by the event. Primary angioplasty is the most effective reperfusion strategy. Early 
reperfusion limits the size of the infarction and improves the prognosis. However, 
the incidence of death and post-AMI heart failure remains around 20% during the 
first year. Factors that contribute to myocardial damage are ischemia, mechanical 
forces, inflammation, and reperfusion injury. All those take a variable and some-
times unpredictable preponderance at different times during the evolution of acute 
myocardial infarction. The damage caused by the different mechanisms is irrevers-
ible; therefore, any therapeutic strategy must be preventive. Developed treatments 
for continuous myocardial protection could potentially preserve the myocardium 
during the delay of the system and during the early evolution of the event. 
Developed controlled reperfusion procedures where the interventional cardiologist 
assumes the treatment not only of the culprit vessel but also of the myocardium 
could potentially decrease myocardial damage, preserve ventricular function, and 
improve patients’ prognosis.

Keywords: myocardial damage, acute myocardial infarction, ischemia, mechanical 
forces, inflammation, reperfusion injury, continuous myocardial protection, 
controlled reperfusion

1. Introduction

The prognosis of patients suffering from acute myocardial infarction (AMI) is 
directly related to the amount of muscle loss and the deterioration of ventricular 
function caused by the event [1–4]. Consequently, the goal of treatment in the ini-
tial phase, beyond preserving life, is to limit myocardial damage. Early reperfusion 
of the myocardium limits the size of the infarction and improves the prognosis of 
patients [3, 4]. Primary angioplasty is the most effective reperfusion strategy for the 
treatment of acute myocardial infarction [5–7]. From the first reports of mechanical 
reperfusion to the present, the primary angioplasty strategy continuously improved 
in different aspects such as greater accessibility to the method [8–10], safer vascular 
accesses [11, 12], and the use of drug-eluting stents that modulate the scarring 
of the coronary artery wall [13, 14] to prevent restenosis of the vessel or vessels 
treated. In addition, the development of antithrombotic and antiplatelet drugs also 
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contributed to improving early and late artery permeability [15, 16]. The enormous 
effort focused on the treatment of the coronary artery has led to the fact that the 
success of primary angioplasty is now greater than 95% [7]. The angiographic 
success rate ceased to be a problem. However, the post-AMI incidence of death 
and heart failure remains around 20% during the first year [17], and as mentioned 
earlier this correlates directly with the amount of myocardium damaged and the 
deterioration of ventricular function.

2.  The following case serves to illustrate the result of AMI usual 
treatment at present

52-year-old male, with grade II obesity, dyslipidemia, hypertension, and 
smoking history and with no previous cardiovascular events, arrives at the hospital 
60 minutes after the onset of symptoms. The first electrocardiogram (ECG) shows 
rS in V1, V2, and V3 and ST-segment elevation from V1 to V6 (Figure 1).

At admission the arterial blood pressure was 145/80 mm of hg, the heart rate was 
78 beats per minute, and the Killip Kimball grade was A. The patient received aspi-
rin (250 mg), clopidogrel (600 mg), unfractionated heparin in intravenous bolus 
(5000 UI), and rosuvastatin (40 mg). At 80 minutes after admission, 140 min-
utes from the onset of symptoms, coronary angiography is performed showing 
single-vessel disease with thrombotic occlusion of the middle third of the anterior 
descending artery (ADA) and TIMI 0 flow. Primary angioplasty is performed to the 
middle third of the ADA with thromboaspiration and stent implantation achieving 
an adequate result with TIMI 3 flow, symptom relief, and absence of complications. 

Figure 1. 
ECG at admission.
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The post-procedure ECG shows QS in V1, V2, and V3 and ST level and negative T 
from V1 to V6 (Figure 2).

IECA and B blockers are started. It evolves without recurrence of symptoms; 
however, at 48 hours, the ECG shows QS from V1 to V5 and low R in V6 (Figure 3).

Note that despite early assistance, it no longer has positive vectors in V1, V2, 
and V3, and after the usual successful treatment and aligned with the guidelines 
based on current evidence, it continues to lose precordial vectors after primary 
angioplasty. The echocardiogram shows antero-apical dyskinesia and impaired 
ventricular function, with an ejection fraction of 35% measured by the Simpson 
method. There are several mechanisms by which the myocardium is lost in the 
different phases of AMI.

Figure 2. 
ECG postprimary angioplasty.

Figure 3. 
ECG at 48 hours.
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3. Etiopathogenesis of myocardial damage

The factors that contribute to myocardial damage are as follows:
Ischemia.
Mechanical forces.
Inflammation.
Reperfusion injury.

3.1 Ischemia

It implies the interruption of blood flow, the supply of O2 and nutrients. The 
myocyte stops producing ATP from the fatty acid oxidation and switches to another 
metabolic pathway that is suboptimal not only because it cannot maintain a balance 
between nutrient supply and demand and O2 but also because of the accumulation 
of metabolic wastes that this route produces, and that generates an environment 
harmful to the subsistence of the cells and the appropriate reperfusion, favoring the 
phenomenon of reperfusion injury [18]. The alternative route for ATP production 
during ischemia is anaerobic glycolysis; its potential to produce ATP is 20 times 
less than aerobic glucose metabolism and even less than the route commonly used 
by myocyte which is the aerobic metabolism of fatty acids. The glycogen reserve 
as a source of anaerobic ATP is depleted in 30–60 minutes and also generates lactic 
acidosis, high concentration of protons at tissue level, and excess of H2O. The 
mechanisms of myocardial damage due to ischemia involve low production of ATP 
that is insufficient not only for myocyte function but also to preserve its structure 
and to maintain hydroelectrolytic balance by the Na-K ATPase pump, which implies 
an increase in Na and intracellular H2O with tissue and cellular edema, vacuoliza-
tion, and cell burst [19, 20]. Inactivation of the Na-K ATPase pump leads to the 
activation of the Na-Ca exchange, resulting in increased intracellular calcium with 
hypercontraction of myocytes (contraction band necrosis) [21, 22]. The entry of Ca 
into the cell is one of the mechanisms by which the permeability of the transition 
pores of the mitochondria increases and their destruction occurs [23]. Myocardial 
ischemia can be either primary before applying reperfusion therapy or secondary, 
that is, after recanalizing the occlusion. As for primary ischemia, it can occur in a 
sustained or episodic manner. In some cases, episodic primary ischemia can gener-
ate a protective myocyte phenomenon known as ischemic preconditioning [24]. 
The mechanical factors that produce arterial occlusion and primary ischemia are 
plaque thrombus, and vasospasm. Secondary ischemia is always harmful and may 
be due to failed angioplasty, no reflow phenomenon, distal embolism, thrombotic 
reocclusion, post-reperfusion, vasospasm, etc. Consequently, myocardial ischemia 
occurs from the onset of AMI and may end with primary angioplasty, or persist 
(not reflow), or recur after it.

3.2 Mechanical forces

The ischemic myocardium stops contracting and is distended; this situation 
subjects it to exceptional mechanical forces of tension, traction, and stretching. In 
each systole, the nonischemic myocardium, which acts in a state of compensatory 
hypercontractility, pulls on the edges of the ischemic myocardium. In addition, 
in each systole, the healthy myocardium presses the blood against the ischemic 
myocardium causing distension and increased wall tension [25]. These forces of 
stretching and traction produce direct tissue damage [26] but also by increasing the 
tumor necrosis factor trigger mechanisms of apoptosis [27] dependent on caspases 
that produce cell death in early and late stages of AMI. The strongest evidence of the 
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damage that mechanical forces can produce is the rupture of the ventricular wall. 
As they are direct forces exerted on the ischemic myocardium, it is to be assumed 
that the damage is related to the magnitude and frequency of exposure; therefore, 
the higher the heart rate and inotropism, the greater the damage produced by this 
mechanism. This mechanism of myocardial damage begins immediately after the 
onset of ischemia and lasts beyond reperfusion.

3.3 Inflammation

The inflammatory response during the acute ischemic event plays a decisive role 
in the size of the infarction and the subsequent adverse left ventricle remodeling 
[28]. The onset of myocardial ischemia during AMI triggers a pro-inflammatory 
response whose initial objective is to eliminate damaged cells and tissue from the 
injured area. This initial pro-inflammatory phase contributes to myocyte death and 
tissue damage [29, 30]. This phase is followed by a repairing anti-inflammatory 
stage that leads to healing. Balance alterations and the transition between the 
pro-inflammatory phase and the anti-inflammatory phase can increase myocardial 
damage during the event and contribute to an adverse left ventricle remodeling 
after AMI [28]. In addition, the inflammatory response as an acute phase reactant 
is related to the location and size of AMI. Large and anterior infarct shoots a greater 
extent of acute phase reactants. The initial pro-inflammatory phase includes com-
plement cascade activation and reactive oxygen species (ROS) production [28]. The 
damage-associated molecular patterns (DAMPs) production that binds to receptors 
in membranes cell and cytosolic proteins (inflammasomes), in either, circulating or 
myocardium resident cells. Inflammasomes cause caspase activation (which initiate 
the pyroptosis phenomenon, [apoptosis, and inflammatory necrosis]) and release 
pro-inflammatory cytokine as such as IL-1 and IL-8 and chemokines that recruit 
pro-inflammatory cells (polymorphonuclear, monocytes, macrophages, T and B 
lymphocytes) [28]. In addition, the inflammasomes activated during AMI induce 
ATP loss from the injured cells to the extracellular space, K outflow, lysosomal 
destabilization, and ROS generation by the mitochondria [28]. The anti-inflamma-
tory phase begins with neutrophil and dendritic cell arrival; these cells secrete anti-
inflammatory cytokines such as IL-10 and tissue growth factors that begin damaged 
tissue repair [28]. Monocytes and macrophages induced by interferon change their 
phenotype towards anti-inflammatory expressions [28]. Dendritic cells secrete 
chemotactic substances for regulatory T lymphocytes (CD4, CD25, and FOXP3) and 
T helper lymphocytes; these lymphocyte subtypes also secrete anti-inflammatory 
and reparative substances such as IL-10 and tissue growth factor and also induce 
the expression of anti-inflammatory macrophage phenotypes [28]. Although it is 
not proven, it is speculated that they could also activate pre- and post-conditioning 
mechanisms [28]. This myocardial damage mechanism is triggered in early stages 
after the onset of ischemia and continues beyond reperfusion.

3.4 Reperfusion injury

Myocardial reperfusion can itself produce more damage and cell death; this pro-
cess defines the phenomenon of reperfusion injury [31–33] that could be prevented 
by applying additional therapies [34]. Reperfusion injury could be responsible for 
up to 50% of the final myocardial damage during acute myocardial infarction. The 
time elapsed since the onset of symptoms, diabetes, TIMI 0 flow in baseline angi-
ography, DA involvement, and presentation with heart failure is associated with 
a greater chance of presenting reperfusion injury [35]. Elevation of white blood 
cells, greater activation (platelet size and reactivity), high levels of thromboxane 
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3. Etiopathogenesis of myocardial damage
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stretching and traction produce direct tissue damage [26] but also by increasing the 
tumor necrosis factor trigger mechanisms of apoptosis [27] dependent on caspases 
that produce cell death in early and late stages of AMI. The strongest evidence of the 
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A2 and ET1, hyperglycemia associated or not with diabetes, and C-reactive protein 
before reperfusion are predictors of this phenomenon [36–38]. It is possible that 
there is always some degree of reperfusion damage, but the patients with little time 
of evolution of the symptoms and those who presented previous angina seem less 
susceptible [39, 40]. There is a useful premise to estimate its magnitude; the greater 
and more intense the ischemia, the greater the reperfusion injury [35, 41–43]. In 
daily practice, the lack of resolution of the ST segment after achieving epicardial 
coronary flow is used as a marker of reperfusion failure. In patients who do not 
correct the ST, the mortality of AMI triples beyond achieving adequate epicardial 
flow [44, 45]. The most important events that occur during reperfusion and trigger 
mechanisms of injury are the steep increase in oxygen content in a medium with a 
low PH (tissue acidosis caused by ischemia). In this scenario, O2 binds to hydrogen 
protons generating reactive oxygen species that by themselves generate DNA, 
protein, and lipid damage to the membranes and consequently direct cell death 
[46, 47]. Besides, reactive oxygen species have pro-inflammatory effects mediated 
by cytokines that cause apoptosis and cellular necroptosis [48]. At the level of the 
mitochondria, ROS causes the opening of the transition pores of their membranes 
making them susceptible to irreversible damage [48]. At the endoplasmic reticulum 
level, the damage caused by ROS alters the dynamics of calcium, which in the 
context of reperfusion of an acidotic environment generates calcium entry into the 
sarcolemma, producing sustained hypercontraction that results in necrosis with 
contraction bands [47–49]. The calcium entry activates Ca-dependent proteases 
that degrade structural components of the cell [50]. The reperfusion injury affects 
not only the myocyte but also the microvasculature, where ROS not only produces 
direct damage to the endothelial cells causing increased permeability of the capil-
lary wall resulting in edema but also is chemotactic for neutrophils, activates 
complement, and triggers pro-thrombotic phenomena [48–51]. In brief, microvas-
cular occlusion occurs due to perivascular edema, cluster of neutrophils, and local 
thrombosis. Injury due to reperfusion occurs due to the arrival of saturated O2 blood 
to myocardial tissue that is vulnerable to metabolic changes and the local internal 
environment, which occurred during ischemia. Reperfusion injury is a rapid and 
irreversible phenomenon [52].

The phenomena of ischemia, damage due to mechanical forces, inflammation, 
and reperfusion injury take a variable and sometimes unpredictable preponderance 
at different times during the evolution of AMI (Figure 4).

Also, the damage caused by the different mechanisms is irreversible; there-
fore, any therapeutic strategy must be preventive that implies pathophysiological 

Figure 4. 
Myocardial damage mechanism, importance, and development over time.
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conditions that culminate in myocardial damage and act before the point of no 
return in the viability of the cell occurs.

4. Analysis of guidelines for AMI treatment

Both the AHA-ACC guidelines and the ESC guidelines for AMI treatment are 
strongly oriented to early and sustained reperfusion, which constitutes the most 
powerful resource for improving prognosis and saving lives during the event. The 
best way to show successful post-PCI or thrombolytic reperfusion is to verify the 
correction of the ST segment of the ECG performed after reperfusion therapy. 
Approximately 30% of patients receiving primary angioplasty in a timely manner 
do not correct ST elevation or initially correct it but continue to lose positive ECG 
vectors after apparently successful reperfusion. As we saw in the previous section, 
this happens because there is myocardial damage before, during, and after reperfu-
sion [53]. However, the analysis of the guidelines shows that measures to reduce 
myocardial damage beyond reperfusion are poorly developed. The related items 
found in the current guides are reproduced below.

4.1 AHA-ACC guides 2013

4.1.1 Nitroglycerin

It improves the conditions of pre- and post-load of the ventricle and could also 
improve collateral flow and reduce BP which would improve the imbalance between 
supply and demand of O2 in some patients. Based on the evidence provided by a 
meta-analysis that included 22 clinical trials and more than 80,000 patients, 3 or 
4 deaths could be avoided per 1000 treated patients, which implies a net benefit. 
Nitroglycerin is a class I indication with a level of evidence C for patients with 
ischemic pain, hypertension, or pulmonary congestion [54].

4.1.2 B blockers

During the first hours of AMI, the B blockers can decrease the demand for O2 
by the myocardium by decreasing heart rate, blood pressure, and contractility and, 
additionally, by prolonging diastole, can improve ischemic myocardial perfusion, 
mainly of the subendocardium. As a consequence of this, B blockers can reduce the 
size of the AMI. Based on the clinical evidence provided by the ISIS I, MIAMI, TIMI 
II, and Taste I trials, the use of B blockers early, in the absence of contraindica-
tions, may offer benefits from the first day and in a sustained way avoiding around 
6 deaths per 1000 patients treated. B oral blockers have class I indication level of 
evidence A, and in the form of intravenous administration, they have class IIa 
indication with level of evidence B [55–57].

4.1.3 Metabolic control

The metabolic modulation of the insulin glucose axis by infusion of glucose-
insulin-potassium was evaluated in different trials with diverse and contradictory 
results that when taken together result in an intervention without net benefit 
compared to placebo. However, these guidelines suggest that it could be of benefit 
in patients with less than 12 hours of evolution, in Killip Kimball. Beyond that, the 
guidelines do not establish an indication with a level of evidence defined for this 
intervention [58].



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

248

A2 and ET1, hyperglycemia associated or not with diabetes, and C-reactive protein 
before reperfusion are predictors of this phenomenon [36–38]. It is possible that 
there is always some degree of reperfusion damage, but the patients with little time 
of evolution of the symptoms and those who presented previous angina seem less 
susceptible [39, 40]. There is a useful premise to estimate its magnitude; the greater 
and more intense the ischemia, the greater the reperfusion injury [35, 41–43]. In 
daily practice, the lack of resolution of the ST segment after achieving epicardial 
coronary flow is used as a marker of reperfusion failure. In patients who do not 
correct the ST, the mortality of AMI triples beyond achieving adequate epicardial 
flow [44, 45]. The most important events that occur during reperfusion and trigger 
mechanisms of injury are the steep increase in oxygen content in a medium with a 
low PH (tissue acidosis caused by ischemia). In this scenario, O2 binds to hydrogen 
protons generating reactive oxygen species that by themselves generate DNA, 
protein, and lipid damage to the membranes and consequently direct cell death 
[46, 47]. Besides, reactive oxygen species have pro-inflammatory effects mediated 
by cytokines that cause apoptosis and cellular necroptosis [48]. At the level of the 
mitochondria, ROS causes the opening of the transition pores of their membranes 
making them susceptible to irreversible damage [48]. At the endoplasmic reticulum 
level, the damage caused by ROS alters the dynamics of calcium, which in the 
context of reperfusion of an acidotic environment generates calcium entry into the 
sarcolemma, producing sustained hypercontraction that results in necrosis with 
contraction bands [47–49]. The calcium entry activates Ca-dependent proteases 
that degrade structural components of the cell [50]. The reperfusion injury affects 
not only the myocyte but also the microvasculature, where ROS not only produces 
direct damage to the endothelial cells causing increased permeability of the capil-
lary wall resulting in edema but also is chemotactic for neutrophils, activates 
complement, and triggers pro-thrombotic phenomena [48–51]. In brief, microvas-
cular occlusion occurs due to perivascular edema, cluster of neutrophils, and local 
thrombosis. Injury due to reperfusion occurs due to the arrival of saturated O2 blood 
to myocardial tissue that is vulnerable to metabolic changes and the local internal 
environment, which occurred during ischemia. Reperfusion injury is a rapid and 
irreversible phenomenon [52].

The phenomena of ischemia, damage due to mechanical forces, inflammation, 
and reperfusion injury take a variable and sometimes unpredictable preponderance 
at different times during the evolution of AMI (Figure 4).

Also, the damage caused by the different mechanisms is irreversible; there-
fore, any therapeutic strategy must be preventive that implies pathophysiological 

Figure 4. 
Myocardial damage mechanism, importance, and development over time.

249

Primary Angioplasty: From the Artery to the Myocardium
DOI: http://dx.doi.org/10.5772/intechopen.91832

conditions that culminate in myocardial damage and act before the point of no 
return in the viability of the cell occurs.

4. Analysis of guidelines for AMI treatment

Both the AHA-ACC guidelines and the ESC guidelines for AMI treatment are 
strongly oriented to early and sustained reperfusion, which constitutes the most 
powerful resource for improving prognosis and saving lives during the event. The 
best way to show successful post-PCI or thrombolytic reperfusion is to verify the 
correction of the ST segment of the ECG performed after reperfusion therapy. 
Approximately 30% of patients receiving primary angioplasty in a timely manner 
do not correct ST elevation or initially correct it but continue to lose positive ECG 
vectors after apparently successful reperfusion. As we saw in the previous section, 
this happens because there is myocardial damage before, during, and after reperfu-
sion [53]. However, the analysis of the guidelines shows that measures to reduce 
myocardial damage beyond reperfusion are poorly developed. The related items 
found in the current guides are reproduced below.

4.1 AHA-ACC guides 2013

4.1.1 Nitroglycerin

It improves the conditions of pre- and post-load of the ventricle and could also 
improve collateral flow and reduce BP which would improve the imbalance between 
supply and demand of O2 in some patients. Based on the evidence provided by a 
meta-analysis that included 22 clinical trials and more than 80,000 patients, 3 or 
4 deaths could be avoided per 1000 treated patients, which implies a net benefit. 
Nitroglycerin is a class I indication with a level of evidence C for patients with 
ischemic pain, hypertension, or pulmonary congestion [54].

4.1.2 B blockers

During the first hours of AMI, the B blockers can decrease the demand for O2 
by the myocardium by decreasing heart rate, blood pressure, and contractility and, 
additionally, by prolonging diastole, can improve ischemic myocardial perfusion, 
mainly of the subendocardium. As a consequence of this, B blockers can reduce the 
size of the AMI. Based on the clinical evidence provided by the ISIS I, MIAMI, TIMI 
II, and Taste I trials, the use of B blockers early, in the absence of contraindica-
tions, may offer benefits from the first day and in a sustained way avoiding around 
6 deaths per 1000 patients treated. B oral blockers have class I indication level of 
evidence A, and in the form of intravenous administration, they have class IIa 
indication with level of evidence B [55–57].

4.1.3 Metabolic control

The metabolic modulation of the insulin glucose axis by infusion of glucose-
insulin-potassium was evaluated in different trials with diverse and contradictory 
results that when taken together result in an intervention without net benefit 
compared to placebo. However, these guidelines suggest that it could be of benefit 
in patients with less than 12 hours of evolution, in Killip Kimball. Beyond that, the 
guidelines do not establish an indication with a level of evidence defined for this 
intervention [58].
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4.1.4 Glycemia control

During AMI, the levels of catecholamines and cortisol increase, insulin 
decreases, and blood glucagon increase. This leads to a notable increase in blood 
glucose and decreased glucose utilization by cells. Free fatty acids and their metabo-
lites are increased that increase myocardial damage by different mechanisms (direct 
inhibition of glucose oxidation, increased demand for O2, direct toxicity). Insulin 
can reverse some of these mechanisms by inducing the production of ATP from 
aerobic glucose metabolism in the myocyte. Several studies mentioned in these 
guidelines demonstrated benefits in patients with hyperglycemia who received 
insulin infusion for strict glycemic control during the event. These guidelines estab-
lish that the normalization of insulin glycemia is a class I indication with a level of 
evidence B for patients with complicated AMI and class IIa with a level of evidence 
B for patients with uncomplicated AMI [59–61, 62].

4.2 ESC guides 2017

These guidelines mention, scarcely, that to reduce myocardial damage beyond 
reperfusion therapy, some strategies that include pharmacological and mechanical 
therapies have been demonstrating the potential to reduce the size of AMI by decreas-
ing the impact of reperfusion injury in small clinical trials. But there is no large-scale 
clinical study that has demonstrated clinical benefit. Therefore, they make no recom-
mendation regarding measures to limit reperfusion injury or any other therapy to 
reduce myocardial damage during the event, beyond reperfusion [63].

5. Current reperfusion adjuvant therapy status

The use of B blockers and nitrates is favorable to reduce myocardial damage 
caused by primary and secondary ischemia, reducing the imbalance between supply 
and demand of O2 and nutrients until reperfusion. Beside, these drugs are useful 
to optimize the conditions of pre- and post-loading of LV, decrease heart rate and 
blood pressure, and thus limit the damage caused by mechanical stress. A wide 
variety of potent platelet antiplatelets such as clopidogrel, prasugrel, or ticagrelor 
added to the routine use of aspirin were shown to reduce the recurrence of ischemic 
events after reperfusion (secondary ischemia). Although it is not clearly established 
by evidence from clinical trials, thromboaspiration; potent vasodilators at the 
microvasculature level such as adenosine and calcium blockers, among others; and 
the use of IIb–IIIa glycoprotein inhibitors may be effective in prevention and treat-
ment of no-reflow. The phenomenon of no-reflow can cause ischemia (secondary 
ischemia) to continue beyond the recanalization of the epicardial artery. However, 
reperfusion inflammation and injury are not prevented or treated in daily practice.

6. Perspectives

The development of reperfusion therapies for AMI was shown to reduce mortal-
ity strongly. There are possibilities to optimize its use. Health teams must continue 
fighting to shorten the system times and detect the best strategy according to the 
context in which they operate. There are working groups that carry out research in 
basic sciences, translational research, and clinical research and are making advances 
in myocardial protection. Cyclosporine and colchicine are currently evaluated for 
their ability to reduce the damage caused by inflammation. Developed treatments 
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for continuing myocardial protection [52], which the clinical cardiologists administer 
from the moment of diagnosis until the convalescence of the patient in a critical 
unit, could potentially preserve myocardium during the delay of the system and 
the early evolution of the event. Developed controlled reperfusion [52] procedures 
where the interventional cardiologist assumes the treatment not only of the guilty 
vessel but also of the myocardium could potentially decrease myocardial damage, 
preserve ventricular function, and improve the prognosis of patients suffering from 
AMI. The concept of controlled reperfusion involves deciding how to reperfuse (e.g., 
post-conditioning) and with what to reperfuse (e.g., administering to the ischemic 
myocardium, through dedicated catheters, before the opening of the artery, blood 
modified or enriched with drugs), preparing the myocardium for a more complete 
and definitive recovery.

A wide field of research appears to improve the treatment outcome of patients 
suffering from AMI aiming not only at arterial recanalization but also at myocardial 
preservation.

Abbreviations

AMI acute myocardial infarction
ECG electrocardiogram
ROS reactive oxygen species
ADA anterior descending artery
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Abstract

Neurological complications are one of the most common complications after 
coronary artery bypass grafting. With the development of off-pump coronary 
artery bypass grafting (OPCABG), the incidence of postoperative neurological 
complications caused by aortic intubation decreased significantly; however, the 
continuous suture of the great saphenous vein-aortic anastomosis in the coronary 
artery bypass grafting requires the operation of surgical clamp and perforation on 
the ascending aorta, which may lead to potential plaque detachment. Calcification 
of ascending aorta is an independent risk factor for cerebrovascular events after 
OPCABG. Therefore, it is crucial to explore and operate on the ascending aorta. 
There are three main methods of proximal anastomosis in OPCABG: (1) partial 
blocking of ascending aorta with side wall clamp for anastomosis; (2) application 
of proximal anastomosis auxiliary device (Enclose, Heartstring, etc.) for proximal 
anastomosis; and (3) original auxiliary device (urethra catheter-water sac) or no-
clamp surgical techniques for proximal anastomosis.

Keywords: neurological complications, coronary artery bypass grafting, ascending 
aorta, stroke, clamp, proximal anastomosis, auxiliary device

1. Introduction

Neurological complications are the most common complications after coronary 
artery bypass grafting (CABG) with high mortality rate [1]. With the advantages of 
off-pump coronary artery bypass grafting (OPCABG), the proportion of OPCABG 
in CABG is increasing continuously. The use of OPCABG procedures peaked in 2002 
(23%) and in 2008 (21%), followed by a progressive decline in OPCABG frequency 
to 17% by 2012 [2].OPCABG is regarded as a milestone in the development of CABG 
and the most effective minimally invasive surgery as it avoids the injury of multiple 
organ malfunction caused by cardiopulmonary bypass [3–4]. With the widespread 
of OPCABG, the incidence of postoperative neurological complications caused by 
aortic intubation decreased significantly [5–6]. Nevertheless, great saphenous vein 
is still the main material for most CABG. It has been nearly half a century since the 
continuous suture of the great saphenous vein-aortic anastomosis in the coronary 
artery bypass grafting required the operation of surgical clamping and perforation 
on the ascending aorta, which may lead to potential plaque detachment and cause 
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postoperative neurological complications [4]. Calcification of ascending aorta is an 
independent risk factor for cerebrovascular events after OPCABG, especially for 
postoperative stroke [3]. Therefore, careful exploration and accurate management 
of the ascending aorta are important. Traditional proximal anastomosis in OPCABG 
requires partial blocking of ascending aorta with side wall clamp; however, for 
patients with ascending aortic disease (e.g., serious ascending aorta atherosclerosis), 
connective tissue disease-related arteritis and syphilitic arteritis, the mechanical 
damage of aortic intima may be caused by the lateral cutting force produced by 
side wall clamp, which may lead to the rupture, dissection of aorta, rupture and 
detachment of atherosclerotic plaque and other serious perioperative complications. 
In recent years, a large number of auxiliary devices for proximal anastomosis of 
grafts have emerged, which can complete great saphenous vein-aortic anastomosis 
safely, simply, reliably and quickly without clamping ascending aorta, including 
commercial proximal anastomosis auxiliary device (Enclose, Heartstring, etc.) 
[7–9], original auxiliary device (urethra catheter-water sac) or no-clamp surgical 
techniques for proximal anastomosis [10–12]. This chapter will mainly introduce the 
anastomotic method of the auxiliary device of proximal anastomose.

2. Enclose technique

Proximal anastomosis auxiliary device was introduced to resolve the disadvan-
tage of side wall clamping [13]. These devices were designed to avoid clamping the 
lateral wall of the aorta and to reduce complications of the ascending aorta and 
the nervous system. For patients undergoing CABG, OPCABG is recommended to 
reduce the risk of cerebral complications caused by side wall clamping. Selective 
use of Enclose proximal anastomotic device in patients with severe ascending aorta 
atherosclerosis will be discussed in this section.

2.1 Composition and principle of Enclose II anastomotic device

The device is composed of upper and lower rhombic mechanical jaws. The upper 
knob can adjust the vertical movement of the upper jaw, and it can make the upper 
and the lower jaws match at the anastomosis position of the ascending aorta to form 
a low-pressure cavity. The lower knob controls the opening and closing of the rhom-
bic membrane at the end of the lower jaw, which makes the proximal anastomose 
area form a bloodless field of vision.

2.2 Method of application

2.2.1 Position selection

The ascending aorta should be explored routinely to avoid the atherosclerotic 
area on the aortic wall. Puncture site should be selected in the softest part of ante-
rior wall of ascending aorta. The diameter of anastomosis area is about 1 cm.

2.2.2 Placement

• First, a purse suture with 2–0 polypropylene suture and rubber sleeve is 
used at the insertion point, and then mean arterial pressure is maintained at 
100 mmHg (1 mmHg = 0.133 kPa) by medical management. The aorta wall is 
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punctured at the central position of the purse suture with the puncture needle 
provided by Enclose.

• The lower jaw of Enclose is inserted into the aorta through the above-men-
tioned puncture point and placed at the pre-selected anastomotic position, and 
then the sleeve is tightened to limit the bleeding.

• Unscrew the membrane at the end of the lower jaw with the self-contained 
rotary rod of Enclose.

• Adjust the knob of the upper jaw to move the upper arm vertically downward 
and then attach the aortic adventitia and tighten the fixator. When no blood 
flows out of the suction tube of the lower arm, a blood-free environment is 
formed between the intima and the arterial wall. Behind the suction tube, a 
50 ml syringe can be connected to absorb a small amount of blood oozing from 
the anastomosis area.

• Use a circular knife to cut the aortic wall at the preselected anastomosis posi-
tion perpendicular to the metal rod of the lower jaw.

• Use Enclose’ s own perforator to drill through the aortic incision. The per-
forator shall be close to the metal rod of the lower jaw to ensure full layer 
drilling (Figure 1).

2.2.3 Anastomosis

Anastomosis of saphenous vein (A) to ascending aorta (B) is performed with 
6–0 polypropylene suture. The local bleeding that affects the suture field can be 
removed by suction. At the same time, maintain systolic blood pressure of systemic 
circulation at 90–100 mmHg level to reduce bleeding and ensure full layer suture of 
aortic wall and then exhaust and knot (Figure 2).

2.2.4 Remove

Close membrane after anastomosis and then release and remove Enclose. Knot 
the purse suture and use 2–0 polypropylene suture with felt pad to mattress suture 
for reinforcement.

2.3 Key points of Enclose using technique

2.3.1 Position selection

A considerable proportion of patients with coronary disease has ascending athero-
sclerosis. Many soft atherosclerotic plaques similar to “toothpastes” exist in the middle 
layer of ascending aorta, whereas obvious calcification can be identified by finger touch 
on the surface of aorta. Therefore, the plaques are prone to break and fall off after the 
application of side wall clamp and lead to organ embolism along with blood flow. In 
addition, except for the requirement of healthy aortic tissue at the puncture insertion 
point and anastomotic site, healthy tissue should also be selected between the two 
points as much as possible to avoid excessive bleeding due to atherosclerosis or calcifi-
cation of the arterial wall between the two points, or plaque falling off due to extrusion.
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layer of ascending aorta, whereas obvious calcification can be identified by finger touch 
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points as much as possible to avoid excessive bleeding due to atherosclerosis or calcifi-
cation of the arterial wall between the two points, or plaque falling off due to extrusion.
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2.3.2 Avoid damage to Enclose membrane

Most of the damage occurred in the process of aortic wall incision with circular 
knife and suturing. The aortic wall should be cut perpendicular to the connecting 
rod as much as possible to avoid cutting the diaphragm. When suturing, the needle 
should be carefully pressed against the inner wall of the aorta from internal to exter-
nal, to avoid massive hemorrhage caused by deep penetration of Enclose diaphragm 
or vertical needle insertion. Slight injury of diaphragm may lead to increased bleed-
ing risk in the operation area. In most cases, operations can be continued under the 
control of blood pressure and sufficient suction. If the diaphragm’s damage is too seri-
ous, most of the surgeons will have to use other methods to avoid massive blood loss.

Figure 1. 
Enclose device demonstration. (A) Needle puncture; (B) Enclose insertion; (C) Membrane unscrewed; (D) 
Upper jaw downward; (E) Circular knife cut; (F) Perforation; (G) Anastomosis.
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2.3.3 Puncture point reinforcement

Although we use 2–0 polypropylene suture to reinforce the puncture points 
during the operation for the Enclose cases, there are still a few patients in 
intensive care unit (ICU) with pericardial drainage fluid increase sharply and in 
bright red color. This is found to be blood leakage at the puncture point during 
emergency thoracotomy and hemostasis. The secondary suture for reinforcement 
with 2–0 polypropylene and felt pad can effectively stop bleeding. The reason for 
bleeding may be attributable to the inaccurate suture during the process. When 
the blood pressure is stable without obvious bleeding under anesthesia, the huge 
postoperative blood pressure fluctuation may increase the arterial pressure and 
lead to suture avulsion.

2.3.4 Mechanical failure

We have met several cases where the Enclose membrane could not be opened 
and the equipment was replaced. It is considered to be related to the technology 
and process in the production process. Therefore, it is necessary to test whether the 
membrane can open and close smoothly before each aortic implantation.

2.3.5 Aortic wall injury

Implantation and use of Enclose may also lead to injury, rupture and even 
aneurysm formation of the aortic wall. It may be due to the insertion of Enclose’s 
lower jaw into the wall of ascending aorta, or due to the damage of aortic intima 
caused by overcompression, which is easy to form aneurysm when the blood 
pressure rises. Therefore, it is very important to control blood pressure during 
the operation and, at the same time, on the premise of no blood environment in 
the operation area, to loosen the knob as much as possible to reduce the excessive 
pressure on the aortic wall.

2.3.6 Re-implantation

It is often the case that the intimal dissection of the internal mammary artery 
(IMA) has to be replaced by the total vein coronary artery bypass grafting. Thus, 
Enclose was re-implanted after the injury of the IMA or when the flow of the IMA 
graft is poor. The distance between the suture and the punch hole should not be 

Figure 2. 
Application of Enclose: (A) the great saphenous vein; (B) aortic anastomosis.
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too wide (≤5 cm); otherwise, the hemostasis effect of membrane will be affected. 
The suction tube of the stabilizer should be connected with the suction device or 
50 ml syringe to eliminate possible blood accumulation and keep the operation 
field clean.

2.4 Advantages and limitations of Enclose technology

2.4.1 Advantages

• The Enclose greatly reduces the risk of plaque falling off due to the clamping 
of ascending aorta, and it has fewer requirements for anastomotic area, which 
merely concerns a relatively soft and healthy area with a diameter about 1 cm.

• Compared with the disposable aortic proximal anastomotic device such as 
Heartstring, Enclose can support the operation of two or more anastomoses, 
especially for the aged patients undergoing total vein CABG with severe aortic 
atherosclerosis.

• Compared with the first generation of products, Enclose II improved the way 
of opening the internal aortic diaphragm umbrella: from the hand push knob 
to the rotary rod operation. This facilitates the operation in the narrow pericar-
dial cavity. Meanwhile, the design of hexagon suture ring is more reasonable 
than the rhombic suture ring from the previous generation.

2.4.2 Limitations

• Enclose requires at least two healthy areas of the aorta: one is the insertion 
point, and the other is the anastomosis point. Its application is limited to 
patients with large-area diffuse calcification aorta.

• A completely bloodless operation field could not be guaranteed. When the 
suture is too tight, there will be different degrees of bleeding.

• Due to the technology in the production process, Enclose’s membrane might 
fail to open and need to be replaced. However, the incidence of mechanical 
failure is very low.

• Enclose II is relatively expensive, which to some extent increases the medical 
expenses of patients.

2.5 Clinical significance of Enclose technology

Cerebrovascular complications are one of the most common complications after 
CABG. The main reasons could be mainly attributable to the atherosclerotic plaque 
or new thrombus falling off and embolism of ascending aorta or carotid artery dur-
ing and after operation [14]. Other possible causes might be the excessive anticoagu-
lation, or the sudden rise of blood pressure, causing the rupture and hemorrhage of 
cerebral vessels [15]. Atherosclerosis is a group of systemic diseases, and vascular 
endothelial dysfunction has been widely considered as the most important initiating 
link in its process and exists in the whole process of atherosclerosis. Atherosclerosis 
is a chronic, progressive and multiple endovascular disease, involving many large 
and medium-sized arteries. For patients with severe coronary atherosclerosis, espe-
cially those over 70 years old, the incidence of aortic atherosclerosis or calcification 
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is higher. Therefore, the use of no-clamp aortic proximal anastomotic device can 
reduce the cerebrovascular complications caused by aortic atherosclerosis.

3. Heartstring technique

The Heartstring proximal anastomosis system is suitable for the proximal 
anastomosis of the graft and the aorta without the use of aortic clamp in CABG 
[16–17]. The first generation of Heartstring proximal anastomosis system was 
launched by Guidant Company in 2002 and the most commonly used Heartstring III 
was launched by MAQUET after continuous technical improvement. The American 
Thoracic Surgery study [18] of 1380 patients with aortic calcification found that the 
predicted risk of stroke in patients using Heartstring was reduced by 44%, especially 
in patients with aortic calcification above grade II (Figure 3).

3.1 Device composition of Heartstring proximal anastomosis system

Heartstring proximal anastomotic system consists of proximal anastomotic 
device, conveying device, loading device and aortic perforator device. The 
Heartstring anastomotic device enters the aorta through the aortic incision estab-
lished by the aortic drilling device and provides an anastomotic area for proximal 
anastomosis. The conveyor is a syringe-like tube with a piston, which is used to 
place the Heartstring anastomosis device into the aorta. The loading device is used 
to roll up the Heartstring anastomosis device and load the Heartstring anastomosis 
device into the conveyor. The aortic perforator device is a disposable device, which 
consists of a handle, a drilling device, an aortic block, a cover, a needle, a safety lock 
and an action button, which is used to establish an aortic incision for anastomosis.

3.2 Indications and contraindications of Heartstring technology

3.2.1 Indications

For patients with high risks of atherosclerosis, the possibility of ascending aor-
tosclerosis is increased, and the operation of aorta needs to be reduced or avoided. 
A strict aortic non-touch technique can most effectively reduce the occurrence of 
plaque embolism. This requires the use of an auxiliary device for proximal aortic 
anastomosis. The Heartstring proximal anastomotic system is adopted in CABG to 

Figure 3. 
The Heartstring device.
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is higher. Therefore, the use of no-clamp aortic proximal anastomotic device can 
reduce the cerebrovascular complications caused by aortic atherosclerosis.

3. Heartstring technique
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launched by Guidant Company in 2002 and the most commonly used Heartstring III 
was launched by MAQUET after continuous technical improvement. The American 
Thoracic Surgery study [18] of 1380 patients with aortic calcification found that the 
predicted risk of stroke in patients using Heartstring was reduced by 44%, especially 
in patients with aortic calcification above grade II (Figure 3).

3.1 Device composition of Heartstring proximal anastomosis system

Heartstring proximal anastomotic system consists of proximal anastomotic 
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and an action button, which is used to establish an aortic incision for anastomosis.

3.2 Indications and contraindications of Heartstring technology

3.2.1 Indications

For patients with high risks of atherosclerosis, the possibility of ascending aor-
tosclerosis is increased, and the operation of aorta needs to be reduced or avoided. 
A strict aortic non-touch technique can most effectively reduce the occurrence of 
plaque embolism. This requires the use of an auxiliary device for proximal aortic 
anastomosis. The Heartstring proximal anastomotic system is adopted in CABG to 

Figure 3. 
The Heartstring device.
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maintain hemostasis during operation and to complete the proximal anastomotic 
operation without the use of arterial side wall clamp.

3.2.2 Contraindications

• If conventional anastomosis is impossible due to a significant disease in an 
aortic region, do not use the Heartstring proximal anastomosis system in that 
region. It can also be judged by echocardiography.

• Do not use the Heartstring proximal anastomosis system in patients with aortic 
diameter less than 2.5 cm.

3.3 Method of application

• Heparin was used according to CABG standard procedure.

• Remove the device from the sterile packaging and make sure that the safety 
lock is locked.

• Load the Heartstring proximal anastomosis device into the conveyor tube. 
Avoid triggering the conveyor when loading.

• Take the conveyor out of the loader then unlock the Heartstring.

• Establish soft and safe aortic anastomosis area with aortic perforator device.

• Deliver the Heartstring device to the anastomose point. The presence of blood 
in the conveyor indicates the correct insertion. Use carefully when inserting 
the conveyor to reduce the risk of aortic posterior wall penetration (Figure 4).

• Heartstring anastomose after the proximal anastomose device is in position. 
During suturing, it is necessary to be careful and avoid movement of the proxi-
mal anastomotic device of Heartstring or winding of the suture around the rod 
of the anastomotic device. If the above-mentioned happens, please return the 
needle and ensure the hemostasis. If hemostasis is insufficient, use a partial 
occlusal clamp, remove the Heartstring proximal anastomotic device and use 
the aortic clamp to complete the anastomosis.

• Remove the Heartstring proximal anastomotic device after the anastomosis is 
completed. Do not continue to pull the anastomotic rod if resistance is con-
stantly remains when pulling out the Heartstring, or the non-invasive anasto-
motic device is not pulled out successfully.

• The aortic perforator is a disposable device. If multiple proximal anastomoses 
are needed on the ascending aorta, select a location at least 1.5 cm from the 
previous anastomotic position.

3.4 Consideration of Heartstring technology

• Surgeons should be properly trained before using the Heartstring proximal 
anastomosis system.

• For disposable use. Do not re-sterilize.
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• Do not use the Heartstring proximal anastomotic system in the aorta that can-
not be partially clamped, to prevent patients from being at risk from bleeding.

• To ensure effective hemostasis, make sure that the anastomoses are at least 
1.5 cm apart before performing multiple anastomoses.

• Check the unit to guarantee that it is not damaged during transportation.

• Aortic perforator should only be used on the unmodified aortic tissue. Use on 
altered tissue, such as the presence of a cardiologic orifice and/or an aortotomy 
incision, may result in an unblocked aortic incision and the embolus may enter 
in the aorta.

3.5 Advantages and limitations of Heartstring technology

3.5.1 Advantages

Heartstring is also a proximal anastomotic device that can effectively reduce the 
probability of aortic atherosclerotic plaque shedding or dissection. Its advantages 
are as follows:

• Low requirements for anastomotic area. A relatively healthy area with a diam-
eter of around 1 cm available for suture will be sufficient, especially for those 
with multiple plaques in the ascending aorta.

• Heartstring is easy to operate and does not need to be punched or sutured in 
other positions of the ascending aorta.

Figure 4. 
Place the Heartstring proximal anastomotic device into the aortic incision and extract the conveyor.
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• The sealing membrane of Heartstring is composed of a line-type concave disc 
with good adhesion. At the end of anastomosis, “hat” shaped membrane can be 
pulled out directly through the anastomosis position, avoiding the risk of aortic 
wall damage when other devices are pulled out through the anastomosis position.

3.5.2 Limitations

When using Heartstring for proximal anastomosis, the uneven calcified aortic 
inner wall may lead to a loose fit between the plug-like membrane and the inner 
wall of the ascending aorta, causing continuous bleeding of the anastomosis and 
affecting the operation.

3.6 Heartstring technology and stroke

Stroke is one of the most serious complications of coronary revascularization, 
with high morbidity, mortality and cost. High-risk factors include peripheral 
vascular disease, left main artery disease, diabetes mellitus, atherosclerosis and 
calcification of arterial wall. After OPCABG, the risk of both stroke and mortality 
has been reduced, especially for high-risk groups and elderly patients [3]. However, 
the causes of stroke are various, not a single technology (including OPCABG) can 
completely avoid the occurrence of postoperative stroke. The off-pump total artery 
CABG provides a relatively “non-touch” way for revascularization and is effective 
to reduce the complications of nervous system. Although non-touch technology 
may be the best clinical option, it cannot be applied to every patient, nor can it be 
carried out routinely in most medical centers. When high-risk patients do need 
proximal anastomosis, Heartstring can assist to complete the proximal anastomosis 
with minimum aortic contact.

In the past few years, more evidences have shown that Heartstring technology 
could significantly minimize atherosclerotic embolism and neurological complica-
tions compared with side wall clamp, but those researches did not classify aortic 
lesions [19–20]. Another randomized controlled trial from Emory University 
showed that the use of Heartstring technology in patients with low risk of athero-
sclerotic embolism can significantly reduce cerebral embolic events. For patients 
with aortosclerosis of grade I or II, Heartstring technique can reduce solid emboli by 
35% [21]. Emmert et al. took the total arterial CABG as the gold standard for clini-
cal trial [22]. It is demonstrated that the incidence of stroke and major adverse car-
diovascular and cerebrovascular event (MACCE) was 0.7 and 6.7% in the OPCABG 
with Heartstring group, 2.3 and 10.8% in the OPCABG with side wall clamp group, 
and 0.8 and 7.9% in the total arterial CABG group [22]. Hilker et al. performed 542 
proximal anastomoses in 412 consecutive patients with Heartstring technique [23]. 
The incidence of postoperative stroke in this series was 0.48%, whereas the predic-
tion of preoperative stroke was 1.3%. It indicated that the Heartstring technology 
could reduce the risk of stroke prediction by 44% [23]. This technology might not 
be as beneficial for patients with aortosclerosis I, as for patients with aortosclerosis 
II or above, among which there is no stroke incidence that occurred even in patients 
with aortosclerosis. More importantly, there was no significant difference in the 
incidence of stroke between the clampless off-pump CABG and the no-touch tech-
nique [24], which indicated that the clamp per se was an independent risk factor 
for the stroke. The combination of OPCABG and Heartstring technology not only 
achieves the revascularization but also has a relatively low incidence of neurological 
complications compared with percutaneous coronary intervention (PCI) [25–26]. 
In comparison with the traditional CABG with cardiopulmonary bypass, OPCABG 
is indeed a step forward.
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4. Urethra catheter-water sac technique

When the great saphenous vein anastomosis with the ascending aorta, the 
ascending aorta should be clamped with side wall clamp, which may cause the 
atherosclerotic plaque of the ascending aorta to fall off and, thus, increase  
the risk of cerebral infarction. Further, the falling-off plaque may also block the 
great saphenous vein graft and reduce its patency rate. We applied the self-made 
water sac blocking method for the patients with severe ascending aortic calcifica-
tion upon OPCABG and achieved satisfying results.

4.1 The birth of water sac technique

Patients with severe calcification in the ascending aorta are more likely to 
have stroke after anastomosis of ascending aorta and great saphenous vein in 
OPCABG. The most common reason is the loose or detached atherosclerotic plaque 
on the inner wall of ascending aorta, or detached thrombus due to clamp dam-
age. Multivariable analysis revealed that the use of aortic wall clamp was the most 
important independent risk factor for postoperative stroke, resulting in a sixfold 
increase of postoperative stroke rate. It is suggested that the indicators of serious 
calcification of ascending aorta include carotid stenosis, hypertension, peripheral 
vascular disease or abdominal aortic aneurysm, male gender, renal insufficiency 
and left main artery disease in patients over 65 years old.

There are two main methods hitherto to solve the problem of proximal 
anastomosis in patients with calcification of ascending aorta, including using 
proximal anastomotic device and using non-touch ascending aorta of CABG. The 
former mainly includes the application of Enclose, Heartstring and other devices, 
while the latter mainly refers to the methods of CABG without ascending aorta 
operation, such as bilateral internal mammary artery and other forms of total 
arterial CABG.

The indications of non-touch technique of ascending aorta are limited to some 
extent, and the requirements to operation are relatively high. Moreover, collection 
of bilateral internal mammary artery will reduce the blood supply of sternum, 
affect the healing of sternum, and may cause complications such as loosening of 
sternum, delayed healing and infection of incision. Radial artery is also commonly 
used in total arterial CABG; however, when comparing with internal mammary 
artery, it is more prone to produce spasm and affect surgical effect.

There are some limitations in the use of proximal anastomotic devices. For 
example, when using Heartstring for proximal anastomosis, the internal umbrella 
cap may not fit tightly with the uneven calcified aortic inner wall, causing continu-
ous bleeding at the anastomosis and affecting the operation. When using Enclose 
for proximal anastomosis, at least two holes are needed to be drilled in the ascend-
ing aorta, increasing the chance of atherosclerotic plaque falling off. Further, 
the needle tip may puncture the diaphragm with hemostatic effect and lead to 
uncontrollable bleeding. In addition, the cost of proximal anastomotic device is 
high and will increase the medical burden for patients in developing countries and 
remote areas.

Given the above situation, we have figured out the method of water sac block-
ing proximal anastomosis method in clinical practice. Its short-term and medium-
term effects were similar to those of patients without ascending aortic calcification 
who used side wall clamp, and no patients had complications such as stroke or 
proximal anastomotic stenosis. It is well demonstrated that OPCABG combined 
with water sac blocking anastomotic method can further reduce the incidence of 
postoperative stroke.
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4.2 Operation process

“Water sac blocking” refers to the method of proximal anastomosis without 
using side wall clamp when anastomosing great saphenous vein or radial artery with 
ascending aorta (Figure 5).

The specific processes are as follows:

• Left internal thoracic artery and great saphenous vein are harvested routinely. 
In OPCABG, the internal thoracic artery is usually anastomosed to the left 
anterior descending branch, and the rest are treated by sequential CABG of 
great saphenous vein.

• When the saphenous vein is anastomosed with the ascending aorta, the adven-
titia of the artery is cut off at the perforating position.

• After purse string is anastomosed, use a sharp knife to prick a small incision, 
and press to stop bleeding.

• Use an aortic perforator to make a hole.

• Quickly insert a 12–14F urethra catheter into the aorta, inject 8–10 ml sterile 
normal saline through the water injection hole, make the water sac inflate, fix 
the distal end, and make the water sac tightly close to the anastomosis position 
for hemostasis.

• The saphenous vein was anastomosed with ascending aorta by 6–0 polypropylene 
suture while removing the pre-sutured purse string. The direction of the needle 
entering the aortic wall was from the internal to the external, without penetrating 
the whole layer of the arterial wall. The total number of needles was 8–10.

• Use a syringe to suck out the normal saline in the water sac, quickly remove the 
urethra catheter, pull down the great saphenous vein, and tighten the suture 
and knot.

• Lastly, another 6–0 polypropylene suture was used to full-layer suture the 
aortic wall along the previous anastomosis position. (Figure 6).

4.3 Considerations in the use of water sac blocking method

• Since the needle tip of the anastomosis is easy to puncture the water sac, 
polypropylene suture for the first time in non-full-layer type, and then another 

Figure 5. 
Composition of the water sac device.
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polypropylene suture can be performed for full layer suture after knotting to 
ensure the accuracy of the anastomosis.

• The change of arterial pressure should be observed when injecting water 
into water sacs, and the circulation index should not be affected as much as 

Figure 6. 
Procedures: (A) cutting off the adventitia; (B) purse string suture; (C) perforation and finger hemostasis;  
(D) urinary catheter insert and sterile normal saline injection; (E) great saphenous vein anastomosis (non-full 
layer); (F) balloon suction and removing for secondary anastomosis (full layer).
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possible. The amount of water injected into the water sac is usually less than 
10 ml; otherwise, it may cause bursting or affect the left ventricular blood flow.

• When the distal end of the urethra catheter is fixed after the water injection, 
the rubber tube should keep a certain tension to make the water sac stay closed 
to the inner wall of the aorta.

• During the drill, anesthesiologists should control blood pressure and slow 
down heart rate to minimize bleeding.

• When inserting the catheter, it is necessary to press the anastomose with the 
help of fingers and inject water quickly to avoid excessive bleeding.

• During suturing, the position of the urethra catheter should be adjusted and 
the same tension should be maintained to ensure that the suturing field is 
exposed. Avoid the bleeding caused by the needle penetrating the water sac or 
pulling out the urethra catheter-water sac.

• Surgeons should be properly trained before using water sac blocking method.

4.4 Advantages and limitations of urethra catheter-water sac technology

4.4.1 Advantages

• As an innovative suture method, “water sac blocking” method has the 
advantages of both OPCABG and proximal anastomosis device. It requires 
no additional medical costs, and the operation process is simple, effective 
and accurate. It can minimize the incidence of stroke or embolism caused 
by the detachment of atherosclerotic plaque via clamping or intubating on 
the aorta.

• This method is very safe. Due to the softness of the water sac, it is rare that the 
aortic wall will be damaged, even when the water sac is broken.

• For patients who fail to use Heartstring and Enclose, the water sac method 
could be the remedy.

4.4.2 Limitations

• During the first suture, it is possible that the urethra catheter could not be 
pulled out when the needle caught the outer membrane of the water sac. In this 
case, it may be necessary to cut the suture and pull out the urethra catheter, 
and then repeat the operation.

• It is relatively time-consuming due to the requirement for secondary suture. 
Moreover, the operation around the aortic incision is more frequent, which 
increases the risk of bleeding.

4.5 Clinical significance of urethra catheter-water sac technology

For patients with severe aortic atherosclerosis, avoiding the use of side wall 
clamp is one of the important methods to reduce postoperative neurological com-
plications [27]. The water sac blocking method is simple, effective, accurate and 
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cost-efficient (the cost of the catheter is negligible), with minimized risk of stroke 
or cerebral infarction caused by the detachment of atherosclerotic plaque due to the 
clamping of the aortic wall. When proximal anastomosis is performed in patients 
with severe ascending aortic calcification, the water sac method is a feasible option 
and has a wide range of clinical application and dissemination value.

5. No clamp anastomosis technique

When using great saphenous vein to anastomose with ascending aorta during 
OPCABG, it is necessary to clamp part of ascending aorta wall and may cause 
ascending aorta atherosclerotic plaques to fall off, leading to cerebral embolism. 
Meanwhile, it may also induce great saphenous vein graft obstruction and influence 
its patency rate. We applied “no clamp” suture method in OPCABG for patients 
with severe aortic calcification and achieved satisfying results.

5.1 The birth of no clamp technique

Although OPCABG avoids cardiopulmonary bypass and greatly reduces 
brain damage caused by cerebral air embolism and insufficient perfusion, the 
incidence of neurological complications (including stroke, transient ischemic 
attack, coma, postoperative delirium or epileptic attack, etc.) remains one 
of the most common postoperative complications [28]. Cerebral infarction is 
mostly related to atheromatous plaque or calcification breaking and detach-
ment in the aorta caused by operating on it, and cerebral hemorrhage may also 
be related to post infarction hemorrhage [29–30]. Patients often show delayed 
awake or coma for longer time as this kind of disease often occurs in the opera-
tion or the early postoperative period. However, patients could hardly move and 
remain in the state of respiratory assistance; as a result, computed tomography 
(CT) or magnetic resonance imaging (MRI) diagnose and further treatment are 
often delayed with more serious consequences. Among all the risk factors, cal-
cification plaque shedding caused by clamping the ascending aorta is the most 
important risk factor [31]. Thus, using proximal anastomotic device to assist or 
complete proximal aortic anastomosis without side wall clamp can effectively 
avoid the complications caused by clamping ascending aorta during traditional 
proximal aortic root anastomoses, such as the damage of the aortic wall and the 
detachment of atheromatous plaque. Therefore, avoiding the ascending aorta 
clamping is the key to reduce the incidence of aortic dissection and nervous sys-
tem complications in OPCABG, and thus improving the postoperative survival 
rate. Indicators of severe ascending aortic calcification include carotid stenosis, 
hypertension, peripheral vascular disease or abdominal aortic aneurysm, 
male gender, renal insufficiency and being over 65 years old. As an innovative 
suture method, the no clamp suture method can minimize the incidence rate of 
systemic infarction caused by the detachment of atherosclerotic plaques. The 
operation process is simple, effective, accurate and cost-efficient. Therefore, in 
the OPCABG for patients with severe ascending aortic calcification, the method 
without clamp has its practical and generalization value.

5.2 Operation process

The method without clamp refers to that when the great saphenous vein is 
anastomosed with ascending aorta, and the aortic wall is not clamped with side wall 
clamp. The specific operation process is as follows:
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its patency rate. We applied “no clamp” suture method in OPCABG for patients 
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brain damage caused by cerebral air embolism and insufficient perfusion, the 
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attack, coma, postoperative delirium or epileptic attack, etc.) remains one 
of the most common postoperative complications [28]. Cerebral infarction is 
mostly related to atheromatous plaque or calcification breaking and detach-
ment in the aorta caused by operating on it, and cerebral hemorrhage may also 
be related to post infarction hemorrhage [29–30]. Patients often show delayed 
awake or coma for longer time as this kind of disease often occurs in the opera-
tion or the early postoperative period. However, patients could hardly move and 
remain in the state of respiratory assistance; as a result, computed tomography 
(CT) or magnetic resonance imaging (MRI) diagnose and further treatment are 
often delayed with more serious consequences. Among all the risk factors, cal-
cification plaque shedding caused by clamping the ascending aorta is the most 
important risk factor [31]. Thus, using proximal anastomotic device to assist or 
complete proximal aortic anastomosis without side wall clamp can effectively 
avoid the complications caused by clamping ascending aorta during traditional 
proximal aortic root anastomoses, such as the damage of the aortic wall and the 
detachment of atheromatous plaque. Therefore, avoiding the ascending aorta 
clamping is the key to reduce the incidence of aortic dissection and nervous sys-
tem complications in OPCABG, and thus improving the postoperative survival 
rate. Indicators of severe ascending aortic calcification include carotid stenosis, 
hypertension, peripheral vascular disease or abdominal aortic aneurysm, 
male gender, renal insufficiency and being over 65 years old. As an innovative 
suture method, the no clamp suture method can minimize the incidence rate of 
systemic infarction caused by the detachment of atherosclerotic plaques. The 
operation process is simple, effective, accurate and cost-efficient. Therefore, in 
the OPCABG for patients with severe ascending aortic calcification, the method 
without clamp has its practical and generalization value.

5.2 Operation process

The method without clamp refers to that when the great saphenous vein is 
anastomosed with ascending aorta, and the aortic wall is not clamped with side wall 
clamp. The specific operation process is as follows:
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• Use 6–0 polypropylene suture to perform end to side anastomosis in anticlock-
wise direction before perforating ascending aorta. The direction of the needle 
entering the aortic wall is from the internal to the external through the whole 
layer of the arterial wall.

• The polypropylene suture is divided into two clusters, and two thick sutures 
for traction are used to pull it in the opposite direction respectively to fully 
expose the position of the anastomosis.

• Use a sharp knife to pierce the artery wall in the middle of the anastomotic 
position, press with fingers for hemostasis, and then use an aortic perforator to 
perforate (Figure 7).

• Remove the traction suture, pull down the great saphenous vein, tighten the 
polypropylene suture and knot.

• Finally, another 6–0 polypropylene suture was used to suture the aortic wall 
along the previous anastomosis position.

5.3 Considerations of no clamp technique

• Before aortic wall suture with polypropylene, ascending aorta palpation should 
be carried out in order to avoid atherosclerotic plaques and local thickening 
part and prevent plaques detachment.

• The two traction sutures should be pressed as close to the aortic surface as 
possible for maximum expose of anastomotic position.

• The perforator shall be positioned accurately before drilling to prevent damage 
to the polypropylene suture.

• During drilling, anesthesiologists should reduce blood pressure and slow down 
heart rate to minimize bleeding.

• As the polypropylene suture requires a long distance in the aortic wall, it may 
be astringent when tightening, and as a result, it should be tightened one by 
one with a nerve hook.

Figure 7. 
Puncture the artery wall and press it with fingers to stop bleeding.
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5.4 Advantages and limitations of no clamp technology

5.4.1 Advantages

• As an original suture method, “no clamp” method has the advantages of both 
OPCABG and proximal anastomosis device. It requires no additional medical 
costs, not even tiny cost of urethra catheter. The operation process is simple, 
effective and accurate, with minimum risk of neurological complications from 
clamping or intubating on the aorta.

• Compared with the water sac method, no clamp method avoids the possible 
risks associated with water sac. Direct suture is fast and effective. This tech-
nique is the alternative if the water sac technique is unavailable because of the 
severe uneven aortic inner wall.

• For patients who fail to use Heartstring and Enclose, no clamp method could 
be also considered as remedy.

5.4.2 Limitations

• Both the piercing and perforating operation could damage or even cut off the 
suture, causing severe hemorrhage or suture failure. In this case, repeated 
suture is required.

• This operation is also relatively time-consuming due to the secondary suture. 
Moreover, the piercing and perforating operation is under no cover of any 
inner aortic device, such as diaphragm umbrella of Enclose, spiral coil shape 
umbrella of Heartstring and water sac, which increases the possibility of bleed-
ing and operative time.

• Because the great saphenous vein is closed to the anastomotic position after the 
first suture and blood vortex exists during the secondary suture, a high accu-
racy of the suture is required to avoid thrombosis.

• Surgeons should be properly trained before using no clamp method.

5.5 Clinical significance of no clamp technology

The most common cause of stroke after OPCABG is the detachment of embolus, 
which is closely related to the progressive arteriosclerosis of ascending aorta. 
“No clamp” method is simple and effective, with minimum risk of the infarction 
induced by the detachment of atherosclerotic plaques through clamping operation.

6. Conclusions

When OPCABG is performed in patients with severe ascending aortic calcifica-
tion, the above methods of proximal anastomosis are of practical and dissemination 
value. Based on decades of clinical experience, when encountering atherosclerotic 
plaque of ascending aorta, proximal anastomosis devices can be used to anastomose 
proximal aorta as priority, in order to maximally avoid the detachment of aortic 
atherosclerotic plaque or the damage of aortic dissection. When the proximal 
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anastomosis device or the suture fails, the water sac or no clamp method could also 
be applied for remedy. For well-trained surgeons, they will be able to use water sac 
or no clamp method for proximal anastomosis directly, saving huge costs while 
achieving the same outcomes. The two original techniques are of great significance 
for patients in developing countries and remote areas. All these surgical applica-
tions aim to avoid complications of nervous system and embolism caused by plaque 
detachment due to partial blocking of ascending aorta with side wall clamp for 
proximal anastomosis.
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Abstract

The modern approach to the correction of aortic dissection involves the most 
complete reconstruction of the entire pathologically altered segment of the vessel, 
which is often impossible due to the vastness of the lesion and the associated severity 
of surgery. Reduction of intraoperative trauma can improve survival in the immedi-
ate postoperative period, and the completeness of reconstruction to reduce the 
number of complications and relapses in the long term. In this chapter, the methods 
of reconstruction of the aorta in case of distal dissection from a conventional open 
surgery to endovascular techniques, or usage of their combination for minimization 
of surgical trauma, are reviewed.
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1. Introduction

Aortic dissection is defined as the penetration of blood masses between the inner 
and middle layers of the aortic wall, with the formation of a rupture of the inner 
layer of the aortic wall, intima. In this case, a flap is formed that divides the aortic 
lumen into true and false [1, 2].

The aortic wall consists of three layers: the inner tunica intima, the middle 
tunica media, and the outer tunic of adventitia. Despite the fact that different 
components and special types of cells form each of these layers, they all represent 
a single structure that can withstand high variable loads. The inner layer, tunica 
intima, has a thickness of 130 microns. Its first shell is the endothelium, a single-
row layer of cells that directly contact the blood. Endothelial cells are oriented in 
accordance with the direction of blood flow [3]. The endothelium prevents throm-
bosis, has selective permeability to liquids and nutrients, participates in maintain-
ing vascular tone, regulates blood pressure, has immunomodulatory and barrier 
functions, and plays an important role in regulating vasculoangiogenesis and 
remodeling the cardiovascular system [4]. A thin subendothelial shell, consisting 
of a small number of collagen-synthesizing fibroblasts and collagen fibers, attaches 
to the endothelium. The processes of endothelial cells connect the intima with the 
middle layer.

Tunica media is the thickest and most durable layer of the aortic wall that con-
verts the pulsating blood flow, so it is most susceptible to variable loads. The average 
thickness of the media is up to 1.2 mm. Elastic plates separated by thin layers of 
connective tissue, collagen fibers, and smooth muscle cells form the structure of the 
media tunic. Elastic and collagen fibers make up 20–30% of the total volume of the 
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aortic wall separately, and smooth muscle cells make up 5% [5]. Elastic plates are 
concentrically arranged fenestrated membranes (lamellae), the fibers of which are 
intertwined. The media tunic has 45–60 elastic plates covering 1/3–3/4 of the circum-
ference of the aortic diameter. As a rule, these are oppositely twisted, cross-linked 
spiral structures arranged in a staggered order, which are held together by interlamel-
lar connecting fibers. A network of fine collagen fibers surrounds both lamellar and 
connective elastic fibers. In addition, the elastic plates are supported by muscle fibers 
connected through points of contact with the mucoid membrane of the elastic plates. 
Interstitium contains colloidal mixtures of proteoglycans. The outermost elastic 
lamellar plates separate the aortic media from the thin adventitial layer [6, 7].

The adventitia tunic consists of loose connective tissue with a small number of 
elastic fibers, muscle cells, and macrophages. Through it from the outside, the vessels 
that feed the wall of the aorta vasa vasorum and nerve endings pass. Vasa vasorum, 
originated from the network of vessels located in adventitia, penetrate the outer third 
of the media and branch between the outer and middle layers, penetrating no deeper 
than the inner third of the media of the aorta. Thus, the outer third of the aorta 
receives nutrition through the vasa vasorum, while the inner layers are fed by diffu-
sion from its lumen, which will support the structure of the aortic flow [8] (Figure 1).

Despite a long history of studying the pathogenesis of aortic dissection, it is still 
not clear enough. When studying the morphology of the aortic wall in patients with 
dissection, changes in the middle tunic of the media were most often detected. Gsell 
(1928) described damage to smooth muscle fibers during aortic dissection, Erdheim 
(1929) described damage to elastic fibers, and Cellina (1931) described a combina-
tion of these processes [6]. Currently, the media damage is, described as damage 
and loss of smooth muscle fibers, destruction and fragmentation of elastic plates, 
and filling of the resulting voids with proteoglycans [9] (Figures 2 and 3).

Such changes may occur in patients with inherited syndromes accompanied by 
connective tissue dysplasia, such as Marfan, Loeys-Dietz, Ehlers-Danlos, Turner, 
and others, or in their absence.

The same changes along with atherosclerosis are found in the aortic wall in 
elderly patients and with increased variable loads, in particular with arterial hyper-
tension. It is, believed that due to the loss of elastic properties of the aortic wall, 
the vasa vasorum network is traumatized, which leads to the formation of lacunae 

Figure 1. 
Aortic sections from a normal subject. Panel is oriented with the intima at the top and the adventitia at the 
bottom; hematoxylin and eosin (H&E) staining.
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filled with blood, and subsequently an intramural hematoma. The beginning of 
the stratification is the rupture of the intima due to the impact of the peak load 
[6, 7] (Figures 4 and 5). However, this concept does not explain the mechanism 
of dissection in acute trauma in young patients with noncompromised aortic wall. 
In all likelihood, with excessive loads or due to degenerative changes within it, the 
aortic wall ceases to function as a whole and is divided into separate fragments with 
different mechanical properties (Figure 6).

The exact number of cases of distal aortic dissection is very difficult to deter-
mine, since this disease refers to various conditions due to different causes. It is 
important to divide the distal dissection into primary and secondary. Primary 
dissection is a firstly appeared dissection, and secondary distal dissection can be 
called the presence of active false lumen of the descending aorta, after correction of 
the proximal dissection.

Figure 2. 
Aortic sections from a patient with aortic dissection. Fragmentation of elastic fibers, loss of smooth muscle cells, 
and accumulation of proteoglycans (stained blue) in the medial layer.

Figure 3. 
Necrosis of the aortic media tunic, chaotic arrangement of smooth muscle and elastic fibers.
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Primary dissection may be associated with dysplasia of connective tissue due to 
congenital genetic syndromes such as Marfan, Loeys-Dietz, Ehlers-Danlos, Turner, 
and others. Connective tissue dysplasia in distal dissection can also occur without 
the presence of hereditary syndromes. Distal dissection occurs in patients without 
connective tissue dysplasia, for example, after trauma.

Recently, acute aortic syndrome has been isolated, which, in addition to aortic  
dissection, includes a penetrating ulcer and an intramural hematoma; these condi-
tions are predictors of dissection and require exactly the same approach as the 
dissection itself.

Figure 4. 
Dissection in the middle layer of the aorta, tunic media. On the left are the nuclei of single erythrocytes.

Figure 5. 
Extensive acute aortic dissection. Areas of tearing are localized in the distal third of the media tunic closer to 
the adventitia. A large number of red blood cells are observed inside the false lumen.
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Distal dissection or aortic dissection of type B most often affects male patients 
and has an incidence between 2.9 and 4.0 per 100,000 people per year [10]. The 
number of cases of distal dissection is increasing, with improved diagnostic capa-
bilities and an aging population being put forward as reasons. A recent prospective 
analysis of 30,412 middle-aged men and women over a 20-year follow-up period 
showed the incidence of acute aortic dissection in 15 patients per 100,000 popula-
tion per year [11]. The number of penetrating aortic ulcers has also increased. In 
symptomatic patients considered as candidates for invasive intervention, the preva-
lence of penetrating ulcer is from 2.3 to 7.6%, while in 90% of patients, the lesion is 
localized in the descending thoracic aorta [12]. The prevalence of intramural hema-
toma is from 5 to 20% of patients with acute aortic syndrome;, in 60% of cases, the 
descending thoracic aorta is involved in the process [13]. Blunt aortic trauma occurs 
in less than 1% of all road accidents. However, it is the second most common cause 
of death among trauma patients and accounts for 16% of all traumatic deaths [14]. 
Rupture of an aneurysm of the descending thoracic aorta occurs in 5 persons per 
100,000 population per year. The average age of patients in this cohort is 70 years 
for men and 72 years for women [15]. Mortality in aneurysms and aortic dissection 
has recently increased from 2.49 per 100,000 to 2.78 per 100,000 of the population 
per year from 1990 to 2010, with a predominance of males [16].

Most clinical classifications of aortic dissection, including the first and most 
common, proposed by DeBakey, are based on the identification of the localization of 
the initial rupture of intima, since most of this largely depends on the severity of the 
patient’s condition, further treatment tactics, and prognosis of his life. According to 
DeBakey, the aortic dissection is divided into three types: type I—primary rupture 
of intima is localized in the ascending aorta, and the dissection extends below the 
source of the left subclavian artery; type II—primary rupture of intima is localized 
in the ascending aorta, and the dissection extends no further than the source of the 
brachycephalic trunk; and type III—primary rupture of intima is localized below the 
source of the left subclavian artery and extends to the distal aorta, up to its bifurca-
tion [17]. Subsequently, types I and II were combined into one type A, and type III 
was separated into type B, and this classification was called Standford [18].

Figure 6. 
Chronic aortic dissection. The formation of a pseudo-intima is observed along the edges of the false lumen.
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Some authors began to call the type A dissection (types I and II by DeBakey) 
proximal, and type B (type III by DeBakey) distal, since apparently these terms 
most fully reflect the essence of pathological processes occurring inside the aorta 
[19, 20]. For forms where the dissection is limited to the aortic arch or extends 
retrograde from the descending aorta to the arch and ends before the ascending 
aorta, the term “non A non B” is proposed [21, 22].

Currently, new classifications that are more modern are proposed, in particu-
lar DISSECT classification, which considers six key parameters: duration of the 
disease, localization of intimal rupture, size of the stratified aorta, length of the 
affected area of the aorta, clinical complications of stratification, and the presence 
of false lumen thrombosis [23]. In the surgical treatment of distal dissection (type 
III DeBakey) within 30 days mortality surgery ranges from 10 to 24%, while at 
carrying out of conservative therapy, this index varies within 10%. Therefore, the 
distal dissection (type III DeBakey) is adopted a conservative wait-and-see tactic. 
Long-term results demonstrate the need for intervention in 20% of patients treated 
conservatively within 3 years from the beginning symptoms of the dissection [24].

The strategy and tactics of treatment of distal widespread aortic dissection are 
still the subject of discussion [25]. A majority of authors agree that invasive inter-
vention is indicated by increasing the diameter of the aorta to 5.5 cm, with the com-
bined diameter of the true and false lumen to 4.5 cm, or with complicated forms of 
dissection [22]. Complicated forms of aortic dissection type B are considered to be a 
rapid increase in the diameter of the aorta; rupture of the aorta and/or hypotension 
or shock; ischemia of internal organs, kidneys or lower limbs; paraplegia/parapare-
sis; periaortic hematoma; re-emerged or untreatable pain syndrome; and refractory 
to drug therapy hypertension. At the same time, with conservative treatment of 
complicated forms of distal aortic dissection, mortality is about 50% [26–29].

Consequently, most interventions in distal aortic dissection are carried out for 
emergency indications. Methods of reconstruction in distal aortic dissection can be 
divided into traditional open, video-assisted, X-ray endovascular, and hybrid.

2. Methods

Methods of reconstruction of distal aortic dissection: 1. thrombosis of false 
lumen by foreign bodies; 2. the creation of an artificial distal fenestration; 3. 
extraanatomical bypass surgery; 4. prosthetics between the two clamps; 5. pros-
thetics between the two clamps with the use of an extraanatomical bypass shunt; 
6. prosthetics between the two clamps with the use of methods of extracorporal 
blood circulation; 7. prosthesis without the use of clamps by circulatory arrest; 8. 
endoprosthetics (stent grafts); 9. stenting; and 10. hybrid methods in the form of a 
combination of these techniques using different types of access.

Initially, the reconstruction of the descending aorta during dissection was 
carried out in nonradical ways, such as initiation of thrombosis of the false lumen 
by means of foreign elements or reduction of the diameter of the aorta outside by 
suture or exoprosthesis. In the future, methods of simple clamping of the aorta and 
its replacement were performed. Frozen arterial homografts and then synthetic 
vascular prostheses were used [30].

Despite such disadvantages as limiting the time of anastomosis not more than 
30 min and the formation of tissue hypertension, in the areas above and below 
the imposition of clamps, the supporters of this method think because there is 
no need for systemic heparinization of the patient and the use of perfusion sup-
port. All these significantly reduce blood loss and surgery time [31]. In the early 
stages of surgery for rupture of the descending part of the thoracic aorta, the 
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technique of bypass grafting was also used: ascending aorta—abdominal aorta. 
At the same time, a homograft was used as a shunt. However, this technique  
was not ideal due to the technical complexity of the shunt, its bulkiness, and 
insufficient reliability [32].

In 1955, based on the work of DeBakey et al., the first experience of reconstruc-
tive interventions on thoracic aorta with dissection in 6 patients was published 
[33]. In 1965, they analyzed 10-year results of treatment of thoracic aortic dissec-
tion, including T III. Two surgical techniques were described. Earlier, it was the 
formation of artificial distal fenestration in the thoracic aorta and reconstruction 
of the true lumen below its level. The authors themselves recognize this technique 
does not correspond to the concept of restoring integrity and normal function of 
the aorta, but rather palliative. Another technique was the imposition of the left-
femoral bypass, the intersection of the aorta between the two clips superimposed 
directly at the ostium of the left subclavian artery and near the diaphragmatic 
opening, and the restoration of the integrity of the true lumen of the aorta and its 
replacement with a synthetic vascular prosthesis. At the same time, according to 
the authors, in the case of spreading the dissection proximal to the left subclavian 
artery, it could be sacrificed by ligation, or reimplanting its origin into a vascular 
prosthesis [34].

The use of cardiopulmonary bypass increased the safe time for anastomosis, but 
did not solve the problems associated with the imposition of clamps on the aorta, 
since in most patients with distal aortic dissection, the inlet of the false canal is 
located directly at the origin of the left carotid artery. In addition, the clamp applied 
at the level of the diaphragm to the aorta makes it difficult to form a qualitative 
distal anastomosis, and damage to the altered tissues of the aorta can cause its 
insolvency. Moreover, the problem of residual dissection below the diaphragm level 
remains unsolved.

DeBakey et al. in 1966 established the principles of the surgical technique of 
treatment of aortic dissection, including excision of the dissected intimal flaps, 
overlapping the proximal enter in false lumen and reconstruction of the aorta by the 
implantation of synthetic tubular prosthesis. Based on this, techniques for recon-
struction of distal aortic dissection were further developed [35].

In 1974, Stanley Crawford reported on his experience with thoracoabdominal 
aneurysms and dissections. In earlier observations, the implantation of a synthetic 
Dacron graft was undertaken as an extraanatomical shunt with subsequent over-
lapping of the aortic lumen and serial reimplantation of the aortic branches by 
vascular prostheses in the wall of the aortic graft. In later cases, the vascular graft 
was placed inside the aneurysm with reimplantation of the origin of visceral vessels 
directly into the wall of the graft [36].

Currently, this technique is the basis for the open correction of extensive 
thoracoabdominal aortic dissection. However, the technical details of the operation 
are controversial.

1. Method of extracorporeal blood circulation:

a. left-femoral bypass with or without oxygenation (left atrium eyelet or 
pulmonary vein-femoral artery);

b. full bypass femoral artery—femoral vein.

2. Ways of protection of internal organs: normothermic perfusion with the 
perfusion of visceral vessels; hypothermia; and total circulatory arrest without 
the use of clamps on the aorta.
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3. Method of implantation of vertebral arteries in the prosthesis for the preven-
tion of spinal complications.

4. Method of implantation of the visceral branches.

There are various options to use this technology. In particular, in the conditions 
of left-femoral bypass and normothermal perfusion, the procedure is performed 
from thoracophrenolumbotomy access in stages. In the beginning, the clamping of 
a proximal segment of the aorta is done, the formation of a proximal anastomosis 
with a vascular graft to the descending thoracic aorta is carried out, and the mobili-
zation of the thoracic aorta is produced. The clamp on the distal portion of the aorta 
is placed, producing distal anastomosis, dissecting aneurysm, and lumbar arteries 
are stitched, producing temporary occlusion of the visceral arteries with balloons 
catheters. Produce perfusion of the renal arteries to protect against ischemia; the 
intercostal arteries are implanted to the prosthetic aorta at the site Th8-L1 to restore 
adequate blood supply to the spinal cord, and renal arteries and visceral branches 
are implanted [37].

Further improvement of this technique was carried out by sewing visceral 
branches into the vascular prosthesis of the aorta on separate islands or using an 
aortic vascular prosthesis originally made with branches for the implantation of 
visceral arteries [38, 39]. The difference between the methods lies in the fact that 
the implantation of the origin of the vessels on a single island reduces the time of 
the procedure, but there is a risk of relapse in the long term, as in the bloodstream 
there are large areas of altered aortic tissue with untreated arterial origins. When 
using the technique of Соselli, the origins of the visceral vessels are filed separately 
to those already present in the aortic graft that prevents recurrence of the aneu-
rysm, but does not allow avoiding the complications associated with the tension and 
kinking of the vessels and extends the duration of the procedure.

To prevent these complications, a modified technique of visceral arteries 
reimplantation was proposed. Its essence lies in the fact that used graft with four 
prestitched lateral branches. After applying the proximal and distal anastomoses, 
each lateral branch is wrapped around the main graft, forming a slightly curved 
loop around it. The opening of each visceral artery is sutured to the lateral branch. 
This method prevents bending of the lateral branches and allows for hemostasis 
with a good overview of all suture lines [40]. Estrera et al. describe a modification 
of the classical technique used by them in the correction of chronic complicated 
aortic dissection type B. The procedure is performed by bypass of the left ventricle 
on the scheme of the lower left pulmonary vein—distal aorta, through a vascular 
prosthesis attached to the aortic prosthesis. Is drainage of the cerebrospinal fluid, 
and neuromonitoring. After clamping the distal portion of the aorta and forming 
a wedge-shaped hole in the membrane between the true and false lumens, a distal 
anastomosis is formed to adequately supply them with blood. Then the clamp is 
shifted higher on the aortic prosthesis and the vascular prosthesis starts blood flow 
to the distal aorta, and then the aorta is clamped at the level of the left subclavian 
artery. The aorta is incised, intercostal arteries or clipped or made their temporary 
occlusion using a Fogarty catheter. A reversed elephant trunk is formed, then a 
proximal anastomosis is made. If necessary, intercostal arteries are drained into 
the vascular prosthesis on a single site, and prestitched to the aortic prosthesis with 
both ends. According to the authors of their more than 20 years of experience, 
it is shown that when using this technique, hospital mortality is 8.3%. Persistent 
neurological disorders occur in 1.3%, strokes 2.9%, the need for dialysis in 6%. 5-, 
10-, 15-, and 20-year survival rates are 72%, 60%, 45%, and 39%, respectively [41].
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At the same time, the technique of complete shutdown of the descending aorta 
from the systemic circulation using the methods of deep hypothermia without 
applying clamps to it has not lost its relevance [42]. According to some authors, this 
technique has significant advantages since it allows you to do without applying a 
clamp to the proximal portion of the descending thoracic aorta, as close as possible 
to impose anastomoses to the origin of the left subclavian artery and the aperture 
of the diaphragm, as well as in the case of retrograde dissection, if necessary, move 
to the distal portion of the aortic arch. The advantages of the technique include a 
bloodless surgical field, the return of a large amount of blood to the contour of the 
apparatus and hypothermic protection of the central nervous system, heart, and 
visceral organs. In addition, there is no need to use the drainage of cerebrospinal 
fluid, monitoring of evoked potentials, separate perfusion of renal and visceral 
arteries, and the insertion of epidural catheter [43].

Its main drawback is the need to protect the brain and spinal cord, as well as 
internal organs from hypoxia and a limited time of safe duration of circulatory 
arrest, no more than 90 min at a body temperature of 18°C [44]. The cooling phase 
of the patient takes quite a long time since the decrease in body temperature should 
be uniform, complete, and prolonged [45]. The time to reach the optimum tempera-
ture can take from 30 to 50 min [46]. The method of warming the patient should 
also be done slowly and in compliance with a number of different conditions. In 
conditions of complicated distal aortic dissection, the technique of circulatory 
arrest with deep hypothermia may not always be effective enough.

The influence of different approaches to revascularization of intercostal and 
lumbar arteries during reconstructive interventions on the distal aorta on the 
prevention of paraplegia has not been studied enough. One hundred consecutively 
operated patients were performed open reconstruction of the distal lesions of the 
aorta with a consistent overlap of the segmental arteries. Early mortality was 6%. 
The average length of stay in the intensive care unit was 2.5 days, and the average 
length of stay in the hospital was 10.0 days. On average, 8.0 ± 2.6 pairs of segmental 
arteries were closed, with an average of 4.5 ± 2.1 covered segment pairs being in the 
area between T7 and L1, where is the artery of Adamkewicz. Postoperative paraple-
gia occurred in 2 patients. The authors conclude that the overlap without reimplan-
tation of 15 pairs of intercostal and lumbar arteries during the reconstruction of the 
distal aorta is safe, and is accompanied by a moderate number of paraplegia in the 
early and late postoperative period [47].

Radical surgery shows good immediate and long-term results in patients with 
hereditary connective tissue syndrome. In particular, in patients with Marfan syn-
drome, total replacement of the entire thoracoabdominal aorta and reconstruction 
of all visceral branches are recommended to avoid relapses in the long term, even 
if dilation in some segments is not expressed. In a study by Omura et al., a series of 
observations was reported in 20 patients with Marfan syndrome who underwent 
total replacement of the thoracoabdominal aorta for a dissecting aneurysm. All 
patients during the surgical intervention were performed cerebrospinal fluid drain-
age, distal perfusion of the aorta and selective perfusion of the internal organs. 
Deep hypothermia was used in 13 patients.

In the 30-day postoperative period, no fatal outcomes were observed. The 
average follow-up period was 54 months. One patient died of interstitial pneumonia 
38 months after surgery. The survival rate for 8 years was 91.2 ± 9.0%. Two patients 
required additional interventions on the aorta. Actuarial index of freedom from 
operations on the aorta for 8 years was 83.9% ± 10.5%; no patient needed a rethora-
cotomy. During follow-up, neither false nor asymptomatic aneurysms by computed 
tomography (СT) were noted [48].
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Even though the results of surgical treatment of distal aortic dissection have 
improved over the last decade, they are still not optimal, and hospital mortality 
is 25–50% [49, 50]. Complications associated with the open method of surgical 
intervention are the following: spinal cord ischemia (6.8%), cerebral circulation 
disorders (9%), abdominal ischemia or intestinal infarction (4.9%), and acute renal 
failure (19%) [51, 52].

The widespread use of open radical operations is limited by the severity of the 
patient’s condition, the presence of concomitant diseases, and its physiological 
reserve. A significant disadvantage of this technology is a very low possibility of its 
replication. Such operations with a low level of mortality can be carried out only 
in specialized aortic centers with 20–30 years of experience in such operations and 
close-knit teams of highly qualified specialists. In conditions of acute complicated 
DeBakey type III dissection, this is not always possible and requires simpler and no 
less reliable solutions.

The need for their search and the beginning of the era of percutaneous trans-
catheter interventions on the coronary arteries prompted researchers to create a 
vascular prosthesis that could be placed inside the lumen of the aorta to block the 
entrance opening of the false canal and isolate its wall without performing exten-
sive surgical access. In 1988, Volodos reported on the first percutaneous endo-
prosthesis of the thoracic aorta with a self-fixing synthetic prosthesis for a large 
posttraumatic aneurysm [53].

With significant advantages due to the reduction of intraoperative trauma and 
no need to protect the brain and spinal cord, as well as internal organs, the methods 
of transcatheter reconstruction of the distal aortic dissection initially had a number 
of limitations and did not immediately gain a leading position in the treatment of 
complicated distal aortic dissection [54].

Stent graphs are ideal for implantation in straight areas of the aorta, where there 
are no large hemodynamic values of arterial trunks; such in the reconstruction of 
the distal dissection can only be a portion of the descending thoracic aorta, from the 
ostium of the left common carotid artery and ending with the level of renal arteries. 
Despite the fact that during the period from the left subclavian artery to the renal 
from the descending aorta does not depart large arterial branches, overlapping its 
area for more than 20 cm at this level can lead to the development of pronounced 
spinal disorders [55–57]. The wall of the aorta is constantly shrinking, conducting a 
pulse wave, and violation of its elastic properties during dissection creates a ten-
dency to irreversible dilation of the aorta and its thinning up to rupture [58].

To prevent spontaneous dislocation of the stent graft, two proximal landing 
zones of at least 1.5 cm and a distal zone of at least 2 cm in length are required [59].

For successful fixation of the stent graft in the landing zones, it is necessary 
to overestimate the pressure on the aortic wall in the places of fixation, which is 
achieved by increasing its landing size by 2–3 mm or more. In this regard, one of the 
most dangerous complications associated with the implantation of a stent graft is 
the retrograde progression of the dissection [60, 61].

In addition, the number of complications included caudal migration of the pros-
thesis under the influence of the pulse wave; the collapse of a stent graft; and lack 
of precision of its positioning, because this process performed distantly is not under 
direct visual, and under angiographic control, which may lead to the implantation 
of stent graft in the false lumen of the aorta [62].

Specific complications of implantation of stent graft also considered para pros-
thesis leakage (endoleaks) [55–57]. Endoleak type Ia is a frequent complication in 
the reconstruction of TEVAR for distal aortic dissection and is caused by inadequate 
sealing of the endograft’s in the proximal area [63]. This endoleak that occurred 
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immediately after TEVAR for acute dissection of type B may indicate the unstable 
condition of the aorta [64].

In most cases, proximal intimal fenestration in distal dissection is located near 
the ostium of the left subclavian artery, due to the formation of reverse blood flow 
in the aorta in this area [58]. Thus, in 20–30% of cases, stent graft implantation 
requires closure of the left subclavian artery ostium [65]. Intentional overlapping of 
the left subclavian artery of the stent graft leads to a statistically significant increase 
in the risk of stroke [66] and the frequency of spinal cord ischemia [67]. In this 
regard, current recommendations include revascularization of the left subclavian 
artery (LSA) [65]. In one retrospective comparative study, there was a statistically 
significant increase in the number of strokes and upper limb ischemia in patients 
who did not undergo revascularization of LSA in comparison with patients who 
underwent revascularization of LSA by reimplantation of its ostium or bypass 
surgery [68].

In order to reduce the aggressiveness of the intervention and increase the land-
ing zone, the endovascular technique of parallel stent grafts is used, that is, implan-
tation of a separate stent graft into the left subclavian artery, its placement parallel 
to the main stent graft, and removal of its orifice beyond the proximal landing zone 
of the main stent graft, the so-called chimney or snorkel technique [69]. Chimney 
is the method of choice in patients with complex aortic arch anatomy to extend the 
proximal landing zone and provide perfusion of the aortic arch branches [70]. This 
technique can be used in patients with aberrant right subclavian artery in the case of 
acute type B aortic dissection [71]. In addition, this endovascular technique can be 
used for revascularization of all branches of the aortic arch [72].

The technique of chimneys has a number of limitations, such as entanglement 
and bending of branches, but the most significant of them is the aggravation of the 
danger of the formation of endoleaks of type I, due to the loose fit of the main stent 
graft to the wall of the aorta in the landing zone [73].

To solve these problems for the purpose of endo prosthesis of the aortic arch, a 
number of commercially available endografts with preattached branches are pro-
duced; endoprostheses have a wide size range and do not need individual manufac-
ture. Despite the shown good results in relation to the early postoperative mortality, 
the number of strokes, and the frequency of repeated interventions in patients with 
increased surgical risk, this procedure requires detailed preliminary calculations, is 
difficult to perform, and is more suitable for patients with residual dissection after 
reconstruction of the proximal aorta for type A dissection [74, 75].

The procedure of implantation of scalloped or fenestered stent grafts is less 
complicated; stent-graft with a half-opening on the edge or opening for the mouths 
of brachiocephalic vessels well adheres to the altered aortic wall, is easier to manu-
facture, and is more accessible than branched stent graft. However, fenestrated 
stent grafts are more prone to dislocation and show the worst results for the number 
of strokes and 30-day mortality [76].

All of the above techniques are also successfully used for revascularization of 
visceral branches. In addition, they have the same advantages and disadvantages as 
in the application of the aortic arch, as fenestrated stent grafts and the periscope 
technique, are well suited for the treatment of patients with complex anatomy in the 
region of the visceral branches of the aorta [77]. Technology chimney and peri-
scopes are also used for the relief of endoleaks type I after EVAR prior to increase 
in the proximal and distal landing zones for endografts [78] . However, according 
to some authors, the application of chimney technology for revascularization of the 
visceral branches of the aorta in the late postoperative period increases the risk of 
violations of the patency of visceral implants and development of endoleaks [79].
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Recently, for the revascularization of the visceral and iliac arteries, the 
sandwich technique has become widespread, which is a later modification of the 
chimney or periscope technique and is used to stop extended aortic lesions. In this 
case, the origin of the visceral branches prostheses is opened into the lumen of 
another stent graft, implanted on top of the first and overlapping it in a certain 
area. The feature of this technique is that there is a greater risk of developing 
“gutter” endoleaks, aorta overlap for a much longer distance, visceral arteries 
requires stent graft greater length. Nevertheless, this technique gives good results 
both in the near and in the long term and is not accompanied by a high frequency 
of spinal complications [80, 81].

According to a meta-analysis of the results of repeated open interventions after 
TEVAR in the aortic dissection, which consisted of 2029 cases in the TEVAR 2403 
cases of aortic dissection, with an average follow-up period of 34 months, the most 
common reasons for reintervention was endoleak type I (35.2%), redo dissection 
(14.4%), and perfusion of the false lumen (9.3%) [82].

In another study of 2531 patients who had TEVAR performed for acute compli-
cated aortic dissection type B, mortality within 30 days after the intervention was 
noted in 7.3% of cases; in comparison with the 2347 patients treated with conserva-
tive treatment for acute uncomplicated aortic dissection type B, where the mortality 
rate was 2.4%. In the group of 1276 patients where open surgery was performed, the 
mortality rate was 19%. Patients who were performed TEVAR had more favorable 
results in relation to remodeling of the aorta and survival associated with lesions of 
the aorta than patients treated with medical therapy [83].

Given the presence of a large number of endoleaks after TEVAR, it is suggested 
that this technique is not quite suitable for the treatment of aortic dissection since 
most patients do not have a suitable anatomy [84].

However, one study showed that TEVAR is safe to perform in chronic distal 
aortic dissection, but there are limitations due to the complex anatomy of the dis-
section. Unfavorable factors are the departure of less than two vessels from the true 
lumen of the aorta, the large diameter of the aorta before surgery and the location 
of the primary rupture at a greater curvature [85].

In addition, infrequent (0.4%) but quite a formidable complication is infection 
of stent grafts, developing mainly in weakened patients with immunosuppression. 
In this case, open intervention with complete excision of the infected material and 
extraanatomic revascularization or revascularization in situ is required [86].

In order to avoid many of these complications, the use of a bare metal balloon 
expandable stent was proposed for decompression of the false aortic lumen [87–89].

The stent can be opened to the required diameter, but not more than 4.5 cm, 
which is one of the significant limitations. It can also be used on any part of the 
aorta, since the opening of the stent cells has an area of at least 1 cm2, which allows 
for unhindered perfusion of the branches of the aorta in any zone. The main dis-
advantage of the bare metal stent is that it does not completely cover the perfusion 
along the false lumen, since, as a rule, when dissection, there are a large number 
of small gaps along the false channel. However, in conservative treatment of type 
B dissection, there is also a valid false channel, and patients do without surgery 
for years. During implantation of the stent, the main task is the stabilization of 
the lumen of the aorta due to the redirection of the main mass of blood in the true 
lumen rather than achieving a perfect angiographic effect. The principal negative 
points are also considered that the bare metal stent is balloon expandable and this 
can lead to the progression of the dissection [90].

Nevertheless, if certain techniques are followed, such as controlled hypotension 
and gradual slow opening of the balloon, it is possible to achieve adequate stent 
adherence to the aortic wall even at the level of the aortic arch and brachiocephalic 
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branches. The high degree of replication of the technique and the absence and ver-
satility of bare metal stents are undeniable advantages. The combination of stenting 
with implantation of stent graft also gives good results in the implantation of the 
stent in the area of origin of the artery of Adamkewicz Th8-L1, as well as visceral 
and brachiocephalic branches. As a monomethod, the implantation of a bare metal 
stent gives good results in posttraumatic aortic dissection [91–93].

There is another more common technique of false lumen decompression, which 
is an endovascular balloon fenestration of the false lumen of the aorta in the distal 
region and a stent implantation in visceral branches. This technique improves 
patient outcomes in the long term, especially in relation to be aortospecifically 
complications [94].

As hybrid interventions for aortic dissection, two methods are described in the 
literature; one of them is the implantation of combined prostheses where a vascular 
prosthesis with preprepared one or several branches for implantation of brachioce-
phalic arteries is made together with a stent graft, which is implanted in the upper 
and middle portion of the descending aorta. This method is called “frozen elephant 
trunk” by analogy with the two-stage operation proposed by Borst in 1982. The 
technique is used in patients with proximal dissection passing to the descending 
thoracic aorta in order to reduce Borst procedure to one stage [95].

Another hybrid technique is debranching or a technique of open switching the 
branches of the aorta with subsequent implantation of a stent graft. This technique 
is widely used to increase the landing zone for stent graft, both in the area of the 
aortic arch and visceral branches [96, 97]. The advantages are less intraoperative 
trauma and no need for circulatory arrest, brain perfusion, and spinal cord protec-
tion. The disadvantages include the availability of open access and the interval 
between stages, which are not always acceptable with urgent intervention about the 
progression of distal dissection. In addition, a large number of complications at the 
stage of vascular switching accompany the technique of visceral debranching [98].

In the literature, for some reason, little attention is paid to the description of 
methods of prosthetics of the descending thoracic aorta and simultaneous implan-
tation of bare metal stents in the visceral zone or on the contrary in the region of 
large spinal branches, in particular the Adamkewicz artery, under video or X-ray 
control with extensive distal aortic dissection. This technique significantly reduces 
operating access, limiting it to a thoracotomy, thus allowing for simultaneous inter-
vention, for example, revascularization of the myocardium provides a good quality 
of anastomosis of the aorta, and significantly it reduces the time of circulatory 
arrest and at the same time provides good permeability of all visceral branches [99].

According to the 17-year follow-up of the International Registry of Acute Aortic 
Dissection (IRAD), most patients are treated conservatively; however, in recent 
years, the frequency of this treatment has decreased from 75 to 57%. The number of 
endovascular interventions performed has increased from 7 to 31%, the frequency 
of open surgical operations has decreased from 17 to 8%, and hybrid techniques 
were widely introduced (5%) [100].

3. Conclusion

Thus, it can be stated that transcatheter methods of treatment are first-line 
methods with complicated distal aortic dissection and suitable for this anatomy of 
the dissection. In case of impossibility of performance, transcatheter intervention 
should consider the implementation of an open or hybrid repair. Conservative 
management of patients is preferable in uncomplicated distal dissection. Improving 
knowledge in the field of brain and spinal cord physiology, as well as transcatheter 
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arrest and at the same time provides good permeability of all visceral branches [99].
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Dissection (IRAD), most patients are treated conservatively; however, in recent 
years, the frequency of this treatment has decreased from 75 to 57%. The number of 
endovascular interventions performed has increased from 7 to 31%, the frequency 
of open surgical operations has decreased from 17 to 8%, and hybrid techniques 
were widely introduced (5%) [100].
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Thus, it can be stated that transcatheter methods of treatment are first-line 
methods with complicated distal aortic dissection and suitable for this anatomy of 
the dissection. In case of impossibility of performance, transcatheter intervention 
should consider the implementation of an open or hybrid repair. Conservative 
management of patients is preferable in uncomplicated distal dissection. Improving 
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and hybrid techniques, will allow safe interventions in stable patients with type B 
dissection to improve their survival and quality of life. Further progress in the treat-
ment of distal aortic dissection depends not on the juxtaposition of different recon-
structive techniques, but on their carefully thought-out choice and combination.
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Nonresectional-Graded Neo 
Chordal Dynamic Repair of Mitral 
Valve: Stress Analysis Induced 
Surgical Innovation
Pradeep Kumar Radhakrishnan, 
Gayathri Ananyajyothi Ambat, Nihas Nazer  
and Nazer Yoosuf Abdul

Abstract

Drawbacks persist relating to irreversibility of leaflet resection, time-consuming 
leaflet reconstruction with sliding annuloplasty, monoleaflet function, and systolic 
anterior motion (SAM) risk. Graded neochordal reconstruction mitigates many 
of these but has the challenge of precise sizing and possibility of leaving excessive 
tissue, risking SAM. When this reconstruction is based on stress analysis and shear 
analysis methods the outcome gives the best results. Short term evaluation has been 
done with good outcomes.

Keywords: mitral valve repair, neochordal reconstruction, non resectional repair 
techniques, systolic anterior movement-SAM, MRI-Magnetic resonance Imaging 
Stress analysis, IVT –interventricular triangle, mitral regurgitation-MR,  
3DECHO-3 dimensional echocardiography

1. Introduction

Evolution of repair techniques of mitral valve has taken a concurrent route along 
with that of cardiac surgery itself. From the concept of replacement to repair and 
now from respect rather than resect approach to the current non resectional method 
has been due to a better understanding of the dynamic nature of the valve. Stress 
pattern studies that have currently received a boost with technological advance-
ments [1]. While “resection” techniques are associated with good results, repara-
bility rates stood at around 60–70% for the last decade. We are presenting a new 
technique based on latest stress and dynamic updates on the valve, which would 
facilitate near to 100% reparability rates in future. All current studies support our 
view of adopting a completely nonresectional method in mitral valve repair – or the 
dynamic Indian Correction as we call it.
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2. Statistics

Mitral valve repair done via non resectional methods from January 2017 to 
November 2017 is included. Preoperative analysis included cardiac MRI and 3 D 
echocardiography. 25 patients who underwent non resectional methods during 
this period and techniques are discussed. Patients who underwent leaflet resec-
tion, LVEF less than 45%, reoperative mitral valve repairs, beating heart repairs or 
who underwent minimally invasive procedures during this period were excluded 
from the study. Intraop TEE was used in all cases. Approach to the mitral valve was 
through the superior septal approach with initial assessment done on beating heart. 
Repair was fashioned on arrested heart. After analysis of the valve artificial chordae 
were created with CV5 and CV6 e PTFE sutures (Gore-Tex R, WL Gore and associ-
ates Flagstaff AZ). Graded reconstruction with suture thickness simulating natural 
chordal stress patterns were used. The suture was first placed in the fibrous part of 
the papillary muscle. Pledgets and suture tie was avoided in the papillary muscle to 
minimize chances of ischemia, by taking a simple U stitch. The apposition points 
are marked on the anterior or posterior leaflets so that 1/3rd of the anterior leaflet 
enters the coapting zone (Figure 1). Slight billowing of anterior leaflet should be 
permitted as it reduces the stress. Intial position of neochordae can be fixed with 
a clip placed lightly 1.5 mm below the annular plane. Suture goes back through the 
leaflet edge from the atrial to the ventricular side placing knots on the ventricular 
side. The leaflet was drawn down into the ventricle so that the prolapse was elimi-
nated and area of good zone of coaptation is ensured- usually 1/3rd. Peak height of 
coaptation point should be only up to the plane of annulus. Use the annular plane as 
a guide for fixing the neo chordal length. As many neochordae as deemed necessary 
is created following the natural line of attachment to papillary muscle. Avoid cross-
ing the midline. Strut chordae are never excised. Repair methods are individualized 
as deemed necessary to shorten leaflet height of anterior leaflet or straightening 
of posterior leaflet margin. Plication of annulus at P2 and P3 needs to be done in 
ischemic lesions involving posterior wall. Pulling together of papillary muscles with 
Gore Tex sutures are done if more than 2 cm apart. Chordal shortening is avoided. 
In such cases leaflet folding by transferring tissue from atrial to coaptation zone is 
done. Coaptation zone along neochordae creation allows maximum coaptation at 
centre and less towards commissures as in the normal valve. Excess leaflet tissue 
may require plication. Sub commissural fusion has to be released. Chordal splitting 

Figure 1. 
Mitral valve non resectional graded chordal neoconstruction method.
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is done in an individual fashion depending on the pathology. Leaflet thinning and 
open commissurotomy may be required in rheumatic lesions. Reduction annulo-
plasty ring is fashioned making allowance for a push up of the ring at the inter-
ventricular triangle region of the anterior leaflet to allow for the postero superior 
movement of the annulus. Keep the posterior leaflet height less than 2 cm. Diastolic 
and systolic assessment of repair is then done. Post bypass intraop TEE is done to 
confirm the results. Repair can be assessed in systole in beating heart before atrial 
septal closure or by simultaneous saline filling of aortic root and left ventricle. No 
residual mitral regurgitation is accepted. Repair success rate was 100%. No patients 
underwent mitral valve replacement. All repairs were successful on the first 
attempt.

3. Methodology

The data was analyzed using SPSS version 13.0 for windows XP. Descriptive 
statistics for continuous variables are expressed as median or mean as needed 
while qualitative variables expressed as percentage and P < 0.05 being considered 
significant.

4. Results

Demographic and clinical data was obtained from the hospital records. Mean 
age was 63 ± 7.7, 15 were male. All patients were in NYHA class III.2 patients 
required tricuspid valve repair and 4 patients needed coronary bypass surgery. 
Interpapillary distance in patients with inferior wall involvement was 31 ± 3 
mm. One patient required LA myxoma removal. Median surgical risk based on 
Logistic Euroscore was 3.95% (2.38%). Median Total cross clamp time was 74 ± 
7 min. Total extracorporeal time being a median of 120 (80 to 146) minutes. 4 
neochordae were created in 10, 6 in 12, 2 in 3 patients. 28 sized annuloplasty ring 
was used in one patient, 30 in 12 patients, 32 in 11 patients and 34 in 1patient.
Mean coaptation height achieved was 8 ± 3 mm. 25 patients had zero MR on post 
bypass TEE. No patients had SAM. Preoperative annular area was 19.2 ± 4 cm2 and 
post op being 7.7 ± 2 cm2 by 3D methods showing a reduction efficiency of 60%. 
The median ICU stay was 2 days (1–10) days and median total hospital stay was 
7 days (5–17) days. One patient had atrial fibrillation which reverted with phar-
macological therapy, 1 case of acute renal failure in a patient with chronic renal 
failure and type 1 neurological dysfunction in one patient. Preop ROA was median 
9.10 (6.1–26.4) to post op of 1.10 (0.3–2.1) cm2 P = 0.001. At follow up of 90 days 
the median ROA was –0.50 (0.9 cm2) P = 0.001. LVEF was median of 63% (30–77) 
before surgery to 68% (55–80) post op P = 0.14. Clinical follow-up was 100%. 
25 patients are alive, and all were free of MR signs and symptoms. No patient 
required reoperation for recurrent MR. Echocardiographic follow-up has been 
obtained at the discretion of the referring cardiologists. Echocardiograms have 
been obtained on all patients with a mean follow-up of 1 year. All cause mortality 
at 30 days, 60 days, 90 days; 1 year after surgery has been zero. No reoperations 
were needed due to recurrent mitral regurgitation, no new onset atrial fibrillation 
or embolism or endocarditis was noted. No death, reoperations, heart failure, 
endocarditis, thromboembolism or pacemaker implantations were needed in 
any of these patients on follow up until Dec 25th 2017 (median of 9 months). 
Follow-up was performed till Dec 25 2017 was 100% complete for survival. All 
patients are currently in NYHA class I.
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2. Statistics

Mitral valve repair done via non resectional methods from January 2017 to 
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this period and techniques are discussed. Patients who underwent leaflet resec-
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the papillary muscle. Pledgets and suture tie was avoided in the papillary muscle to 
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centre and less towards commissures as in the normal valve. Excess leaflet tissue 
may require plication. Sub commissural fusion has to be released. Chordal splitting 

Figure 1. 
Mitral valve non resectional graded chordal neoconstruction method.
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is done in an individual fashion depending on the pathology. Leaflet thinning and 
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residual mitral regurgitation is accepted. Repair success rate was 100%. No patients 
underwent mitral valve replacement. All repairs were successful on the first 
attempt.

3. Methodology

The data was analyzed using SPSS version 13.0 for windows XP. Descriptive 
statistics for continuous variables are expressed as median or mean as needed 
while qualitative variables expressed as percentage and P < 0.05 being considered 
significant.

4. Results

Demographic and clinical data was obtained from the hospital records. Mean 
age was 63 ± 7.7, 15 were male. All patients were in NYHA class III.2 patients 
required tricuspid valve repair and 4 patients needed coronary bypass surgery. 
Interpapillary distance in patients with inferior wall involvement was 31 ± 3 
mm. One patient required LA myxoma removal. Median surgical risk based on 
Logistic Euroscore was 3.95% (2.38%). Median Total cross clamp time was 74 ± 
7 min. Total extracorporeal time being a median of 120 (80 to 146) minutes. 4 
neochordae were created in 10, 6 in 12, 2 in 3 patients. 28 sized annuloplasty ring 
was used in one patient, 30 in 12 patients, 32 in 11 patients and 34 in 1patient.
Mean coaptation height achieved was 8 ± 3 mm. 25 patients had zero MR on post 
bypass TEE. No patients had SAM. Preoperative annular area was 19.2 ± 4 cm2 and 
post op being 7.7 ± 2 cm2 by 3D methods showing a reduction efficiency of 60%. 
The median ICU stay was 2 days (1–10) days and median total hospital stay was 
7 days (5–17) days. One patient had atrial fibrillation which reverted with phar-
macological therapy, 1 case of acute renal failure in a patient with chronic renal 
failure and type 1 neurological dysfunction in one patient. Preop ROA was median 
9.10 (6.1–26.4) to post op of 1.10 (0.3–2.1) cm2 P = 0.001. At follow up of 90 days 
the median ROA was –0.50 (0.9 cm2) P = 0.001. LVEF was median of 63% (30–77) 
before surgery to 68% (55–80) post op P = 0.14. Clinical follow-up was 100%. 
25 patients are alive, and all were free of MR signs and symptoms. No patient 
required reoperation for recurrent MR. Echocardiographic follow-up has been 
obtained at the discretion of the referring cardiologists. Echocardiograms have 
been obtained on all patients with a mean follow-up of 1 year. All cause mortality 
at 30 days, 60 days, 90 days; 1 year after surgery has been zero. No reoperations 
were needed due to recurrent mitral regurgitation, no new onset atrial fibrillation 
or embolism or endocarditis was noted. No death, reoperations, heart failure, 
endocarditis, thromboembolism or pacemaker implantations were needed in 
any of these patients on follow up until Dec 25th 2017 (median of 9 months). 
Follow-up was performed till Dec 25 2017 was 100% complete for survival. All 
patients are currently in NYHA class I.



Cardiac Diseases - Novel Aspects of Cardiac Risk, Cardiorenal Pathology and Cardiac Interventions

302

5. Discussion

Mitral valve has stood the test for evolution and the extreme dynamic nature 
brings forth a great concept of engineering skills to repair and hold on to this precious 
tissue. Resection creates extreme stress and should be avoided at all costs. To replace 
when repair is feasible is a sin with our current understanding and technological evo-
lution. Long term durability and SAM were intriguing concepts which made surgeons 
adopt technological modifications, but reparability rates remained constant in the 
last decade in most advanced cardiac centers around the world. The understanding of 
the intervalvular triangle as an important part of anterior leaflet and the concept of 
avoiding placing a horizontal stiff ring across it was emphasized by the American cor-
rection version of mitral repairs. Mitral valve stress analysis shows at the beginning of 
systole the marginal chordae carries the maximum stress. Stress increases now on the 
strut chordae in mid systole with more of leaflet coaptation with entire stress transfer 
to annulus during late systole with good leaflet coaptation [2, 3]. With annular dilata-
tion stress is evenly distributed to all valvular structures and that is the reason why 
mitral regurgitation tends to be a progressive disease. Normal valve dynamics ensure 
optimal diastolic locking, proper zone of coaptation with excellent left ventricular 
outflow dynamics and smooth leaflet and chordal stress distribution. Of the various 
geometric, kinetic and structural factors that can lead to SAM, impaired aorto mitral 
coupling dynamics are most significant. It is important to avoid rigid and undersized 
rings which not only alter coupling dynamics but reduce the aorto mitral angle [4–7] 
also that lead to both LV inflow and outflow obstructions. Failures to recognize the 
interventricular component of anterior leaflet and aortomitral coupling dynamics are 
important reasons for failure of repair of this segment. Avoid resection and true sized 
annuloplasty rings that take the interventricular triangle are keys to success. Ischemic 
mitral regurgitation often with sagging P2 P3 areas require annuloplasty to correct 
this portion and then bringing the papillary muscles to within 2cm of each other 
before placing the ring – for which a true sized ring would be most effective. The 
goals of the Indian method of correction would be explained as follows

1. Eliminate mitral regurgitation

2. Ensure normal leaflet coaptation

3. Restore normal annular dynamics

4. Maintain normal left ventricular outflow dynamics

5. Restore stress ratios to normal thereby enhancing durability of repair.

6. Graded Neochordal reconstruction of the valve chordae for natural stress 
redistribution

It is an excellent reproducible and safe procedure with 0.2% mortality [8]. 
Failure with repair techniques to due to leaving behind areas of stress which has to 
be meticulously avoided by proper assessment and optimal repair [9].

6. Stress analysis

Current state of biomechanical and micro structural characterizations of the 
chordae tendineae, and shear stress areas are discussed in this with a new Indian 
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surgical repair technique that takes advantage of this knowledge to repair the 
valve with better long term outcomes. This almost eliminates chordal failure in 
repairs making it durable. Customarily, finite element analysis (FEA) is used to 
predict material stress and strain fields rendered by applying a load on an initially 
unloaded model. MV leaflets are relatively non deformed during systolic loading. 
Leaflet strain in vivo is measured using sono micrometry in an ovine model, hybrid 
models of normal human MVs as constructed using transesophageal real-time 3-D 
echocardiography (rt-3DE) loaded repeatedly using FEA, and serial rt-3DE images 
of normal human MVs used to construct models at end diastole and end isovolumic 
contraction to detect any deformation during isovolumic contraction. Human MV 
deformed minimally during isovolumic contraction, as measured by the mean 
absolute difference calculated over the surfaces of both leaflets between serial MV 
models: 0.53 ± 0.19 mm. FEA modeling of MV models derived from in vivo high-
resolution truly 3-D imaging is reasonable and useful for stress prediction in MV 
pathologies and repairs. Customarily, FEA is used to predict material stress and 
strain fields rendered by applying a load on an initially unloaded model. In general, 
the approach has been to use highly idealized and simplistic geometric models 
to analyze ex vivo or anatomically idealized MVs to assess physiology; to analyze 
standardized pathological valves to predict stress distribution and, potentially, the 
integrity and failure behavior of repair techniques; to “evaluate proposed surgical 
repairs” using idealized computational models, including models that attempt 
integration of fluid-structure interactions; or to evaluate pathological alterations 
on the function of idealized computational models. Superimposed tissue formation 
which is a main determinant of leaflet thickening in MVP, is related to increased 
stresses over the leaflets.

Chordae can be classified as true or false or as basal, marginal or strut chordae 
[8–10]. The commissural chordae also is a name that we have added to this as it is 
slightly thicker and helps to modify the surgical repair technique. Interestingly 
mitral valve (MV) anterior leaflet chordae are thicker than the MV posterior leaflet 
chordae [11]. Load or stress bearing is the strut chordae in the normal valve and it 
shifts to marginal chordae in leaftlet prolapse and makes this susceptible to rupture. 
On an average 25 chordae attached to an atrioventricular valve dissipates off the 
shear stress of systolic closure. The fact that stress and chordal thickness are linked 
can be understood by proper analysis of fetal hearts which shows thinner chordae.

Mitral chordae microstructure shows forms of collagen: (i) a mostly straight, 
dense, collagen fiber core (ii) widely spaced collagen fibers that wrap around the 
straight collagen fiber core with some angle of alignment on the primary axis. 
Fiber size and stress are again related. Tricuspid chordae have a greater collagen 
fiber density and a smaller fiber diameter, as these are subjected only to right heart 
pressures significantly lower than the right. From out in the arrangement is elastin 
sheath with fiber orientation at angles to longitudinal axis, straight fibers, undu-
lated collagen fibers with circumferential orientation and a longitudinal structure 
in the centre. Diseases like myxomatous degeneration affect chordae more than 
the leaflets increasing its water and glycosaminoglycan contents. Proteoglycans 
contribute to calcification also. This promotes defective formation of elastin and 
collagen. In rheumatic involvement the collagen core is affected and fibrosis is an 
accompaniment.

Chordae even have blood supply and could be vehicles through which nutrient 
supply also reaches the leaflets. Distinct elastin layer and planar undulated collagen 
fibers are unique to human species showing some evolutionary advantage even in 
the micro structural design. Structure and mechanics decide on material properties 
in nature and emulating them could be the reason for success in surgical approaches 
to the valve too. Even while studying strut chordae the radial pattern of collagen 
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surgical repair technique that takes advantage of this knowledge to repair the 
valve with better long term outcomes. This almost eliminates chordal failure in 
repairs making it durable. Customarily, finite element analysis (FEA) is used to 
predict material stress and strain fields rendered by applying a load on an initially 
unloaded model. MV leaflets are relatively non deformed during systolic loading. 
Leaflet strain in vivo is measured using sono micrometry in an ovine model, hybrid 
models of normal human MVs as constructed using transesophageal real-time 3-D 
echocardiography (rt-3DE) loaded repeatedly using FEA, and serial rt-3DE images 
of normal human MVs used to construct models at end diastole and end isovolumic 
contraction to detect any deformation during isovolumic contraction. Human MV 
deformed minimally during isovolumic contraction, as measured by the mean 
absolute difference calculated over the surfaces of both leaflets between serial MV 
models: 0.53 ± 0.19 mm. FEA modeling of MV models derived from in vivo high-
resolution truly 3-D imaging is reasonable and useful for stress prediction in MV 
pathologies and repairs. Customarily, FEA is used to predict material stress and 
strain fields rendered by applying a load on an initially unloaded model. In general, 
the approach has been to use highly idealized and simplistic geometric models 
to analyze ex vivo or anatomically idealized MVs to assess physiology; to analyze 
standardized pathological valves to predict stress distribution and, potentially, the 
integrity and failure behavior of repair techniques; to “evaluate proposed surgical 
repairs” using idealized computational models, including models that attempt 
integration of fluid-structure interactions; or to evaluate pathological alterations 
on the function of idealized computational models. Superimposed tissue formation 
which is a main determinant of leaflet thickening in MVP, is related to increased 
stresses over the leaflets.

Chordae can be classified as true or false or as basal, marginal or strut chordae 
[8–10]. The commissural chordae also is a name that we have added to this as it is 
slightly thicker and helps to modify the surgical repair technique. Interestingly 
mitral valve (MV) anterior leaflet chordae are thicker than the MV posterior leaflet 
chordae [11]. Load or stress bearing is the strut chordae in the normal valve and it 
shifts to marginal chordae in leaftlet prolapse and makes this susceptible to rupture. 
On an average 25 chordae attached to an atrioventricular valve dissipates off the 
shear stress of systolic closure. The fact that stress and chordal thickness are linked 
can be understood by proper analysis of fetal hearts which shows thinner chordae.

Mitral chordae microstructure shows forms of collagen: (i) a mostly straight, 
dense, collagen fiber core (ii) widely spaced collagen fibers that wrap around the 
straight collagen fiber core with some angle of alignment on the primary axis. 
Fiber size and stress are again related. Tricuspid chordae have a greater collagen 
fiber density and a smaller fiber diameter, as these are subjected only to right heart 
pressures significantly lower than the right. From out in the arrangement is elastin 
sheath with fiber orientation at angles to longitudinal axis, straight fibers, undu-
lated collagen fibers with circumferential orientation and a longitudinal structure 
in the centre. Diseases like myxomatous degeneration affect chordae more than 
the leaflets increasing its water and glycosaminoglycan contents. Proteoglycans 
contribute to calcification also. This promotes defective formation of elastin and 
collagen. In rheumatic involvement the collagen core is affected and fibrosis is an 
accompaniment.

Chordae even have blood supply and could be vehicles through which nutrient 
supply also reaches the leaflets. Distinct elastin layer and planar undulated collagen 
fibers are unique to human species showing some evolutionary advantage even in 
the micro structural design. Structure and mechanics decide on material properties 
in nature and emulating them could be the reason for success in surgical approaches 
to the valve too. Even while studying strut chordae the radial pattern of collagen 
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fibers is seen for those inserted more anteriorly while circumferential pattern is 
noted in those inserting closer to annulus. Organized cross networking of collagen 
is noted at papillary muscle chordal junction also.

The microstructure of artificial chordae should also be looked into. The smooth 
micro porous structure which reduces thrombogenicity is the cause of calcification 
and rupture later.

Chordal biomechanics can be evaluated and demonstrated in labs using (i) 
uniaxial tensile testing; (ii) stress-relaxation testing; (iii) chordae-leaflet insertion 
region testing; and (iv) in vitro flow loop testing. Chordal ruptured at a strain of 
21.4% and a stress of 3.1 × 108 dyne/cm2. Tricuspid chordae are less extensible when 
compared with mitral chordae in uniaxial tensile testing. Aging causes the chordae 
to become stiffer. Interestingly rupture strains of myxomatous and normal chordae 
are similar. Here shifting of strain from basal to marginal chordae may be the 
precipitating factor for chordal rupture.

strut chordae to have the fastest and greatest relaxation behavior (49.1 ± 5.4%), 
followed by the basal chordae (42.4 ± 8.3%), and then the marginal chordae (33.2 ± 
4.7%). Strut chordae are stiffer than the marginal and basal chordae; (ii) the basal 
chordae has greater extensibility than the marginal chordae; (iii) the mitral valve 
chordae were stiffer than their tricuspid valve counterparts; and (iv) the chordae 
attaching to the tricuspid valve septal leaflet are more extensible than the chordae 
attaching to the other two tricuspid valve leaflets. Studies using tensile testing 
devices have shown that marginal chordae ruptures at 68% less load and 28% less 
strain than the basal chordae. Posterior leaftlet chordae of mitral valve ruptures at 
43% less load and 22% less strain compared with anterior leaftlet chordae. These 
factors clearly support the graded neochordal reconstruction of the mitral valve 
retaining the full advantages of the non resectional approach. Marginal chordae 
have the largest glycosaminoglycan concentrations and the smallest relaxation pat-
tern while the strut chordae had the greatest relaxation pattern, but the lowest gly-
cosaminoglycan content. Biaxial testing shows that the leaflet and papillary muscle 
insertions have a higher molecular strain than the rest of the chordae. Chordae 
experienced a strain rate of 75.3 ± 3.43% during systolic closure and a strain rate of 
−54.8 ± −56.6% during diastolic opening. Constant plateau of the chordal strain 
between 3.75% and 4.29% during valve closure is also noted in various studies. In 
this regard the greater compliance of e PTFE chordae could in fact be a surgical 
advantage [12, 13].

Knowledge is evolving about better understanding and importance of the 
chordae tendineae of the atrioventricular valves. Morphology and microstructure 
of the chordae and chordal subsets have been well-defined. There are no stan-
dard protocols for investigating chordae mechanics or microstructure as of now, 
though some investigators like us have ventured out into this area which will help 
future researchers as time progresses and better evaluation methods are available. 
Tissue mechanics of MV strut chordae have been well characterized, but future 
studies are warranted regarding the mechanics of TV chordae. These should 
be linked to stress analysis and microstructure changes for human chordae. 
Improved therapy and treatment outcomes with long term effects would result 
from such studies.

Chordae tendineae are critical to distributing shear stress during systolic 
movements of leaflets to the papillary muscles, preventing leaflet prolapse and 
regurgitation. Suboptimal outcomes with repair techniques are due to inability to 
understand [14–16]. Mechanics and microstructure of the chordae tendineae of 
these atrioventricular heart valves should be kept in mind and linked to the shear 
stress analysis on an individual patient basis and surgical repair techniques tailored 
according to it.
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The chordae structures redistribute strain to the papillary muscles during 
systolic closure and prevent leaflet prolapse. The major stress occurs in the coapt-
ing leaftlet belly. In the case of chordae failure, such as elongation or chordal 
rupture with prolapse the shear stress points align along the tips of the leaflets. 
Uncontrolled regurgitation ends in cardiac failure. Leaftlet prolapse secondary 
to chordal rupture can be triggered by lower ventricular pressures. Major surgi-
cal approaches to counter chordal failure include shortening, transposition, and 
replacement. Shortening has been traditionally described to the superior to trans-
position in terms of freedom from late significant regurgitation [17]. Vulnerability 
to rupture is a concern which is overcome with the construction of neochordae. 
There is still a 13% incidence of recurrent regurgitation with such techniques 
[18]. Concerns include elongation of the synthetic chordae, rupture of the native 
chordae, calcification, or recurrent prolapse potentially caused by an elastic modu-
lus higher than that of the native chordae still weigh in the mind of the surgeon 
[19–22]. Refinement of computational modelling methods and simulation tools 
may bring forth greater points that could be useful in the modification of surgical 
techniques and make treatment more individualized [23, 24]. Amalgamation of 
knowledge of morphology, microstructure and mechanics with material property 
knowledge of replacement materials will give surgical techniques the much needed 
support of durability in mitral valve repairs in the years to come [25–27].

7. Conclusion

The Indian Dynamic Correction of mitral valve differs from the French correc-
tion that there is no resection of the valve and from American correction in that 
a complete physio ring is used preserving the aorto mitral dynamics with graded 
Neochordal reconstruction which would simulate the natural stress redistribution 
dynamics. This would in future ensure 100% reparability and would increase the 
percentage of valve repairs in all centres. Stress dynamics enforce the need for 
proper surgical correction and the fallibility of the developing percutaneous con-
cept in ignoring the aorto mitral dynamics..There is growing evidence showing that 
the “non-resection” technique has some potential advantages including: (I) pre-
served leaflet mobility; (II) larger surface of coaptation; (III) no changes in annular 
geometry; and (IV) implantation of larger prosthetic annuloplasty ring. The leaflet 
is the most precious part of the valve so preserve it. Mitraclips placed severely dam-
age the valve and placing it has only options of replacing the valve if it fails. Current 
percutaneous methods fail to relieve the stress ratios and would certainly fail in the 
long run and surgery would remain the gold standard in future.

This paper was presented at the video Micro-symposium of Indian Association 
of Cardiothoracic Surgeons Held at Visakhapatanam India from Feb 1-5 -2018.
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devices have shown that marginal chordae ruptures at 68% less load and 28% less 
strain than the basal chordae. Posterior leaftlet chordae of mitral valve ruptures at 
43% less load and 22% less strain compared with anterior leaftlet chordae. These 
factors clearly support the graded neochordal reconstruction of the mitral valve 
retaining the full advantages of the non resectional approach. Marginal chordae 
have the largest glycosaminoglycan concentrations and the smallest relaxation pat-
tern while the strut chordae had the greatest relaxation pattern, but the lowest gly-
cosaminoglycan content. Biaxial testing shows that the leaflet and papillary muscle 
insertions have a higher molecular strain than the rest of the chordae. Chordae 
experienced a strain rate of 75.3 ± 3.43% during systolic closure and a strain rate of 
−54.8 ± −56.6% during diastolic opening. Constant plateau of the chordal strain 
between 3.75% and 4.29% during valve closure is also noted in various studies. In 
this regard the greater compliance of e PTFE chordae could in fact be a surgical 
advantage [12, 13].

Knowledge is evolving about better understanding and importance of the 
chordae tendineae of the atrioventricular valves. Morphology and microstructure 
of the chordae and chordal subsets have been well-defined. There are no stan-
dard protocols for investigating chordae mechanics or microstructure as of now, 
though some investigators like us have ventured out into this area which will help 
future researchers as time progresses and better evaluation methods are available. 
Tissue mechanics of MV strut chordae have been well characterized, but future 
studies are warranted regarding the mechanics of TV chordae. These should 
be linked to stress analysis and microstructure changes for human chordae. 
Improved therapy and treatment outcomes with long term effects would result 
from such studies.

Chordae tendineae are critical to distributing shear stress during systolic 
movements of leaflets to the papillary muscles, preventing leaflet prolapse and 
regurgitation. Suboptimal outcomes with repair techniques are due to inability to 
understand [14–16]. Mechanics and microstructure of the chordae tendineae of 
these atrioventricular heart valves should be kept in mind and linked to the shear 
stress analysis on an individual patient basis and surgical repair techniques tailored 
according to it.
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The chordae structures redistribute strain to the papillary muscles during 
systolic closure and prevent leaflet prolapse. The major stress occurs in the coapt-
ing leaftlet belly. In the case of chordae failure, such as elongation or chordal 
rupture with prolapse the shear stress points align along the tips of the leaflets. 
Uncontrolled regurgitation ends in cardiac failure. Leaftlet prolapse secondary 
to chordal rupture can be triggered by lower ventricular pressures. Major surgi-
cal approaches to counter chordal failure include shortening, transposition, and 
replacement. Shortening has been traditionally described to the superior to trans-
position in terms of freedom from late significant regurgitation [17]. Vulnerability 
to rupture is a concern which is overcome with the construction of neochordae. 
There is still a 13% incidence of recurrent regurgitation with such techniques 
[18]. Concerns include elongation of the synthetic chordae, rupture of the native 
chordae, calcification, or recurrent prolapse potentially caused by an elastic modu-
lus higher than that of the native chordae still weigh in the mind of the surgeon 
[19–22]. Refinement of computational modelling methods and simulation tools 
may bring forth greater points that could be useful in the modification of surgical 
techniques and make treatment more individualized [23, 24]. Amalgamation of 
knowledge of morphology, microstructure and mechanics with material property 
knowledge of replacement materials will give surgical techniques the much needed 
support of durability in mitral valve repairs in the years to come [25–27].

7. Conclusion

The Indian Dynamic Correction of mitral valve differs from the French correc-
tion that there is no resection of the valve and from American correction in that 
a complete physio ring is used preserving the aorto mitral dynamics with graded 
Neochordal reconstruction which would simulate the natural stress redistribution 
dynamics. This would in future ensure 100% reparability and would increase the 
percentage of valve repairs in all centres. Stress dynamics enforce the need for 
proper surgical correction and the fallibility of the developing percutaneous con-
cept in ignoring the aorto mitral dynamics..There is growing evidence showing that 
the “non-resection” technique has some potential advantages including: (I) pre-
served leaflet mobility; (II) larger surface of coaptation; (III) no changes in annular 
geometry; and (IV) implantation of larger prosthetic annuloplasty ring. The leaflet 
is the most precious part of the valve so preserve it. Mitraclips placed severely dam-
age the valve and placing it has only options of replacing the valve if it fails. Current 
percutaneous methods fail to relieve the stress ratios and would certainly fail in the 
long run and surgery would remain the gold standard in future.

This paper was presented at the video Micro-symposium of Indian Association 
of Cardiothoracic Surgeons Held at Visakhapatanam India from Feb 1-5 -2018.
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Chapter 17

Complications of Minimally 
Invasive Left Ventricular 
Assistance Device Implantation
Mleyhi Sobhi, Miri Rim and Denguir Raouf

Abstract

Indication of Ventricular assistance is advanced cardiac failure with maximal 
medical and surgical treatment has been used. The ventricular assistance has two 
main purposes: first, to maintain circulation by discharging the ventricle (s) untill 
to recovery, or to ensure patient survival by replacing cardiac function permanently 
or transitionally for patients waiting for heart Transplantation. The encouraging 
results of the partial or total artificial heart and the miniaturization of these devices 
allow their use in permanent implantation for patients with heart failure that is not 
eligible for heart transplantation. In left mono-ventricular assistance, blood is taken 
from the apex of the left ventricle (LV) and reinjected in the ascending aorta. The 
classic surgical approach is a total median sternotomy. Other minimally invasive 
approaches for the implantation or explanation of left ventricular assist devices 
have been published and have shown encouraging results. These alternatives 
currently play an important role in certain indications and in patients with heavy 
medical history. Nevertheless, the complications of the ventricular assistance even 
by minimally invasive approaches might be serious and represent a turning point 
in the life of the patients. In this chapter, we describe the implantation technique of 
left ventricular assistance device (LVAD) and we discuss its advantages and disad-
vantages including possible complications.

Keywords: minimally invasive, surgery, LVAD, implantation, complications

1. Introduction

End-stage heart failure has an increasing incidence and prevalence worldwide. 
In Germany, 1 to 2% of the population suffers from chronic heart failure, with 
approximately 80,000 new cases per year. Cardiac transplantation has been the 
therapy of choice for patients with drug-resistant heart failure, but the decreas-
ing number of donor organs leads to a significant prolongation of the waiting 
time for cardiac transplantation, resulting in an increased mortality of these 
patients [1, 2]. Indication of ventricular assistance device is for patients with 
advanced heart failure in whom maximum medical and surgical treatment has 
been exhausted. The purpose of ventricular assistance is twofold: first, to main-
tain circulation by discharging the ventricle (s) untill to recovery, and second, to 
ensure the survival of the patient by replacing the cardiac function, permanently 
or while waiting for a heart transplantation [3, 4].
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Abstract

Indication of Ventricular assistance is advanced cardiac failure with maximal 
medical and surgical treatment has been used. The ventricular assistance has two 
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to recovery, or to ensure patient survival by replacing cardiac function permanently 
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results of the partial or total artificial heart and the miniaturization of these devices 
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In Germany, 1 to 2% of the population suffers from chronic heart failure, with 
approximately 80,000 new cases per year. Cardiac transplantation has been the 
therapy of choice for patients with drug-resistant heart failure, but the decreas-
ing number of donor organs leads to a significant prolongation of the waiting 
time for cardiac transplantation, resulting in an increased mortality of these 
patients [1, 2]. Indication of ventricular assistance device is for patients with 
advanced heart failure in whom maximum medical and surgical treatment has 
been exhausted. The purpose of ventricular assistance is twofold: first, to main-
tain circulation by discharging the ventricle (s) untill to recovery, and second, to 
ensure the survival of the patient by replacing the cardiac function, permanently 
or while waiting for a heart transplantation [3, 4].
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The encouraging results of the partial or total artificial heart and the miniatur-
ization of these devices make it possible to consider their use in permanent implan-
tation for patients with heart failure who are not eligible for heart transplantation.

In left mono-ventricular assistance, the blood is taken through a cannula placed 
at the apex of the left ventricule (LV) and re-injected to the patient by a vascular 
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total midline sternotomy. Alternative minimally invasive approaches for implanta-
tion or explantation of left ventricular assist devices have been published and have 
shown encouraging results [5]. These alternatives currently play an important role 
in certain precise indications and in the most complex patients. Nevertheless, the 
complications after the implantation of mechanical assistance, even by a minimally 
invasive route, are still serious and can be lethal.

The impact of heart failure on individuals and society in general continues to grow. 
Heart transplantation remains the gold standard for treating patients with end-stage 
heart failure. The development of artificial hearts, partial and total, was mainly inspired 
by the disproportion between the number of available grafts and the number of can-
didates for heart transplantation. The significant technological advances made since 
Kolff’s first work in 1957 allow these patients to return to their homes while awaiting 
the transplant. The encouraging results of the artificial heart and the miniaturization of 
these devices now make it possible to consider their use in permanent implantation for 
patients with heart failure who are not eligible for transplantation [6].

The objectives can be divided into two categories:

• Support and optimization of hemodynamic constants while waiting for the 
replacement of an irreversibly damaged heart (bridge-to-transplantation). 
This attitude improves pulmonary hypertension and prevents multiorgan 
failure [7].

• Definitive implantation of a mechanical heart because the patient has a 1-year 
mortality greater than 50% but is not a candidate for a heart transplantation 
(destination therapy); survival then depends on the technical reliability of the 
system and on intercurrent complications. It is currently 60–86% at 1 year, 
more than double that of maximum medical treatment [8–11].

Implanted early enough in the course of the disease, ventricular assistance helps 
restore renal and hepatic functions, reduce pulmonary hypertension, mobilize 
excess interstitial fluid and prevent the onset of a multiorgan failure. Criteria for 
LVAD implantation are the persistence of the following settings despite maximum 
medical treatment:

• Cardiac index <2.0 L/ min/m2

• Mean arterial pressure (MAP) <60 mmHg, systolic arterial 
pressure < 80 mmHg.

• Central venous pressure CVP and/or mean arterial pressure > 20 mmHg,

• systemic arterial resistance >2,000 dynes/s/cm-5.

• Lesft ventricular ejection function <0.25

• Venous saturation of oxygen <55%
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• diuresis <20 mL/hour.

• Persistent metabolic acidosis.

Assistance is contraindicated in active systemic infection, irreversible neu-
rological impairment, and end-stage renal or hepatic failure. Severe peripheral 
vascular disease and haematological disorders are relative contraindications [12]. 
The aortic valve must be continent, otherwise the flow of assistance will flow back 
into the LV and dilate it. Severe pulmonary hypertension or right heart failure are 
a contraindication to left monoventricular assistance; in this case, biventricular 
assistance must be performed (20% of cases).

Of course, ventricular assistance is an expensive therapy. Long-term implanted 
pumps (destination therapy) represent an expense of around € 220,000 [13]. 
Ventricular assist systems can be classified in three generations [3, 14]:

• 1st generation: extracorporeal pulsatile devices, often pneumatic, driven by an 
external console (Thoratec PVAD ™, Abiomed BVS 5000 ™); they are bulky 
and contain many moving parts, including valves.

• 2nd generation: implantable pulsatile systems, most often electric (HeartMate 
XVE ™, LionHeart ™, Thoratec IVAD ™).

• 3rd generation: implantable axial flow systems, designed for long periods 
(HeartMate II ™, Jarvik 2000 ™, BerlinHeart ™); the only moving part is the 
rotor, valves are unnecessary; the latest models operate by magnetic levitation 
which eliminates the axes of the rotor, sources of wear.

HEARTMATE LVAD device is a mechanical, continuous flow, electrical, intra-
corporeal, monoventricular left circulatory device. This system is indicated when 
the patient’s body surface area is ≥1.2 m2 in the following situations:

• Indication in an acute situation: acute mono or biventricular failure in patients 
with heart failure, not controlled by optimal treatment, in the absence of 
a conventional therapeutic alternative (drug and / or intervention and/or 
surgery).

• Elective indication: advanced chronic heart failure with mono or biventricular 
failure, when life is threatened despite optimal treatment, and at the end of a 
multidisciplinary consultation.

The contraindications to HEARTMATE mechanical device are:

• severe pulmonary dysfunction and fixed pulmonary arterial hypertension.

• Severe hepatic insufficiency (cirrhosis, portal hypertension, …).

• Major disorders of blood crass and uncontrolled bleeding.

• Uncontrolled systemic septic and inflammatory syndrome.

• Documented irreversible central nervous system damage, recent stroke and 
cachexia.
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• Systemic diseases with involvement of several organs.

• Psychiatric disorders jeopardizing adherence to treatment and lack of 
cooperation.

• A condition with a bad prognosis when life expectancy is less than 2 years.

• An untreated septal rupture.

• A body surface area < 1.2 m2.

“HeartMate” is one of the continuous flow systems which are driven by an axial 
turbine (HeartMate ™ II, BerlinHeart ™, Jarvik 2000 ™, DeBakey MicroMed ™) or 
a centrifugal pump (HeartMate ™ III). They are implanted by sternotomy or thora-
cotomy. The blood is taken from the apex of the LV and returned to the ascending or 
descending aorta through a tubular prosthesis. The assured flow rate is 3 to 10 L/min. 
These simpler and quieter continuous flow systems are less prone to embolism and 
infections than pulsatile systems [14, 15]. In addition, they let the heart continue to 
eject which promotes its recovery.

Figure 1. 
LVAD device.
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Their size is small, and they can be implanted in short patients. The arterial 
curve is practically flat, the systolic and diastolic blood pressure are the same as 
the Mean arteriel pressure. The functionality of the LV results in hooks added to 
this curve; these are all the more important as the LV performs better or the pump 
output decreases.

The smaller design of the pump and its intrapericardial location has allowed 
the development of less invasive alternatives and implantation techniques. The 
technique of left ventricular assistance by minimally invasive approach has been 
described in several publications [5, 16–19]. It consists of an upper J-shaped 
mini-sternotomy or an anterior thoracotomy in the 2nd right intercostal space for 
access to the ascending aorta (site of anastomosis of the ejection voice) as well as 
to the right atrium (if atriocaval cannulation) and a left subcostal approach or a 
left anterolateral thoracotomy of 8 to 10 Cm for access to the apex of the heart and 
implantation of the device (Figure 1 and 2).

According to Anson et al. [18], the use of small incisions allows exposure of the 
exact areas required for cannulation without the need for cardiac manipulation 
which is often poorly tolerated in these severe patients, and therefore implantation 
without cardiopulmonary bypass (CBP) becomes possible. In the study of Bantayehu 
Sileshi et al. [17] including 51 HeartWare implantations for patients waiting for heart 
transplantation, eighteen of them were with minimally invasive approach without 
CPB. The choice of the surgical technique was made by a multidisciplinary commit-
tee, taking into consideration the contraindications, in particular the respiratory one, 
for thoracotomy. Univariate analysis revealed a statistically significant reduction in 
the duration of treatment with inotropic drugs (p = 0.04), and reduced intraoperative 

Figure 2. 
Minimally invasive LVAD implantation approach.
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blood transfusion (p = 0.08) in minimally invasive implantations. Conversly, there 
was no difference regarding the duration of intensive care stay (p = 0.5), the total 
intra-hospital saty (p = 0.76) and the total time of mechanical ventilation (p = 0.32). 
There were four in-hospital deaths and three stroke complications all were operated 
on by sternotomy under CBP. Authors showd also an increasing risk of infection, 
bleeding and redo-sternotomy complications at the time of heart transplantation [20].

Less invasive surgical approaches have been developed with the hope of reducing 
CPB time and operative trauma, minimizing perioperative blood loss, protecting 
cardiac structures from multiple re-entries, and preserving the heart geometry [21].

Haberl and al. recently described their clinical experience in minimally invasive 
implantation for HeartWare and HeartMate II [22]. Of the 27 patients in their study, 
5 (19%) were performed without CPB. They had a reported in-hospital mortality 
of 14.8%, and an average hospital stay of 30 days. They concluded that minimally 
invasive LVAD implantation is feasible and safe. Moreover, Anelechi C [5] thinks 
that this technique is inadequate for patients who have previously had cardiac 
surgery without giving any arguments.

Minimally invasive approach was also recommended for the device remove 
or changing [23–27]. For example, the team of Igor D. Gregoric [23] showed the 
superiority of the subcostal route alone to change HeartMate XVE by HeratMate 
II compared to sternotomy with left subcostal approach in terms of transfusion, 
operative duration and postoperative stay. The same results were found in the study 
of John m. Stulak and his colleagues [26].

2. Complications

The complications related to the different assistance systems are  
numerous [11, 28, 29]:

• Infections in 32 to 45% of cases.

• Bleeding in 27% of cases.

• Arrhythmias in24% of cases.

• Thromboembolism and stroke (10–39% depending on the device type)

• Renal failure in 20% of cases.

• Systemic inflammation and lack of cellular immunity.

• Hemolysis: depending on the pump models.

infectious complications are the most serious with 41% of deaths linked to 
sepsis [30]. Continuous-flow turbine systems have a clearly lower complication rate 
(infections, thromboses, mechanical problems) than pulsatile systems [31].

There are basically three disadvantages of continuous flow systems:

• malfunction causes the equivalent of acute aortic insufficiency because there is 
no valve in the system.

• As they generate negative pressure in the LV, the ventricle can collapse with a sud-
den drop in preload and a risk of air embolism by aspiration of air at the sutures;
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• The continuous flow causes stasis in the aortic valve if it no longer opens; this 
can give rise to thrombi, with the risk of systemic embolization.

Thrombosis of the ventricular assist device (VAD) is associated with significant 
morbidity and mortality, usually requiring device replacement. Since 2011, there 
has been a sharp increase in the incidence of VAD thrombosis, from 2.2% before 
2011 to 8.4% in 2013 [32]. The exact reason for this increase is unknown and numer-
ous studies aim to identify it [33]. Diagnostic markers, including increased plasma 
lactate dehydrogenase (LDH), free plasma hemoglobin, or abnormal responses to 
programmed increases in pump speed (ramp test) [34] should allow early and more 
accurate diagnosis. [35].

The formation of thrombi in the aortic root in patients implanted with HeartMate 
II has been previously reported in the literature [36, 37]. The flow in the root of the 
aorta in patients with continuous flow LVAD has been shown experimentally to be 
relatively stagnant, especially when the aortic valve does not open [38] and such 
stasis often involves the non-coronary sinus and can be an important risk factor for 
thrombosis. Sachin Shah and colleagues [39] report a case of occlusion of the left 
common coronary trunk by aortic root thrombus in a patient with HeartMate II.

The optimal strategy for the prevention of this complication is not yet well 
defined; however, special attention to anticoagulation and antiplatelet therapy in 
the postoperative period, as well as adjusting the pump speed to allow intermittent 
opening of the aortic valve may be important considerations. For those who develop 
an aortic root thrombus, but remain asymptomatic, intensification of anticoagula-
tion and antiplatelet therapy alone may sometimes be sufficient [39].

3. Conclusion

In conclusion, with the limited number of organ donors, long-term ventricular 
support systems are slowly becoming an alternative to heart transplantation. 
Significant technical advances have allowed the development of small, space-saving 
ventricular assist devices with fewer complications.

Minimally invasive alternative approaches for implantation or explantation of left 
ventricular assist devices have become valid and reproducible. Nevertheless, com-
plications, in particular thromboembolic still serious. Only multidisciplinary work 
associating surgeon, cardiologist and anesthetist with perfect knowledge of the man-
agement of these patients and these machines can prevent complications abd death.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

The theoretical discovery of Sanal flow choking in the cardiovascular system 
(CVS) demands for interdisciplinary studies and universal actions to propose 
modern medications and to discover new drugs to annul the risk of flow-choking 
leading to shock-wave generation causing asymptomatic-cardiovascular-diseases. 
In this chapter we show that when blood-pressure-ratio (BPR) reaches the lower-
critical-hemorrhage-index (LCHI) the flow-choking could occur in the CVS with 
and without stent. The flow-choking is uniquely regulated by the biofluid/blood-
heat-capacity-ratio (BHCR). The BHCR is well correlated with BPR, blood-viscosity 
and ejection-fraction. The closed-form analytical models reveal that the relatively 
high and the low blood-viscosity are cardiovascular-risk factors. In vitro data shows 
that nitrogen, oxygen, and carbon dioxide gases are predominant in fresh blood 
samples of the human being/Guinea-pig at a temperature range of 37–40 °C (98.6–
104 °F). In silico results demonstrate the occurrence of Sanal flow choking leading 
to shock wave generation and pressure-overshoot in CVS without any apparent 
occlusion. We could conclude authoritatively, without any ex vivo or in vivo studies, 
that the Sanal flow choking in CVS leads to asymptomatic-cardiovascular-diseases. 
The cardiovascular-risk could be diminished by concurrently lessening the viscosity 
of biofluid/blood and flow-turbulence by increasing the thermal-tolerance level in 
terms of BHCR and/or by decreasing the BPR.

Keywords: asymptomatic cardiovascular disease, biofluid choking, BHCR,  
risk factors, sanal flow choking

1. Introduction

The cardiovascular system (blood circulatory system) is an internal fluid flow 
loop with multiple branches, transport nutrients and oxygen to all cells in the body. 
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The center of the cardiovascular system (CVS) is the heart, which is accountable 
to pump blood through the complex network of viscoelastic vessels, viz., arteries, 
veins and capillaries. Blood flow in CVS is inherently an unsteady phenomenon 
experiencing with transient events. Blood flow begins when the heart relaxes 
between two heartbeats. Due to the cyclic nature of the heart the velocity and 
pressure of the internal fluid (blood/biofluid) circulating through the viscoelastic 
vessels varies with time. Blood flow in CVS is typically laminar but due to its 
pulsatile nature makes possible the flow transition to turbulent. Furthermore, the 
variations in the fluid flow properties and vessel geometry due to pathophysiologi-
cal reasons, including the seasonal effects, contribute for the transition of laminar 
flow to turbulent.

Diseases of the CVS are manifold in gravity and microgravity environment 
(human spaceflight) and afflict millions of patients worldwide including cases of: 
coronary artery disease (CAD), ischemic gangrene, abdominal aortic aneurysms, 
moyamoya disease, and stroke. A few of these dysfunctions are reported to be the 
end result of atherosclerosis, characterized by plaque accumulation within the walls 
of the arteries. Atherosclerotic cardiovascular disease (CVD) is the leading cause 
of death for both men and women. There is no clear age cut point for defining the 
onset of risk for CVD, which is corroborated from the clinically detected elevated 
risk factor levels and subclinical abnormalities of adolescents as well as young 
adults. The hemodynamic characteristics of blood flow have long been thought 
to play an important role in the pathogenesis of atherosclerosis. In light of the 
discovery of internal flow choking in CVS [1, 2], the hemodynamic characteristics 
of blood flow need to be examined in detail for exploring the causes and effects of 
flow choking in gravity and microgravity environment for an authentic conclusion 
in the risk assessment of asymptomatic cardiovascular diseases.

Heart failure (HF) is the cardiovascular epidemic of the 21st century [2]. 
Although there has been significant advancement in the diagnosis, prognosis, treat-
ment and prevention of HF with reduced ejection fraction (EF), the morbidity and 
mortality are still extensive. This is particularly true due to the Covid-19 pandemic 
(www.escardio.org). The EF is a blood flow measurement in percentage (%), 
specifying how much blood the left ventricle pumps out with each contraction. The 
EF measurement under 40% may be an indication of HF or cardiomyopathy. An EF 
from 41–49% may be considered as “borderline” cases having the history of stroke 
(memory effect). A normal heart’s EF may be between 50–70%. An EF value higher 
than 75% generally indicates hypertrophic cardiomyopathy (HCM), which could 
affect people of any age [2]. HCM is reported as a cause of acute HF particularly in 
young people, including young athletes. Although all these percentage demarca-
tions of the EF are meaningful for the diagnosis, until the discovery of the Sanal 
flow choking the EF estimations were not supported by any closed-form analytical 
model for taking brilliant clinical decisions case by case. The recent theoretical 
discovery of the Sanal flow choking [1, 2] provides an insight for the risk assess-
ment of asymptomatic cardiovascular diseases. Moreover, the Sanal flow choking 
model could generate universal benchmark data for predicting the condition of 
internal flow choking in CVS for taking an authentic conclusion on the desirable 
EF in terms of blood flow percentage for healthy subjects for reducing the risk of 
acute-heart-failure. The European Society of Cardiology (ESC) reported (2020) 
that patients with cardiovascular risk factors and established cardiovascular disease 
(CVD) represent a vulnerable population when suffering from the Covid-19. It is 
important to note that patients with cardiac injury in the context of Covid-19 have 
an increased risk of morbidity and mortality.

The acute-heart-failure is an event rather than a disease [3, 4]. Therefore, 
many researchers argued for a radical change in thinking and in therapeutic drug 
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development through multidisciplinary research [1–6]. Of late, Kumar et al. [2] 
reported conclusively that the transient event causing the acute-heart-failure is 
due to the phenomenon of internal flow choking (biofluid/Sanal flow choking) at 
a critical total-to-static pressure ratio. Internal flow choking is a compressible fluid 
flow effect caused by the blockage factor, which occurs at a critical blood-pressure-
ratio (BPR), irrespective of the incoming flow velocity. In the CVS, the total pres-
sure is considered as systolic blood pressure (SBP) and the static pressure is denoted 
as diastolic blood pressure (DBP). The physical situation of internal flow choking 
in the micro/nanoscale fluid flows in the circulatory system is more susceptible 
at microgravity condition due to altered variations of blood viscosity, turbulence 
and the BPR (SBP/DBP). During a long-term human spaceflight mission, the 
major factor that affects cardiovascular dysfunctions is the absence of gravity [6]. 
Cardiovascular changes in actual spaceflight differ from those in stimulations such 
as head-down bedrest or dry immersion [7]. The changes in the cardiovascular 
system begin solely with the fluid shift associated with microgravity, followed by 
the decreased circulatory blood volume, cardiac size, and aerobic capacity, and 
the most prominent symptom, postflight orthostatic intolerance. These symptoms 
are generically known as “cardiovascular deconditioning” [7–11]. Microgravity 
environment decreases plasma volume and increases the hematocrit compared with 
the situation on the earth surface, which increases the relative viscosity of blood. 
Since blood viscosity strongly depends on hematocrit there are possibilities of an 
early flow choking in microgravity environment due to an enhanced boundary layer 
blockage [6].

Human blood is a compressible fluid with different degrees of the compressibil-
ity percentage because the specific volume (or density) of blood does change with 
temperature and/or pressure [1, 2]. Therefore, the specific heat at the constant-
pressure (Cp) is always higher than the specific heat at the constant-volume (Cv) of 
all human blood. The ratio of Cp and Cv is defined as the blood-heat-capacity-ratio 
(BHCR), which is an important parameter determining the thermal-tolerance 
level of blood [2]. The specific heat capacity depends on the number of degrees of 
freedom and each independent degree of freedom permits the particles to store 
thermal energy and as a result the BHCR will be always greater than one. It cor-
roborates that blood is a compressible fluid and internal flow choking in CVS could 
occur at a critical BPR irrespective of hypertension or hypotension. Traditionally 
hypertension is considered as a cardiovascular-risk-factor in patients with systemic 
autoimmune and chronic inflammatory diseases. Until the theoretical discovery of 
the internal flow choking in CVS there were no authentic conclusions to support 
whether hypertension or hypotension is more risk with regards to the hemorrhagic 
stroke and acute myocardial infarction [1, 2]. The fact is that an acute-heart-failure 
could occur in both hypertension or hypotension patient because the controlling 
parameter of this event is the blood-pressure-ratio (BPR). In brevity, attaining 
the critical BPR is considered as the risk factor for asymptomatic cardiovascular 
diseases. At the threshold of the internal choking condition, a minor oscillation in 
BPR for both hyper and hypo subjects is likely to aggravate the cardiovascular risk. 
In light of the discovery of internal flow choking in CVS [1, 2], the classic definition 
of the hypertension causing cardiovascular risk is largely arbitrary [SBP ≥140 and/
or DBP ≥90 mmHg]. The prevailing cardiovascular risk data remains challenging 
owing to the fact that the internal flow choking could occur in both hypertension 
or hypotension subjects once SBP/DBP reaches the critical BPR. The internal flow 
choking could happen anywhere in CVS including capillaries, vasa vasorum and/
or nanoscale vessels. Capillaries are tiny blood vessels connecting arteries to veins. 
These blood vessels carry oxygen and nutrients to individual cells throughout the 
body. The vasa vasorum is a network of small blood vessels that are found in large 
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veins (e.g., the venae cavae) and arteries such as the aorta and its branches. These 
small vessels serve to provide blood supply and nourishment for tunica adventitia 
and outer parts of tunica media of large vessels. Arteries deliver blood from the 
heart to the rest of the body and Veins return the blood back to the heart from 
the rest of the body. It is important to note that the pressure inside of arteries 
is very different from the pressure inside of veins. The pressure created by the 
heart pushes the blood through the arteries and the pressure inside the arteries is 
directly related to the blood pressure. The pressure in the veins is very low. Of late 
Kumar et al. [2, 3] reported that not the pressure but the magnitude of the blood-
pressure-ratio (BPR) is the risk factor for acute-heart-failure and the brain hemor-
rhage because at the choked flow condition there are possibilities of the occurrence 
shock wave and pressure-overshoot in any vessel with divergent and/or bifurcation 
region causing aneurysm or wall tearing.

A brain hemorrhage is a type of stroke. It is caused by an artery in the brain 
bursting and causing localized bleeding in the surrounding tissues. Brain arteriove-
nous malformations (AVMs) are abnormal connections of arteries and veins [12]. 
An AVM can develop anywhere in the body, but occurs most often in the brain. 
Brain AVMs are a leading cause of the hemorrhage in children and young adults, 
although they can cause other morbidities such as seizures, focal neurological defi-
cits, and headaches. There is usually high flow through the feeding arteries, nidus, 
and draining veins, which may result in rupture and intracranial hemorrhage, the 
most severe complication of an AVM. Clinically, brain AVMs are technically chal-
lenging and resource-intensive to manage with the available therapeutic modalities 
and often require multi-modal therapy. The factors influencing risk of hemor-
rhage associated with sporadic brain AVM is still poorly understood. It has already 
been established that blood/biofluid is a compressible viscous fluid and internal 
flow choking can occur anywhere in CVS at a critical BPR causing asymptomatic 
hemorrhage. In light of the theoretical discovery of the phenomenon of internal 
flow choking in nano scale fluid flows [1, 2], further studies on the pathogenesis 
of asymptomatic intracranial hemorrhage is envisaged [13]. Briefly, the concept of 
internal flow choking in blood circulatory system provides an insight for the diag-
nosis, prognosis, treatment and prevention of the asymptomatic coronary artery 
disease (CAD) and peripheral artery disease (PAD).

2. Internal flow choking

Internal flow is a flow for which the fluid is bounded by walls. Internal flow 
choking is a compressible fluid flow effect and a fluid dynamic condition in wall-
bounded systems associated with the venturi effect. Admittedly, when a flowing 
fluid at a given pressure and temperature passes through a constriction (such as the 
throat of a convergent-divergent (CD) nozzle or a valve in a pipe) into a lower pres-
sure environment the fluid velocity increases for meeting the continuity condition 
set by the law of nature, viz., the law of conservation of mass. The conservation 
of mass (continuity) is a fundamental concept of physics and it tells us that at the 
steady state condition the mass flow rate through a tube is a constant and equal 
to the product of local density, local velocity, and local cross-sectional area of the 
tube. The local cross-sectional area can alter due to the boundary layer blockage 
(i.e., boundary layer displacement thickness) as a result of the viscous flow effect. 
The cardiovascular system or hemodynamic process is said to be in a steady state 
if the state variables which define the behavior of the system or the process are 
unchanging in time.
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All fluids in nature are viscous and compressible [1] and prone to create bound-
ary layer over the bounding walls altering the effective geometric shape of the 
tube. The magnitude of boundary layer blockage depends up on the rheology of 
fluid and the type of flow featuring from laminar, transitional to turbulent flow 
characteristics. Boundary layer is the layer of fluid in the immediate vicinity of a 
bounding surface where the effects of viscosity are significant in the flow. Note 
that because of the greater velocity gradient at the wall the frictional shear stress 
in a turbulent boundary layer is greater than in a purely laminar boundary layer. 
And as a result, the turbulent boundary layer thickness will be higher than laminar 
boundary layer thickness. The main known parameter characterizing laminar–tur-
bulent transition is the Reynolds number, which is defined as the ratio of inertial 
forces to viscous forces within a fluid which is subjected to the relative internal 
movement due to different fluid velocities. The transition to turbulence can occur 
over a range of Reynolds numbers, depending on many factors, including the wall 
surface roughness, heat transfer, vibration, noise, and other disturbances. The 
parameters influencing the local Reynolds number in a tube are local density, local 
viscosity, local velocity and the local diameter (a characteristic length). In fact, 
a decade before, blood was treated as a Newtonian fluid but later the established 
viscoelastic properties make human blood non- Newtonian [14, 15]. It depends on 
the elastic behavior of red blood cells. For compressible fluids, viscosity depends 
on temperature and varies very slowly with low pressure levels. It is an established 
fact that viscosity variations of fluids will be significant at high pressure levels and 
low temperature. The viscosity of water increases exponentially with decrease in 
temperature and is affected by the type and concentration of solutes. Although 
many empirical laws are available for predicting viscosity of gases, there is no 
established law for predicting the viscosity of blood in all directions as it possesses 
anisotropic characteristics. Anisotropy just refers to the properties of a material 
being directionally dependent. Many biological fluids have elements of anisotropy, 
because they are made of different cells and plasma that react differently to stresses. 
For example, blood has to flow in arteries and veins, which range in size from very 
large to extremely small under pressure pulses emanating from the heart. So the 
corpuscles in the blood vary in shape along the flow direction and in transverse 
directions. When they have to squeeze through a tiny vessel, they are extremely dis-
torted and the “fluid” becomes highly anisotropic. Since Newton’s law of viscosity 
is not a fundamental law of nature; and in light of the theoretical discovery of the 
Sanal flow choking in the CVS, it is desirable to establish a mathematical model to 
predict accurately the directionally dependent viscosity of blood at various patho-
physiological ranges of pressure and temperature for a credible decision making on 
the possibilities of the occurrence of internal flow choking in the circulatory circuit 
a priori. Such a model will be useful for a credible risk assessment of asymptomatic 
cardiovascular diseases through in silico methodology with compressible viscous 
flow models.

The blood/biofluid compressibility effects on mass flow rate have some surpris-
ing results. At a particular total condition, there is a maximum limit of mass flow 
that occurs when the flow Mach number is equal to one (i.e., local flow velocity 
equal to the local velocity of sound). The limiting of the mass flow rate is called 
choking of the flow, which occurs at the sonic fluid flow condition (i.e., Mach 
number (M) equal to one). It is important to note that although the fluid velocity 
reaches sonic condition and becomes choked, the mass flow rate is not choked. The 
mass flow rate can still be increased if the upstream pressure is increased as this 
increases the density of the gas entering the orifice. Internal flow choking occurs 
when sonic velocity is reached at the constriction section. And the flow becomes 
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veins (e.g., the venae cavae) and arteries such as the aorta and its branches. These 
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independent from downstream conditions. In other words, internal flow choking 
occurs in CVS at a critical blood pressure ratio (SBP/DBP), which is governed by the 
biofluid/blood heat capacity ratio (BHCR).
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The analytical model (Eq. (1)) derived from the compressible flow theory [1, 5, 
16, 17] dictates the exact condition of internal flow choking in CVS. It is pertinent 
to note that if the blood vessel is having the shape of a convergent-divergent (CD) 
nozzle due to occlusion, stenosis, vasospasm and/or the effect of boundary layer 
blockage (Figure 1) there are possibilities of the generation of shock waves and 
transient pressure-overshoot in the downstream region of the vessel after attaining 
the internal flow choking condition (Eq. (1)) as a result of supersonic flow develop-
ment. Occlusion of the blood vessel causing internal flow choking may be due to 
atherosclerotic plaque, an embolised blood clot, necrosis or a foreign body presence. 
According to the law of nature, with a mathematical proof [5, 16], for a compress-
ible fluid to expand isentropically from subsonic (M < 1) to supersonic (M > 1) 
speeds, it must flow through a convergent-divergent duct or a CD-shaped stream-
tube [5, 6, 16, 17] experiencing with a physical situation of internal flow choking 
at a critical BPR (Figure 2). The critical BPR for internal flow choking is governed 
by the BHCR as dictated by Eq. (1). There are two types of internal flow choking in 
CVS viz., biofluid choking and Sanal flow choking. Biofluid flow choking occurs 
in CVS due to the plaque induced CD nozzle flow effect and/or due to vasospasm 
(Figure 1(a–d)) or any other type of occlusion. A vasospasm is the narrowing of 
the arteries caused by a persistent contraction of the blood vessels, which is known 
as vasoconstriction. Vasospasms can affect any area of the body including the 
brain (cerebral vasospasm) and the coronary artery (coronary artery vasospasm). 
The Sanal flow choking phenomenon is established as the fluid-throat induced 
internal flow choking due to the boundary layer formation in the real world flows 
(continuum/non-continuum) owing to the compressible viscous flow effect [1, 2]. 
The Sanal flow choking creates a physical situation of boundary layer blockage 
persuaded biofluid flow choking of the circulatory circuit at a critical systolic-to-
diastolic blood pressure ratio (BPR) in all the subjects with and without any plaque 
(Figure 1(d–g)) and/or apparent occlusion.

The internal flow choking is a new theoretical concept in biological science 
applicable to continuum and non-continuum biofluid flows. As the pressure of the 
nanoscale biofluid/non-continuum-flows rises, average-mean-free-path diminishes 
and thus, the Knudsen number lowers heading to a zero-slip wall-boundary condi-
tion with compressible viscous flow effect, which increases the risk of cardiovascu-
lar diseases. Eq. (1) tells us that low BPR, high BHCR or high thermal tolerance of 
blood reduces the risk of internal flow choking, which in turn reduces the pos-
sibilities of shock wave generation and pressure overshoot causing asymptomatic 
cardiovascular diseases. At a critical BPR, the Sanal flow choking occurs anywhere 
in the CVS, including micro/nanoscale vessels with sudden expansion/divergence 
or bifurcation regions. The Sanal flow choking leads to supersonic flow develop-
ment heading to the shock wave generation in viscoelastic vessels creating memory 
effect (stroke history). It occurs due to the boundary layer persuaded convergent-
divergent (CD) duct shape of the flow passage (Figure 3).

The shock wave can occur anywhere at any time in the supersonic flow when 
there is a flow compression due to streamtube effect or geometric effect or any 
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other flow disturbance. Normal shock waves create very sharp transient pressure-
overshoot in CVS, which leads to bulging or tearing of vessels. The tearing (hem-
orrhagic stroke) or bulging of vessels (aneurysm) depend on the memory effect 
(stroke history) and relaxation modulus of the viscoelastic vessels. Memory effect 
depends on the strength of the shock wave and the associated occurrence of the 
transient pressure-overshoot over the years due to the frequent fluctuations in BPR, 
due to various reasons, ranging from unchoked to choked biofluid flow conditions. 
Note that large oscillations in BPR leads to arrhythmia. Most heart valve problems 

Figure 1. 
Demonstrations of different physical situations of internal flow choking (biofluid/Sanal flow choking) at a 
critical blood-pressure-ratio (BPR) [1]. (a) physical situation of biofluid choking in an artery with plaque 
deposit similar to a CD nozzle flow passage, (b) demonstrating the possibilities of biofluid choking at a critical 
BPR due to vasospasm, (c) a partially blocked artery demonstrating the CD nozzle flow passage causing 
biofluid choking, (d) demonstrating the possibilities of biofluid choking and Sanal flow choking in an artery 
with plaque and collateral circulation, (e) demonstrating the physical situation of the Sanal flow choking 
at the presence of a stent in an artery with bifurcation, (f) a partially blocked artery with stent creating a 
situation of biofluid flow choking at a critical BPR due to CD nozzle shaped flow passage, (g) demonstrating 
the physical situation of the Sanal flow choking in a healthy subject having an artery with bifurcation.
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independent from downstream conditions. In other words, internal flow choking 
occurs in CVS at a critical blood pressure ratio (SBP/DBP), which is governed by the 
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in the CVS, including micro/nanoscale vessels with sudden expansion/divergence 
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the physical situation of the Sanal flow choking in a healthy subject having an artery with bifurcation.
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involve the aortic and mitral valves, possibly because of its geometric shape similar 
to a convergent-divergent (CD) duct flow passage [2, 6]. All these deliberations lead 
to establish herein that the internal flow choking is an undesirable phenomenon 
in CVS as it leads aneurysm, hemorrhagic stroke, moyamoya disease, myocardial 
infarction. The significant clinical aspect is that; the internal flow choking is 
uniquely regulated by the biofluid/blood heat-capacity-ratio (BHCR). Of late 
V.R.S.Kumar et al. [2] correlate the BHCR with BPR, blood viscosity (BV) and 
ejection fraction (EF) for establishing the concept of internal flow choking causing 
asymptomatic cardiovascular diseases for taking brilliant clinical decisions in case 
by case manner [18–30].

3. Analytical methodology

The analytical prediction of the Sanal flow choking [1, 2] is a breakthrough 
in biological science, which creates a radical change in the diagnostic sciences of 
asymptomatic cardiovascular diseases because the various causes of the Sanal 
flow choking are complementing with all the established concepts in the medical 
sciences [2]. The concepts of Sanal flow choking is reviewed herein for highlighting 
pragmatic solutions for reducing the risk of internal flow choking leading to shock 
wave generation causing asymptomatic cardiovascular diseases. The whole blood 
viscosity is popularly the one of Virchow’s triad, which is a recognized concept pro-
nounces the three wide types of causes that are believed to interpose to thrombosis 

Figure 2. 
Demonstrating the physical situation of the internal flow choking and unchoking condition in a CD duct or a 
CD shaped streamtube.

Figure 3. 
Demonstrating the Sanal flow choking phenomenon in an idealized physical model of an artery with a 
divergent port.
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causing cardiovascular complications, viz., hypercoagulability, hemodynamic 
changes (stasis, turbulence), endothelial injury/dysfunction. Furthermore, it is well 
known that blood is a non Newtonian fluid [2] as blood viscosity changes due to 
fluid force, seasonal effects and blood thinning medications.

Viscosity variations are depending on the shear rate or shear rate history of 
the blood/biofluid, which could vary due to local effects too. Blood temperature 
decreases during the winter season resulting an increase in blood viscosity and the 
inverse effect happens during the summer season [5, 18]. It corroborates that the 
boundary-layer-blockage (BLB) factor causing the Sanal flow choking would alter 
due to the blood viscosity variations as a consequence of the blood-thinning medi-
cation and/or the seasonal effects [2, 18]. Indeed, boundary-layer-blockage induced 
internal flow choking is more prone during the winter season than the summer 
season due to the higher blood viscosity at the relatively low blood temperature. It 
leads to say that the risks of internal flow choking leading to asymptomatic cardio-
vascular diseases would be high during the winter than in the summer season [5, 
18]. It is important to note that disproportionate blood-thinning medication will 
increase the Reynolds number, which produces the high-turbulence-level creating 
enhanced boundary-layer-blockage (BLB)-factor causing an early internal flow 
choking. Therefore, we can establish that relatively high blood viscosity and low 
blood viscosity are risk factors for an early internal flow choking in cardiovascular 
system (CVS) causing asymptomatic stroke/hemorrhage and acute heart failure, 
which is correlating with the established index, viz., International normalized ratio 
(INR). Therefore, the real effect of viscosity on internal flow choking in CVS needs 
to be established through randomized clinical trials for taking preventive strate-
gies for reducing the risk of asymptomatic hemorrhage and acute heart failure. 
On this rationale, it is essential, rather needed, perhaps inevitable to declare an 
exact condition for prohibiting the internal flow choking in the CVS, in terms of 
viscosity, density, Reynolds number, biofluid/blood-heat-capacity-ratio (BHCR), 
blood-pressure-ratio (BPR), the ejection fraction in terms of biofluid/blood flow 
rate (BFR), and stenosis (vessel geometry), which are accomplished through 
the closed-form analytical models (Eqs (2), (3)). Eqs (2), (3) are declaring the 
unchoked flow condition in the CVS, which could predict the cardiovascular risk 
for taking a conclusive clinical decision on each and every subject in all seasons. 
Accurate estimation of the parameters highlighted in Eqs (2), (3) are absolutely 
required for the future health care management of all subjects aiming for prohibit-
ing asymptomatic cardiovascular diseases.
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It is evident from Eq. (1), and Eqs (2), (3) that a decrease in BHCR, DBP and 
the vessel diameter increases the cardiovascular risk, which is correlating with 
the existing clinical findings [2, 18, 28, 29]. Eq. (1) also reveals that an increase in 
systolic blood pressure (SBP) increases the cardiovascular risk (CVR). Briefly, an 
increase in BPR increases the CVR. Eq. (1) and Eqs (2), (3) are two independent 
and complementing conditions set for prohibiting the internal flow choking in 
the CVS. Eq. (2) is an offshoot of Eq. (3), which highlights the coupled effect of 
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known that blood is a non Newtonian fluid [2] as blood viscosity changes due to 
fluid force, seasonal effects and blood thinning medications.
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It is evident from Eq. (1), and Eqs (2), (3) that a decrease in BHCR, DBP and 
the vessel diameter increases the cardiovascular risk, which is correlating with 
the existing clinical findings [2, 18, 28, 29]. Eq. (1) also reveals that an increase in 
systolic blood pressure (SBP) increases the cardiovascular risk (CVR). Briefly, an 
increase in BPR increases the CVR. Eq. (1) and Eqs (2), (3) are two independent 
and complementing conditions set for prohibiting the internal flow choking in 
the CVS. Eq. (2) is an offshoot of Eq. (3), which highlights the coupled effect of 
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thermo-fluid dynamics properties of biofluid/blood along with the vessel block-
age in terms of the hydraulic diameter. Note that nanoscale fluid flow system with 
apparently high-risk blockage (Figure 1(a)) must always maintain the flow Mach 
number less than one as dictated by Eqs (2) and (3) for negating the undesirable 
internal flow choking causing shock wave generation and pressure-overshoot in the 
CVS leading to acute myocardial infarction. In such cases the flow Mach number 
can be retained always less than one by keeping BPR always less than the lower 
critical hemorrhage index (LCHI), which can be achieved by increasing the BHCR 
through drugs or otherwise. Analytical model (Eq. (2)) proves that the stents could 
reduce the risk of the heart attack but no better than drugs for increasing the BHCR 
owing to the fact that the Sanal flow choking could occur with and without stent. 
The impeccable analytical models presented herein as Eqs (2), (3) reveal that the 
usage of blood-thinners without increasing the BHCR create high risk of bleeding 
and stroke. The fact is that the blood-thinner decreases the viscosity and increases 
the Reynolds number, which augments the turbulence level causing an enhanced 
boundary layer blockage, which predisposes for an early flow choking. The flow 
turbulence enhances the deficit of energy in the type of friction, which increases 
the boundary layer blockage in the vessels and generates heat and augment the 
internal energy affecting a reduction in BHCR. Additionally, turbulence enhances 
the perfusion pressure essential to push the blood flow, which creates an early 
undesirable Sanal flow choking in the circulatory system.

3.1 Lower critical hemorrhage index

In order to avoid internal flow choking in CVS an unchoked–fluid-flow condi-
tion must be maintained throughout the circulatory system. It could be achieved 
by maintaining the BPR always lower than the lower-critical-hemorrhage-index 
(LCHI), which is dictated by the lowest value of the BHCR (Eq. (4)) of the evolved 
gases from blood or foreign gases entered in the CVS. Air can enter in veins and 
arteries during surgical procedures. It has been reported that non meticulous brain 
surgeries result in an air embolism. Significant venous air embolism may develop 
acutely during the perioperative period due to a number of causes such as during 
head and neck surgery, spinal surgery, improper central venous and hemodialysis 
catheter handling, etc. The trend of using self-collapsible intravenous (IV) infusion 
bags instead of the conventional glass or plastic bottles has several advantages, one 
of them being protection against air embolism [31].
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Note that BHCR of CO2 is lower than air, which creates an early internal flow 
choking. For instance, if CO2 is the dominant gas in the CVS it is mandatory to main-
tain BPR lower than 1.82, within the pathophysiological range of human temperature, 
for creating an unchoked flow condition for prohibiting the shock wave generation [1] 
causing asymptomatic cardiovascular diseases due to transient pressure-overshoot. 
Note that BHCR of CO2 decreases from 1.31 @ 0 °C to 1.281 @ 100 °C. Eq. (4) shows 
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that the BHCR is having the bearing on all the parameters highlighted in Eqs (2), (3) 
for prohibiting the internal flow choking. The fact is that at the choked flow condition 
the critical-BPR is a unique function of BHCR. Briefly, the LCHI can be predicted (Eq. 
(4)) using the lowest value of the BHCR among the dominant gases present in the 
CVS of each subject (human being or animal). The upper critical hemorrhage index 
(UCHI) can be predicted (Eq. (5)) from the specific heat of blood at constant pres-
sure (Cp) and the specific heat of blood at constant volume (Cv) using the differential 
scanning calorimeter [6].

4. In vitro methodology

In vitro data [6] shows that nitrogen (N2), oxygen (O2), and carbon dioxide 
(CO2) gases are predominant in fresh blood samples of the human being/Guinea-
pig at a temperature range of 37–40 °C (98.6–104 °F), which increases the risk of 
internal flow choking leading to the asymptomatic cardiovascular risk. It is evident 
from the reported results (Figure 4), exceeding the thermal tolerance level, that 
the possibilities of internal flow choking in the human being is higher than the 
animal (Guinea pig) under the same thermal loading condition as the BHCR of the 
dominant gas evolved in the animal is found consistently higher than the human 
being. As a result, the LCHI is higher for the healthy male Guinea pig as dictated by 
the Eq. (4). The mass spectrum of N2 is reported higher in animal whereas in human 
being CO2 is found higher [1, 6]. The BHCR of N2 is 1.4 and that of CO2 is 1.289 at a 
temperature of 300 K (80.33 F). At this thermal loading condition, an early internal 
flow choking occurs in the human artery at a BPR of 1.82 compared to an animal 
(Guinea pig) artery at a BPR of 1.89. It proves that the thermal tolerance level of the 
healthy Guinea pig is higher and the cardiovascular risk is lower than the human 
being under identical conditions. Therefore, increasing the thermal tolerance level 
in terms of BHCR of the human being is an important factor for reducing the risk of 
asymptomatic cardiovascular diseases caused by the shock waves as a result of inter-
nal flow choking. Figure 5 is demonstrating the percentage variations of evolved 
gases (viz., N2 -m/z = 28, O2 -m/z = 32, CO2 -m/z = 44, Ar -m/z = 40, an unknown 
composite gas -m/z = 28.5), from blood samples of four different healthy human 
beings and one healthy male Guinea pig of four weeks old, during the hyphenated 
technique at a blood temperature of 40 °C (104o F). The estimated UCHI of healthy 
human being of age 23–56 with different blood group is presented in Table 1.

Figure 4. 
The mass spectrum of CO2 and N2 evolved as a function of both time and temperature in the blood samples of 
healthy subjects [1].
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Note that BHCR of CO2 is lower than air, which creates an early internal flow 
choking. For instance, if CO2 is the dominant gas in the CVS it is mandatory to main-
tain BPR lower than 1.82, within the pathophysiological range of human temperature, 
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for prohibiting the internal flow choking. The fact is that at the choked flow condition 
the critical-BPR is a unique function of BHCR. Briefly, the LCHI can be predicted (Eq. 
(4)) using the lowest value of the BHCR among the dominant gases present in the 
CVS of each subject (human being or animal). The upper critical hemorrhage index 
(UCHI) can be predicted (Eq. (5)) from the specific heat of blood at constant pres-
sure (Cp) and the specific heat of blood at constant volume (Cv) using the differential 
scanning calorimeter [6].

4. In vitro methodology

In vitro data [6] shows that nitrogen (N2), oxygen (O2), and carbon dioxide 
(CO2) gases are predominant in fresh blood samples of the human being/Guinea-
pig at a temperature range of 37–40 °C (98.6–104 °F), which increases the risk of 
internal flow choking leading to the asymptomatic cardiovascular risk. It is evident 
from the reported results (Figure 4), exceeding the thermal tolerance level, that 
the possibilities of internal flow choking in the human being is higher than the 
animal (Guinea pig) under the same thermal loading condition as the BHCR of the 
dominant gas evolved in the animal is found consistently higher than the human 
being. As a result, the LCHI is higher for the healthy male Guinea pig as dictated by 
the Eq. (4). The mass spectrum of N2 is reported higher in animal whereas in human 
being CO2 is found higher [1, 6]. The BHCR of N2 is 1.4 and that of CO2 is 1.289 at a 
temperature of 300 K (80.33 F). At this thermal loading condition, an early internal 
flow choking occurs in the human artery at a BPR of 1.82 compared to an animal 
(Guinea pig) artery at a BPR of 1.89. It proves that the thermal tolerance level of the 
healthy Guinea pig is higher and the cardiovascular risk is lower than the human 
being under identical conditions. Therefore, increasing the thermal tolerance level 
in terms of BHCR of the human being is an important factor for reducing the risk of 
asymptomatic cardiovascular diseases caused by the shock waves as a result of inter-
nal flow choking. Figure 5 is demonstrating the percentage variations of evolved 
gases (viz., N2 -m/z = 28, O2 -m/z = 32, CO2 -m/z = 44, Ar -m/z = 40, an unknown 
composite gas -m/z = 28.5), from blood samples of four different healthy human 
beings and one healthy male Guinea pig of four weeks old, during the hyphenated 
technique at a blood temperature of 40 °C (104o F). The estimated UCHI of healthy 
human being of age 23–56 with different blood group is presented in Table 1.
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The mass spectrum of CO2 and N2 evolved as a function of both time and temperature in the blood samples of 
healthy subjects [1].
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5. In silico methodology

Over the decades, bio-medical researchers have been relying on in silico simula-
tion to model and cognize the natural mechanisms behind the creation and evolu-
tion of hemodynamic disorders. It has been recognized that the wall-shear-stress 
exerted on the walls of the blood vessel due to the flow of blood/biofluid is one 
of the main pathogenic factors leading to the occurrence of such disorders. The 
magnitude and distribution of the wall shear stress in a blood vessel can provide an 
insight into the locations of possible aneurysm growth. Furthermore, blockages 
that build up over time can be predicted by having a qualitative understanding of 
the flow profile. In silico methods can be used for modeling and understanding such 
vital internal flows. Obviously, the insights gained from the three-dimensional (3D) 

Batch No. Blood Group SBP/DBP BPR BHCR UCHI @ 37.5o C

3073 O+ 150/90 1.666 3.500 3.110

3074 A+ 120/70 1.714 2.760 2.691

3078 B- 150/90 1.666 2.7292 2.709

3080 O+ 150/90 1.666 2.9935 2.824

3082 A+ 140/96 1.458 2.6759 2.640

Table 1. 
Prediction of the UCHI from the heat capacity ratio of fresh blood samples of healthy human being of  
age 23–56 [2].

Figure 5. 
Demonstrating the percentage variations of evolved gases (viz., N2-m/z = 28, O2 m/z = 32, CO2-m/z = 44, 
Ar-m/z = 40, an unknown composite gas - m/z = 28.5) from the blood samples of four different healthy human 
beings and one Guinea pig during the hyphenated technique at a blood temperature of 40 °C (104o F) [2].
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multi-phase in silico simulation can help design patient-specific treatments and 
forecast asymptomatic cardiovascular risk. In this book chapter, as a proof of the 
concept of fluid-throat persuaded shock waves, we are highlighting the single phase 
in silico results (Figure 6) demonstrating the Sanal flow choking phenomenon 
followed by pressure-overshoot in an idealized physical model of a blood vessel 
with divergent region (see Figure 3) with working fluid as gas. The modeling of 
non-Newtonian behavior of blood flow is an important task in any in silico simula-
tion with fluid-structural interaction for forecasting asymptomatic cardiovascular 
diseases. Additionally, a realistic time-varying boundary condition need to be 
implemented in order to mimic the pulsatile nature of diabatic flow (flow involves 
transfer of heat) of blood in a thermo-viscoelastic vessel.

The in silico result presented in Figure 6 is clearly demonstrating the phenome-
non of the Sanal-flow-choking and the shock-waves generation at the subsonic inflow 
condition (creeping flow) leading to the transient pressure-overshoots (stroke) in 
the downstream region of an artery with divergent port. Figure 6 provides the proof 
of the concept of fluid-throat persuaded flow choking in the CVS. The closed-form 
analytical prediction of the 3D blockage factor [1] at the sonic-fluid-throat location 
is a useful tool for the in vitro and in silico experiments in both the continuum and 
non-continuum flows with due consideration of heat transfer effects (real-world 
fluid flow effect). Note that the phenomenon of Sanal flow choking is a paradigm 
shift in the diagnostic sciences of asymptomatic CVD. Therefore, development of 
a multi-phase, multispecies, viscoelastic fluid-structural interactive in silico model 
capturing the memory effect (stroke history) is a meaningful objective for predicting 
a priori asymptomatic cardiovascular diseases with credibility [2]. Such an effort will 
be helpful for the diagnosis, prognosis, treatment and prevention of the hemorrhagic 
stroke and the acute heart failure of each and every subject with confidence.

Figure 6. 
Single phase in silico result is demonstrating the transient pressure-overshoot (stroke) at 12 milli-second from 
Sanal flow choking time, after reaching the lower critical hemorrhage index (LCHI), in a simulated artery 
with the boundary layer blockage (a case of an internal flow choking and shock wave generation due to gas 
embolism and without any plaque [5]).
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6. Summary and conclusions

Although the diagnostic sciences have been advanced significantly during the 
last eight decades [32–40], until the theoretical discovery of the Sanal flow chok-
ing, the real occurrence of acute-heart-failure was poorly understood, largely 
for the reason that it was an under diagnosis condition [2]. Now the real cause of 
an acute-heart-failure comes to the foreground [1, 2]. All the findings reported 
in this chapter are complementing with the clinical data causing asymptomatic 
cardiovascular diseases. Analytical models, in vitro and in silico results presented 
herein corroborated that a vaccination or a single drug could reduce the risk of 
hemorrhagic stroke and acute heart failure [1, 2]. It could be achieved by increasing 
the BHCR and/or decreasing the BPR. We recognized through this comprehensive 
review that the internal flow choking, leading to the shock-wave generation and the 
transient pressure spike in a blood vessel, is the fundamental cause of asymptomatic 
cardiovascular diseases including hemorrhagic stroke and acute heart failure. Now 
the precipitating factor for the plaque rupture has come to the foreground. We con-
cluded that the boundary-layer-blockage persuaded Sanal flow choking could occur 
anywhere in the circulatory circuit with gas embolism when BPR reaches LCHI. The 
boundary-layer-blockage-factor depends on the BHCR, flow Mach number, biofluid 
viscosity and turbulence, which could alter due to seasonal changes, variations in 
lipoprotein and other contributing factors. The greater the reduction in low-density 
lipoprotein (LDL) cholesterol, the lower the risk of stroke. The shock wave due to 
the Sanal flow choking could disrupt an atherosclerotic plaque or coronary artery 
wall. In a nutshell, the discovery of the biofluid/Sanal flow choking is a paradigm 
shift in the diagnostic sciences of coronary artery disease (CAD) and peripheral 
artery disease (PAD).

In vitro study shows that nitrogen (N2), oxygen (O2), carbon dioxide (CO2), 
and argon (Ar) gases are predominant in fresh blood samples of healthy subjects 
at a temperature range of 37 – 40 °C (98.6 – 104 °F), which enhances the chances 
of internal flow choking (with or without any coronary artery stent) leading to 
pressure-overshoot and acute heart failure. This physical situation is more dan-
gerous in Covid-19 patients, which could lead to cardiac epidemic. We observed 
through in vitro study that (Figure 4), CO2, the gas with the lowest heat capacity 
ratio (HCR), is relatively and consistently higher in the healthy males than the 
healthy male Guinea pig of four weeks old. It reveals that as a preventive measure 
for all subjects with a low BHCR, including patients who are taking blood-thinning 
medication must maintain their BPR always less than 1.82, as dictated by Eq. (4), 
for reducing the risk of asymptomatic CVD.

We concluded that a single anticoagulant drug capable to suppress the tur-
bulence level and enhance the BHCR or a companion medicine along with the 
traditional blood-thinning medications is predestined for meeting the conflicting 
requirements (i.e., decrease viscosity and turbulence simultaneously) of all the 
subjects for reducing the risk of asymptomatic hemorrhage (AH) and acute heart 
failure (AHF). In high risk subjects, (i.e., BPR is very close to the LCHI), a slight 
oscillation in the BPR predisposes to the choking and the unchoking phenomena, 
which could lead to arrhythmia and memory effect. Briefly, this study sheds light 
for exploring new avenues in biological science for discovering new blood-thinning 
drugs for reducing the risk of internal flow choking causing asymptomatic cardio-
vascular diseases [1, 2]. The cardiovascular treatment should be targeted based on 
blood pressure ratio (BPR), instead of blood pressure levels alone, in chronic heart 
failure patients. We concluded that the risk of internal flow choking heading to 
asymptomatic cardiovascular diseases could be decreased by concurrently reducing 
blood viscosity and turbulence by enhancing the BHCR and/or reducing the BPR.
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The discovery of the Sanal flow choking phenomena calls for continuous 
ambulatory blood pressure (BP) and thermal level monitoring in high risk patients 
in the diagnosis and preventive management of asymptomatic cardiovascular 
diseases. The continuous blood pressure and thermal level measurement could be 
done in a more pragmatic way by using a wearable BP monitor with the temperature 
sensor in the modern form of a wristwatch. Analytical methods such as machine 
learning could definitely enhance the accuracy and advance daily wearable device-
based diagnoses [41–49]. Recent studies on heart failure management in gravity and 
microgravity environment (during the long human spaceflight) corroborate that 
the physical situation of the Sanal flow choking phenomena calls for continuous 
ambulatory BP and thermal-level monitoring in astronauts’/cosmonauts [6, 41–50]. 
Note that the Sanal flow choking is more susceptible at microgravity condition 
due to altered variations of blood viscosity, turbulence and the BPR. Microgravity 
environment decreases plasma volume and increases the hematocrit compared with 
the situation on the earth surface, which increases the relative viscosity of blood. 
We concluded that for a healthy-life all subjects (human being/animals) in the 
earth and in the outer space with high BPR necessarily have high BHCR. We also 
concluded that for reducing the cardiovascular risk, all the astronauts/cosmonauts 
should maintain the BPR lower than the lower critical hemorrhage index (LCHI) 
as dictated by the lowest heat capacity ratio (HCR) of the gas generating from the 
biofluid/blood for prohibiting the internal flow choking during the space travel. 
We recommend all astronauts/cosmonauts should wear ambulatory blood pressure 
and thermal level monitoring devices similar to a wristwatch throughout the space 
travel for the diagnosis, prognosis and prevention of internal flow choking leading 
to asymptomatic cardiovascular diseases. The scientific objective of this study and 
review was to discover the correlation between the thermal tolerance level in terms 
of BHCR, the BPR, blood viscosity, ejection fraction (EF) and the cardiovascular 
risk leading to AH and AHF, which we could achieve herein. We concluded that 
designing the precise blood thinning regimen is vital for attaining the desired 
therapeutic efficacy and negating undesirable flow choking leading to acute-heart 
failure. For a healthy-life all subjects with high-BPR inevitably have high-BHCR 
for reducing the risk of the internal flow choking (biofluid/Sanal flow choking) 
triggering the AHF due to the shock wave generation. We corroborated that, the 
acute-heart-failure (AHF) is a transient episode and not an illness. In a nutshell, a 
single drug capable to increase BHCR and/or decrease the BPR could reduce the risk 
of asymptomatic cardiovascular diseases without any prejudice.
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through in vitro study that (Figure 4), CO2, the gas with the lowest heat capacity 
ratio (HCR), is relatively and consistently higher in the healthy males than the 
healthy male Guinea pig of four weeks old. It reveals that as a preventive measure 
for all subjects with a low BHCR, including patients who are taking blood-thinning 
medication must maintain their BPR always less than 1.82, as dictated by Eq. (4), 
for reducing the risk of asymptomatic CVD.

We concluded that a single anticoagulant drug capable to suppress the tur-
bulence level and enhance the BHCR or a companion medicine along with the 
traditional blood-thinning medications is predestined for meeting the conflicting 
requirements (i.e., decrease viscosity and turbulence simultaneously) of all the 
subjects for reducing the risk of asymptomatic hemorrhage (AH) and acute heart 
failure (AHF). In high risk subjects, (i.e., BPR is very close to the LCHI), a slight 
oscillation in the BPR predisposes to the choking and the unchoking phenomena, 
which could lead to arrhythmia and memory effect. Briefly, this study sheds light 
for exploring new avenues in biological science for discovering new blood-thinning 
drugs for reducing the risk of internal flow choking causing asymptomatic cardio-
vascular diseases [1, 2]. The cardiovascular treatment should be targeted based on 
blood pressure ratio (BPR), instead of blood pressure levels alone, in chronic heart 
failure patients. We concluded that the risk of internal flow choking heading to 
asymptomatic cardiovascular diseases could be decreased by concurrently reducing 
blood viscosity and turbulence by enhancing the BHCR and/or reducing the BPR.
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The discovery of the Sanal flow choking phenomena calls for continuous 
ambulatory blood pressure (BP) and thermal level monitoring in high risk patients 
in the diagnosis and preventive management of asymptomatic cardiovascular 
diseases. The continuous blood pressure and thermal level measurement could be 
done in a more pragmatic way by using a wearable BP monitor with the temperature 
sensor in the modern form of a wristwatch. Analytical methods such as machine 
learning could definitely enhance the accuracy and advance daily wearable device-
based diagnoses [41–49]. Recent studies on heart failure management in gravity and 
microgravity environment (during the long human spaceflight) corroborate that 
the physical situation of the Sanal flow choking phenomena calls for continuous 
ambulatory BP and thermal-level monitoring in astronauts’/cosmonauts [6, 41–50]. 
Note that the Sanal flow choking is more susceptible at microgravity condition 
due to altered variations of blood viscosity, turbulence and the BPR. Microgravity 
environment decreases plasma volume and increases the hematocrit compared with 
the situation on the earth surface, which increases the relative viscosity of blood. 
We concluded that for a healthy-life all subjects (human being/animals) in the 
earth and in the outer space with high BPR necessarily have high BHCR. We also 
concluded that for reducing the cardiovascular risk, all the astronauts/cosmonauts 
should maintain the BPR lower than the lower critical hemorrhage index (LCHI) 
as dictated by the lowest heat capacity ratio (HCR) of the gas generating from the 
biofluid/blood for prohibiting the internal flow choking during the space travel. 
We recommend all astronauts/cosmonauts should wear ambulatory blood pressure 
and thermal level monitoring devices similar to a wristwatch throughout the space 
travel for the diagnosis, prognosis and prevention of internal flow choking leading 
to asymptomatic cardiovascular diseases. The scientific objective of this study and 
review was to discover the correlation between the thermal tolerance level in terms 
of BHCR, the BPR, blood viscosity, ejection fraction (EF) and the cardiovascular 
risk leading to AH and AHF, which we could achieve herein. We concluded that 
designing the precise blood thinning regimen is vital for attaining the desired 
therapeutic efficacy and negating undesirable flow choking leading to acute-heart 
failure. For a healthy-life all subjects with high-BPR inevitably have high-BHCR 
for reducing the risk of the internal flow choking (biofluid/Sanal flow choking) 
triggering the AHF due to the shock wave generation. We corroborated that, the 
acute-heart-failure (AHF) is a transient episode and not an illness. In a nutshell, a 
single drug capable to increase BHCR and/or decrease the BPR could reduce the risk 
of asymptomatic cardiovascular diseases without any prejudice.
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